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1. INTRODUCTION:  Narrative that briefly (one paragraph) describes the subject, purpose and
scope of the research.

The high mortality associated with sepsis is caused by immune inflammation. Our approach is to
reduce the inflammation by administering novel virally derived anti-inflammatories. Our goal is to
target the inflammation to “buy the time” needed for diagnosis and administer effective treatments
against the infection. The murine model will be used to mimic the clinical features of sepsis including
rapid mortality following the administration of a viral infection. We will test anti-inflammatory
treatments after the onset of sepsis to determine if we can prolong survival.

2. KEYWORDS: Provide a brief list of keywords (limit to 20 words).

Viral sepsis, dengue shock, anti-inflammatory, TNF-alpha inhibition, complement blockade,
poxvirus immune evasion, cytokine storm

3. ACCOMPLISHMENTS:  The PI is reminded that the recipient organization is required to obtain
prior written approval from the awarding agency grants official whenever there are significant
changes in the project or its direction.

What were the major goals of the project?
List the major goals of the project as stated in the approved SOW. If the application listed 
milestones/target dates for important activities or phases of the project, identify these dates and show 
actual completion dates or the percentage of completion.   

Timeline 
Percent 

completion 
Major Task 1:  Therapeutic treatment of 
DENV2 1-12 100% 

Major Task 2: Determine if the administration 
of CrmD prolongs survival 4-8 100% 

Major Task 3- Identify if the cells making the 
cytokine are also the infected cells 6-10 40% 

Major Task 4- Determine efficacy of VCP 
administration with DENV2 10-18 100% 

Major Task 5- Determine if the administration 
of VCP prolongs survival 16-22 100% 

What was accomplished under these goals? 
For this reporting period describe: 1) major activities; 2) specific objectives; 3) significant results or 
key outcomes, including major findings, developments, or conclusions (both positive and negative); 
and/or 4) other achievements.  Include a discussion of stated goals not met. Description shall include 
pertinent data and graphs in sufficient detail to explain any significant results achieved.  A succinct 
description of the methodology used shall be provided.  As the project progresses to completion, the 
emphasis in reporting in this section should shift from reporting activities to reporting 
accomplishments.   



 

 

1. MAJOR ACTIVITIES: 
Use of poxvirus proteins to improve Dengue-virus induced sepsis disease outcomes.  

We hypothesized that targeting TNF-α and C’ activation would serve as a viable therapeutic 
intervention in the treatment of DENV-induced viral sepsis. More specifically, we hypothesized that 
the poxvirus proteins CrmD and VCP could effectively inhibit the hypercytokinemia and excess 
complement activation that contributes to septic shock. The proposed studies attempt to establish the 
potential of poxvirus immunomodulatory proteins in mitigating viral sepsis by (1) demonstrating the 
ability of these immunomodulatory proteins to reduce systemic inflammatory cytokine levels and 
impact viral titer (2) describing the impact of reducing systemic inflammation in our mouse model of 
DENV-induced sepsis and (3) examining the contribution of monocytes to the inflammatory cytokine 
milieu.  

 
2. SPECIFIC OBJECTIVES: 

Demonstrate the ability of immunomodulatory proteins to reduce systemic inflammatory 
cytokine levels.  

a) Produce and verify the function and specificity of CrmD for TNF-α 
In order to determine whether poxviral proteins targeting TNF-α are viable therapeutic options for 
DENV-induced viral sepsis, we first must be able to produce and rigorously demonstrate that CrmD 
is capable of inhibiting TNF-α in our model. To this end, we use an Expi293-based expression system 
for the production of his-tagged CrmD protein, which is purified using a nickel affinity column. In 
order to measure reduction in TNF-α levels, we examined TNF-α gene expression via qPCR and 
ELISA. 

b) Produce and verify the function and specificity of VCP and C’ activation 
In order to determine whether poxviral proteins targeting C’ are viable therapeutic options for DENV-
induced viral-sepsis, we expressed and purify VCP in the same manner as CrmD. Using the hemolysis 
assays, which relies on the lysis of red blood cells sensitized with a standard quantity of antibody to 
determine the lytic capabilities of complement components of mouse sera we have quantified the lytic 
activity of both C57BL/6 mouse sera as well as LysM Cre+ IFNAR1 fl/fl sera in the presence and 
absence of VCP. The addition of VCP (5 µg) in vitro showed a slight reduction in the lysis of RBC 



 

 

in hemolysis assays (Fig 1). However, we have not been able to show a reduction in the lytic capacity 
of C’ by administering VCP intraperitoneally (i.p.) due to the limited sensitivity of the assay. 
 
Describe the impact of reducing systemic inflammation in our more immunocompetent model 
of DENV-induced viral sepsis 

a) Validate our approach using West Nile Virus (WNV) induced sepsis 
Before determining whether 
reducing systemic inflammation 
by targeting TNF-α and C’ 
activation improves outcomes of 
DENV-induced viral sepsis, we 
first wanted to validate that 
targeting TNF-α and C’ 
activation can ameliorate severe 
disease observed in our mouse 
model. For this purpose, we 
utilized WNV infection in our 
LysM Cre+ IFNAR1 fl/fl mouse 
model. WNV, although not 
known to cause sepsis, results in 
uniform mortality in our model, 
and is therefore a good system to 
monitor improvements in disease 
burden or mean time to death 
(MTD). To this end, we 
challenged LysM Cre+ 
IFNAR1fl/fl mice with 100 FFU of 
WNV. One day post challenge, 
we administered 5mg/kg of a 
TNF-α blocking monoclonal 
antibody (mAb, Humira) or a 

PBS control. (Fig 2) Consistent with previous studies done by our lab, blocking TNF-α extended 
survival time from a MTD of 3 DPI to a MTD of 7.5 MTD. This study serves as a strong proof-of-
concept that TNF-α targeting can be a viable strategy for improving outcomes in our sepsis model. 

b) Validate our approach using dengue virus (DENV)-induced sepsis 
In order to determine whether reducing systemic inflammation by targeting TNF-α and C’ activation 
improves outcomes of DENV-induced viral sepsis, we must first validate our mouse model of DENV-
induced viral sepsis. In addition to its utility in recapitulating ablated type I IFN signaling in flavivirus 
infection, we have also observed that this model shares many features of DENV-induced viral sepsis, 
including thrombocytopenia, vascular leakage, and high hematocrit levels. To this end, we challenged 
3-4 week old LysM Cre+ IFNAR1 fl/fl mice with varying doses of D2S20, a mouse adapted variant of 
DENV2 (Fig 3). We found that only at two infectious doses (5 × 104 FFU, 1 × 105 FFU) tested in 
combination with 4G2 mAb that recapitulates prior flavivirus exposure, did we see appreciable weight 



 

 

loss in our model. At lower 
doses, or notably in the absence 
of 4G2 mAb, we see no 
appreciable weight change. 
While these mice do appear to 
show some clinical signs of 
disease (data not shown) and 
display delayed weight gain 
relative to naïve mice of the same 
age, there is a more pronounced 
phenotype resembling DENV-
induced viral sepsis at the higher 
doses tested in combination with 
the mAb 4G2.  
 
 
 
 
 

3. MAJOR FINDINGS, DEVELOPMENTS, and CONCLUSIONS  
Since beginning of this project, significant time has been devoted to these studies. While some of 
progress regarding this project was hampered by our lab’s pivot to study SARS-CoV-2 beginning in 
March 2020, We made considerable progress in the completion of the proposed aims. We have 
produced and purified recombinant his-tagged CrmD and VCP using the Expi293 expression system 
(Fig 4a). We have an assay optimized for validating our CrmD protein in vivo (Fig 4b). We have been 
able to confirm via hemolysis assay that we can inhibit and detect complement activation (Fig 4c). 
We demonstrated that our concept of targeting TNF-α in the context of virus-induced sepsis was 
sound by challenging our mice with WNV and treating with mAb Humira following infection (Fig 
4d). We demonstrated that DENV-2 infection, when preceded by prior flavivirus exposure (e.g. 4G2) 
causes morbidity and signs of disease in our LysM Cre IFNAR1 fl/fl. We tested the efficacy of the 
CrmD and VCP proteins in our mouse model with DENV-induced sepsis however did not see 
measurable improvements in disease severity associated with DENV infection (Fig 4e).  

While we were able to evaluate the role of VCP and CrmD in our murine model of viral sepsis 
we did have stated goals that were not met. Specifically, the identification of the cell types producing 
the cytokines associated with the cytokine storm. To address this we attempted to determine the 
contribution of IFNAR1-deficient monocytes to the cytokine milieu by qPCR, ELISA, and flow 
cytometry. For qPCR analysis of cytokine and chemokine expression, we cultured bone-marrow-
derived macrophages (BMM) in the presence and absence of DV2 and performed qPCR to look for 
expression of cytokines of interest (IL-1β, TNF-α, IL-6) and chemokines of interest (i.e. CX3CL1). 
We then planned to also perform these assays in the presence and absence of CrmD and VCP to 
examine how cytokine profiles are altered by the addition of these immunomodulatory proteins.  
However, we were unable to detect differences in cytokine levels in the cultured BMM with and 
without DENV2 preventing the determination of these cells in cytokine production. We also 
attempted an ELISA analysis, using the same cultured BMM approach in the presence and absence 
of DV2 examining similar targets as in our qPCR-based approach. As with the qPCR-based approach, 



 

 

we were unable to see differences that prevented further progress on this aim using this approach. We  
had also hoped to examine how cytokines produced by monocytes impact innate immune cell 
extravasation by performing in vitro cell migration assays with murine monocytes in the context of 
DENV infection, as well as in the presence and absence of CrmD and VCP. However, the lack of 
differences associated with our in vitro culture system prevented further investigation of these 
parameters.  
 
What opportunities for training and professional development has the project provided?    
If the project was not intended to provide training and professional development opportunities or 
there is nothing significant to report during this reporting period, state “Nothing to Report.” 
 
Describe opportunities for training and professional development provided to anyone who worked 
on the project or anyone who was involved in the activities supported by the project.  “Training” 
activities are those in which individuals with advanced professional skills and experience assist 
others in attaining greater proficiency.  Training activities may include, for example, courses or one-
on-one work with a mentor.  “Professional development” activities result in increased knowledge or 
skill in one’s area of expertise and may include workshops, conferences, seminars, study groups, and 
individual study.  Include participation in conferences, workshops, and seminars not listed under 
major activities.   
 
Training: I was invited to join the Sigma Xi honors scientific society at Saint Louis University. This 
group is a community of science, technology, engineering, and mathematical professionals dedicated 
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Figure 4  4A. Evidence of CrmD purification from a Nickle column. 4B. Evidence that the administration of 
CrmD was able to moderately inhibit TNF-alpha production in vivo. 4C. Evidence that VCP was able to inhibit 
hemolysis in vitro. 4D. Evidence that blocking TNF-alpha in vivo prolongs survival of West Nile infected mice. 
4E. Demonstration that administration of CrmD does not impact the morbidity of mice infected with DENV.  
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to research excellence, promoting public engagement with science, and fostering the next generation 
of researchers.  The work completed on this project provided me with the invitation only opportunity 
to join this group.  Future studies beyond the work covered under this Discovery Award will come 
from collaborations with this group. 

I am a course director for the graduate Virology course offered at Saint Louis University. I 
have taught the graduate student Virology and Immunology classes in the fall of 2021. I have used 
data generated as part of this project to explain poxvirus immune evasion, dengue severe disease, 
cytokine chemokine and complement contributions to inflammation and to contrast viral sepsis with 
bacterial sepsis. I used the knowledge we gained from protein production and regulation of cytokine 
responses toward understanding disease pathology associated with the related flavivirus Powassan. 
In doing so I was able to invited to submit a full application to the DoD as part of a Department of 
Defense (DOD) Tick-Borne Disease Research Program (TBDRP) Idea Development Award for 
developing a POWV vaccine  

E. Taylor Stone is a PhD candidate whose training is being supported by this project. The 
project supported a portion of Taylor’s dissertation research and through work generated by this 
project Taylor applied for and was recently awarded an NIH F31 fellowship to continue her graduate 
training. I have mentored Taylor one-on-one on these studies in our individual meetings to discuss 
the development of this project. The goals and milestones and to analyze the reported data. Taylor 
has participated in four RCR trainings, through interactive Zoom and in-person sessions culminating 
in 8 hours of training on ethical conduct of research practices. These trainings covered topics on 
intellectual property law in the research setting and conflicts of interest in the research setting, and 
resulted in the completion of her required 8 hours of RCR training for anyone funded by an NIH 
grant.   

 
Professional Development: As this project is being completed during the SARS-CoV-2 pandemic 
some of the professional development has been completed virtually.  

Our current research on viral sepsis was presented to the Sepsis and Immunology working 
group at Saint Louis University. A virtually presented our current studies on Viral Sepsis during the 
Virology Seminar series at Oregon Health and Sciences University. Additional courses in 
Responsible Conduct in Research and CITI training to expand these studies beyond the murine model 
to understand the parallels in human sepsis. I present portions of this work as part of an invited talk 
at The 2022 Immunology conference sponsored by the American Association of Immunologists. 
Additionally, Taylor also has presented at seven research conferences over the past year listed in the 
activities section below. As part of her participation Taylor present posters and talks at most of these 
conferences. Additionally, Taylor has received multiple abstract awards for the presentation at these 
conferences.  
 
How were the results disseminated to communities of interest?    
If there is nothing significant to report during this reporting period, state “Nothing to Report.” 
 
Describe how the results were disseminated to communities of interest.  Include any outreach 
activities that were undertaken to reach members of communities who are not usually aware of these 
project activities, for the purpose of enhancing public understanding and increasing interest in 
learning and careers in science, technology, and the humanities.   
 

Nothing to Report 



 

 

 
What do you plan to do during the next reporting period to accomplish the goals?   
If this is the final report, state “Nothing to Report.”   
 

Nothing to Report. 
 
Describe briefly what you plan to do during the next reporting period to accomplish the goals and 
objectives.   
 

Nothing to Report. This is the final report for this project. 
 
 

4. IMPACT: Describe distinctive contributions, major accomplishments, innovations, successes, or 
any change in practice or behavior that has come about as a result of the project relative to: 
 
What was the impact on the development of the principal discipline(s) of the project?    
If there is nothing significant to report during this reporting period, state “Nothing to Report.” 
 
Describe how findings, results, techniques that were developed or extended, or other products from 
the project made an impact or are likely to make an impact on the base of knowledge, theory, and 
research in the principal disciplinary field(s) of the project.  Summarize using language that an 
intelligent lay audience can understand (Scientific American style).  
 
Worldwide sepsis contributes to one in every five deaths and the current treatment for sepsis includes 
antibiotics and fluids. To make an impact on sepsis other treatments are needed. This project impacts the 
field of sepsis by providing evidence that controlling inflammation can improve disease. 
 
What was the impact on other disciplines?    
If there is nothing significant to report during this reporting period, state “Nothing to Report.” 
 
Describe how the findings, results, or techniques that were developed or improved, or other products 
from the project made an impact or are likely to make an impact on other disciplines. 
 

Nothing to Report 
 
What was the impact on technology transfer?    
If there is nothing significant to report during this reporting period, state “Nothing to Report.” 
 
Describe ways in which the project made an impact, or is likely to make an impact, on commercial 
technology or public use, including: 
• transfer of results to entities in government or industry; 
• instances where the research has led to the initiation of a start-up company; or  
• adoption of new practices. 
 

Nothing to Report 
 
What was the impact on society beyond science and technology? 



 

 

If there is nothing significant to report during this reporting period, state “Nothing to Report.” 
 
Describe how results from the project made an impact, or are likely to make an impact, beyond the 
bounds of science, engineering, and the academic world on areas such as: 
• improving public knowledge, attitudes, skills, and abilities; 
• changing behavior, practices, decision making, policies (including regulatory policies), or 

social actions; or 
• improving social, economic, civic, or environmental conditions. 

 
Nothing to Report 

 
5. CHANGES/PROBLEMS:  The PD/PI is reminded that the recipient organization is required to 

obtain prior written approval from the awarding agency grants official whenever there are 
significant changes in the project or its direction.  If not previously reported in writing, provide the 
following additional information or state, “Nothing to Report,”  if applicable: 
 
Changes in approach and reasons for change  
Describe any changes in approach during the reporting period and reasons for these changes.  
Remember that significant changes in objectives and scope require prior approval of the agency. 

 
Nothing to Report. 

 
 
Actual or anticipated problems or delays and actions or plans to resolve them 
Describe problems or delays encountered during the reporting period and actions or plans to resolve 
them. 
 

Nothing to Report. 
 
Changes that had a significant impact on expenditures 
Describe changes during the reporting period that may have had a significant impact on 
expenditures, for example, delays in hiring staff or favorable developments that enable meeting 
objectives at less cost than anticipated. 
 

Nothing to Report. 
 
Significant changes in use or care of human subjects, vertebrate animals, biohazards, and/or 
select agents 
Describe significant deviations, unexpected outcomes, or changes in approved protocols for the use 
or care of human subjects, vertebrate animals, biohazards, and/or select agents during the reporting 
period.  If required, were these changes approved by the applicable institution committee (or 
equivalent) and reported to the agency?  Also specify the applicable Institutional Review 
Board/Institutional Animal Care and Use Committee approval dates. 
 
Significant changes in use or care of human subjects 

 



 

 

Not Applicable-Nothing to report 
 
Significant changes in use or care of vertebrate animals 

 
No changes-Nothing to report 

 
Significant changes in use of biohazards and/or select agents 

 
No changes-nothing to report 

6. PRODUCTS:  List any products resulting from the project during the reporting period.  If there 
is nothing to report under a particular item, state “Nothing to Report.” 

 
• Publications, conference papers, and presentations    

Report only the major publication(s) resulting from the work under this award.   
 
Journal publications.   List peer-reviewed articles or papers appearing in scientific, 
technical, or professional journals.  Identify for each publication: Author(s); title; journal; 
volume: year; page numbers; status of publication (published; accepted, awaiting 
publication; submitted, under review; other); acknowledgement of federal support (yes/no). 
 

Stone ET, Hirsch AJ, Smith JL, Brien JD, Pinto AK. Titration and neutralizing antibody 
quantification by focus forming assay for Powassan virus. STAR Protoc. 2022 Jun 17;3(3):101473. 
doi: 10.1016/j.xpro.2022.101473. eCollection 2022 Sep 16. PMID: 35755126 acknowledgement of 
federal support -yes. 
 
Stone ET, Hassert M, Geerling E, Wagner C, Brien JD, Ebel GD, Hirsch AJ, German C, Smith JL, 
Pinto AK Balanced T and B cell responses are required for immune protection against Powassan virus 
in virus-like particle vaccination. Cell Rep. 2022 Feb 15;38(7):110388. doi: 
10.1016/j.celrep.2022.110388. PMID: 35172138 acknowledgement of federal support -yes 
 
Nasr MC, Geerling E, and Pinto AK. Impact of Obesity on Vaccination to SARS-CoV-2 Front. 
Endocrinol., 20 June 2022 | https://doi.org/10.3389/fendo.2022.898810 acknowledgement of federal 
support -yes 
 
Wollner CJ, Richner M, Hassert MA, Pinto AK, Brien JD, Richner JM.J A Dengue Virus Serotype 1 
mRNA-LNP Vaccine Elicits Protective Immune Responses. Virol. 2021 May 24;95(12):e02482-20. 
DOI: 10.1128/JVI.02482-20. Print 2021 May 24.PMID: 33762420 acknowledgement of federal 
support -yes  
 
Hassert M, Steffen TL, Scroggins S, Coleman AK, Shacham E, Brien JD, Pinto AK Prior 
Heterologous Flavivirus Exposure Results in Reduced Pathogenesis in a Mouse Model of Zika Virus 
Infection. .J Virol. 2021 Jul 26;95(16):e0057321. DOI: 10.1128/JVI.00573-21. Epub 2021 Jul 
26.PMID: 34076486 acknowledgement of federal support -yes 
 



 

 

Geerling E, Stone ET, Steffen TL, Hassert M, Brien JD, Pinto AK. Obesity Enhances Disease 
Severity in Female Mice Following West Nile Virus Infection. Front Immunol. 2021;12:739025. 
Epub 2021/09/18. doi: 10.3389/fimmu.2021.739025. PubMed PMID: 34531877; PMCID: 
PMC8439568 acknowledgement of federal support -yes 
 
Pike DP, McGuffee RM, Geerling E, Albert CJ, Hoft DF, Shashaty MGS, Meyer NJ, Pinto AK, Ford 
DA. Plasmalogen Loss in Sepsis and SARS-CoV-2 Infection. Front Cell Dev Biol. 2022 Jun 
6;10:912880. doi: 10.3389/fcell.2022.912880. eCollection 2022. PMID: 35784479 acknowledgement 
of federal support -no 
 

• Books or other non-periodical, one-time publications.  Report any book, monograph, 
dissertation, abstract, or the like published as or in a separate publication, rather than a 
periodical or series.  Include any significant publication in the proceedings of a one-time 
conference or in the report of a one-time study, commission, or the like.  Identify for each one-
time publication:  author(s); title; editor; title of collection, if applicable; bibliographic 
information; year; type of publication (e.g., book, thesis or dissertation); status of publication 
(published; accepted, awaiting publication; submitted, under review; other); 
acknowledgement of federal support (yes/no). 
 

Nothing to report 
 

• Other publications, conference papers and presentations.  Identify any other 
publications, conference papers and/or presentations not reported above.  Specify the status 
of the publication as noted above.  List presentations made during the last year 
(international, national, local societies, military meetings, etc.).  Use an asterisk (*) if 
presentation produced a manuscript. 

 
Stone ET, Hassert M, Geerling EL, Pham C, Schwetye K, Hirsch AJ, Smith JL, and Pinto, A.K The 
role of CD8+ T cells in immunopathogenesis in murine models of Powassan virus infection Annual 
Meeting of the American Society of Tropical Medicine and Hygiene  (Oral & poster presentation) 
 
Stone ET, Hassert M, Geerling EL, Pham C, Schwetye K, Hirsch AJ, Smith JL, and Pinto, A.K The 
role of CD8+ T cells in immunopathogenesis in murine models of Powassan virus infection Viral 
Immunity: Basic Mechanisms and Therapeutic Applications Keystone Symposia  (Poster) 

 
Stone ET, Hassert M, Geerling EL, Pham C, Schwetye K, Hirsch AJ, Smith JL, and Pinto, A.K The 
role of T cells in immunopathogenesis in murine models of Powassan virus infection 41st Annual 
Meeting of the American Society for Virology—Madison, WI (Oral & poster presentation) 
 
Stone ET, Hassert M, Geerling EL, Pham C, Schwetye K, Hirsch AJ, Smith JL, and Pinto AK 
Balanced T and B Cell Responses are Required for Immune Protection against Powassan Virus in 
Virus-Like Particle Vaccination The American Association for Immunologists 
IMMUNOLOGY2022 Annual Meeting; Portland, OR 2022 (oral and poster presentations) 



 

 

           
Stone ET, Hassert M, Geerling EL, Pham C, Schwetye K, Hirsch AJ, Smith JL, and Pinto, A.K 
Balanced T and B Cell Responses are Required for Immune Protection against Powassan Virus in 
Virus-Like Particle Vaccination Saint Louis University Graduate Research Symposium; Saint Louis, 
MO (oral presentation) 
 
Stone ET, Hassert M, Geerling E, Pham C, Schwetye K, Hirsch AJ, Smith JL, and Pinto, A.K 
Balanced T and B Cell Responses are Required for Immune Protection against Powassan Virus in 
Virus-Like Particle Vaccination Saint Louis University Sigma Xi Research Symposium  Virtual (oral 
presentation) 

 
Stone ET, Hassert M, Geerling E, Pham C, Schwetye K, Hirsch AJ, Smith JL, and Pinto, A.K 
Balanced T and B Cell Responses are Required for Immune Protection against Powassan Virus in 
Virus-Like Particle Vaccination Core Graduate Student Poster Session—Saint Louis, MO (Poster) 

      
Stone ET, Geerling E, Hassert M, Steffen TL, Brien JD, Pinto, A.K. Innate immunomodulation by 
virally-encoded cytokine response modifiers as a strategy to mitigate virus-induced cytokine release 
syndrome Cytokine & Interferon Society  Virtual Meeting of the 9th Annual International Cytokine 
& Interferon Society (oral presentation) 

 
Stone ET, Hassert M, Geerling E,  Brien JD, Pinto, A.K. Correlates of protection for Powassan virus 
in mouse models of infection Core Graduate Student Poster Session Saint Louis, MO (Poster) 
 
• Website(s) or other Internet site(s) 

List the URL for any Internet site(s) that disseminates the results of the research activities.  A 
short description of each site should be provided.  It is not necessary to include the 
publications already specified above in this section. 
 
Nothing to report 
 

• Technologies or techniques 
Identify technologies or techniques that resulted from the research activities.  Describe the 
technologies or techniques were shared. 
 
 

• Inventions, patent applications, and/or licenses 
Identify inventions, patent applications with date, and/or licenses that have resulted from the 
research.  Submission of this information as part of an interim research performance 
progress report is not a substitute for any other invention reporting required under the 
terms and conditions of an award. 
 
Nothing to report 
 



 

 

• Other Products   
Identify any other reportable outcomes that were developed under this project.  Reportable 
outcomes are defined as a research result that is or relates to a product, scientific advance, 
or research tool that makes a meaningful contribution toward the understanding, prevention, 
diagnosis, prognosis, treatment and /or rehabilitation of a disease, injury or condition, or to 
improve the quality of life.  Examples include: 
• data or databases; 
• physical collections; 
• audio or video products; 
• software; 
• models; 
• educational aids or curricula; 
• instruments or equipment;  
• research material (e.g., Germplasm; cell lines, DNA probes, animal models);  
• clinical interventions; 
• new business creation; and 
• other. 

Research material:  
mRNA constructs that express either CrmD or VCP. 
Plasmids that express either CrmD or VCP 

 
7.  PARTICIPANTS & OTHER COLLABORATING ORGANIZATIONS 

 
What individuals have worked on the project? 
Provide the following information for: (1) PDs/PIs; and (2) each person who has worked at least one 
person month per year on the project during the reporting period, regardless of the source of 
compensation (a person month equals approximately 160 hours of effort). If information is unchanged 
from a previous submission, provide the name only and indicate “no change”.  
 

Name:      Amelia Kahler Pinto PhD 
Project Role:      Principal Investigator 
Researcher Identifier:                         ORCID:0000-0002-7147-3978  

     ResearcherID: O-6658-2018 
Loop profile: 637549 
Scopus Author ID: 12445714500 

Nearest person month worked:   2.4 
 
Contribution to Project: Dr. Pinto has authored the approved ACURO and 

animal protocols, directed Taylor Stone’s progress on 
the animal and in vitro studies. Dr. Pinto has mentor Ms. 
Stone’s and aided in experimental design and data 
analysis. 

 
 
Name:      Emily Taylor Stone 
Project Role:      Graduate Student 



 

 

Researcher Identifier:    ORCID:0000-0001-6742-1270 
Nearest person month worked:   8 
 
Contribution to Project: Taylor Stone has performed work in the area viral 

infection of murine model. Sepsis monitoring and 
delivery of anti-inflammatories. Ms. Stone has also 
contributed to data analysis and protocol development. 

 
Has there been a change in the active other support of the PD/PI(s) or senior/key personnel 
since the last reporting period?  
If there is nothing significant to report during this reporting period, state “Nothing to Report.” 
 
If the active support has changed for the PD/PI(s) or senior/key personnel, then describe what the 
change has been.  Changes may occur, for example, if a previously active grant has closed and/or if 
a previously pending grant is now active.  Annotate this information so it is clear what has changed 
from the previous submission.  Submission of other support information is not necessary for pending 
changes or for changes in the level of effort for active support reported previously.  The awarding 
agency may require prior written approval if a change in active other support significantly impacts 
the effort on the project that is the subject of the project report. 

 
Nothing to Report. 

 
What other organizations were involved as partners?    
If there is nothing significant to report during this reporting period, state “Nothing to Report.” 
 
Describe partner organizations – academic institutions, other nonprofits, industrial or commercial 
firms, state or local governments, schools or school systems, or other organizations (foreign or 
domestic) – that were involved with the project.  Partner organizations may have provided financial 
or in-kind support, supplied facilities or equipment, collaborated in the research, exchanged 
personnel, or otherwise contributed.   
 
Provide the following information for each partnership: 
Organization Name:  
Location of Organization: (if foreign location list country) 
Partner’s contribution to the project (identify one or more) 
• Financial support; 
• In-kind support (e.g., partner makes software, computers, equipment, etc.,  

available to project staff); 
• Facilities (e.g., project staff use the partner’s facilities for project activities); 
• Collaboration (e.g., partner’s staff work with project staff on the project);  
• Personnel exchanges (e.g., project staff and/or partner’s staff use each other’s facilities, work 

at each other’s site); and 
• Other. 
 

Nothing to Report. 
 



 

 

8. SPECIAL REPORTING REQUIREMENTS 
 

COLLABORATIVE AWARDS:  For collaborative awards, independent reports are required 
from BOTH the Initiating Principal Investigator (PI) and the Collaborating/Partnering PI.  A 
duplicative report is acceptable; however, tasks shall be clearly marked with the responsible PI and 
research site.  A report shall be submitted to https://ebrap.org/eBRAP/public/index.htm for each 
unique award. 
 
QUAD CHARTS:  If applicable, the Quad Chart (available on 
https://www.usamraa.army.mil/Pages/Resources.aspx) should be updated and submitted with 
attachments. 
 

 
9. APPENDICES: Attach all appendices that contain information that supplements, clarifies or 

supports the text.  Examples include original copies of journal articles, reprints of manuscripts and 
abstracts, a curriculum vitae, patent applications, study questionnaires, and surveys, etc.  

 
 
 



Curriculum Vitae 
Amelia Kahler Pinto Ph.D. 

Assistant Professor 
 
Personal Information 

Professional Address: 

Saint Louis University Department of Molecular Microbiology and Immunology 

Saint Louis University School of Medicine 

Doisy Research Center 

Room 703 

1100 S. Grand Blvd., 

St. Louis, MO  63104 

314-977-8897 

amelia.pinto@health.slu.edu 

 

Current Position, Institution   
 

Assistant Professor,        12/15-current 

Saint Louis University School of Medicine,  

Molecular Microbiology & Immunology, 

  

Director        06/17-current 

Biosafety Level 3 Facility 

 

Co-Director        06/17-current 

Graduate Virology 

 
Education    
 

Postgraduate training:  

Postdoctoral Research Associate      01/10-11/13 

  Department of Medicine 

Washington University School of Medicine,  

 

  Postdoctoral Research Fellow          11/07-12/09 

  Department of Pathology 

Washington University School of Medicine,  

 

Graduate degree: 

Graduate Research Fellow      06/00-08/07 

   Ph.D. Molecular Microbiology and Immunology 

Oregon Health & Science University, Portland, OR,   

   Trained with Ann B. Hill, M.D., Ph.D. 
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  Thesis title: Inhibition of T cell effector function by Murine cytomegalovirus 

immune evasion genes.  

 

Undergraduate degree: 

B.S. Molecular Biology,      09/94-05/97 

University of Portsmouth  

Portsmouth, England 

  

Previous Professional experience   
 

Research Faculty, Instructor,      12/13-10/15 

Department of Microbiology 

Washington University School of Medicine    

 

Postdoctoral Associate,       01/10-11/13 

Department of Medicine 

Washington University School of Medicine    

 

Postdoctoral Fellow             11/07-12/09 

Department of Pathology 

Washington University School of Medicine    

 

Graduate Student       06/00-08/07 

Department of Molecular Microbiology and Immunology 

Oregon Health & Science University 

 

Research Technician II,      03/98-06/00 

Department of Pathology   

   University of Massachusetts Medical School 

 
Professional Society memberships 

 

National  

Member, Serological Sciences Network (SeroNet)   2021- current 
 

Member, EpiCenter for Emerging infectious Diseases (EEID)  2020-current 

 

Member, Center research in emerging infectious diseases (CREID) 2020-current 

 

Member, EMERGE       2020-current 

 

Member, American Society of Tropical Medicine and Hygiene  2010-current 

 

Member, American Committee on Arthropod-Borne Viruses  2010-current 
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Member, American Committee on Global Heath   2008-2012 

 

Member, American Society for Virology     2006-current 

  

Member, American Association of Immunologists   2004-current  

 

Member, American Association for the Advancement of Science 2002-2018  

 

Regional 

SLU, Sepsis Immunology Research Group    2021 

 

WASHU SOM, Infectious Disease Center (IDC)   2019 

 

SLU, Institute for Drug and Biotherapeutic Innovation (IDBI) 2018 

 

WASHU SOM, Institute of Clinical and Translational Science (ICTS) 2017 

 

SLU, Vaccine and Treatment Evaluation Unit (VTEU)  2016 

 

Honorary Societies, Honors, and Awards 
 

Faculty 

Sponsor: E. Taylor Stone F31AI172229 – 01   2022 

 

Saint Louis University Seed Grant for COVID-19 studies  2020 

 

Saint Louis University Scholarly Works Award   2020 

 

Sponsor: Mariah Hassert F31 AI152460-01     2020 

 

Saint Louis University Presidential Research Fund Award   2017 

 

Postgraduate 

Travel grant: V Pan American Dengue Network Meeting   2016 

 

Travel grant: IV Pan American Dengue Network Meeting  2014 

 

Global Health World Health Interest Group Honoraria   2013 

 

Travel grant: American Society for Virology     2009  

 

W.M. Keck Postdoctoral Fellowship      2007-08 
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Graduate 

Tartar Fellowship        2005 

 

30th Annual International Herpesvirus Workshop Honoraria  2005 

 

Travel grant: American Society for Virology     2005 

 

Abstract Award: The American Association of Immunologists  2004 

 

Travel grant: Keystone Symposia Taos New Mexico   2004 

 

National Eye Institute Training Grant ACAEI0071    2004-07 

 

Abstract Award: The American Association of Immunologists 2003 

 

American Heart Association Fellowship 0215188Z2002-04  2002-04 

 

Tartar Fellowship        2002 

 
Professional Services 
 

Committee Membership and Administrative roles 
 

National 

 

Chair         2022 

Emerging viral infections  

The American Association of Immunologists Annual Meeting 

Immunology 2022  

Portland, OR 

 

Reviewer        2022 

Burroughs Welcome Trust 

Dengue Disease Models 

 

Reviewer        2022 

Wisconsin Regional Primate Center grants 

Arboviruses in Non-human Primates 

 

Chair         2021 

Host Pathogen responses  

The American Association of Immunologists Annual Meeting 

Immunology 2021 (virtual) 
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Reviewer        2021 

Burroughs Welcome Trust 

Flavivirus infections 

 

Chair         2019 

Immune response to pathogens  

Autumn Immunology Conference Annual Meeting 

Chicago, IL 

 

Membership review board       2017-19 

American Society for Virology 

 

Reviewer         2018 

Military Infectious Diseases Research Program (MIDRP)  

Congressionally directed medical research programs (CDMRP) 

Department of Defense 

Baltimore, MD 

 

Reviewer         2018 

Emerging Infectious Diseases Panel (EID) 

Congressionally directed medical research programs (CDMRP) 

Department of Defense 

Baltimore, MD 

 

Reviewer         2017 

Pre-application Emerging Infectious Diseases (PRE-EID) 

Congressionally directed medical research programs (CDMRP) 

Department of Defense 

  

Reviewer         2017 

NIH Special Emphasis Panel PAR-16-106  

Rapid Assessment of Zika Virus Complications (R21) 

 

Reviewer         2017 

Emerging Infectious Diseases Panel (EID) 

Congressionally directed medical research programs (CDMRP) 

Department of Defense  

 

Reviewer         2016 

Vaccine Development for Infectious Diseases (VDID) 

Congressionally directed medical research programs (CDMRP) 

Department of Defense  

Baltimore, MD 
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University Service 

 

Graduate School Admissions Committee    2020-current 

Saint Louis School of Medicine  

 

Director of the Biosafety level 3 facility    2017- current 

Saint Louis School of Medicine  

 

Co-Director Graduate Virology Course    2017- current 

Saint Louis School of Medicine  

 

Editorial and Journal Board review 
 

Section Editor 

Associate Editor        2022-current 

Topics in Viral Immunology  

Frontiers in Immunology 

 

Associate Editor        2021-current 

Vaccines and Antivirals  

Frontiers in Virology 

 
Associate Editor        2020-2021 

Special topics: Obesity Infection and Vaccination  

Frontiers in Immunology: 

 

Board of Reviewers        2019-current 

Vaccines 

 

Board of Reviewers        2019-current 

  Viruses 
 

Associate Editor        2019-2020 

Special topics: Vaccines against (re)emerging and Tropical Infectious Diseases 

Viruses       

 

Ad Hoc manuscript reviewer: 

 

Frontiers in Virology        2021-Current 

 

Cell          2020-Current 
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Cell Host Microbe        2020-Current 

 

Cell Reports         2020-Current 

 

iScience         2020-Current 

 

Frontiers in Immunology       2019-Current  

 

Science Immunology       2018-Current 

 

Lancet         2018-Current 

 

Lancet Microbiology        2018-Current 

 

Nature Immunology        2018-Current 

 

Nature Medicine        2018-Current 

 

Nature Communications       2017-Current 

 

Plos Biology         2017-Current 

 

Virology         2017-Current 

 

Vaccines         2017-Current 

 

Viruses         2017-Current 

 

Plos, Neglected Tropical Diseases      2017-Current 

 

Scientific Reports        2016-Current 

 

Emerging Infectious Diseases      2016-Current 

 

PLoS Pathogens        2016-Current 

 

Journal of Virology        2016-Current 

 

Journal of Immunology       2016-Current 

 

Ebio Medicine        2016-Current 

 

mBio          2016-Current 
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Current and Past Teaching Responsibilities  
 

Administrative 
  Co-Course Director        2017-current 

Graduate Virology Course 

  Department of Molecular Microbiology and Immunology 

  Saint Louis University School of Medicine 

 

Courses and Lectures 
 

Lecture: Viruses associated with human cancers    2022-current 

 BBSC 5030 Viral oncogenesis and cell signaling      

Discussion: Viral oncogenes      2022- current 

Cell cycle control and cellular transformation 

BBSC 5030 Viral oncogenesis and cell signaling  

 

Discussion: Viral oncogenes      2022- current 

Extracellular viral oncogene 

BBSC 5030 Viral oncogenesis and cell signaling  

 

Discussion: Viral oncogenes      2022- current 

Plasma membrane-associated viral oncogenes 

BBSC 5030 Viral oncogenesis and cell signaling  

 

Discussion: Viral oncogenes      2022- current 

Nuclear and Cytoplasmic viral oncogenes 

BBSC 5030 Viral oncogenesis and cell signaling  

 

Lecture: Alpha/beta herpes viruses     2021-current 

MBG-6350 Virology  

Department of Molecular Microbiology and Immunology 

Saint Louis University School of Medicine 

 

Lecture: Gamma herpes viruses     2021-current 

MBG-6350 Virology  

Department of Molecular Microbiology and Immunology 

Saint Louis University School of Medicine 

 

Lecture: Virus Control Cell cycle     2021-current 

Department of Molecular Microbiology and Immunology 

Saint Louis University School of Medicine 

MBG-6350 Virology  
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Lecture: Virus Vectors & Gene Transfer    2021-current 

MBG-6350 Virology 

Department of Molecular Microbiology and Immunology 

Saint Louis University School of Medicine 

 

Lecture: Virus Control of Apoptosis      2021-current 

MBG-6350 Virology  

Department of Molecular Microbiology and Immunology 

Saint Louis University School of Medicine 

 

Lecture: Secondary Effector T cell functions    2021-current 

MBG-6650 Immunobiology 

Department of Molecular Microbiology and Immunology 

Saint Louis University School of Medicine 

 

Discussion: Flavivirus       2020-current 

MBG-6350 Virology  

Department of Molecular Microbiology and Immunology 

Saint Louis University School of Medicine 

 

Lecture: Primary Immune Response to Pathogens   2017-current 

MBG-6650 Immunobiology  

Department of Molecular Microbiology and Immunology 

Saint Louis University School of Medicine 

 

Lecture: Adaptive Immune Response to Pathogens   2017-current 

MBG-6650 Immunobiology 

Department of Molecular Microbiology and Immunology 

Saint Louis University School of Medicine 

 

Lecture: Immune Evasion Strategies     2017-current 

MBG-6650 Immunobiology 

Department of Molecular Microbiology and Immunology 

Saint Louis University School of Medicine 

 

Lecture: The Red Queen Hypothesis     2017-current 

MBG-6650 Immunobiology 

Department of Molecular Microbiology and Immunology 

Saint Louis University School of Medicine 

 

Lecture: Vaccine immunobiology      2017-current 

MBG-6650 Immunobiology 

Department of Molecular Microbiology and Immunology 
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Saint Louis University School of Medicine 

 

Lecture: Vaccines        2017-current 

MBG-6650 Immunobiology 

Department of Molecular Microbiology and Immunology 

Saint Louis University School of Medicine 

 

Lecture: Vaccines       2017-current 

MBG-6350 Virology  

Department of Molecular Microbiology and Immunology 

Saint Louis University School of Medicine 

 

Lecture: Antivirals        2017-current 

MBG-6350 Virology 

Department of Molecular Microbiology and Immunology 

Saint Louis University School of Medicine 

 

Lecture: Orthomyxoviruses      2017-current 

MBG-6350 Virology 

Department of Molecular Microbiology and Immunology 

Saint Louis University School of Medicine 

 

Lecture: Bunyaviruses       2017-current 

MBG-6350 Virology 

Department of Molecular Microbiology and Immunology 

Saint Louis University School of Medicine 

 

Discussion: Student mini lectures     2017-current 

MBG-6350 Virology 

 Department of Molecular Microbiology and Immunology 

Saint Louis University School of Medicine 

 

Thesis Exam Committees 

Elizabeth Geerling       2019-current  

Chair, SLU Thesis Exam Committee 

  Department of Molecular Microbiology and Immunology 

  Saint Louis University School of Medicine 

 

E. Taylor Stone       2019-current  

Chair, SLU Thesis Exam Committee 

  Department of Molecular Microbiology and Immunology 

  Saint Louis University School of Medicine 
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Christine Noto        2019-2022 

Member, SLU Thesis Exam Committee,  

Department of Molecular Microbiology and Immunology 

  Saint Louis University School of Medicine 

 

Mariah Hassert        2018-2021  

Chair SLU Thesis Exam Committee Chair 

Department of Molecular Microbiology and Immunology 

  Saint Louis University School of Medicine 

 

Major Exam Committees 

E. Taylor Stone          2022 

Chair, Major Exam Committee 

Department of Molecular Microbiology and Immunology 

Saint Louis University School of Medicine 

 

Stella Hoft,          2021 

Member, Major Exam Committee,   

Department of Molecular Microbiology and Immunology 

Saint Louis University School of Medicine 

 

Elizabeth Geerling.         2021 

Chair, Major Exam Committee 

Department of Molecular Microbiology and Immunology 

Saint Louis University School of Medicine 

 

Christine Noto         2020 

Member, Major Exam Committee,  

Department of Molecular Microbiology and Immunology 

Saint Louis University School of Medicine 

 

Nilofar Khojandi        2020 

Member, Major Exam Committee 

Department of Molecular Microbiology and Immunology 

Saint Louis University School of Medicine 

 

Lindsey Koehm         2019 

Member, Major Exam Committee,  

Department of Molecular Microbiology and Immunology 

Saint Louis University School of Medicine 

 

Mariah Hassert         2019  

Chair, Major Exam Committee   

Department of Molecular Microbiology and Immunology 

Saint Louis University School of Medicine 
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Minor Exam Committees 

 

Katie Hunt           2022  

Virology Member, Minor Exam Committee 

Department of Molecular Microbiology and Immunology 

Saint Louis University School of Medicine 

 

Alexander Piening          2021  

Virology Member, Minor Exam Committee 

Department of Molecular Microbiology and Immunology 

Saint Louis University School of Medicine 

 

Stella Hoft           2021  

Virology Member, Minor Exam Committee 

Department of Molecular Microbiology and Immunology 

Saint Louis University School of Medicine 

 

E. Taylor Stone          2020  

Mentor Member, Minor Exam Committee 

Department of Molecular Microbiology and Immunology 

Saint Louis University School of Medicine 

 

Elizabeth Geerling          2020  

Mentor Member, Minor Exam Committee 

Department of Molecular Microbiology and Immunology 

Saint Louis University School of Medicine 

 

Courtney Iberg         2019  

Virology Member, Minor Exam Committee  

Department of Molecular Microbiology and Immunology 

Saint Louis University School of Medicine 

 

Mariah Hassert          2018  

Mentor Member, Minor Exam Committee 

Department of Molecular Microbiology and Immunology 

Saint Louis University School of Medicine 

 
Protégé 
 

Graduate Students 
 

 Elizabeth Geerling,         2019-current 

 

 Awards 

Conference Award Second Place      2022  
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Saint Louis University Graduate Student Symposium 

 

Abstract Award        2022  

The American Association of Immunologists Annual Meeting 

 

Abstract Award         2021  

The American Association of Immunologists Annual Meeting 

 

Conference Award Second Place      2021  

Saint Louis University Graduate Student Association 

 

Conference Award Third Place      2021  

Saint Louis University Graduate Student Association 

 

 

Conference Award Second Place      2021  

Saint Louis University Sigma Xi Research Symposium 

 

Conference Award        2021  

Saint Louis University Graduate Student Association 

 

Abstract Award        2021 

Obesity: From Cell to Patient Keystone 

 

Conference Award        2020  

Saint Louis University Graduate Student Association 

 

Excellence in Research Award      2020  

Endocrine Society 

 

Conference Award        2019  

Saint Louis University Graduate Student Association  

 

 Presentations 

2022 

Geerling E., Stone E.T., Carpenter D., Schwetye K., Pinto, A.K. Metabolic 

syndrome enhances viral disease severity and reduces vaccine efficacy in mice. 

The American Association for Immunologists IMMUNOLOGY2022 Annual 

Meeting; Portland, OR 2022 (oral and poster presentations) 

 

Geerling E., Stone E.T., Carpenter D., Schwetye K., Pinto A.K. Metabolic 

syndrome enhances viral disease severity and reduces vaccine efficacy in mice 

Saint Louis University Graduate Research Symposium; Saint Louis, MO (oral 
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presentation) 

 

Geerling E., Stone E.T., Carpenter D., Schwetye K., Pinto, A.K. Obesity 

enhances viral disease severity and reduces vaccine efficacy in mice Saint 

Louis University Sigma Xi Research Symposium  Virtual (oral presentation) 

 

            2021 

Geerling E., Stone E.T., Hassert M., Carpenter D., Schwetye K., DeBosch B. 

and Pinto, A.K.  Obesity enhances viral disease severity and reduces vaccine 

efficacy in mice Autumn Immunology Conference (AIC); Chicago, IL (oral and 

poster presentations) 

 

Geerling E., Steffen T.L., Stone E.T., Hassert M., DeBosch B. and Pinto, A.K. 
Abnormal Cytokine levels in obese mice induce dysfunctional virus-specific 

immune responses. Cytokines 2021 9th Annual Meeting of the International 

Cytokine & Interferon Society (ICIS); virtual  (poster presentation)  

 

Geerling E., Steffen T.L., Stone E.T., Hassert M, Pinto, A.K. Female obese 

mice have a higher mortality rate and altered immune responses following viral 

infection in comparison to wild-type mice. The American Association for 

Immunologists IMMUNOLOGY2021 Annual Meeting Virtual (oral presentation 

and poster presentation) 

 

Geerling E., Steffen T.L., Stone E.T., Hassert M, Pinto, A.K. Female obese 

mice have a higher mortality rate and aberrant immune responses following viral 

infection in comparison to wild-type mice. Saint Louis University Graduate 

Research Symposium; Virtual (oral presentation) 

 

Geerling E., Steffen T.L., Stone E.T., Hassert M, Pinto, A.K. Female obese 

mice have a higher mortality rate and aberrant immune responses following viral 

infection in comparison to wild-type mice. Saint Louis University Sigma Xi 

Research Symposium. Virtual (oral presentation) 

 

Geerling E., Hassert M., Stone E.T. and Pinto, A.K. Female obese mice have a 

higher mortality rate and altered immune responses following flavivirus infection 

in comparison to wild-type mice. Obesity: From Cell to Patient Keystone 

Symposia; Virtual l (poster presentation) 

          2020 

Geerling E., Hassert M., Stone E.T., and Pinto, A.K. Obese mice have a higher 

mortality rate and altered immune responses following flavivirus infection in 

comparison to wild-type mice. American Society of Tropical Medicine & 

Hygiene; Virtual (oral presentation) 
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Geerling E., Hassert M., Stone E.T., and Pinto, A.K. Obese mice have a higher 

mortality rate and altered immune responses following flavivirus infection in 

comparison to wild-type mice. American Society for Virology Annual Meeting. 

Virtual (oral presentation and poster presentation) 

 

Geerling, E., Hassert, M., Stone, E.T., and Pinto, A.K. Immune response 

differences between wild type and obese mice in the context of vaccination. 

Endocrine Society Annual Meeting San Francisco, CA. Virtual/canceled (oral 

presentation and poster presentation) 

          2019 

Geerling, E., Hassert, M., Stone, E.T., and Pinto, A.K. Immune response 

differences between wild type and obese mice in the context of vaccination. 

Autumn Immunology Conference; Chicago, IL  (oral presentation and poster 

presentation) 

 

 E. Taylor Stone        2019- current 

 

Awards 

NIH NIAID F31 Fellowship 1 F31AI172229 - 01     2022-2024 

 

Student Travel Award        2022  

American Society for Virology 

 

Abstract Award        2022  

The American Association of Immunologists Annual Meeting 

 

Travel Scholarship        2022  

 Labroots 

 

First Place Oral Presentation      2022 

Saint Louis University Graduate Student Symposium: 

 

Abstract Award         2021  

Milstein 

 

Abstract Award         2021  

The American Association of Immunologists Annual Meeting 

 

Travel Award         2021  

American Committee Arthropod-borne viruses 

 

Student Travel Award         2021  

American Society for Virology 

 

 Conference Award        2020  

Saint Louis University Graduate Student Association 
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Young Investigator Award         2019  

The American Association of Immunologists AIC 

 

Presentations 

            2022 

Stone ET, Hassert M, Geerling EL, Pham C, Schwetye K, Hirsch AJ, Smith JL, 

and Pinto, A.K The role of CD8+ T cells in immunopathogenesis in murine 

models of Powassan virus infection Annual Meeting of the American Society of 

Tropical Medicine and Hygiene  (Oral & poster presentation) 

 
Stone ET, Hassert M, Geerling EL, Pham C, Schwetye K, Hirsch AJ, Smith JL, 

and Pinto, A.K The role of CD8+ T cells in immunopathogenesis in murine 

models of Powassan virus infection Viral Immunity: Basic Mechanisms and 

Therapeutic Applications Keystone Symposia  (Poster) 

 
Stone ET, Hassert M, Geerling EL, Pham C, Schwetye K, Hirsch AJ, Smith JL, 

and Pinto, A.K The role of T cells in immunopathogenesis in murine models of 

Powassan virus infection 41st Annual Meeting of the American Society for 

Virology—Madison, WI (Oral & poster presentation) 

 
Stone ET, Hassert M, Geerling EL, Pham C, Schwetye K, Hirsch AJ, Smith JL, 

and Pinto AK Balanced T and B Cell Responses are Required for Immune 

Protection against Powassan Virus in Virus-Like Particle Vaccination The 

American Association for Immunologists IMMUNOLOGY2022 Annual Meeting; 

Portland, OR 2022 (oral and poster presentations) 

           

Stone ET, Hassert M, Geerling EL, Pham C, Schwetye K, Hirsch AJ, Smith JL, 

and Pinto, A.K Balanced T and B Cell Responses are Required for Immune 

Protection against Powassan Virus in Virus-Like Particle Vaccination Saint Louis 

University Graduate Research Symposium; Saint Louis, MO (oral presentation) 

 

Stone ET, Hassert M, Geerling E, Pham C, Schwetye K, Hirsch AJ, Smith JL, 

and Pinto, A.K Balanced T and B Cell Responses are Required for Immune 

Protection against Powassan Virus in Virus-Like Particle Vaccination Saint Louis 

University Sigma Xi Research Symposium  Virtual (oral presentation) 

 

Stone ET, Hassert M, Geerling E, Pham C, Schwetye K, Hirsch AJ, Smith JL, 

and Pinto, A.K Balanced T and B Cell Responses are Required for Immune 

Protection against Powassan Virus in Virus-Like Particle Vaccination Core 

Graduate Student Poster Session—Saint Louis, MO (Poster) 

          2021 

Stone ET, Geerling E, Hassert M, Steffen TL, Brien JD, Pinto, A.K. Innate 

immunomodulation by virally-encoded cytokine response modifiers as a strategy 



Pinto 17 
 

CVFormat: Revised 11/08/2011, 3/7/12 

(Modified based on input from Credentials Committee, Dean’s Staff, Chairs Committee and Faculty Affairs Committee) 

 
 

to mitigate virus-induced cytokine release syndrome Cytokine & Interferon 

Society  Virtual Meeting of the 9th Annual International Cytokine & Interferon 

Society (oral presentation) 

 

Stone ET, Hassert M, Geerling E,  Brien JD, Pinto, A.K. Correlates of protection 

for Powassan virus in mouse models of infection Core Graduate Student Poster 

Session Saint Louis, MO (Poster) 

          2020 

Stone ET, Hassert M, Geerling E,  Brien JD, Pinto, A.K. Correlates of protection 

for Powassan virus in mouse models of infection Virtual Meeting of the American 

Society of Tropical Medicine and Hygiene. Virtual (oral presentation) 

 

Stone ET, Hassert M, Geerling E,  Brien JD, Pinto, A.K. Correlates of protection 

for Powassan virus in mouse models of infection Core Graduate Student Poster 

Session—Saint Louis, MO (Poster) 

 

Stone ET, Hassert M, Geerling E,  Brien JD, Pinto, A.K. Correlates of protection 

for Powassan virus in mouse models of infection 39th Annual Meeting of the 

American Society for Virology. Mini-Virtual  (Poster presentation)   

2019 

Stone ET, Hassert M, Geerling E,  Brien JD, Pinto, A.K. Correlates of protection 

for Powassan virus in mouse models of infection Core Graduate Student Poster 

Session—Saint Louis, MO (Poster) 

 

Stone ET, Hassert M, Geerling E,  Brien JD, Pinto, A.K. Correlates of protection 

for Powassan virus in mouse models of infection Autumn Immunology 

Conference—Chicago, IL (oral and poster presentations) 

 

 Mariah Hassert (Co-Mentor)           2017-2021 

 

Awards 

Graduate Student of the Year       2021 

Saint Louis University (MMI Dept.) 

 

Best Poster Presentation       2021  

Saint Louis University Graduate Research Symposium 

 

Trainee Abstract Award       2021 

American Association of Immunologists 

 

Young Investigator Award       2020  

American Society of Tropical Medicine and Hygiene 
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Travel Award         2020  

American Committee on Arthropod-Borne Viruses (ACAV)  

American Society of Tropical Medicine and Hygiene 

 

Graduate Student of the Year       2020  

Saint Louis University (MMI Dept.) 

 

Student Travel Award        2020  

American Society for Virology 

 

Travel for Techniques Fellowship      2019  

American Association of Immunologists 

 

Graduate Student of the Year       2019  

Saint Louis University (MMI Dept.) 

 

Best Poster Presentation       2019  

Saint Louis University Graduate Research Symposium 

 

Best Poster Presentation       2018  

Saint Louis University Graduate Research Symposium 

 

Alpha Sigma Nu Jesuit Honor Society     2018  

Saint Louis University 

 

Student Fellowship         2017 

Saõ Paulo School of Advanced Science in Arbovirology 

 

Course completion         2017  

American Association of Immunologists 
 
Presentations 

2021 

Hassert, M., Schwetye, K.E., Geerling, E., Steffen, T.L., Stone, E.T., Brien, J.D., 

Pinto, A.K. T cell cross-reactivity during heterologous infection results in 

enhanced cytolytic capacity but enhanced Zika virus disease. Immunology 2021; 

Virtual (Oral and Poster presentation).  

 

Hassert, M., Schwetye, K.E., Geerling, E., Steffen, T.L., Stone, E.T., Brien, J.D., 

Pinto, A.K. T cell cross-reactivity during heterologous infection results in 

enhanced cytolytic capacity but enhanced Zika virus disease. Saint Louis 

University Graduate Research Symposium 2021; Virtual (Poster presentation).  
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2020 

Hassert, M., Brien, J.D., Pinto, A.K. CD8+ T cell cross-reactivity during 

heterologous flavivirus infection results in cross-reactive immunodomination and 

enhanced cytolytic capacity at the expense of virus-specific responses, driving 

differences in protective capacity. American Society of Tropical Medicine and 

Hygiene 2020 Annual Meeting; Virtual (Poster Presentation).  

           

Hassert, M., Steffen, T.L., Dorflinger, B.G., Dayton, J., Coleman, A., Cruz-

Orengo, L., Brien, J.D., Pinto, A.K. Heterologous flavivirus exposure provides 

varying degrees of cross-protection from Zika virus infection in a mouse model of 

disease. American Society of Tropical Medicine and Hygiene 2020 Annual 

Meeting; Virtual (Oral Presentation).  

 

Hassert, M., Weiss, C.M., Coffey, L.L., Pinto, A.K., Brien, J.D. T cells restrict 

Zika virus replication and viral swarm diversity during infection. American Society 

of Tropical Medicine and Hygiene 2020 Annual Meeting; Virtual (Oral 

Presentation).  

 

Hassert, M., Weiss, C.M., Feldman, M.S., Coffey, L.L., Pinto, A.K., Brien, J.D. 

Altered T cell responses during heterologous flavivirus infection and the potential 

consequences for viral genome diversity. American Society for Virology 2020 

Annual Meeting; Virtual (Oral Presentation).  

 

          2019 

Hassert, M., Pinto, A. K., Brien, J.D., Implications of altered immune restriction 

during heterologous flavivirus infection:  Viral diversity, dissemination, and 

fitness. UC-Davis; Davis, CA. 2019 (Visiting Scientist Lecture). 

         

Hassert, M., Brien, J.D., Pinto, A.K. Prior heterologous flavivirus exposure 

impacts virus-specific and cross-reactive T cell populations and their functions 

during Zika virus infection. Gordon Research Conference- Cells and Viruses; 

Lucca, Italy. 2019 (Poster Presentation). 

 

Hassert, M., Brien, J.D., Pinto, A.K. Prior heterologous flavivirus exposure 

impacts virus-specific and cross-reactive T cell populations and their functions 

during Zika virus infection. SLU Graduate Research Symposium; St. Louis, MO. 

2019 (Poster Presentation). 

 

          2018 

Hassert, M., Brien, J.D., Pinto, A.K. Heterologous flavivirus immunity impacts 

Zika virus pathogenesis in a mouse model of infection. 47th Annual Autumn 

Immunology Conference; Chicago, IL. 2018 (Oral Presentation and Poster 

Presentation). 

 

Hassert, M., Wolf, K. J., Schwetye, K. E., DiPaolo, R. J., Brien, J. D., & Pinto, A. 
K. CD4+ T cells mediate protection against severe Zika disease in a mouse 

model of infection. 47th Annual Autumn Immunology Conference; Chicago, IL. 

2018 (Oral Presentation and Poster Presentation). 
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Hassert, M., Brien, J.D., Pinto, A.K. Heterologous flavivirus immunity impacts 

Zika virus pathogenesis in a mouse model of infection. American Society of 

Tropical Medicine and Hygiene 67th Annual Meeting; New Orleans, LA. 2018 

(Poster Presentation). 

 

Hassert, M., Wolf, K. J., Schwetye, K. E., DiPaolo, R. J., Brien, J. D., & Pinto, A. 

K. CD4+ T cells mediate protection against severe Zika disease in a mouse 

model of infection. American Society of Tropical Medicine and Hygiene 67th 

Annual Meeting; New Orleans, LA. 2018 (Poster Presentation). 

 

Hassert, M., Brien, J.D., Pinto, A.K. Mapping the CD4+ T cell response in a 

mouse model of Zika virus infection. 6th Pan-American Dengue Research 

Network Meeting; Galveston, TX. 2018. (Poster Presentation). 

 

Hassert, M., Brien, J.D., Pinto, A.K. Heterologous flavivirus immunity impacts 

Zika virus pathogenesis in a mouse model of infection. SLU Graduate Research 

Symposium; St. Louis, MO. 2018 (Poster Presentation). 

 

          2017 

Hassert, M., Brien, J.D., Pinto, A.K. Mapping the CD4+ T cell response in a 

mouse model of Zika virus infection. SPSAS International Advanced Arbovirology 

Course and Meeting; Saõ Josѐ do Rio Preto, Saõ Paulo, Brazil. 2017. (Poster 

Presentation). 

 

Scott Grady, 

Graduate Student (Dr. Arnett, Chemistry),         2019-2021 

Collaborative project Dr. Arnett on South Campus  
 

Graduate Rotations: 

  Valarie Murphy,        2022 
   

  Emily Ebert,          2022 
 

Rachel Wiess,         2020 
 

Katie Phelps,          2019 
 

Stella Hoft, M.D./Ph.D.        2018  

   

Medical Student: 

  Samantha Zavertnik         2018 

  Awarded a Saint Louis University School of Medicine Research Fellowship  
 

Post-Doctoral Research Associates: 

  June Ann D’Angelo          2016-2017 
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    Undergraduate Students: 

Current: 
Bryson Mahari        2022-current 

  Undergraduate 

  Biology Pre-Med 
 

Taneesh Makkena       2022-current 

  Undergraduate-Med Scholar 

  Biology Pre-Med 
 

Srinidhi Karlapalem       2022-current 

  Undergraduate  

  Biology-Pre-Med 
 

Maria Mai         2022-current 

  Undergraduate McNair Research Scholar 

  Biology 
 

Christinia Pham        2021-current 

  Undergraduate  

  Biology-Pre-Med 

 

Past: 
 Areeb Shah         2021 

PreMed 
 

Derek Nguyen Summer,       2016-2017 

PreMed 
 

Spreet Amar         2016-2018 

PreMed 
 

Eunice Yeo         2016 

PreMed 
 

Abigail Coleman,        2016-2020 

Biology 

 
Research Support 

ACTIVE 

Federally Funded Studies 
 

Title: Cellular and antibody responses to SARS-CoV-2 mRNA vaccination in the 

haemapoietic stem cell  
Project Number:  

Name of PD/PI: James Brien, PhD 

Source of Support: NCI 

Primary Place of Performance: Saint Louis University, 
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Project/Proposal Start and End Date: 09/2022 – 08/2023 

Total Award Amount (including Indirect Costs):  

Project Year Person Months 

09/22 – 08/23 1.2 CM 

 Title: Anti-Inflammatory Viral Proteins to Treat Sepsis 
Project Number: PR192269 

Name of PD/PI: Amelia K. Pinto, PhD 

Source of Support: Department of Defense 

Primary Place of Performance: Saint Louis University, 

Project/Proposal Start and End Date: 07/2020 – 06/2023 

Total Award Amount (including Indirect Costs):  

Project Year Person Months 

09/20 – 08/21 2.4 CM 

09/21 – 08/22 2.4 CM 

Title: Vaccine and Treatment Evaluation Units (VTEU) 

Project Number:  HHSN27220130021  

Name of PD/PI: Sarah George, MD 

Source of Support: NIAID 

Primary Place of Performance: Saint Louis University 

Project/Proposal Start and End Date: 09/2013 – 09/2023 

Total Award Amount (including Indirect Costs):  

Project Year Person Months 

09/17 - 09/18 .24 CM 

09/18   09/19 .24 CM 

09/19 - 09/20 .24 CM 

09/20   09/21 .24 CM 

09/21 - 09/22 .24 CM 

09/22   09/23 .24 CM 

Title: Development of a Virus-Like Particle Vaccine for Powassan Virus 

Project Number:  1 R01 AI15192 

Name of PD/PI: Alec Hirsch, PhD 

Source of Support: NIAID 

Primary Place of Performance: Oregon Health & Sciences University, 

Project/Proposal Start and End Date: 06/2020 – 05/2025 

Subaward PD/PI: Amelia K. Pinto, PhD. 

Place of Performance: Saint Louis University, Saint Louis, MO 

Total Award Amount (including Indirect Costs):  

Project Year Person Months 

06/21 – 05/22 1.8 CM 

06/22 – 05/23 1.8 CM 

06/23 – 05/24 2.4 CM 

06/24 – 05/25 2.4 CM 
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Title: Dengue-Zika: correlates of cross-protection in non-human Primates 

Project Number:  R01 AI48264 

Name of PD/PI: Carlos A. Sariol, MD 

Source of Support: NIAID 

Primary Place of Performance: University of Puerto Rico Med Sciences 

Project/Proposal Start and End Date: 01/2020 – 12/2024 

Subaward PD/PI: Amelia K. Pinto, PhD. 

Place of Performance: Saint Louis University, Saint Louis, MO 

Total Award Amount (including Indirect Costs): 

Project Year Person Months 

01/22 -  12/22 0.6 CM 

01/23 – 12/23 0.6 CM 

01/24 – 12/24 0.6 CM 

Title: Dengue virus mRNA lipid nanoparticle vaccine 

Project Number:  1 R01 AI15067 01A1 

Name of PD/PI: Justin Richner, PhD  

Source of Support: NIAID 

Primary Place of Performance: University of Illinois at Chicago 

Project/Proposal Start and End Date: 08/2021 – 07/2025  

Subaward PD/PI: Amelia K. Pinto PhD 

Place of Performance: Saint Louis University, Saint Louis, MO 

Total Award Amount (including Indirect Costs):  

Project Year Person Months 

08/21 – 07/22 1.2 CM 

08/22 – 07/23 2.4 CM 

 08/23 – 07/24 2.4 CM 

08/24 – 07/25 2.4 CM 

Title: SARS-CoV-2 correlates of protection in a Latino-origin population 

Project Number: 1 U01 CA260541 

Name of PD/PI: Carlos A. Sariol, MD 

Source of Support: NCI 

Primary Place of Performance: University of Puerto Rico Med Sciences 

Project/Proposal Start and End Date: 09/2020 – 08/2024 

Subaward PD/PI: James D. Brien, PhD 

Role: Co-Investigator, Dr. Pinto 

Subaward Place of Performance: Saint Louis University 

Total Award Amount (including Indirect Costs): 

Project Year Person Months 

09/20 – 08/21 1.2 CM 

09/21 – 08/22 1.2 CM 

09/22 – 08/23 1.2 CM 

09/23 – 08/24 1.2 CM 
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Title:  Evaluation of Antibody Responses Elicited by Zika Vaccination in 

Flavivirus-naïve and -experienced Individuals 

Project Number: 1 R01 AI155983 01  

Name of PD/PI: Shelly J Krebs (contact), Ph.D. Kayvon Modjarrad, MD 

Source of Support: NIAID 

Subaward PD/PI: James D. Brien, PhD 

Role: Co-Investigator, Dr. Pinto 

Primary Place of Performance: The Henry M. Jackson Foundation for the 

Advancement of Military Medicine, Inc, Bethesda, MD 

Project/Proposal Start and End Date: 04/2021 – 03/2026 

Total Award Amount (including Indirect Costs):  

Project Year Person Months 

04/21 – 03/22 0.24 CM 

04/23 – 03/24 0.24 CM 

04/24 – 03/25 0.24 CM 

04/25 – 03/26 0.24 CM 

Contract Studies 
Title: The use of humanized mice for SARS CoV-2 Research 

Major Goals: The goal of this project is to study animal models for viral disease x. 

Status of Support: Active  

Project Number:  A-01170 

Name of PD/PI: Amelia K. Pinto, PhD 

Source of Support: Jackson Labs (Bar Harbor, ME) 

Primary Place of Performance: Saint Louis University, St. Louis, MO 

Project/Proposal Start and End Date: 01/2021 – 04/2023 

Total Award Amount (including Indirect Costs): 

Project Year Person Months 

01/21 – 12/21 0.72 CM 

01/22 – 12/22 0.72 CM 

01/23 – 04/23 0.72 CM 

Title: Preclinical Challenge Studies and Correlates of Protection for AdCOVID 

and mRNA-LNP COVID-19 vaccines in mice  

Major Goals: Pre-clinical evaluation of Adenovirus SARS-CoV-2 vaccine in adult 

K18-hACE2 mice. 

Status of Support: Active 

Project Number:  A-01255 

Name of PD/PI: James D. Brien, PhD 

Source of Support: Altimune (Gaithersburg, MD)  

Primary Place of Performance: Saint Louis University, St. Louis, MO 

Project/Proposal Start and End Date:  10/2020 – 09/2022 

Total Award Amount (including Indirect Costs):

Project Year Person Months 

10/20 – 09/21 4.8 CM 

10/21 – 09/22 4.8 CM 
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COMPLETED 

Title: Transcriptional and functional profiling of cross-reactive T cells to 

understand outcomes for the pathogen and host during heterologous infection 

Award Type: F31  

Role: Mentor 

Funding Amount: year 

SLU grant total: 

Start and End Date: 3/1/20-2/28/22  

Title: Vaccine and Treatment Evaluations Units Task 16-0033.D1.0086 
Award Type: NIH/NIAID HHSN 272201300014-16  

PI: George,   

Role: Co-investigator 

Pinto lab total directs: year 

SLU grant total: 1,020,609  

Project Start and End: 09/25/17 – 02/28/22 

Title: Novel humanized mouse models to study SARS-CoV-2 infection and 

pathogenesis 

Award Type: Subcontract 

Role: Co-Investigator 

Funding Amount: year 

SLU Contract total: 

Start and End Date: 6/1/20-8/31/20 

Title: In Vivo Safety Evaluation of Human Zika IVIG, 

Award Type: Contract 

Funder: Emergent Biosolutions  

P.I.: Pinto

Role: Principal Investigator

Pinto lab total directs: 

SLU grant total:: 

Project Start and End: 10/01/17-03/31/19

Title: Identification of Novel Zika Virus-specific HLA-A*02 T cell epitopes 

Award Type: PRF 

Funder: Saint Louis University  

PI: Pinto 

SLU grant total: 

Project Start and End: 01/17/2017-01/18/2018 

Title: In Vitro Safety Evaluation of Human Zika IVIG 

Contract: Emergent Biosolutions  

Role: Co-Investigator  

Pinto lab total directs: 

SLU grant total: 

Start and End: 07/01/17-12/31/17  
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Title: Rapid Research Response to Zika Virus Infection in US Residents: Role 

Humoral and Cellular Immune Responses.   

Award Type: HHSN 272201300021 

P.I: Patel

Pinto lab total directs:year

Role: Co-Investigator

SLU grant total: 

Start and End 04/13/16-03/09/22

Title: Development of a ribonucleoside analog to treat VEEV infections 

Award Type: Subcontract  

Funder Defense Threat Reduction Agency 

PI: Emory University  

Role: Co-Investigator 

Pinto lab total directs: 

SLU grant total:

Project Start and End: 12/11/14-6/30/17 

Title: The Development/Optimization of a Drug for the Prophylaxis and Treatment 

of Alphavirus and Coronavirus Infections  

Award Type: Subcontract 

Funder: National Institutes of Health Proposal  

PI: Emory University  

Role: Co-Investigator 

Pinto total directs: 

SLU grant total: 

Project Start and End: 7/30/14-6/29/17       

PENDING 

Title: Evaluation of an Adjuvanted Powassan Vaccine 
Project Number: TB220056 

Name of PD/PI: Amelia K. Pinto, PhD 

Source of Support: Department of Defense 

Primary Place of Performance: Saint Louis University, 

Project/Proposal Start and End Date: 07/2023 – 06/2026 

Total Award Amount (including Indirect Costs):  

Project Year Person Months 

07/23 – 06/24 1.2 CM 

07/24 – 06/25 2.4 CM 

07/25 – 06/26 2.4 CM 

Title: ACE2 inhibition and SARS-CoV-2 cognitive impairment -long-term 

implications for accelerated Alzheimer’s Disease and related Dementias. 

Status of Support: Pending 

Project Number: 1 R21 AG 075449-01A1 

Name of PD/PI: Amelia K. Pinto, PhD 

Source of Support: NIH/Institute on Aging 
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Primary Place of Performance: Saint Louis University, Saint Louis, MO 

Project/Proposal Start and End Date: 09/2022 – 08/2024 

Total Award Amount 

Project Year Person Months 

09/22 – 08/23 .6 CM 

09/23 – 08/24 .6 CM 

Title: Research into human disease-causing bunyaviruses using patient-derived 

xenografts (PDX) in vitro and in vivo 

Status of Support: Pending 

Project Number: 1 R01 AI 171433 01 

Name of PD/PI: Amelia K. Pinto, PhD 

Source of Support: NIAID 

Primary Place of Performance: Saint Louis University, Saint Louis, MO 

Project/Proposal Start and End Date: 07/2022 – 06/2027 

Total Award Amount 

Project Year Person Months 

07/22 – 06/23 3.6 CM 

07/23 – 06/24 3.6 CM 

07/24 – 06/25 3.6 CM 

07/25 – 06/26 3.6 CM 

07/26 – 06/27 3.6 CM 

Title: Metabolic Syndrome’s influence on the adaptive immune response to 

infection and vaccination 

Status of Support: Pending 

Project Number: 1 R01AI173196 

Name of PD/PI: Amelia K. Pinto, PhD 

Source of Support: NIAID 

Primary Place of Performance: Saint Louis University, Saint Louis, MO 

Project/Proposal Start and End Date: 12/2022 – 11/2027 

Total Award Amount 

Project Year Person Months 

12/22 – 11/23 6 CM 

12/23 – 11/24 6 CM 

12/24 – 11/25 6 CM 

12/25 – 11/26 6 CM 

12/26 – 11/27 6 CM 

Title: Lipid Biology of SARS-CoV-2 Infection 

Status of Support: Pending 

Project Number: 1 R01 HL 161214-01A1 

Name of PD/PI: David A Ford, PhD 

Role: Co-Investigator 

Source of Support: NHL 

Primary Place of Performance: Saint Louis University, Saint Louis, MO 

Project/Proposal Start and End Date: 09/2022 – 08/2027 
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Total Award Amount  

Project Year Person Months 

09/22 – 08/23 1.2 CM 

09/23 – 08/24 1.2 CM 

09/24 – 08/25 1.2 CM 

09/25 – 08/26 1.2 CM 

09/26 – 08/27 1.2 CM 

Publications    

Cited by 
All Since 2017 

Citations 3319 1750 
h-index 30 24 
i10-index 45 40 

Last Author 16 16 

2022 

Geerling E, Murphy V, Mai MC, Stone ET, Casals AG, Hassert M, O'Dea AT, 

Cao F, Donlin MJ, Elagawany M, Elgendy B, Pardali V, Giannakopoulou E, 

Zoidis G, Schiavone DV, Berkowitz AJ, Agyemang NB, Murelli RP, Tavis JE, 

Pinto AK, Brien JD. Metal coordinating inhibitors of Rift Valley fever virus 

replication PLoS One. 2022 Sep 16;17(9):e0274266. doi: 

10.1371/journal.pone.0274266. eCollection 2022. PMID: 36112605 

Marzan-Rivera N, Serrano-Collazo C, Cruz L, Pantoja P, Ortiz-Rosa A, Arana T, 

Martinez MI, Burgos AG, Roman C, Mendez LB, Geerling E, Pinto AK, Brien JD, 

Sariol CA. Infection order outweighs the role of CD4+ T cells in tertiary flavivirus 

exposure. iScience. 2022 Jul 16;25(8):104764. doi: 10.1016/j.isci.2022.104764. 

eCollection 2022 Aug 19. PMID: 35982798 

Pike DP, McGuffee RM, Geerling E, Albert CJ, Hoft DF, Shashaty MGS, Meyer 

NJ, Pinto AK, Ford DA. Plasmalogen Loss in Sepsis and SARS-CoV-2 Infection. 

Front Cell Dev Biol. 2022 Jun 6;10:912880. doi: 10.3389/fcell.2022.912880.  

Stone ET, Hirsch AJ, Smith JL, Brien JD, Pinto AK. Titration and neutralizing 

antibody quantification by focus forming assay for Powassan virus. STAR Protoc. 

2022 Jun 17;3(3):101473. doi: 10.1016/j.xpro.2022.101473. eCollection 2022 

Sep 16. PMID: 35755126  

Karger AB, Brien JD, Christen JM, Dhakal S, Kemp TJ, Klein SL, Pinto LA, 

Premkumar L, Roback JD, Binder RA, Boehme KW, Boppana S, Cordon-Cardo 

C, Crawford JM, Daiss JL, Dupuis AP 2nd, Espino AM, Firpo-Betancourt A, 

Forconi C, Forrest JC, Girardin RC, Granger DA, Granger SW, Haddad NS, 

Heaney CD, Hunt DT, Kennedy JL, King CL, Krammer F, Kruczynski K, LaBaer 
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A Dengue Virus Serotype 1 mRNA-LNP Vaccine Elicits Protective
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ABSTRACT Dengue virus (DENV) is the most common vector-borne viral disease,
with nearly 400 million worldwide infections each year concentrated in the tropical
and subtropical regions of the world. Severe dengue complications are often associ-
ated with a secondary heterotypic infection of one of the four circulating serotypes.
In this scenario, humoral immune responses targeting cross-reactive, poorly neutral-
izing epitopes can lead to increased infectivity of susceptible cells via antibody-de-
pendent enhancement (ADE). In this way, antibodies produced in response to
infection or vaccination are capable of contributing to enhanced disease in
subsequent infections. Currently, there are no available therapeutics to combat
DENV disease, and there is an urgent need for a safe and efficacious vaccine. Here,
we developed a nucleotide-modified mRNA vaccine encoding the membrane and
envelope structural proteins from DENV serotype 1 encapsulated in lipid nanopar-
ticles (prM/E mRNA-LNP). Vaccination of mice elicited robust antiviral immune
responses comparable to viral infection, with high levels of neutralizing antibody
titers and antiviral CD41 and CD81 T cells. Immunocompromised AG129 mice vacci-
nated with the prM/E mRNA-LNP vaccine were protected from a lethal DENV chal-
lenge. Vaccination with either a wild-type vaccine or a vaccine with mutations in the
immunodominant fusion loop epitope elicited equivalent humoral and cell-mediated
immune responses. Neutralizing antibodies elicited by the vaccine were sufficient to
protect against a lethal challenge. Both vaccine constructs demonstrated serotype-
specific immunity with minimal serum cross-reactivity and reduced ADE in compari-
son to a live DENV1 viral infection.

IMPORTANCE With 400 million worldwide infections each year, dengue is the most
common vector-borne viral disease. Forty percent of the world's population is at risk,
with dengue experiencing consistent geographic spread over the years. With no
therapeutics available and vaccines performing suboptimally, the need for an effec-
tive dengue vaccine is urgent. Here, we develop and characterize a novel mRNA vac-
cine encoding the dengue serotype 1 envelope and premembrane structural pro-
teins that is delivered via a lipid nanoparticle. Our DENV1 prM/E mRNA-LNP vaccine
induces neutralizing antibody and cellular immune responses in immunocompetent
mice and protects an immunocompromised mouse from a lethal DENV challenge.
Existing antibodies against dengue can enhance subsequent infections via antibody-
dependent enhancement (ADE). Importantly our vaccine induced only serotype-spe-
cific immune responses and did not induce ADE.

KEYWORDS dengue fever, mRNA vaccine, vaccines

Dengue virus (DENV) is the most common vector-borne viral disease affecting
humans (1–3). Its region of endemicity now includes 100 countries in Asia, the

Pacific, the Americas, and the Middle East (3), with 40% of the world’s population at
risk. Disease states during dengue infection manifest as a range of severities, from a
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self-limiting, febrile illness to more severe cases with life-threatening vascular leakage
that can lead to multiorgan failure associated with a virus-driven cytokine storm (4, 5).

DENV is a member of the family Flaviviridae of which Zika virus, West Nile virus, yel-
low fever virus, and Japanese encephalitis virus are also members. It is spread by the
arthropod vector Aedes aegypti and, to a much lesser extent, Aedes albopictus (2, 3).
The virus contains a single-stranded, positive-sense RNA genome which codes for a sin-
gle polypeptide containing three structural proteins, premembrane (prM), envelope
(E), and capsid (C), as well as seven nonstructural proteins (6). Dengue virus is catego-
rized into four distinct serotypes, dengue serotypes 1 to 4 (DENV1 to DENV4), with
amino acid sequence variations of 30 to 35% across serotypes.

Most countries where dengue is endemic are affected by all four serotypes (1).
Infection with a single serotype of DENV does not protect against a secondary infection
of a heterologous serotype. Instead, primary infection increases an individual’s proba-
bility of developing severe clinical symptoms, including shock and death, upon a sec-
ondary heterotypic challenge. In this scenario, humoral immune responses after a pri-
mary infection produce cross-reactive, nonneutralizing antibodies. These antibodies
can bind to infectious virus particles from a secondary, heterotypic challenge and lead
to increased infection of cells possessing Fcg receptors via antibody-dependent
enhancement (ADE). This poses a challenge for vaccination, as a successful vaccine
must elicit a neutralizing, long-lasting immune response balanced equally against all
four serotypes of DENV.

DENV vaccines that have progressed the furthest in clinical evaluation include CYD-
TDV (Dengvaxia; Sanofi-Pasteur), TAK-003 (DENVax; Takeda), and TV003 (NIAID/NIH)
(7–11). All three of these vaccines are tetravalent, live attenuated vaccines that encode
the membrane-embedded DENV viral proteins prM and E, in different viral backbones.
Other vaccine strategies are in various preclinical stages, including recombinant E and
subunit vaccines (12–15), purified inactive viruses (16), DNA encoding prM and E (17, 18),
and purified virus-like particles (VLPs) (19–21). VLPs, like an infectious viral particle, are
comprised of ENV dimers on the surface, resulting in production of particles that have
many of the same three-dimensional epitopes as an infectious virus particle (21, 22).

Previously, we developed an mRNA vaccine against the related Zika virus encoding
the viral prM and E proteins (23, 24). This vaccine elicited a robust neutralizing anti-
body response that protected mice from a lethal Zika viral challenge and prevented
vertical transmission of the virus to the fetus. mRNA vaccines have also been shown to
provide protective immunity against viral pathogens in nonhuman primates (25, 26). In
this study, we have developed an mRNA vaccine against DENV serotype 1. A construct
coding for prM and E proteins was in vitro transcribed using the modified nucleotide
pseudouridine, and the resulting mRNA was packaged into lipid nanoparticles (LNPs).
Following intramuscular injection, mRNA-LNPs are taken up into the muscle cells at
the site of injection, as well as antigen-presenting cells in the draining lymph node (27,
28). Once the cells endocytose the mRNA-LNP, the LNP degrades in the acidified endo-
some, releasing the mRNA into the cytoplasm. The mRNA is then translated into the vi-
ral prM/E proteins. The prM/E polyprotein is embedded in the membrane of the endo-
plasmic reticulum (ER) and cleaved by host protease into the individual viral proteins.
The prM and E self-assemble into VLPs on the surface of the ER membrane, and then
the VLPs are trafficked through the trans-Golgi network and secreted from the cell.
Administration of the DENV1 prM/E mRNA-LNP vaccine elicited neutralizing antibody
titers and antivirus-specific T cells in wild-type (WT) C57BL/6J mice and conferred pro-
tection in DENV permissive immunocompromised AG129 mice. Importantly the mRNA-
LNP vaccine induced serotype-specific immunity with low levels of ADE.

RESULTS
Design of DENV1 prM/E construct and viral protein expression. We designed a

construct comprising the wild-type nucleotide sequence encoding prM and E proteins
from dengue serotype 1 (DENV1) strain 16007 downstream of a Japanese encephalitis
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virus (JEV) signal peptide. The coding sequence was flanked by a 59 untranslated
region (UTR) previously utilized in other mRNA vaccines (23) and the 39 UTR from the
human hemoglobin subunit alpha 1 mRNA (HBA1) (Fig. 1A). The 59 and 39 UTRs con-
tribute to translation regulation and mRNA stability essential for optimum protein
expression. We in vitro transcribed mRNA from a T7 RNA polymerase promoter site
upstream of the 59 UTR. A 59 cap-1 structure and a 39 poly(A) tail were enzymatically
added to produce fully mature mRNA that resembles host mRNA. We also generated a
separate construct (DFL) containing the amino acid substitutions G106R, L107D, and
F108A to remove the fusion loop epitope of the envelope protein. These mutations
have been previously characterized and shown to ablate both fusion loop activity and
production of fusion loop-specific antibodies responsible for ADE (29–31).

In vitro-synthesized mRNA was transfected into 293T cells, followed by collection of
cell lysate and supernatant. We performed immunoblot analysis with the monoclonal
antibodies (MAb) 1A1D-2 and 4G2. 1A1D-2 is specific for domain III of the E protein
(32–34), and 4G2 binds to the fusion loop epitope. Western blotting with the monoclo-
nal antibody 1A1D-2 identified a band representing DENV1 E after transfection with
both WT and DFL constructs (Fig. 1B), demonstrating successful viral protein expres-
sion. Western blotting with 4G2 resulted in a band only in the lysate from wild-type-

FIG 1 DENV prM/E vaccine design and viral protein expression. (A) Schematic of the DENV genome
and engineered mRNA construct. An mRNA encoding the prM and ENV viral proteins was engineered
with N-terminal signal peptide sequence, 59 and 39 untranslated regions (UTR) flanking the coding
sequence, a 39 poly(A) tail, and a 59 cap-1 structure. In vitro-synthesized mRNA is encapsulated in a
lipid nanoparticle for use in in vitro and in vivo experiments. (B) 293T cells were transfected with the
in vitro-transcribed mRNA encoding the wild-type sequence (WT) or a mutant version with amino
acid substitutions in the fusion loop epitope (DFL). Lysate was analyzed by Western blotting with the
domain III-specific 1A1D-2 monoclonal antibody and the fusion loop-specific 4G2 monoclonal
antibody. (C) Supernatant from transfected cells was purified and concentrated through
ultracentrifugation and analyzed for VLPs by Western blotting with the 1A1D-2 monoclonal antibody
or anti-GAPDH. Unpurified cell lysate from WT mRNA-transfected cells is included as a control. Shown
are representative blots. (D) Electron microscopy image of VLPs from purified supernatant of
transfected 293T cells showing homogenous shape and size of approximately 30 nm.

Dengue Virus mRNA-LNP Vaccine Journal of Virology

June 2021 Volume 95 Issue 12 e02482-20 jvi.asm.org 3

D
ow

nl
oa

de
d 

fro
m

 h
ttp

s:/
/jo

ur
na

ls.
as

m
.o

rg
/jo

ur
na

l/j
vi

 o
n 

10
 O

ct
ob

er
 2

02
2 

by
 7

1.
85

.2
24

.4
.

https://jvi.asm.org


transfected cells, thus revealing successful ablation of the fusion loop epitope in the
DFL construct (Fig. 1B). Expression of prM and E alone is sufficient to induce the forma-
tion and secretion of VLPs (23, 35, 36). To detect secreted VLPs, we purified the super-
natant from the transfected cells via ultracentrifugation and analyzed it on immuno-
blots. We detected E protein bands with the 1A1D-2 antibody in the purified
supernatant of WT and DFL construct-transfected supernatants (Fig. 1C), demonstrat-
ing that fusion loop ablation did not affect secretion of VLPs from transfected cells. We
did not detect any GAPDH (glyceraldehyde-3-phosphate dehydrogenase) in the puri-
fied supernatants, verifying that ultracentrifugation removed any cytoplasmic contami-
nation. Particles secreted from transfected cells had properties similar to those of VLPs,
with relatively uniform semismooth surfaces and diameters of approximately 30 nm, as
confirmed by electron microscopy (Fig. 1D). Together, these results show that in vitro-
synthesized mRNAs can induce viral structural protein expression and secretion of
VLPs. Further, mutation of key amino acids within the fusion loop successfully ablates
the antigenic epitope while maintaining protein expression and VLP excretion.

Optimization of protein expression and LNP delivery. Signal peptides are short
N-terminal peptides that traffic proteins through the appropriate processing and secre-
tory pathways within the trans-Golgi network. We compared different signal peptides
on the DENV1 DFL construct to optimize protein expression. We generated five new
DFL mRNA constructs, with the original JEV signal peptide exchanged for signal pep-
tides from either interleukin-2 (IL-2), tissue plasminogen activator (tPA), or Gaussia lu-
ciferase (GLUC). Additionally, we synthesized two constructs with theoretical signal
peptides computationally predicted to elicit robust protein secretion in skeletal muscle
cells (SP1 and SP2) (37). Mice are administered the mRNA-LNP vaccine intramuscularly,
so characterization and optimization of protein expression in muscle cells is key. We
transfected differentiated skeletal muscle myoblast C2C12 cells with the different con-
structs and blotted for E protein expression with the 1A1D-2 antibody. The tPA signal
peptide resulted in the most robust E protein expression (Fig. 2A). To ensure that signal
peptide modification did not alter VLP secretion and directly compare VLP secretion
across the different mRNA constructs, we also analyzed the supernatant of transfected
cells via dot blotting with the 1A1D-2 MAb. The tPA signal peptide also resulted in the
highest levels of VLP secretion (Fig. 2B).

For in vivo administration, mRNA is synthesized with the modified nucleotide, pseu-
douridine, in place of uridine. This replacement dampens innate immune stimulation
and interferon activation which inhibits protein translation (38). In vitro-synthesized
mRNA is further purified and encapsulated in a lipid nanoparticle (LNP). Encapsulation
within an LNP shields the mRNA from extracellular RNases and ensures efficient deliv-
ery into cells (39). LNPs are composed of pH-sensitive lipids that bind to endogenous

FIG 2 Optimization of signal peptide and LNP delivery. (A) Constructs were engineered with alternative signal
peptides, and in vitro-transcribed mRNA was transfected into differentiated murine muscle myoblast C2C12
cells. Cell lysate was analyzed by Western blotting with 1A1D-2 monoclonal antibody or anti-GAPDH
antibodies. (B) Supernatant of transfected C2C12 cells was analyzed by dot blotting with 1A1D-2. (C) In vitro-
synthesized WT or DFL mRNA was encapsulated in a lipid nanoparticle and administered to C2C12 cells. Lysate
was analyzed by Western blotting with 1A1D-2 antibody. Shown are representative blots.
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apolipoprotein E, which facilitates entry. When the mRNA-LNP is endocytosed, the
acidic environment of the late endosome initiates degradation of the LNP, leading to
release of the mRNA to the cytoplasm. We encapsulated mRNA containing the original
JEV signal peptide that has been utilized in previous flavivirus mRNA vaccines. We
achieved .90% encapsulation efficiency, as determined by a Ribogreen RNA quantifi-
cation assay, and stored encapsulated mRNA at 4°C for extended periods of time to
accommodate a two- or three-shot vaccination schedule. Delivery of nucleotide-modi-
fied WT and DFL prM/E mRNA-LNPs to C2C12 cells resulted in E protein expression in
cell lysate (Fig. 2C).

DENV1 prM/E mRNA vaccines elicit adaptive immune responses. Initially, wild-
type C57BL/6 mice were vaccinated according to a three-shot vaccination schedule
with 10mg of mRNA per dose and serum collections at day 0 (prevaccination), day 28
(post primary), day 42 (post secondary), and day 56 (post tertiary), as shown in Fig. 3A.
We quantified neutralizing antiviral antibody titers in serial dilutions of serum with a
focus reduction neutralization test (FRNT) against the homologous DENV1 strain
16007. All mice within each cohort of WT and DFL vaccine groups seroconverted, with
EC50 neutralizing titers (serum concentration at which 50% of the virus is neutralized)
reaching a maximum of ;1/200. WT and DFL prM/E mRNA-LNP vaccines elicited neu-
tralizing antibody responses after a single dose, with secondary and tertiary doses
boosting titers (Fig. 3B). A third vaccine dose did not significantly enhance the neutral-
izing antibody titers from that of a second dose (P value = 0.20; WT). As such, a two-
dose, prime-boost vaccination schedule was used in future studies. These data reveal
that in vivo delivery of an mRNA-LNP vaccine induces a humoral immune response
against the exogenous viral protein.

A separate cohort of mice were administered high or low doses (10mg or 3mg per
injection) of WT or DFL prM/E mRNA-LNP vaccine in a prime-boost schedule (Fig. 3C).
We also included mice infected with live DENV1 virus (105 focus-forming units [FFU]
DENV1) as a positive control and an mRNA vaccine encoding green fluorescent protein
(GFP) (10mg) as a negative control. We quantified the levels of antiviral IgG in the sera
isolated from the different vaccine groups via an ELISA against purified DENV1 strain
16007. All mice receiving the infectious DENV1, WT mRNA vaccine, or DFL mRNA vac-
cine had significantly higher titers than mice receiving the GFP mRNA control vaccine
(Fig. 3D). No statistical differences were observed between results for the WT and DFL
vaccines. Virus-infected mice and mice receiving the high dose of the WT or DFL vac-
cines all had antibody endpoint dilution titers of approximately 1! 105. The 3-mg low
dose of the vaccine induced antibody titers slightly lower than the titers induced by
the higher dose of 10mg. Serum neutralization titers were determined via FRNTs (Fig.
3E and F) against infectious DENV1 strain 16007. High and low doses of the WT prM/E
mRNA vaccine elicited EC50 values of 1/420 and 1/263, respectively, revealing little to
no dose-dependent response (Fig. 3F) (P value = 0.36). Additionally, high and low doses
of the DFL vaccine resulted in similar EC50 values of 1/329 and 1/175, respectively.
These differences were not statistically significant (Fig. 3F) (P value = 0.29). The mice
vaccinated with the WT and DFL vaccines had lower neutralizing titers than the DENV1
virus-infected mice (EC50 = 1/729), although these differences were not statistically sig-
nificant. All vaccines or infections resulted in higher neutralizing values than those of
the GFP-vaccinated mice (Fig. 3E) (P value , 0.001). Neutralizing titers of WT and DFL
construct-vaccinated mice were very similar, indicating that the fusion loop mutation
did not alter humoral immune responses.

To quantify antiviral T cells, splenocytes were harvested from vaccinated mice at
day 56 after a tertiary vaccination schedule and stimulated with a pooled 15mer over-
lapping peptide array for the ENV protein from DENV1 or DENV2 as well as the NS1
protein from DENV1. Stimulated cells were analyzed for intracellular gamma interferon
(IFN-g) by flow cytometry, and antiviral IFN-g1 T cells were quantified. prM/E mRNA vac-
cines elicited modest yet significant antiviral CD41 and CD81 T cell responses specific
for the DENV1 ENV protein, with equivalent levels between the WT and DFL vaccines
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(Fig. 4). No T cell responses were detected against the homologous DENV2 E protein or
the irrelevant DENV1 NS1 protein. Thus, prM/E mRNA-LNP vaccines elicit both humoral
and cellular immune responses against DENV1 E protein.

DENV1 prM/E mRNA vaccines protect against a lethal challenge. AG129 mice
lack the type I interferon a/b receptor and the type II interferon g receptor, and they
are permissive to a lethal DENV challenge (40–42). All serotypes of DENV are capable of

FIG 3 DENV1 prM/E mRNA vaccines induce neutralizing antibody responses. DENV1 prM/E mRNA-LNP vaccines
were administered to 10-week-old C57BL/6 mice. (A) Mice were administered 10mg of mRNA vaccine in a
three-shot schedule, and serum was collected at the indicated time points. (B) Serial dilutions of serum from
vaccinated mice were analyzed for neutralization activity by an FRNT against DENV1 strain 16007.
Neutralization curves at each time point are shown for WT vaccine recipients (left) and DFL vaccine recipients
(right). The average values 6 standard errors of the mean (SEM) of results for five vaccinated mice are shown.
(C) Mice were administered a high (10mg) or low (3mg) dose of the mRNA vaccines or vaccine encoding GFP.
A separate group of mice were infected with wild-type DENV1 by following the same schedule. (D) Antiviral
IgG titers were determined by ELISAs, and the endpoint dilution titer was calculated. (E) Serum was analyzed
by FRNTs, and the normalized percentage of infection of each group is plotted as the mean 6 SEM for each
serum dilution. n= 5 mice per group of mice infected with virus or receiving 3-mg vaccine doses. n= 10 mice
per group in mice receiving 10-mg doses of the DFL and GFP vaccines. n= 15 for mice receiving 10-mg doses
of the WT vaccine. (F) EC50 values of the neutralization curves for individual mice are shown. The statistical
significance of results for each group in comparison to that for the GFP control was determined via unpaired t
test. **, P , 0.01; ***, P , 0.001. Statistical comparisons with P values of .0.05 are not shown in this figure.
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replication in AG129 mice with quantifiable viremia, vascular leakage, and increased
cytokine levels. Some strains can induce more severe disease states, indicative of
severe disease, in humans, such as DENV2 D2S20 or DENV1 Western Pacific (40, 42).
AG129 mice were vaccinated according to the previously described schedule (Fig. 3C)
with GFP mRNA-LNP or DENV1 wild-type prM/E mRNA-LNP. Serum was collected from
vaccinated mice and analyzed for neutralization titers as previously described. DENV1
prM/E mRNA-LNP vaccination induced EC50 values of greater than 1/3,000 (Fig. 5A and B).
Vaccinated AG129 mice were challenged with 106 FFU DENV1 Western Pacific strain and
monitored for 40days postinfection. Mice receiving the GFP mRNA-LNP vaccine lost weight
beginning at day 6, and all mice succumbed to viral infection by day 32 postinfection.
DENV1 prM/E mRNA-LNP-vaccinated mice did not show any signs of morbidity or mortality,
with weight remaining stable postinfection and 100% of the mice surviving (Fig. 5C and D).
These data demonstrate that a DENV1 prM/E mRNA-LNP vaccine protects against a lethal
DENV1 challenge in an immunocompromised mouse model.

The DENV1 prM/E mRNA vaccine elicited both antiviral antibodies and an antiviral T
cell response. We hypothesized that the antiviral antibodies are sufficient to protect

FIG 4 DENV1 prM/E mRNA vaccines induce antiviral CD81 and CD41 T cells. DENV1 prM/E mRNA-LNP
vaccines were administered to 10-week-old C57BL/6 mice in a three-shot vaccination schedule. Spleens
were harvested after the final vaccination dose (day 56) and stimulated with an overlapping peptide
array of DENV1 E protein, DENV2 E protein, or DENV1 NS1 protein. Stimulated cells were stained for
the intracellular cytokine IFN-g and analyzed by flow cytometry. Plotted are the IFN-g1 T cells as a
percentage of total CD81 T cells (A) or CD41 T cells (B). n= 5 mice in the WT and DFL construct-
vaccinated groups. (C) Representative flow cytometry plots and gates from a single mouse.
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against a lethal challenge. To address this hypothesis, we adoptively transferred
pooled serum from WT construct-vaccinated mice into AG129 mice. As controls, a sec-
ond group of mice received pooled serum from naive mice and a third group of mice
received phosphate-buffered saline (PBS). One day after adoptive transfer, mice were
challenged with 106 FFU DENV1 Western Pacific strain and monitored for 40 days post-
infection (Fig. 6). Seven of 8 mice that received serum from the vaccinated mice were
protected against lethality. Six of seven mice that received naive serum lost weight
and succumbed to viral lethality postchallenge. Thus, antibodies elicited by the DENV1
prM/E mRNA-LNP vaccine are sufficient for protection.

DENV1 prM/E mRNA vaccination induces serotype-specific humoral immunity.
Infection with DENV will lead to antibodies that cross-react with heterotypic DENV
serotypes with the potential to cause ADE. We characterized the cross-reactive immune
response in serum of the prM/E mRNA-vaccinated mice. We quantified ADE by incubat-
ing DENV2 with serial dilutions of serum from vaccinated mice before infecting Fcg re-
ceptor-positive K562 cells. Infection was determined via flow cytometry with the
monoclonal antibody 1A1D-2 against the viral E protein. The percentage of infected
cells was compared to that of a DENV2 infection in the absence of immune sera (Fig.
7A). Serum from DENV1 virus-infected mice significantly enhanced DENV2 infections,
even with dilutions as high as 1/6,000. At a serum dilution of 1/100, an 8-fold enhance-
ment was observed. Conversely, serum from mRNA-vaccinated mice induced very low
levels of DENV2 enhancement (Fig. 7A), with only a 1.2-fold enhancement at a 1/100
serum dilution (Fig. 7B). The amino acid sequence of the WT prM/E mRNA-LNP vaccine
was identical to the sequence of the infecting virus. Surprisingly, WT and DFL mRNA

FIG 5 DENV1 prM/E mRNA vaccines protect against a lethal challenge. Ten micrograms of DENV1 prM/E or GFP
mRNA-LNP vaccines was administered to AG129 mice in a prime-boost schedule 4 weeks apart. n = 5 mice per
group. (A) Serum from vaccinated mice was isolated 2 weeks after the boost and analyzed for neutralization by
FRNT of serially diluted serum samples. Plotted are the means 6 SEM of results from five mice for each dilution.
(B) EC50 values for each mouse are plotted. The vaccinated mice were then challenged with a lethal dose of
DENV1 strain Western Pacific. Mice were monitored for weight (C) and survival (D) postchallenge. **, P , 0.01;
***, P , 0.00.
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vaccines enhanced heterotypic DENV2 to nearly identical values. Similar results were
seen with DENV4 (data not shown). As a negative control, serum from naive mice
showed no enhancement at any dilution. To assess the role of ADE on viral replication
and egress, we quantified the levels of infectious virus in the supernatant of K562 cells
infected with immunocomplexed virus. Serum from WT or DFL mRNA-vaccinated mice
enhanced viral replication relative to serum from GFP-vaccinated mice; however,
enhancement was significantly lower than that of serum from virus-infected mice, in
agreement with the flow cytometry data (Fig. 7C). Importantly, DENV1 vaccines did not
elicit neutralizing antibodies against DENV2 (strain New Guinea C) in an FRNT (Fig. 7D).
These data demonstrate that DENV1 prM/E mRNA vaccines do not induce cross-reac-
tive antibodies which elicit heterotypic enhancement, in contrast to a viral infection.

DISCUSSION
Despite a longstanding effort in the field, there still remains an unmet need for a

DENV vaccine that elicits robust, balanced immune response against all four serotypes.
Here, we developed a vaccine against DENV1 with a modified mRNA encoding the prM
and ENV viral proteins encapsulated in a lipid nanoparticle (LNP). The mRNA-LNP vac-
cine platform has now been developed for several viruses, including rabies virus (26),
influenza virus (26), and HIV (43). More recently, mRNA vaccines have been rapidly
developed against severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2).
Moderna’s mRNA-1273 and BioNTech’s mRNA BNT162b1 were the first vaccine candi-
dates to show safety and efficacy in human trials, demonstrating the speed of the
mRNA platform and its role in emerging infectious diseases (44–46). In the flavivirus
field, mRNA vaccines have been developed against Zika virus (23, 24) and Powassan vi-
rus (47). These flavivirus vaccines encode the viral structural proteins which are
expressed and lead to the development of neutralizing antibodies against the viral
structural proteins. Recently, another group published the results of a mRNA vaccine
against DENV2 (48). Zhang et al. developed mRNA vaccines encoding full-length prM-
ENV, the soluble portion of ENV, and NS1. Vaccination with the mRNA encoding the
soluble portion of DENV2 ENV (E80) elicited humoral and cell-mediated immune
responses that protected against a lethal challenge with a homologous serotype of
DENV2, similar to our findings with a DENV1 serotype mRNA vaccine. However, the
DENV2 E80 mRNA vaccine induced serotype cross-reactive immune responses and
high levels of heterologous ADE (48). The significant reduction of DENV2 ADE seen
with the DENV1 mRNA vaccine we outline here shows promise for future efforts that
aim to produce a safer dengue vaccine that offers broad protection while successfully
avoiding ADE, a major hurdle in the development of protective flavivirus vaccines.

FIG 6 Passive transfer of immune sera protects against a lethal challenge. Serum from naive or WT
prM/E mRNA-vaccinated mice was passively transferred into AG129 mice. One day after transfer, mice
were challenged with a lethal dose of DENV1 strain Western Pacific. Mice were monitored for weight
(A) and survival (B) postchallenge. Survival curves comparing vaccinated and naive serum recipients
were analyzed by log rank test. **, P , 0.01.
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A high level of antigen expression is key for the success of mRNA vaccines. The sig-
nal peptide plays a critical role in directing the translated protein into the appropriate
locations for processing and secretion. Previous flaviviral mRNA vaccines have included
an N-terminal JEV or IgE signal peptide (23, 24, 48). In our study, the tPA signal peptide
led to far greater ENV expression and VLP secretion in C2C12 cells than other signal
peptides, including the JEV signal peptide. All in vivo studies here were performed with
the original vaccine construct encoding the JEV signal peptide, but we predict that
future vaccine formulations with the tPA signal peptide will lead to greater antigen
expression and higher antiviral antibody titers.

The DENV1 mRNA-LNP vaccine elicited humoral and cell-mediated immunity fol-
lowing a two-dose vaccination regimen, with antibody titers of 1/120,000 and neutral-
izing titers of 1/420 (WT, 10mg). The antiviral antibodies were sufficient for protection.
The neutralizing antibody titers reported here are similar to those of other DENV1 vac-
cination strategies. Neutralization EC50 titers of approximately 1/100 were achieved by
administration of a DNA vaccine encoding the modified viral structural proteins (29).
DENV1 purified-VLP vaccine generated with fusion loop mutants resulted in neutraliza-
tion EC50 titers of approximately 1/1,000 (31). In phase III human clinical trials, the CYD-
TDV (Dengvaxia) vaccine elicited EC50 neutralization titers of approximately 1/60 in
seronegative individuals (49), and TAK-003 neutralization titers reached 1/184 (50). In

FIG 7 DENV1 prM/E mRNA vaccination results in reduced ADE levels. Serum from naive mice, WT prM/E
mRNA-vaccinated mice, DFL prM/E mRNA-vaccinated mice, or mice infected with DENV1 2 weeks after boost
were analyzed for enhancement of DENV2 infection. Serial dilutions of serum were incubated with DENV2 and
added to Fcg receptor-positive K562 cells. Fifteen hours later, infected cells were stained for intracellular ENV
and quantified by flow cytometry. The percentage of infected cells was normalized to that of infection in the
absence of serum. (A) The fold change in percentage of cells infected is shown compared to that of infections
in the absence of serum. The average fold enhancement 6 SEM for five mice per group is graphed. (B) A
representative flow cytometry histogram of the ENV signal for each different treatment at a 1/100 serum
dilution is shown. (C) A 1/100 dilution of serum was incubated with DENV2 for 1 h and added to K562 cells at
an MOI of 1. At 48 h later, viral titers in the supernatant were quantified via a focus-forming assay. Viral titers
were normalized to virus-infected serum within each independent experiment, and the results of four
independent experiments are shown. *, P , 0.05; **, P , 0.01. (D) Serial dilutions of serum from vaccinated
mice were analyzed for neutralization activity against DENV2 (strain New Guinea C) with an FRNT. The average
values 6 SEM of results for five vaccinated mice are shown.
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phase I human studies, TV003 elicited EC50 neutralization titers of 1/63 against DENV1
(51).

The neutralizing antibody titers in the vaccinated AG129 mice (EC50 of 1/3,125)
were significantly higher than those in the C57BL/6 mice (EC50 of 1/420) following
equivalent vaccination schedules (P value , 0.001). Likely, the lower neutralization
titers in C57BL/6 mice are due to decreased antigen expression in the presence of an
intact type I interferon response. Indeed, previous studies have demonstrated that
mRNA vaccines engage RNA-sensing pattern recognition receptors and activate the
type I IFN pathway, leading to eIF2a phosphorylation and blunted translation of the
exogenous transcript (39, 52). Increasing vaccine efficacy could be achieved through
lowering the RNA-sensing and IFN response. We have included the pseudouridine
modification in our DENV1 prM/E mRNA-LNP vaccine, but further modifications such as
5-methylcytosine could further lower innate immune stimulation and increase antigen
expression and associated antibody titers (39).

In humans, CD41 and CD81 T cells predominantly target capsid and NS3, respec-
tively, following a DENV infection (53). Although our vaccine does not encode these
immunodominant T cell epitopes, we detected antiviral CD41 and CD81 T cell
responses against the E protein in the vaccinated mice. Intriguingly, the CD41 and
CD81 T cell responses were not cross-reactive with other DENV serotypes, likely due to
the high variability across the different DENV serotypes in the E protein. The overall
magnitude of the T cell response from our vaccine was lower than that of a recently
described mRNA vaccine against DENV1 which encoded the immunodominant HLA
epitopes from the nonstructural proteins of DENV (54). Our vaccine was designed to
elicit antibodies against the structural proteins to neutralize infectious virus particles as
opposed to robust T cell responses. Although we cannot rule out a role for antiviral T
cells in a vaccinated host, neutralizing antibodies in serum were sufficient to protect
against a lethal homotypic challenge in a passive transfer model. Together, these stud-
ies demonstrate that mRNA vaccines can be developed to induce both protective T
and antibody-dependent immunity against DENV.

Interestingly, the prM/E mRNA vaccines elicited serotype-specific antibody
responses. Here, we demonstrate vaccine protection against two DENV1 strains, but
further studies will be required to demonstrate broad serotype specificity. Serum from
DENV1 virus-infected mice enhanced a DENV2 in vitro infection, whereas heterotypic
ADE was largely absent with serum from the mRNA-vaccinated mice. These observa-
tions are surprising, given that neutralization titers were similar between the virus-
infected and vaccinated mice and the identical amino acid sequences shared between
the WT mRNA vaccine and the infecting DENV1 16007 strain. Further, this suggests
that the polyclonal antibody repertoire induced by the mRNA vaccine is inherently dif-
ferent than the polyclonal repertoire induced during a viral infection. In our previous
study, mutation of the fusion loop epitope in the Zika virus mRNA vaccine led to abla-
tion of cross-reactive DENV enhancement through ADE (23). Similarly, in previous stud-
ies with VLP- and DNA-based vaccines, mutation of the fusion loop epitope lowered
the prevalence of ADE (29, 55). Unexpectedly, mutation of the fusion loop epitope
in the mRNA vaccine did not alter ADE. These findings suggest that antibodies against
the fusion loop epitope are not dominant in the polyclonal response to our mRNA vac-
cine. Future efforts will focus on identification of the structural epitopes within the VLP
secreted from a viral infection and an mRNA-LNP vaccine.

In this study, we have demonstrated that an mRNA vaccine encoding the prM and E
proteins from DENV1 can elicit robust adaptive immune responses and protect against
a lethal viral challenge. This study paves the way for future development of mRNA vac-
cines against the remaining DENV serotypes, with the ultimate goal of developing a
tetravalent vaccine that will elicit a balanced, protective immune response against all
four DENV serotypes. Current leading vaccination efforts rely on live attenuated virus,
yet these vaccines fall short in either their ability to induce a broadly neutralizing anti-
body response or their ability to avoid ADE. In contrast to live attenuated vaccines in
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which differential replication of the attenuated viruses dictates antigen dosing in vivo,
the antigen dose can be carefully modulated with mRNA vaccines to elicit a balanced
immune response. Additionally, mRNA vaccines will allow the modification of epitopes
which elicit ADE yet are impossible to incorporate into a live attenuated vaccine due to
their critical role in viral replication.

MATERIALS ANDMETHODS
Viruses and cells. DENV serotype 1 strain 16007 and DENV serotype 2 strain New Guinea C were

provided by Michael Diamond at Washington University in St. Louis. DENV serotype 4 strain UIS 497 was
obtained through BEI Resources (NR-49724), NIAID, NIH, as part of the WRCEVA program. Viral stocks
were propagated in C6/36 cells, and titers were determined by a focus-forming assay (FFA). All propa-
gated viral stocks were deep sequenced to confirm the viral strain. FFAs were performed to titer viral
stocks with monoclonal antibody clone 9.F.10 obtained through Santa Cruz Biotechnology (catalog no.
SC-70959). Experiments with DENV were conducted under biosafety level 2 (BSL2) containment at the
University of Illinois College of Medicine or St. Louis University College of Medicine with institutional
Biosafety Committee approval. Vero-E6 cells (catalog no. CRL 1586) and K562 cells (catalog no. CCL-243)
were obtained from American Type Culture Collection (ATCC) and maintained for low passage number
in accordance with ATCC guidelines. C6/36 cells were provided by the Diamond lab at Washington
University in St. Louis, C2C12 cells were obtained from Ahke Heydemann, University of Illinois at
Chicago (UIC), and 293T cells were obtained from Donna MacDuff at the University of Illinois at Chicago.

Generation of mRNA and mRNA-LNP. Wild-type constructs encoding dengue serotype 1 strain
16007 prM and Env viral proteins were synthesized by Integrated DNA Technologies (IDT). Constructs
contained a T7 promoter site for in vitro transcription of mRNA, 59 and 39 UTRs, and a Japanese encepha-
litis virus signal peptide. The sequences of the 59 and 39 UTRs were identical to those of previous publi-
cations with a Zika virus (ZIKV) mRNA vaccine (23, 24). mRNA was synthesized from linearized DNA with
T7 in vitro transcription kits from CellScript and in accordance with the manufacturer’s protocol.
Standard mRNA was produced with unmodified nucleotides (catalog no. C-MSC11610). RNA to be
encapsulated in lipid nanoparticles was generated with pseudouridine in place of uridine with the
Incognito mRNA synthesis kit (catalog no. C-ICTY110510). The 59 cap-1 structure and 39 poly(A) tail were
enzymatically added. mRNA was encapsulated in lipid nanoparticles using the PNI Nanosystems
NanoAssemblr benchtop system. mRNA was dissolved in PNI formulation buffer (catalog no. NWW0043)
and run through a laminar flow cartridge with GenVoy ILM (catalog no. NWW0041) encapsulation lipids
at a flow ratio of 3:1 (RNA in PNI buffer; Genvoy ILM) at a total flow rate of 12ml/min to produce mRNA-
LNPs. These mRNA-LNPs were characterized for encapsulation efficiency and mRNA concentration via
RiboGreen assay using Invitrogen's Quant-iT Ribogreen RNA assay kit (catalog no. R11490).

Mouse experiments. C57BL/6J mice were purchased from Jackson Laboratory and housed in the
pathogen-free Biomedical Resources Laboratory at the University of Illinois College of Medicine. AG129
mice were bred in the animal facilities at St. Louis University. For vaccinations, mice were injected intra-
muscularly in the thigh with 50ml of the indicated amount and type of mRNA-LNP suspended in PBS.
Vaccinated C57BL/6J mice were challenged with 1! 105 FFU of DENV1 strain 16007, retro-orbitally.
Vaccinated AG129 mice were challenged with 106 FFU of DENV1 strain West Pac, intravenously (i.v.). For
serum adoptive transfer studies, sera from vaccinated or naive mice were pooled and then 200ml was
administered i.v. into naive AG129 mice 1 day prior to challenge with DENV1. The vaccination and viral
challenge protocols were approved by the Institutional Animal Care and Use Committee (IACUC) at the
University of Illinois College of Medicine (protocol no. 18-114) and St. Louis University (assurance no.
D16-00141).

In vitro transfections. 293T and C2C12 cells were transfected with mRNA using the Mirus TransIT
RNA transfection kit (catalog no. MIR 2225) according to the manufacturer’s protocol. 293T cells were 60
to 70% confluent at the time of transfection, with C2C12 cells being 100% confluent at the time of trans-
fection to achieve differentiation into muscle tissue. Supernatant was collected 24 h posttransfection. To
collect lysate, cells were washed with PBS and lysed with radioimmunoprecipitation (RIPA) buffer
(Millipore-Sigma; catalog no. R0278). Lysate and supernatant were centrifuged at 16,000! g for 10min
at 4°C to remove cell debris. Supernatant from transfected cells was purified using a 20% sucrose cush-
ion and ultracentrifugation at 141,000! g overnight (16 h) at 4°C. Purified protein complexes were resus-
pended in 50ml of 1% bovine serum albumin (BSA) in PBS for subsequent storage and analysis.

Viral protein detection. For Western blot analysis, 10ml of lysate or purified supernatant samples
was run on a 4-to-12% Bis-Tris SDS-PAGE gel (Invitrogen; catalog no. NW04120BOX) with subsequent
transfer to a 0.45-mm-pore-size polyvinylidene difluoride (PVDF) membrane. Membranes were blocked
in TBST (10 nM Tris-HCl, pH 7.5, 150 nM NaCl, and 1% Tween 20) buffer with 5% skim milk. Membranes
were blotted with envelope domain III-specific 1A1D-2 (1:600) monoclonal antibody (CDC Arbovirus
Reference Collection) or envelope fusion loop-specific 4G2 (3.33mg/ml) (BEI catalog no. NR-50327,
Novus Biologicals catalog no. NBP2-52709FR). Secondary antibody goat anti-mouse–horseradish peroxi-
dase (HRP) (200 ng/ml) (Invitrogen catalog no. A16072) in blocking buffer allowed for detection of den-
gue viral envelope proteins. Western blots were imaged on a ChemiDoc Image Lab system (Bio-Rad).

For dot blot analysis, clarified transfection supernatant was diluted 1/4 in a 20-ml volume of transfer
buffer (Life Technologies catalog no. NP0006-1) and applied dropwise to a presoaked 0.45-mm-pore-size
PVDF membrane. Sample was allowed to infiltrate the membrane through capillary action for no more
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than 1 h (before the blot starts to dry). Blots were stained and imaged in the same manner as described
for Western blots above.

Electron microscopy. One T-75 cell culture flask was seeded with 293T cells at 70 to 80% confluence
the day of transfection. The flask was transfected with 20mg of mRNA encoding WT DENV1 prM and en-
velope protein using the Mirus TransIT RNA transfection kit (catalog no. MIR 2225) according to the man-
ufacturer’s protocol. Supernatant was collected 48 h posttransfection. Supernatant was centrifuged at
16,000! g for 10min at 4°C to remove cell debris. Six milliliters of supernatant was then dialyzed over-
night at 4°C in 20,000-molecular-weight-cutoff (MWCO) Slide-A-Lyzer dialysis cassettes (catalog no.
66003) submerged and spinning in PBS. Dialyzed sample was provided to the University of Illinois at
Chicago electron microscopy core for imaging by using the following parameters. Ten to 15ml of sample
was loaded dropwise onto a 300-mesh, Formvar/carbon-coated copper electron microscopy (EM) grid
with the excess removed by filter paper via capillary action. One drop of 2% uranyl acetate solution was
deposited onto the EM grid with the excess removed by filter paper via capillary action. Once the grid
was allowed to dry further, the sample was examined via transmission electron microscopy using a JEOL
JEM-1400F transmission electron microscope, operating at 80 kV. Digital micrographs were acquired
using an AMT BioSprint 12M-B charge-coupled device (CCD) camera and AMT software (version 701).

ELISA. Four T-150 cell culture flasks of C6/36 cells were infected with WT DENV1 at a multiplicity of
infection (MOI) of 0.1. Seven days after infection, 60ml of supernatant was collected and clarified via
centrifugation at 3,200! g for 10min at 4°C. Supernatant was further purified via 20% sucrose cushion
ultracentrifugation at 141,000! g for 2 h at 4°C to pellet virus. Virus pellets were resuspended in PBS for
a total volume of 5ml. ELISA plates were coated overnight at 4°C with 50ml/well of a 1:25 dilution of
concentrated viral stock (1E3 FFU/well) in coating buffer (0.1 M sodium carbonate, 0.1 sodium bicarbon-
ate, 0.02% sodium azide, at pH 9.6). After the plates were coated overnight, they were incubated with
blocking buffer (PBS with Tween 20 [PBST], 2% BSA, 0.025% sodium azide) for 1 h at 37°C. The plates
were then incubated with 50ml of serial dilutions of vaccine and virus-enhanced mouse serum at 4°C
overnight. The plates were subsequently incubated with goat anti-mouse–HRP secondary antibody
(200 ng/ml) (Invitrogen catalog no. A16072) in blocking buffer for 1 h at room temperature. ELISA plates
were developed using 100ml of TMB (3,39,5,59-tetramethylbenzidine) substrate (Thermo Fisher catalog
no. 34029). The optical density at 450 nm (OD450) reading was measured with a BioTek ELISA microplate
reader.

Serum neutralization assay. Focus reduction neutralization tests (FRNT) were performed as
described previously (23). Briefly, serial dilutions of heat-inactivated serum from vaccinated mice were
incubated with 50 to 70 FFU of DENV for 1 h at 37°C before infection of a monolayer of Vero cells in a
96-well plate. One hour after infection, cells were overlaid with 1% (wt/vol) methylcellulose in 2% fetal
bovine serum (FBS), 1! minimal essential medium (MEM). Plates were fixed for 30 min with 4% parafor-
maldehyde (PFA) 48 h after infection. Staining involved primary antibody 9.F.10 (500 ng/ml) and second-
ary antibody goat anti-mouse–HRP (200 ng/ml) in PermWash buffer (0.1% saponin, 0.1% BSA, in PBS).
Treatment with TrueBlue peroxidase substrate (KPL) produced focus-forming units that were quantified
on an ImmunoSpot ELISpot plate scanner (Cellular Technology Limited).

Antiviral T cell quantification. Spleens were collected from vaccinated mice, and splenocytes were
collected. An overlapping 15mer peptide library from DENV2 ENV, DENV1 ENV, and DENV NS1 was
obtained from BEI Resources, NIAID, NIH (catalog no. NR-507, NR-9241, and NR-2751). Individual pep-
tides were pooled for ex vivo T cell stimulation. Spleens were ground over a 40-mm-pore-size cell strainer
and brought up in RPMI 1640 medium with 10% FBS, HEPES, and 0.05mM b-mercaptoethanol. Then,
2! 106 cells were plated per well in a round-bottom 96-well plate and stimulated for 6 h at 37°C, 5%
CO2, in the presence of 10mg/ml brefeldin A and 10mg of pooled peptide in 90% dimethyl sulfoxide
(DMSO). Following peptide stimulation, cells were washed once with PBS and stained for the following
surface markers: anti-CD8-PerCP-Cy 5.5 (clone 53-6.7), anti-CD3-AF700 (clone 500A2), and anti-CD19-
BV605 (clone 1D3). Cells were then fixed, permeabilized, and stained for the following intracellular
marker: anti-IFN-g-APC (clone B27). The cells were analyzed by flow cytometry using an Attune-NXT.

ADE flow assay. Serial dilutions of heat-inactivated serum from naive, vaccinated, or virus-infected
mice were mixed with DENV2 and incubated for 1 h at 37°C. Fcg receptor (CD32A)-positive K562 cells
were infected with immunocomplexed virus at an MOI of 1 in a 96-well plate. After a 15-h incubation,
cells were fixed with 4% PFA for 30 min and stained for intracellular ENV with 1A1D-2 (1/500) monoclo-
nal antibody and anti-mouse 647-conjugated antibody (2mg/ml; Invitrogen catalog no. A21235).

ADE viral replication assay. Serum samples from virus-infected mice and mice receiving the WT,
DFL, or GFP mRNA vaccine were separately pooled and heat inactivated. Serum was mixed with DENV2
and incubated for 1 h at 37°C at a 1/100 dilution. A total of 10,000 Fcg receptor (CD32A)-positive K562
cells were infected with immunocomplexed virus at an MOI of 1 in a 200-ml volume in a 96-well plate.
After a 48-h incubation to allow viral replication and egress, cells were centrifuged to separate cells from
supernatant. Viral titers in supernatant were determined via FFA as described above.

Data analysis. All data were analyzed with GraphPad Prism software. Statistical significance was
determined by unpaired t tests for comparison of antibody titers and by log rank tests for comparisons
of survival curves. Flow cytometry data were analyzed using FlowJo software (BD Biosciences).
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Impact of Obesity on Vaccination to
SARS-CoV-2
Michaella-Jana C. Nasr , Elizabeth Geerling and Amelia K. Pinto*

Department of Molecular Microbiology and Immunology, Saint Louis University School of Medicine, St. Louis, MO, United States

To combat the immense toll on global public health induced by severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2), new vaccines were developed. While these
vaccines have protected the populations who received them from severe SARS-CoV-2
infection, the effectiveness and durability of these vaccines in individuals with obesity are
not fully understood. Our uncertainty of the ability of these novel vaccines to induce
protective immunity in humans with obesity stems from historical data that revealed
obesity-associated immune defects to influenza vaccines. This review analyzes the
efficacy of SARS-CoV-2 vaccines in humans with obesity. According to the vaccine
safety and efficacy information for the Pfizer, Moderna, and Johnson & Johnson
formulations, these vaccines showed a similar efficacy in both individuals with and
without obesity. However, clinical trials that assess BMI and central obesity showed
that induced antibody titers are lower in individuals with obesity when compared to healthy
weight subjects, highlighting a potential early waning of vaccine-induced antibodies linked
to obesity rates. Thus, the desired protective effects of SARS-CoV-2 vaccination were
potentially diminished in humans with obesity when compared to the healthy weight
population, but further studies outlining functional implications of the link between obesity
and lower antibody titers need to be conducted to understand the full impact of this
immune phenomenon. Further, additional research must be completed to truly
understand the immune responses mounted against SARS-CoV-2 in patients with
obesity, and whether these responses differ from those elicited by previously studied
influenza viruses.

Keywords: COVID- 19, Moderna vaccine, Pfizer, Johnson & Johnson, SARS – CoV – 2, obesity, BMI - body mass index

INTRODUCTION

In November 2019, a new, highly infectious RNA virus in the Coronaviridae family, termed severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2), emerged. SARS-CoV-2 infections
became uncontrolled worldwide and caused a widespread illness coined coronavirus-2019 disease
(COVID-19) (1). SARS-CoV-2 has infected and killed millions of individuals worldwide with
numbers still rising, leaving the world suspended in a pandemic state (1, 2). The severity of this viral
disease and its associated negative outcomes correlate with multiple risk factors, including age (1)
and presence of other diseases (3), with obesity being a major risk factor for COVID-19 and
subsequent death (1–5).
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As COVID-19 continues to pose a public health threat and
new, more infectious variants arise, the importance of
vaccinations and booster vaccines have become more apparent
(6). However, based upon previous research studying the vaccine
responses to Influenza A (H1N1) in populations with high
obesity rates, we predict that SARS-CoV-2 vaccine responses
will wane more rapidly in individuals with obesity. Thus, patients
of obesity, who are at a higher risk of severe viral infection and
death by COVID-19, might not have the same duration of
vaccine-conferred protection as individuals without obesity (7, 8).
Further compounding the importance of studying the impact of
obesity on vaccine-induced immune responses, studies done over
the course of 2021 after SARS-CoV-2 vaccinations became widely
available to the public indicated that obesity may be linked to
breakthrough infections (9–16).

THE ETIOLOGIES AND CONSEQUENCES
OF THE OBESITY PANDEMIC

The SARS-CoV-2 pandemic is not the only current pandemic;
the prevalence of obesity has tripled from 1975 to 2016
worldwide (2). Almost 2 billion people worldwide are either
overweight or obese, and the global prevalence of obesity in the
younger population has increased by 47% between 1980 and
2013 (17). Currently in the United States, about one third of
adults and 17% of children are obese or overweight (18).

Obesity is characterized by abnormal or excessive fat
accumulation that causes pathophysiology, threatening overall
health (19). One standard to measure obesity is body mass index
(BMI), where individuals with a BMI of > 30kg/m2 are classified
as obese, while another is by using central obesity in which waist
circumference is ≥ 80 cm for women and ≥94 cm for men (16,
19). Obesity is a multifactorial disease that is commonly caused
by excess dietary intake relative to energy expenditure (2, 20).
The complex etiology of obesity is not limited to overeating and
sedentary lifestyles (21). This disease can develop from a mixture
of genetic, physiologic, psychologic, environmental, political, and
social factors. Commonly used medications including
corticosteroids and some anti-depressants, endocrine
disruptors, lack of sleep and microbiome diversity have all
been implicated in obesity (20, 22, 23). The combination of
inexpensive, high caloric, fat-laden foods and decreased physical
activity over the last few decades are often listed as significant
contributors to the prevalence of obesity (20). In addition, the
cessation of smoking may be a contributor to the obesity
pandemic, as weight gain is a common consequence of
smoking cessation (20, 24). As the etiological factors that lead
to obesity are multifactorial and often difficult to counteract,
efforts on improving treatments and vaccines for individuals
with obesity are essential.

Obesity is associated with increased all-cause mortality and
the risk of developing other complications, such as
cardiovascular disease, hypertension, several types of cancer,
diabetes mellitus, gallbladder disease, kidney disease,
osteoarthritis, and stroke (2, 17). Additionally, obesity is shown

to increase the risk of acquiring respiratory tract infections, like
SARS-CoV-2 and influenza A virus and can impede pulmonary
function through decreased expiratory reserve volume,
functional capacity, and lung compliance (4, 25). In the obese
state, pulmonary function is compromised due to higher
abdominal fat which can also decrease diaphragm excursion
(4). Treatment of obesity and its related sequelae requires
approximately 21% of the United States health care
expenditure, which poses an economic burden on top of a
public health concern (26). Thus, the pandemic state of
obesity, coupled with its related illnesses and risks, makes
having appropriate medical tools to counteract rising obesity
rates — the treatment, prevention, and surveillance — a public
health necessity (18, 27). As such, it is imperative that scientific
efforts and funding are geared toward obesity research.

THE EFFECTS OF OBESITY ON
THE IMMUNE SYSTEM

Underlying the association between poor vaccine responses and
obesity is the effect of obesity on the immune system. Obesity is
associated with immune cell-mediated inflammation (7, 28), and
the influence of this inflammation on immune responses is only
now beginning to be understood. Expansion of adipose tissue is
linked to increased inflammation (29). While adipose tissue in
individuals with a healthy weight predominately contains
regulatory and suppressive cytokines including IL-4, IL-10, IL-
13, and IL-33, adipose tissue in individuals who are obesity is
associated inflammatory cytokines including IL-1b, IL-6, IL-12,
IL-18, TNF-a, and IFN-g (30–32). Adipokines and cytokines
direct the immune responses to pathogens and the presence or
absence of adipokines and cytokines during vaccination can alter
adaptive immune response development leading to differences in
the protective efficacy following vaccination.

Previous studies have also reported an association between
leptin and altered influenza vaccine responses (33, 34). Leptin, an
adipokine (cell-signaling hormone) that regulates appetite and
controls energy metabolism (35), is found throughout the
immune system on innate immune cells (macrophages,
dendritic cells, and mast cells) and on adaptive immune cells
(B and T cells). Leptin plays a major role in the chronic
inflammation found in patients with obesity (35). Leptin’s
effect on neutrophils is especially important in COVID-19
progression in the obese state: increased leptin levels,
characterized by increased neutrophilic lung inflammation,
causes more severe lung injury (1). Higher leptin in obesity
also correlates with a decreased levels of Treg cells, resulting in
more pro-inflammatory than anti-inflammatory cytokine
expression, and an increased activation of neutrophils (1).
Leptin has also been shown to direct T cell proliferation and
reactivity by activating the JAK/STAT pathway, thereby
enhancing immune inflammation (36, 37). However, based on
some studies in humans and animals, it is thought that the
hyperleptinemia state in patients with obesity may eventually
induce leptin resistance (35, 38, 39). Leptin sensitivity and
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resistance remain active areas of research and the clinical criteria
for defining leptin resistance and its diagnostic use have not yet
been established.

As previously described, the expansion of adipose tissue in the
obese state is known to contribute to chronic, low-grade
inflammation due to adipocyte hypoxia and resulting immune
cell infiltration (21, 40). Chronic inflammation not only directly
increases the risk for cardiovascular disease (CVD) and diabetes,
but also causes upregulation of proteins and cytokines (like p38
MAPK and TNF-a), which can cause tissue damage (1, 21, 40)
and result in a positive feedback loop that further promotes
inflammation. This chronic immune stimulation can weaken the
humoral responses and cell-mediated immunity, specifically
lowering T cell response magnitude and increasing the time it
takes for such responses to be mounted (7, 8). For example,
individuals with obesity show suppressed T cell activation and
differentiation in response to influenza infection when compared
to individuals of healthy weights. Also, decreases in T cell
production of effector molecules like IFN-g and granzyme B is
associated with obesity (7, 28). Further, obesity can induce B cell
defects, including a lower frequency of regulatory B cells (with
phenotypes CD19+ CD27+ CD38High, CD19+ CD24High

CD38High, and CD19+ CD24High CD38High IL-10+), in response
to infection (41, 42). This obesity-induced immune suppression,
particularly regarding B cell impairment, makes it unsurprising
that individuals with obesity have inadequate seroconversion
rates following vaccination. This is shown with decreased
antibody titers in response to vaccination to hepatitis B,
tetanus, and rabies (43). In addition to decreased antibody
titers following vaccination, antibody responses also wane
rapidly in individuals with obesity compared to people of
healthy weights (44). Furthermore, the influenza vaccine is not
as effective in individuals with obesity compared to individuals of
healthy weights, potentially in part due to decreased antibody
titers, decreased CD8+ T-cell activation, and decreased
production of functional proteins IFN-ɣ and granzyme B
(44, 45).

Data gathered from previous vaccine trials have shown that
development of personalized vaccines might be necessary to
surmount the immune suppression induced by obesity (7).
Identifying the effects of obesity on immune responses
mounted post-influenza infection or vaccination have provided
key insights on how to improve vaccine design so vaccination
can better protect populations with high obesity rates from
severe viral disease and confer lifelong protection that does not
rapidly wane.

EFFECTS OF OBESITY ON SARS-COV-2
INFECTION AND SEVERITY

First identified during the 2009 influenza A (H1N1) pandemic,
obesity is a major risk factor for severe respiratory viral infection
and increased mortality of infected individuals (19, 46). Obesity
is associated with increased hospitalizations, intensive care unit
(ICU) admissions, intubations, invasive mechanical ventilations

(IMV), and viral exposures when compared to patients of healthy
weight (19, 47–49). The exacerbation of COVID-19 disease
progression in the population with obesity is thought to be
linked to higher viral load and slower antiviral responses seen
in COVID-19 patients with obesity (19).

Similar to the H1N1 pandemic, enhanced viral disease
severity among COVID-19 patients with obesity have been
noted amidst the SARS-CoV-2 pandemic. First, hospital
admissions, stays, and recovery time of COVID-19 patients
with obesity are longer than those of individuals of healthy
weights (19, 50). Specifically, patients with obesity took 19 ± 8
days to achieve a negative nasopharyngeal swab for SARS-CoV-2
resolution compared to individuals of healthy weights who took
13 ± 7 days (50). Furthermore, among ICU COVID-19 patients,
a higher BMI was reported in comparison with non-ICU patients
(19). Interestingly, in a study conducted in Italy among 1591 ICU
patients, 68% had at least one comorbidity, including
hypertension, CVD, and diabetes, which are all obesity-related
illnesses (51). Similarly, IMV indications were positively
correlated with elevated BMI, and were greatest in COVID
patients with a BMI ≥ 35 kg/m2 (19). Obesity also increased
the risk of pneumonia in COVID-19 patients compared to
individuals without obesity (52). In addition, acute respiratory
distress syndrome (ARDS), embodied by respiratory failure and
hypoxemia, is a severe consequence of COVID-19, and reports
highlight that obesity increases the ARDS risk and incidence in
COVID-19 patients compared to COVID-19 patients of healthy
weights (19). Due to the severe effects of COVID-19 infections in
individuals with obesity and their diminished immune responses
contributing to viral disease progression, targeted treatments are
necessary to avoid long-term health effects and death in this
patient population. Similar to data from influenza infections,
SARS-CoV-2 patient outcome statistics again highlight the
importance of formulating personalized vaccines or modifying
vaccine schedules on a per patient basis.

SARS-COV-2 VACCINE TRIALS
AND OBESITY

To combat the SARS-CoV-2 pandemic, multiple vaccine
platforms were adapted for rapid Phase I, II and III clinical
trials with limited or emergency use. Four vaccines are currently
approved for use and being used worldwide from the following
manufacturers: Moderna, Johnson & Johnson (J&J, Jansen
Ad26), AstraZeneca and Pfizer-BioNTech (Pfizer, BNT162b2
mRNA). Along with the Pfizer-BioNTech vaccine, the
Moderna vaccine was granted full FDA approval. During the
clinical trial phases, Pfizer, Moderna, and J&J collected data on
vaccine efficacy (VE) in individuals with obesity against the
ancestral SARS-CoV-2 strain and alpha variant of concern;
however, AstraZeneca has not provided data about VE in
subjects with obesity. Thus, the remainder of our review will
focus on the three vaccine platforms currently used in the United
States that assessed VE in the context of obesity: Moderna, J&J
and Pfizer.
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Pfizer BioNTech BNT162b2
The Pfizer BNT162b2 formulation is an mRNA vaccine encoding
the full-length spike (S) protein (53, 54). The phase III trial for
this vaccine included a sample size of about 43,000 people and
was a randomized, placebo-controlled trial (53). In this trial,
participants received 2 doses (21 days apart) of either the vaccine
or a placebo (53). Independent of weight, the VE was 95% in
people without a previous COVID-19 infection who received the
vaccine compared to the ones who received the placebo (53).

In this phase III trial, 13,218 subjects were classified as having
obesity based on a BMI ≥ 30 kg/m2 (53). The vaccinated group
had 6,556 participants with obesity, and the placebo group had
6,662 participants with obesity (53). Based on results from this
trial, obesity did not impact VE (53). Specifically, this study
looked seven days after the second dose where VE was 95.4% in
individuals with obesity versus 94.8% VE in subjects without
obesity (53). When these data were stratified for age, no
significant differences in VE were noted; VE in younger adults
with obesity (ages:16-64) was ~95%, whereas in older adults with
obesity (age >65), VE was 100% (53). While these data are
promising, VE tests were completed only seven days after the
second dose; VE studies were not conducted at later time points
post-vaccination. Similarities in the vaccine responses early after
vaccination between either individuals with obesity or of healthy
weights have previously been seen in studies of the seasonal
influenza vaccine (44). However, in such studies, virus specific
antibody responses wane significantly in individuals with obesity
after one year as compared to antibody titers of individuals of
healthy weights (44).

The impact of obesity on the durability of vaccine-conferred
protection is critical to understand as multiple studies have shown
that a booster or third dose of a SARS-CoV-2 vaccine helps
provide protection as immunity against this virus wanes (55–
58). In at least one limited study consisting of 1,060 subjects,
antibody levels to SARS-CoV-2 following the Pfizer BNT162b2
mRNA vaccination were measured at baseline, 21 days post first
dose, 30-40 days post second dose and 90-100 days post second
dose and compared between subjects with obesity versus those
without. Consistent with studies conducted following seasonal
influenza virus vaccination, early antibody titers were essentially
equivalent between individuals with obesity versus those without,
but by one month post second dose, antibody titers reported for
subjects with obesity were significantly lower than those noted for
subjects of healthy weight. Similarly, antibody titers of individuals
with obesity were further significantly reduced at three months
post-second dose when compared to levels reported for
individuals of healthy weights (59). However, these studies only
report a waning of the antibody response and did not address the
implications of decreased antibody titers in individuals with
obesity. Further studies using functional assays need to be
conducted to determine if lower antibody titers correlate with
functional defects in the ability for individuals with obesity.

In concordance with the previously described study, a study
done by Watanabe et al. enrolled 22 adult subjects experiencing
central obesity and at least one obesity-associated comorbidity,
such as hypertension. This study was conducted to examine the

impact of obesity on immune responses elicited by the Pfizer
BNT162b2 mRNA vaccine (60). Prior to entering the study, these
subjects were not vaccinated against SARS-CoV-2 and upon
enrollment into the study, patients were placed on dietary
intervention, with energy requirements calculated by adjusting
for the physical activity level of each individual (60). Patients
were vaccinated against SARS-CoV-2, and data generated
following both doses in the vaccine schedule highlighted that
BMI was inversely correlated with both cell-mediated and
humoral immune responses (60). Interestingly, while following
the dietary restrictions established upon enrollment into this
study, patients lost ~10% of their body weight (accompanied by
metabolic improvements), and this weight loss positively
correlated with improved cell-mediated responses following
vaccination (60). This study provides a unique perspective on
vaccination in individuals plagued by obesity as it highlights that
losing weight, or improving metabolic health, may counteract the
immune defects that occur during priming in the obese state,
showing that these cellular changes can be reversed.

Moderna mRNA-1273
The Moderna SARS-CoV-2 vaccine also utilizes an mRNA
platform, coined mRNA-1273. This vaccine encodes a
stabilized pre-fusion form of the S protein, a desirable vaccine
design due to stabilized pre-fusion viral glycoproteins being
highly immunogenic (54, 61). A randomized, placebo-
controlled trial was conducted with a sample size of 30,351
participants (61). These participants were adults (age >18).
Similar to the Pfizer trial, two doses were given to participants,
but they were administered 28 days apart instead of 21 (61). The
overall efficacy of this vaccine was 94.1%, but when VE was
measured separately only among the vaccinated individuals with
obesity (901 subjects), VE only dropped slightly from 94.1% to
91.2%. However, 11 cases of COVID-19 were reported in the
vaccinated group, one of which was severe and did occur in a
subject with obesity (61). On the other hand, 185 COVID-19
cases were reported in the placebo group. Of the 185 cases, 30
cases were severe, and one case led to death (61). Similarly, these
data were further broken down to examine infection rates about
placebo subjects with obesity. Of the 30 severe COVID-19 cases
reported among the placebo group, 11 of them were diagnosed in
subjects with obesity. Thus, overall, mRNA-1273 VE appeared to
be similar between subjects with obesity or those of healthy
weights, although reported viral disease severity did trend higher
in the subjects with obesity.

However, similar to the Pfizer BioNTech BNT162b2 phase
three trial, the primary endpoint for this study was 15 days after
the second vaccine dose was given. While the VE reported in this
clinical trial appears promising for individuals with obesity, as
noted above, prior research suggests that it is essential to look at
the long-term durability of VE to conclude if obesity impacts
SARS-CoV-2 vaccine-conferred protection. Further studies
should be conducted to examine the durability of vaccine
specific responses in humans with obesity to determine if
administering booster vaccinations earlier might could sustain
long-term immunity to viral pathogens.
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Janssen/Johnson & Johnson Ad26.CoV2.S
J&J developed a replication-incompetent adenovirus serotype 26
vectored vaccine (Ad26.CoV2.S) and similarly conducted a
randomized, double blind, placebo-controlled trial. The sample
size of this trial was 39,321 individuals (62). In this vaccine
schedule, only one dose is administered to each subject. Fourteen
days post-vaccination, VE was reported as 67.4%. By 28 days
post-vaccination, VE was noted to be 66.2%.

In this trial, 28.5% of the cohort were classified as having
obesity based on BMI > 30kg/m2. VE in this group was 66.8% 2
weeks post-vaccination and 65.9% 28 days post-vaccination. No
deaths were reported among subjects with obesity in the
vaccinated group, but 6 out of 7 fatalities in the placebo group
were subjects with obesity (62). Based on this phase three trial,
the reported VE was consistent in individuals with obesity
compared to subjects of healthy weights as reported for the
Pfizer BioNTech and Moderna formulations, but viral disease
severity did trend higher in the unvaccinated subjects with
obesity. Again, although VE reported in this trial appears
equivalent among subjects with obesity versus those without,
tracking vaccine-specific immune responses as time progresses
post-vaccination could illuminate implications for obesity on
durability of VE.

CURRENT RESEARCH MAY ILLUSTRATE
EFFECTS OF OBESITY ON VACCINATION
AGAINST SARS-COV-2

Although information provided from the SARS-CoV-2 vaccine
trials did not appear to show differences in terms of VE between
individuals with obesity versus those of healthy weights, several
longitudinal studies have highlighted some immune defects in
populations with high obesity rates. One longitudinal study
measured the effects of central obesity on Pfizer/BioNTech
vaccination in 86 healthcare workers in Italy (16). This study
showed that central obesity was associated with lower antibody
titers following vaccination, but this phenomenon occurred
independently from BMI (16). In a study looking at the
antibody titers of individuals who were overweight, obese or of
healthy weight between the first and second dose of the Pfizer/
BioNTech vaccine, Pellini et al. noted that a single vaccination
activated the humoral immune response in individuals of healthy
weights, but some subjects with obesity or who were reported as
being overweight (age >47 and BMI >25 kg/m2) did not have a
change in their IgG antibody levels (41). The authors concluded
that IgG antibody titers in populations classified as having
healthy weights or being young in age were higher than
antibody responses in populations classified as being
overweight or older in age, but more research has to be done
regarding its direct correlation to protection against severe viral
disease (41). While both studies noted a difference in antibody
responses following vaccination, the results differ as to the
association with BMI and central obesity. The current
randomized, controlled trials assessed different measures of
obesity, but both showed that obesity can be associated with a

lower antibody titer following vaccination to COVID-19. These
studies suggest that variabilities in how vaccine efficacy is
measured, the time elapsed post vaccination, and the specific
vaccine formulation administered can lead to confounding
results. However, these studies, as well as the phase three trial
discussed above, reveal that vaccination of the individuals with
obesity against SARS-CoV-2 is effective, at least for conferring
short-term protection. While the duration of the effectiveness
may be shortened, there is a window of time where protection is
observed. As the SARS-CoV-2 pandemic is ongoing, follow up
studies comparing vaccine-induced immune responses among
individuals with obesity versus those of healthy weights are
essential studies to conduct.

DISCUSSION

Data from the phase III SARS-CoV-2 vaccine trials and
subsequent clinical trials conducted to measure immune
responses primed in the obese state after inoculation produced
results that contradict each other, likely due to the physiological
complexity of obesity. Overall, the vaccine trials of the three
SARS-CoV-2 vaccines administered in the US show that they are
efficacious in individuals with obesity; however, statistical
analyses were not completed on these data to validate the
outcomes. Moreover, other clinical trial cohorts report
decreased antibody titers and weakened immune responses
following SARS-CoV-2 vaccination in individuals who are
overweight or obese. The current research is limited, and the
contradiction sparks a need for further studies to be conducted.
The clinical trials that measured central obesity did not find an
association to BMI and a decreased immune response. This
finding does not match with Pellini et al. (41) and their study
on BMI, in which a high BMI was associated with lower antibody
titers. Watanabe et al. explain that BMI is not an appropriate way
of measuring obesity, highlighting that central obesity presents a
more accurate measure of the severity of obesity and its sequalae
in those with high waist circumferences, a phenomenon that has
shifted the field of obesity to now focus on classifying individuals
as having metabolic syndrome. Thus, different measures of
obesity might indicate a varying response than what is seen in
the vaccine trials, as the vaccine trials used BMI to assess efficacy
of the vaccine in individuals with obesity, and it is possible that a
different measure of obesity might yield a different result. Hence,
more research is necessary to resolve these scientific questions.

Additionally, the study methods differed in a way that might
lead to significant differences in vaccine efficacy results, such as
measuring antibody titers at varying time points or using
different antibody measuring kits. Moreover, the sample sizes
in the clinical trials measuring the effects of obesity on vaccine
responses in individuals with obesity were small compared to
samples sizes utilized in vaccine trials and not entirely
representative of the general population of individuals with
obesity. For example, Watanabe et al. and Pellini et al. (41, 60)
recruited study participants who were healthcare workers, a
group that generally has more access to health care to help
with any current or future obesity-related illnesses, in contrast to
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the general population which may not have immediate or
affordable health care access. Further, although some pre-
existing medical conditions were noted for the subjects
analyzed in these studies, information regarding their
medication use to treat such conditions was not disclosed,
potentially skewing the data generated.

Even with the present research presented, many questions
remain unanswered, such as how immune responses change
depending on the age demographic. The clinical trials discussed
throughout this review focused on adults, but with an increasing
population of children becoming overweight and obese, studies
must be expanded to include subjects of varying ages to
determine whether vaccines are efficacious in conferring
protection against severe viral diseases in children with obesity.
It is also difficult to assess how people with obesity-related
comorbidities benefit from the current vaccines, especially
regarding lifelong, durable protection. Furthermore, if vaccine
efficacy is similar in individuals with obesity to those individuals
of healthy weights during a close time frame to when the vaccine
is administered, how durable vaccine efficacy is in individuals
with obesity is unknown and could pose threats to public health
as time post vaccination increases. It is possible that additional
vaccine boosters will be necessary for individuals with obesity to
achieve protective and durable vaccine-induced immunity.

CONCLUSION

We believe that more research needs to be done to assess the
impact of obesity on vaccination to SARS-CoV-2. The currently
reported research is contradictory, and numerous questions
remain unanswered. We believe more work needs to be done
to assess long-term efficacy of the available vaccines to SARS-
CoV-2, what the best scheduling for boosters is, and how
different patterns of fat distribution could be affecting immune

responses to vaccination. However, it is clear that obesity hinders
immune responses to vaccines and infections. As obesity rates
are projected to continually rise globally, it is important to gear
medical treatments towards populations with high obesity
incidences and to increase awareness about non-dietary causes
of obesity. Furthermore, more data needs to be gathered
concerning the growing number of young individuals with
obesity and if they will be protected from severe viral disease
by SARS-CoV-2 vaccines. With these future research efforts in
mind, we are confident that vaccine development can improve to
induce long-lasting, protective immune responses in patients
with obesity.
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SUMMARY

Powassan virus (POWV) is a tick-borne pathogen for which humans are an incidental host. POWV infection
can be fatal or result in long-term neurological sequelae; however, there are no approved vaccinations for
POWV. Integral to efficacious vaccine development is the identification of correlates of protection, which
we accomplished in this study by utilizing a murine model of POWV infection. Using POWV lethal and sub-
lethal challengemodels, we show that (1) robust B and T cell responses are necessary for immune protection,
(2) POWV lethality can be attributed to both viral- and host-mediated drivers of disease, and (3) knowledge of
the immune correlates of protection against POWV can be applied in a virus-like particle (VLP)-based vacci-
nation approach that provides protection from lethal POWV challenge. Identification of these immune protec-
tion factors is significant as it will aid in the rational design of POWV vaccines.

INTRODUCTION

Powassan virus (POWV) is a flavivirus and emerging arthropod-
borne virus of public health concern. Predictions that the range
of ticks transmitting POWV to humans will expand as the climate
warms situate POWV as a pathogen of national importance
(Clow et al., 2017; Sonenshine, 2018; Gasmi et al., 2018; Ogden
et al., 2008; Pierson and Diamond, 2020). Although rare, inci-
dence of POWV infection in humans has increased substantially
in the past two decades, a phenomenon that cannot wholly be
explained by increased reporting and surveillance (Centers for
Disease Control and Prevention, 2020; Nofchissey et al., 2013;
Kemenesi and Bányai, 2019; Hinten et al., 2008). A high propor-
tion (>50%) of reported POWV infections are accompanied by
long-term neurological sequelae, which range in severity from
mild to debilitating (Hermance and Thangamani, 2017; Kemenesi
andBányai, 2019; Goldfield et al., 1973; Tavakoli et al., 2009) and
in 10%–15%of cases is fatal (Kemenesi and Bányai, 2019; Tava-
koli et al., 2009). Although nucleic acid-based vaccination ap-
proaches can prevent severe disease and neurological sequelae
in murine models of POWV infection (Choi et al., 2020, Vanblar-
gan et al., 2018), there are no approved vaccines or therapeutics
for individuals infected with POWV. Currently, there are six
approved vaccinations for the flavivirus tick-borne encephalitis
virus (TBEV) that can prevent the development of severe disease

and neurological sequelae (Chernokhaeva et al., 2016; Chuma-
kov et al., 1963; Kubinski et al., 2020), but these vaccines are
not effective in preventing POWV infection (Chernokhaeva
et al., 2016; Shamanin et al., 1991, Mcauley et al., 2017). Taken
together, the success of TBEV vaccination strategies in humans,
and the advent of successful POWV vaccinations in murine
models, suggests that a protective vaccine against POWV is
achievable.
Despite its increasing incidence, the immune correlates of pro-

tection for POWV are unknown. This is largely because POWV is
a rare and relatively recently described virus (Mclean and Dono-
hue, 1959). The enzootic cycle of POWV is thought to be depen-
dent upon transmission from the bite of an infected tick on an
uninfected host during a bloodmeal, although other modes of
transmission have been described as important (Costero and
Grayson, 1996; Nonaka et al., 2010). There are two lineages of
POWV, known as lineage I (POWV-LB) and lineage II (POWV-
Sponer [POWV-Spo], or deer tick virus). Of these two lineages,
POWV-LB is predominantly transmitted by Ixodes cookei ticks,
which primarily feed on small woodland mammals such as
groundhogs (Marmota monax) (Ebel et al., 2001). As Ixodes
cookei ticks have less promiscuous feeding patterns relative to
other Ixodid ticks, human infection with POWV-LB is less
frequent. POWV-Spo, on the other hand, is transmitted by
black-legged deer ticks (Ixodes scapularis). As these ticks have
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a broader range of host species, most incidence of POWV infec-
tion in humans is attributable to POWV-Spo infection. POWV-LB
infection in humans is more common in far eastern portions of
Russia, while in North America, POWV-Spo is the predominant
human-infecting lineage. Despite these distinct geographic
ranges and host species, the two lineages are serologically indis-
tinguishable, and there is a large degree of nucleic acid (!86%)
and amino acid (aa) (!96%) similarity between the two viruses
(Ebel et al., 2001). How these differences inform the viral life cy-
cle, tissue tropism, and interactions with host immune systems
are all active areas of research (Robertson et al., 2009; Best
Sonja et al., 2005; Mlera et al., 2017; Hermance et al., 2016).

POWV is a member of the family Flaviviridae and a single-
stranded positive sense RNA virus with a genome !11 kbp in
length. The genome encodes a single polyprotein cleaved by
viral and host proteases into three structural proteins (pre-mem-
brane or prM, capsid or C, and envelope or E) and seven non-
structural (NS) proteins: NS1, NS2A, NS2B, NS3, NS4A, NS4B,
and NS5. The E protein is the main antigenic determinant for fla-
viviruses, such as TBEV (Kuivanen et al., 2014), and is 500 aa in
length with three functional domains: DI, DII, and DIII. It has been
well documented that antibodies directed against the E protein
can be either neutralizing or non-neutralizing (Ershova et al.,
2016; Matveev et al., 2019; Kuivanen et al., 2014). Epitopes
recognized by T cells have also been documented in the NS
(Lampen et al., 2018; Aberle et al., 2015) and structural proteins
of TBEV (Varnait _e et al., 2020; Schwaiger et al., 2014), including
the E protein, although the contribution of E-specific T cells in fla-
vivirus infection is an active area of research (Hassert et al., 2018,
2019, 2021).

Among flaviviruses, POWV is a member of the tick-borne en-
cephalitis (TBE) serocomplex of viruses, examples of which
include TBEV and Langat virus (LGTV) (Pesko et al., 2010; Ebel
et al., 2001). In this serocomplexof viruses, TBEV is themostcom-
mon infection in humans and therefore themost well studied. It is
the only TBE serocomplex member for which there are licensed
vaccines available for human use. The six available vaccinations
cover three different TBEV subtypes and are immunogenic inacti-
vated, whole virus-based vaccines (Kubinski et al., 2020). While it
is widely appreciated that cellular and humoral components of
adaptive immunity are important for protective responses
following TBEV vaccination (Aberle et al., 2015; Schwaiger
et al., 2014; Blom et al., 2015, 2018; Best Sonja et al., 2005; Rob-
ertson et al., 2009), the correlates of protection for POWV remain
unknown. While others have characterized the contribution of
monoclonal antibodies to POWV immunity, the polyclonal
response is lesswell characterized (Erricoet al., 2020, Vanblargan
et al., 2021). Furthermore, multiple studies have demonstrated
that approved TBEV vaccines do not provide protection against
POWV in humans (Shamanin et al., 1991; Chernokhaeva et al.,
2016), although it is unclear why. Identifying the correlates of im-
muneprotection is critical to aid development of therapeutics and
vaccines, a yet unmet need for POWV infection.

Integral to the development of future vaccinations is estab-
lishing the immune correlates of protection for POWV. In these
studies, we describe a murine model of POWV infection, which
we used to determine the correlates of protection and demon-
strate that both the B and T cell compartments of adaptive

immunity contribute to durable protection against POWV. In
addition, we identify CD8+ and CD4+ T cell epitopes in the
structural proteins of POWV and show that CD8+ T cell re-
sponses against POWV can drive immune-mediated pathology.
We also demonstrate that a virus-like particle (VLP)-based
vaccination strategy can be effective against POWV-LB, elicit-
ing robust and durable neutralizing antibodies and detectable
CD8+ T cell responses. The adaptive immune response elicited
by POWV-LB VLPs resulted in uniform protection from lethal
POWV-LB challenge. Because these studies will allow for a
more targeted design of POWV vaccines—which has previously
been limited to empirical approaches—the findings presented
here will have important implications for future POWV vaccine
development.

RESULTS

POWV-LB and POWV-Spo cause morbidity and mortality
in C57BL/6 mice
With the goal of studying POWV-specific adaptive immune re-
sponses and identifying factors associated with protection, we
established a susceptible mousemodel of POWV infection using
the POWV lineage 1 strain LB (POWV-LB). We infected C57BL/6
(B6) mice subcutaneously (s.c.) with 103 or 102 infectious units
(focus-forming units [FFU]) of POWV-LB and monitored mice
for 15 days post infection (dpi). As observed by others following
challenge of B6 mice, POWV-LB infection with 103 FFU resulted
in high mortality in B6 mice (Santos et al., 2016; Mlera et al.,
2017; Hermance et al., 2015). In our studies, challenge with
POWV-LB s.c. resulted in all mice succumbing to infection
7–13 days dpi with a median survival time (MST) of 7 days
when challenged with 103 FFU (Figure 1A). At a lower infectious
dose, 102 FFU, POWV-LB challenge resulted in uniform mortal-
ity, but with a slightly longer MST of 8.5 days.
In this POWV mouse model, we observed substantial

morbidity among infected mice, with weight loss beginning at 5
dpi and continuing until mice succumb to infection (Figure 1B).
Time to exhibit signs of disease for mice infected with OWV-LB
did not appear to be dose dependent, and typically occurred
at 6 dpi (Figure 1C). POWV-LB-infected mice displayed a limp
tail and ruffled appearance, progressing rapidly to moribund
posture and shallow breathing with few disease indicators in
the days preceding death (Figure 1C). In the case of a lower in-
fectious dose, more mice adopted a ruffled posture, limp tail,
and hindlimbweakness, but displayed few other signs of disease
before succumbing (Figure 1C). As others have noted, we
observed hindlimb paralysis usually corresponding to the site
of injection, albeit in a smaller number (<1%) of POWV-LB infec-
tions (Mlera et al., 2017). We did, however, note substantial
weakness and reduced usage of the hindlimbs as disease pro-
gressed and, in the case of the higher infectious doses, we noted
that disease progression may have been too rapid for hindlimb
paralysis to be observed.
Because of the constraints posed by uniform mortality in this

model of POWV-LB infection, we wanted to establish a model
of infection with POWV lineage 2 strain, Spooner (POWV-Spo).
Interestingly, at the same infectious doses used for POWV-LB
(103 or 102 FFU), we observed a lineage-specific survival rate
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phenomenon, as infection by the same s.c. route resulted in 58%
and 42% survival, respectively, but uniform mortality at 105 FFU
(Figure 1D). This contrasts sharply with the uniform mortality
seen in POWV-LB challenge. Like POWV-LB, weight loss
following infection with POWV-Spo began at 5 dpi. But, unlike
POWV-LB, surviving POWV-Spo-infected mice recovered lost
weight at 12–16 dpi (Figure 1E). In general, mice challenged
with POWV-LB exhibited no or few signs of disease before suc-
cumbing. In contrast, POWV-Spo-challenged mice displayed
signs of disease around the same 6 dpi window, but worsened
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Figure 1. POWV-LB and POWV-Spooner
cause morbidity and mortality in C57BL/6
mice
(A) Mortality of C57BL/6 (B6) mice challenged

subcutaneously (s.c.) with 103 (n = 6) or 102 (n = 12)

focus-forming units (FFU) of POWV-LB and moni-

tored for 14 days post infection (dpi).

(B) Weight loss for B6 mice challenged s.c. with

POWV-LB and monitored for 14 dpi.

(C) Clinical scoring results for B6 mice challenged

s.c. with 103 FFU (middle, n = 5), and 102 FFU (right,

n = 8) of POWV-LB and monitored for 16 dpi.

(D)Mortality of B6mice challenged s.c.with 103 (n =

12) or 102 (n=12) FFUofPOWV-Spoandmonitored

for 30 dpi.

(E) Weight loss for B6 mice challenged s.c. with

POWV-Spo and monitored for weight loss for 16

dpi.

(F) Clinical scoring results for mice B6 mice chal-

lengeds.c.with103FFU (left, n =9)or102FFU (right,

n = 10) of POWV-Spo and monitored for 16 dpi.

(GandH) (G)Mortality and (H)weight loss curves for

naive (black, n = 6) or POWV-Spooner immune

(purple, n = 7) B6mice challenged s.c. with 102 FFU

of POWV-LB.Mice weremonitored daily for 21 dpi.

Prior exposure to 102 FFU of POWV-Spooner

significantly (p =0.0002,Mantel-Cox test) improved

POWV-LB survival. All data are reported as

mean ± SEM.

disease progression between days 9
and 14 was apparent (Figure 1F). Hin-
dlimb weakness tended to be exacer-
bated in these mice. Of note, we did not
observe significant differences in
morbidity or mortality on the basis of
sex in either POWV-LB or POWV-Spo
mice (Figure S1). The similar but delayed
onset of morbidity associated with
POWV-Spo compared with POWV-LB
supported the use of these two highly
similar viruses to study the correlates of
protection for POWV.

Observing distinct disease phenotypes
between these two similar POWV line-
ages, we next evaluated the kinetics of
viral replication of POWV-LB and
POWV-Spo in our murine model, and
found that POWV-LB tended to replicate
more quickly and to higher titers than

POWV-Spo, consistent with previous reports (Figure S2) (Gra-
bowski et al., 2019). We also wanted to examine the structural
envelope protein of the two POWVs in conjunction with other
neuroinvasive arthropod-borne flaviviruses for which the corre-
lates of protection are established or licensed vaccines avail-
able. To this end, we performed an aa alignment of the envelope
(E) proteins of both lineages of POWV, as well as TBFVs LGTV,
and TBEV, and the mosquito-borne virus West Nile virus
(WNV). There is a high degree of homology in the envelope (E)
protein between POWV-LB and POWV-Spo lineages, but
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POWV is notably distinct from LGTV, TBEV, andWNV in terms of
envelope aa identity (Figures S3A and S3B). Importantly for our
study, the sequence similarity between the two lineages, com-
bined with the survival differences between POWV-LB and
POWV-Spo, enabled our group to use the two viruses to interro-
gate different elements of POWV immune-mediated protection.
In this work, we examined antigen-specific adaptive immune re-
sponses to POWV using the sub-lethal POWV-Spo challenge
model and determined factors critical for immune protection us-
ing the lethal POWV-LB challenge model.

Having demonstrated that POWV-Spo infection resulted in
distinct disease outcomes despite striking aa identity with the
more lethal POWV-LB lineage, we considered whether mice
recovered from the serologically indistinguishable POWV-Spo
lineage would generate a memory response providing protection
from lethal, but biologically relevant POWV-LB challenge (Ebel
and Kramer, 2004). To this end, we challenged mice recovered
from POWV-Spo with a lethal dose of POWV-LB. We observed
that POWV-Spo convalescent mice were protected from lethal
POWV-LB infection (p = 0.002, Figure 1G). These mice demon-
strated no appreciable indicators of disease nor signs of weight
loss following challenge (Figure 1H). These results indicated that
POWV-Spo immune memory was protective against POWV-LB
and thereby suitable for evaluating immune protection for POWV.

POWV-specific antibodies are present at 7 dpi
Prior POWV-Spo infection provided protection against lethal
POWV-LB infection, suggesting that adaptive immune responses

A B
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Figure 2. POWV-specific antibodies are
present at 7 dpi
(A) Whole virion POWV-LB IgG ELISA using sera of

B6 mice challenged s.c. with 102 FFU POWV-LB

and harvested at 3 dpi (black, n = 6) and 7 dpi

(blue, n = 8).

(B) Whole virion POWV-Spooner (POWV-Spo) IgG

ELISA using sera of B6mice (n = 8) challenged s.c.

with 102 FFU POWV-LB and harvested at 3 dpi

(black, n = 6) or 7 dpi (blue, n = 8).

(C) Area under the curve for IgG ELISAs as shown

in (A and B) (p = 0.0272, Student’s unpaired t test).

(D) FRNTs performed on baby hamster kidney

cells (BHK-21 clone 13 ATCC) examining the

neutralization capacity against 102 FFU POWV-LB

of sera from mice challenged s.c. with 102 FFU

POWV-LB and harvested 7 dpi (n = 9).

(E) Whole virion POWV-LB IgMELISA using sera of

B6 mice challenged s.c. with 102 FFU POWV-LB

and harvested 3 dpi (n = 6) or 7 dpi (n = 3).

(F) Area under the curve for IgM ELISAs as shown

in (E). Data are reported as mean ± SEM.

canmitigate POWVdisease.With the goal
of determining whether POWV-specific
antibodies are present when mice suc-
cumb to infection, we examined the ki-
netics of the antibody response to
POWV-LB, as we had previously done
with Zika virus (ZIKV) (Hassert et al.,
2018, 2019). However, unlike in the case

of ZIKV, POWV-LB-infected B6 mice all succumb to infection
within 2 weeks, therefore determination of the functionality and
kinetics of the adaptive immune response was severely limited.
We began to characterize the humoral response by terminally
bleeding mice infected with 102 FFU POWV-LB at 7 dpi to
examine serum binding and neutralization capacity. We were
able to detect POWV-specific IgG responses by 7 dpi using
whole virion antigen in an indirect enzyme-linked immunosorbent
assay (ELISA), and confirmed that the two POWV lineages are
serologically indistinguishable (Figures 2A and 2B). We did not
detect binding to either lineage by IgG at 3 dpi. IgG raised against
POWV-LB bound to virions of both lineages, with a slight but sig-
nificant preference for POWV-LB (p = 0.0272, Figure 2C). We
were able to detect neutralization of POWV-LB in a focus reduc-
tion neutralization test (FRNT), with an average reciprocal serum
dilution of 1.73105 for 50%neutralization (Figure 2D). Analysis of
IgM levels at 3 and 7dpi with POWV-LB showeddetectable bind-
ing at 3 dpi, whichwas increased at 7 dpi (Figures 2E and 2F). Our
analysis of the kinetics of the POWV-Spo antibody binding
yielded similar results, with detectable IgG levels by 8 dpi and
increasing at 15 and 30+ dpi (Figures S4A–S4C). Levels of IgM
for POWV-Spo-infected mice were increased from 4 to 8 dpi
and decreased at 15 and 30+ dpi as IgG binding increased (Fig-
uresS4DandS4E). The results of this kinetics study suggest that,
while POWV-specific B cells are present and producing IgG and
IgM antibodies during the acute infection, they are incapable of
protecting mice from a lethal POWV-LB infection as these mice
uniformly succumb to infection by 13 dpi (Figure 1A).
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POWV-specific T cells are present during infection
We next sought to describe the kinetics of the T cell response to
POWV. Previous studies with TBEV have described both protec-
tive and pathogenic roles for T cells during infection (Hassert
et al., 2018, 2019; Grifoni et al., 2019, 2020; Brien et al., 2008;
R!u"zek et al., 2009). To describe the contribution of the T cell
compartment to POWV immunity, we used our H2b restricted
B6 model of infection to map the CD4+ and CD8+ T cell epitopes
within the structural proteins of POWV-LB. Using approaches
previously adapted for ZIKV epitope mapping in our lab, we de-
signed a peptide library of 157 peptides, each 15 aa in length and
10 with aa of overlap (Hassert et al., 2018, 2019). This library
spanned the structural proteins capsid (C), pre-membrane
(prM), and envelope (E) (Figure 3A).
Total splenocytes from POWV-LB infected B6 mice were har-

vested 8 or 10 dpi, corresponding to the peak of the CD8+ and
CD4+ T cell responses, respectively. T cells were stimulated
ex vivo in the presence of brefeldin A and individual peptides in

the library for 6 h. As a positive control, anti-CD3 was used to
stimulate antigen-experienced CD4+ and CD8+ T cells and a
well of unstimulated cells served as a negative control. Following
stimulation, cells were fixed, permeabilized, and stained for flow
cytometric analysis to identify the production of cytokines IFN-g
and TNF-a. Putative epitope candidates were identified as pep-
tides that elicited a response greater than 2-fold over back-
ground determined from the unstimulated wells. Wewere unable
to detect cytokine production following peptide stimulation in
uninfected animals (Figure S5A). Using this approach, we identi-
fied two CD8+ and two CD4+ candidate epitopes (Figures 3B–
3E). The POWV peptide CD8+ and CD4+ T cell epitopes are
named with the same nomenclature used previously for both
WNV and ZIKV, with the flavivirus followed by the abbreviated
name of the viral protein and number of the aa, based on the
POWV open reading frame (ORF) (Hassert et al., 2018, 2019;
Brien et al., 2008) (e.g., POWV-E282 epitope is located in the E
protein at the 282nd aa in the ORF). H2b restricted CD4+T cell

A

B C

D E

F G

Figure 3. POWV-specific T cells are present
during infection
(A) Schematic representation of the POWV-LB

polyprotein (not to scale). Structural proteins

capsid (red) (C) pre-membrane (pink, prM), and

envelope (purple) (E) are located near the N ter-

minus. Also depicted is the coverage of the POWV

peptide library, comprised of a 15-mer peptide li-

brary designed with a 10-amino-acid (aa) overlap.

(B) Potential CD8+ T cell epitope hits as deter-

mined by interferon-gamma (IFN-g) production by

CD8+ T cells (CD19" CD8+) in response to the

peptide library illustrated in (A). Candidate epi-

topes were determined in two independent ex-

periments by stimulating splenocytes ex vivo from

POWV-LB infected B6 mice s.c. infected with 103

FFU (n = 2) 7 dpi in the presence of brefeldin A for 6

h. Positive hits were considered those that elicited

a T cell response 2-fold above background

(dashed line).

(C) Potential CD4+ T cell epitope hits determined in

the same manner as (B), at 11 dpi (n = 2).

(D) Representative flow plots depicting CD8+ T cell

responses to POWV-LB infection described in (B).

The cytokines tumor necrosis factor alpha (TNF-a)

and IFN-g are shown on the x and y axes,

respectively. Reponses to no stimulation (top left),

a-CD3 (top right), POWV56/57 peptide (bottom

left) and POWV70/71 peptide (bottom right) are

shown.

(E) Representative flow plots depicting CD4+ T cell

responses to POWV-LB infection described in (B).

Reponses to no stimulation (left), a-CD3 (middle),

POWV104/105 peptide (top right), and POWV125/

126 peptide (bottom right) are shown.

(F) Representative image of tetramer staining for

POWV-E282-specific CD8+ T cells using H2-b

restricted Db tetramer from naive B6 mice (left) or

mice challenged s.c. with 103 FFU POWV-LB and

harvested 7 dpi. Cells are gated on CD19"CD8+.

(G) Frequency of POWV-E282-specific CD8
+ T cells

by tetramer staining relative to total CD8+ T cells

fromB6mice challenged s.c. with 103 FFU POWV-

LB and bled longitudinally over a period of 7 days.

All data are reported as mean ± SEM.
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epitopes are listed as 15-mer peptides (Table S1). Because our
study examined structural POWV proteins, there are likely CD4
T cell epitopes within the NS proteins that were not screened
in this study. The possibility that there are multiple unidentified
POWV-specific CD4+ T cell epitopes within NS proteins is sup-
ported by studies with other flaviviruses in both humans and
mice (Blom et al., 2015; Hassert et al., 2018, 2019; Elong Ngono
et al., 2019; Brien et al., 2007, 2008; Graham et al., 2020; Grifoni
et al., 2019, 2020).

For putative CD8+ T cell candidates, we sought to determine
the optimal 8-mer or 9-mer H2b restricted POWV CD8+ T cell
peptides. To do this, we generated a panel of possible POWV
CD8+T epitopes based on previously identified Kb and Db

conserved peptide anchor residues (Hoof et al., 2009) and
repeated the experiments in the presence of predicted 8- or 9-
mer peptides (Figures 3D; Table S1). Notably, the E351-361

CD8+T cell epitope—although it consistently yielded strong re-
sponses as a 15-mer peptide (POWV70/71) —could not be opti-
mized to determine the ideal 8- or 9-mer peptide, nor could the
Kb and Db restriction be determined. The difficulty determining
the optimal epitope was attributable to the stronger response
to the E282-291 CD8+ T cell epitope. This epitope—designated
POWV-E282—elicited the strongest CD8+ T cell response and
appears to be a prominent target for CD8+ T cells during
POWV-LB and POWV-Spo challenge. We determined via
RMA-S stabilization assay that this epitope is H2b-Db restricted
(Figures S5B and S5C) and can be quantified by tetramer stain-
ing (Figure 3F).

To describe the kinetics of the POWV-specific CD4+ and CD8+

T cell response, we challenged mice with 103 FFU of POWV-LB
and isolated blood over the course of infection for tetramer stain-
ing (Figure 3G). We found that the POWV-E282 CD8+T cell
response is detectable 5 dpi with 1% of CD8+ T cells responding
to POWV-E282 and increases until 7 dpi with 3% of CD8+ T cells
responding to POWV-E282. Of these, a low but detectable num-
ber of POWV-E282-specific T cells produce granzyme B. We
were limited to blood collected at or before 7 dpi, as B6 mice
succumb to POWV-LB infection within this time frame. The
CD4+ T cell response was not strong enough to be detected
with the identified peptides at the 1–7 dpi time points, and cyto-
kines produced in response to anti-CD3 were difficult to detect
before 10 dpi. However, a detectable CD4+ T cell response
was present from 10 dpi until mice succumb to infection, sug-
gesting that the CD4+ T cell compartment was not sufficient for

control of POWV replication, as was observed with CD8+

T cells. Examinations of POWV-E282 in POWV-LB- or POWV-
Spo-infected mice showed no significant differences in the num-
ber of antigen-specific CD8+ T cells in splenocytes, nor did we
see differences in granzyme B production (Figures S5D–S5F).
We did see a significantly (p = 0.0025) higher number of anti-
gen-specific T cells in the brains of POWV-LB-infected mice at
8 dpi relative to POWV-Spo-infected mice (Figure S5G). The re-
sults of the kinetics study suggest that, while POWV-specific
CD4+ and CD8+ T cells are primed, producing cytokines, and
infiltrating infected tissues during the acute infection, they are
not sufficient for protecting mice from lethal POWV-LB infection.

POWV-Spo infection elicits partially protective antibody
responses against lethal POWV-LB
Our studies of POWV-LB infection of B6 mice revealed detect-
able antibody binding and neutralization responses as early as
7 dpi, as well as polyfunctional CD8+ T cell responses peaking
at 7 dpi and CD4+ T cell responses at 10 dpi. These responses
were not sufficient to protect mice from POWV-LB challenge,
and infection resulted in uniform mortality.
We wanted to examine the protective capacity of convales-

cent POWV-Spo sera in immune competent mice. To do this,
we passively transferred sera from recovered POWV-Spo or an
irrelevant alphavirus-negative control (Rift Valley fever virus vac-
cine strain, MP-12) mice into naive B6 mice. B6 mice were chal-
lenged s.c. with 103 FFU POWV-Spo or 102 FFUMP-12. We saw
no mortality from the mice infected with the control MP12 and a
survival rate of 60% of mice challenged with POWV-Spo as
observed previously (Figure 4A). POWV-Spo- and MP12-in-
fected mice that survived >30 dpi, recovered weight loss, and
had no apparent indicators of disease, were considered recov-
ered from infection and terminally bled for collection of sera.
Sera was diluted 1:10 in saline and passively transferred into
naive B6 mice. These mice were challenged s.c. with 102 FFU
POWV-LB within 24 h of serum transfer and monitored daily
(Figure 4B).
We found that B6 mice which received sera from POWV-Spo

immune mice were somewhat protected from lethal POWV-LB
challenge, with a significantly improved survival rate of 60% rela-
tive to no protection for MP-12 recipient mice (p = 0.0005, Fig-
ure 4A). POWV-Spo recipient mice experienced mild weight
loss beginning at around 13 dpi, later than MP-12 recipient
mice, which began losing weight at around 6 dpi (Figure 4B).

A B Figure 4. POWV-Spooner infection elicits
partially protective antibody responses
against lethal POWV-LB
Mortality (A) and weight loss (B) of alphavirus-

negative control (Rift Valley fever virus [RVFV]

vaccine strain MP-12) (n = 4) or POWV-Spooner

(n = 7) sera-recipient B6 mice following lethal

challenge with 102 FFU POWV-LB s.c.. One day

prior to challenge, mice were treated with sera

from convalescent MP-12 or POWV-Spo mice

diluted 1:10 in saline and administered via intra-

peritoneal (i.p.) injection. Mice receiving POWV-

Spo sera were significantly protected relative to MP-12 sera recipients (p = 0.0005, Mantel-Cox test). For generation of convalescent sera, B6 mice were

challenged s.c. with 102 FFU POWV-Spo or MP-12 and sera collected via cardiac puncture in memory phase 30 dpi. All data are reported as mean ± SEM.
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These mice displayed few indicators of disease compared with
control mice that received sera from MP-12 immune mice (not
shown). For POWV-Spo recipient mice that recovered from
POWV-LB challenge, weight loss was recovered by 18 dpi. We
did not observe long-term neurological sequelae in surviving
mice following the resolution of disease indicators and weight
loss. Our results using passive transfer of convalescent POWV-
Spo sera into B6 mice suggest that—while humoral responses
raised against POWV-Spo can delay disease onset in isola-
tion—only the combination of cellular and humoral adaptive im-
mune responses is sufficient to provide protection from lethal
POWV-LB challenge in this model.

POWV-LB neuroinvasive disease and death occurs
independent of host immune response
As we had previously observed that 7–8 dpi corresponded to the
peak of the CD8+ T cell response in our mouse model of both
ZIKV and POWV, we wanted to further investigate the role of
the T cell compartment in POWV-LB challenge. To determine
whether mortality following POWV-LB infection was attributable
to the T cell compartment, we infected recombination-activating
gene 1-deficient (Rag1"/") mice and NOD SCID gamma (NSG)
mice with 102 FFU of POWV-LB. Rag1"/" mice are T and B
cell deficient and NSG mice are also deficient in T and B cells,
as well as NK cells and hemolytic complement, and have defects
in macrophage and dendritic cell functions (Mombaerts et al.,
1992; Shultz et al., 2005; Coughlan et al., 2016). By challenging

with a low dose of POWV-LB, we anticipated that we would
gain insight into whether POWV-LB could cause morbidity and
mortality independent of the T and B cell compartments.
Following infection of B6, Rag1"/", and NSG mice with 102

FFU POWV-LB, mice were monitored for 21 days (Figure 5).
We observed that Rag1"/" and NSG mice had significantly
longer survival times relative to B6 mice (p = 0.0493, p =
0.0443) (Figure 5A). However, both groups uniformly succumb
to infection, with Rag1"/" mice succumbing to disease with an
MST of 12.8 dpi and NSG mice succumbing to disease with an
MST of 13.2 dpi, compared with an MST of 8.5 dpi for B6
mice. Weight loss for Rag1"/"mice began at 6 dpi and persisted
until mice succumbed (Figure 5B). Similarly, for NSG mice,
weight loss began at 6 dpi and persisted until mice succumbed
to infection, with no significant differences between immuno-
compromised mice (p = 0.65) (Figure 5B). Interestingly, we
observed distinct disease pathology in Rag1"/" and NSG mice
relative to infected B6 mice. Whereas B6 mice began to show
signs of infection as early as 5 dpi, and by 8 dpi all showed evi-
dence of infection, Rag1"/" and NSGmice had delayed onset of
disease. In immunocompromisedmice, the first indicators of dis-
ease did not appear until 8 dpi, with all mice showing evidence of
disease by 10 dpi.We also noted distinct signs of disease among
Rag1"/" and NSG mice. POWV-LB infection in B6 mice typically
results in ruffled fur and hunched posture, limp tail, hindlimb and
forelimb weakness, and eventually moribund posture, before
succumbing to infection (Figure 1C). In Rag1"/" and NSG

A B

DC

Figure 5. POWV-LB neuroinvasive disease and death occurs independent of host immune response
(A and B) Mortality (A) and weight loss (B) of NOD SCID gamma (NSG) (n = 5), recombination-activating gene 1-deficient (Rag1"/", n = 5), and C57BL/6 (B6, n = 6)

mice challenged s.c. with 102 FFU POWV-LB and monitored for 14 dpi. Immunocompromised mice survived significantly longer than B6 counterparts (pNSG =

0.0443, pRag1"/" = 0.0493, Mantel-Cox test). There was no difference between NSG and Rag1"/" mice (p = 0.65, Mantel-Cox test).

(C and D) Mortality (C) and weight loss (D) for saline Rag1"/" (n = 8) mice, as well as recipient Rag1"/" mice that received POWV-Spo convalescent sera diluted

1:10 (green, n = 5) or 1:1 (blue, n = 5) prior to s.c. challenge with 102 FFU POWV-LB. Rag1"/" mice that received POWV-Spo sera diluted 1:10 (**p = 0.031) or 1:1

(**p = 0.013) had significantly prolonged survival times relative to Rag1"/" mice receiving saline (Mantel-Cox test). All data are reported as mean ± SEM.

Cell Reports 38, 110388, February 15, 2022 7

Article
ll

OPEN ACCESS



mice, however, we observed that, after 10 dpi, mice developed a
shaking or twitching phenotype, and often displayed a reduction
in or loss of coordination. Occasionally, mice had muscle
spasms, and one Rag1"/" mouse developed right hindlimb pa-
ralysis. Because these mice exhibited different disease progres-
sion, disease scoring by the same system established for B6
mice was not possible and is therefore not represented in this
dataset. In summary, infection of mice lacking functional B and
T cell compartments (Rag1"/" and NSG) with POWV-LB resulted
in prolonged survival and distinct disease progression. These
findings suggest that the adaptive immune response could drive
morbidity and mortality. Importantly, this finding also suggests
that, in this murine model, POWV-LB lethality involves two com-
ponents: one independent of the adaptive immune response and
one that is immune mediated.

As we had previously seen that POWV-Spo infection could
generate an antibody response with binding and neutralization
capabilities that provided partial protection in B6 mice, we next
sought to understand the protective capacity of POWV-specific
antibodies against lethal POWV-LB challenge independent of
the T cell compartment. To this end, we harvested sera from
recovered POWV-Spo mice, which was diluted in saline and
passively transferred via intraperitoneal (i.p.) injection into
Rag1"/" mice 24 h before lethal POWV-LB challenge. Mice
were then monitored daily for weight loss and signs of disease.

We found that POWV-Spo sera diluted 10-fold and passively
transferred into Rag1"/" mice significantly prolonged survival
time (p = 0.0031) but was insufficient to provide protection
against lethal POWV-LB challenge (Figure 5C). Instead, Rag1"/"

mice that received POWV-Spo sera displayed delayed onset of
weight loss and indicators of disease. Mice that received more
concentrated POWV-Spo sera (diluted only 2-fold) showed
significantly prolonged survival (p = 0.0013) relative to Rag1"/"

mice receiving no sera (Figure 5C). Notably, these mice still suc-
cumb to disease by 22 dpi. Whereas Rag1"/"mice that received
saline alone displayed signs of weight loss at 6 dpi, weight loss
for Rag1"/" mice receiving POWV-Spo sera diluted 10-fold
showed signs of weight loss around 11 dpi, which persisted until
mice succumbed between 15 and 21 dpi (Figure 5D). Rag1"/"

mice that received more concentrated POWV-Spo sera (diluted
only 2-fold) displayed signs of weight loss at around 15 dpi but
succumbed at around 21 dpi (Figure 5D). Signs of disease ex-
hibited by passive transfer recipients were effectually identical
to the saline-treated mice, but occurred later, at around 13–16
dpi. Altogether, the inability of convalescent POWV-Spo sera
to provide protection from lethal POWV-LB challenge in Rag1"/"

mice suggests that humoral responses alone are insufficient for
long-term control of POWV-LB infection as polyclonal antibodies
in sera, and that the T cell compartment is an important factor in
sustained protection from POWV-LB.

T cell-mediated immunity alone is insufficient for
protection against POWV-LB
We have observed a detectable T cell response specific to
POWV-LB that arises in wild-type B6 mice and observed that
Rag1"/" and NSG mice lacking adaptive immune cell compart-
ments have a longer MST compared with immune competent
mice. However, passive transfer of sera alone is insufficient for

durable protection in Rag1"/" mice. Furthermore, CD4+ and
CD8+ T cells have been shown to be important for immune pro-
tection from tick-borne flaviviruses (Blom et al., 2015, 2018).
Taken together with our data, this suggested to us that the
T cell compartment does contribute to durable protection against
POWV. We therefore undertook T cell adoptive transfer studies.
As before, donor B6 mice for adoptive T cell transfers were chal-
lenged s.c. with 103 FFU POWV-Spo or 102 FFU MP-12. Upon
recovery, total CD4+ and CD8+ T cells were harvested from sple-
nocytes and purified by negative selection before 1 3 106 total
T cells were administered intravenously (i.v.) to B6 mice. Within
24 h, mice were s.c. challenged with 102 FFU POWV-LB. Unlike
most previous studieswith flaviviruses (Brien et al., 2008; Hassert
et al., 2018, 2019; Elong Ngono et al., 2019; Watson et al., 2016;
Bassi et al., 2015; Regla-Nava et al., 2018; Wen et al., 2017;
Yauch et al., 2009), we saw no significant differences between
survival time of naive recipient mice and mice that received
T cells from POWV-Spo immune donors (p = 0.97, Figure 6A).
We also saw no differences in weight loss between the naive
and POWV-Spo T cell recipient groups (Figure 6B).
To further assess the contribution of the T cell compartment in

POWV-LB infection, we performed CD4+ and CD8+ T cell deple-
tions by administering CD4+ or CD8+ T cell-depleting antibody
before challenge with 102 FFU POWV-LB. Confirmation of
T cell depletion was performed by flow cytometric analysis of pe-
ripheral blood collected 3 dpi (Figure S6). We saw no significant
differences in survival or weight loss between control and CD4+

T cell-depleted mice (Figures 6C and 6D). We also saw no signif-
icant differences in signs of disease between control and CD4+

T cell-deplete groups (not shown). Depletion of CD8+ T cells,
however, was able to significantly prolong survival relative to
control mice (p = 0.0003, Figure 6E). Despite prolonged survival
times of CD8+ T cell-deplete mice, we saw no significant weight
loss differences between depleted and non-depleted groups
(Figure 6F). However, in CD8+ T cell-deplete animals we
observed slightly worsened signs of disease (not shown). Taken
together, our T cell adoptive transfer and depletion studies show
that memory T cells primed in POWV-Spo infection are not
capable of providing protection against lethal POWV-LB chal-
lenge alone. In addition, the prolonged survival observed
following CD8+ T cell depletion in the lethal POWV-LB challenge
model suggests that CD8+ T cells may be partly responsible for
immunopathogenesis in B6 mice.

VLP-based vaccination confers protection against lethal
POWV-LB challenge
Applying what we learned about the requirement for humoral and
cell-mediated immunity for control of POWV-LB infection, we
sought to utilize a VLP-based vaccination approach to protect
against lethal POWV-LB challenge. Expression of flavivirus prM
and E proteins in cultured cells has previously been shown to
result in secretion of VLPs into culture media (Garg et al., 2017;
Espinosa et al., 2018; Salvo et al., 2018). We constructed a cell
line that inducibly expresses POWV-prME upon addition of
doxycycline resulting in VLP secretion (Figures S7A–S7C).
VLPs were purified from culture supernatant and used as the an-
tigen in vaccination experiments. We adopted a prime-boost
strategy for POWV-VLP vaccination in B6 mice. In our approach,
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mice were administered 2 3 107 plaque-forming units equiva-
lents of POWV-LB VLP intramuscularly (i.m.) in aluminum hy-
droxide gel (Alum) adjuvant for a primary vaccination. At
21 days post vaccination, mice were boosted in a manner iden-
tical to the primary vaccination and bled for B and T cell analysis
(Figure 7A).
We performed an indirect ELISA to examine the capacity of

POWV-VLP sera to bind whole POWV-LB, POWV-Spo, and
WNV virions. We found that POWV-VLP vaccination induces an-
tibodies that bind both POWV lineages (Figures 7B and 7C). We
also see a lower degree of cross-binding toWNV, suggesting the
presence of antibodies recognizing conserved portions of struc-
tural proteins (Figure 7D).
In addition to binding capacity, we wanted to examine the

neutralization capacity of antibodies raised during VLP vaccina-
tion. To this end, we performed FRNTs as described previously
(Brien et al., 2013; Smith and Hirsch, 2020). We found that
POWV-LB neutralization was low but detectable following pri-
mary VLP vaccination (Figure 7E). We observed with a limited
subset of samples that neutralization increased following boost-
ing (not shown). We also wanted to assess the durability of anti-
body responses using this approach. To this end, we vaccinated
mice with a single dose of adjuvanted VLP or adjuvant only con-
trol in the samemanner as Figure 7A. Blood from vaccinated (n =
3) or Alum control mice (n = 2) was collected via submandibular
cheek bleed 15 weeks following vaccination and neutralization

A B

C D

E F

Figure 6. T cell-mediated immunity alone is
insufficient for protection against POWV-LB
(A and B) Mortality (A) and weight loss (B) for mice

receiving adoptively transferred T cells (both CD4+

and CD8+) from POWV-Spooner (red, POWV-Spo,

n = 8) experienced, alphavirus-negative control

(RVFV vaccine strain MP-12) experienced T cells

(blue, MP12, n = 2) or naive T cells (black, n = 8)

into naive B6 mice. B6 mice were challenged s.c.

with 102 FFU POWV-Spo or saline and harvested

in memory phase 30 dpi. CD4+ and CD8+ T cells

were enriched via negative selection and 1 3 106

cells were administered i.v. to B6 mice. Within 24

h, recipient mice were challenged s.c. with 102

FFU POWV-LB and monitored for 21 dpi. No sig-

nificant differences in mortality were observed

between naive and POWV-Spo recipient mice (p =

0.3592, Mantel-Cox test).

(C and D) Mortality (C) and weight loss (D) for B6

mice s.c. challenged with 102 FFU POWV-LB in

control (black, n = 3) or CD4+ T cell-deplete (green,

n = 3) conditions and monitored for 14 dpi. No

significant difference in mortality (p = 0.6877) as

determined by Mantel-Cox test.

(E and F) Mortality (E) and weight loss (F) for B6

mice s.c. challenged with 102 FFU POWV-LB in

control (black, n = 6) or CD8+ T cell deplete (red,

n = 7) conditions and monitored for 14 dpi (p =

0.0003, Mantel-Cox test). All data are reported as

mean ± SEM.

determined by FRNT against POWV-LB.
We were able to detect neutralizing anti-
body titers for the duration of the experi-

ment, up to 15 weeks post vaccination (Figure S7D). This sug-
gested that POWV-VLP-based vaccination could induce
durable neutralizing antibody responses.
To determine whether VLP-based vaccination-induced T cell

responses, we stimulated T cells ex vivo using the epitopes iden-
tified in Figure 4 and Table S1, followed by flow cytometric anal-
ysis, to examine cytokine production. Responses were not
detectable in peripheral blood following the boost (Figure S7E),
but we did observe polyfunctional POWV-E282-specific CD8+

T cells in the blood 3 days after POWV-LB challenge (Figure 7F).
This response was similar in magnitude to anamnestic re-
sponses observed in POWV-Spo convalescent mice 4 days after
challenge with POWV-LB (Figure S7F). This response was ab-
sent in Alum-only-vaccinated mice, indicating that POWV-VLP-
vaccinated mice mounted a POWV-specific T cell response.
However, we were unable to detect CD8+ T cell responses to
the POWV351-361 epitope and the POWV-specific CD4+ T cell
epitopes at the indicated time points.
With the understanding that B and T cell responses are critical

for POWV-LB immune-mediated protection, we challengedmice
vaccinated with POWV-VLP + Alum or Alum only with 102 FFU
POWV-LB. The POWV-VLP-vaccinated mice uniformly survived
lethal POWV-LB challenge (Figure 7G). POWV-VLP-vaccinated
mice experienced no weight loss or apparent indicators of
disease (Figure 7H). Together, these results suggest that the
combination of humoral and cellular responses were necessary
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for protection against lethal POWV-LB challenge, and that a
prime-boost strategy for POWV-LB-based VLPs can provide du-
rable protection in a lethal POWV-LB challenge model.

DISCUSSION

Using B6 mice, we have gained insights into immune protection
against POWV disease. We have demonstrated that POWV-Spo
infection in our model can drive a protective immune response
against POWV-LB. We also described detectable binding and
neutralizing antibody profiles in POWV-LB-infected mice. How-
ever, we showed via passive transfer studies in B6 and Rag1"/"

mice that POWV-Spo sera alone appears to delay, but not
entirely mitigate, POWV-LB morbidity and mortality. Further-
more, we identified two CD8+ and 2 CD4+ T cell epitopes within
the structural proteins of POWV-LB, including one H2-Db-
restricted CD8+ T cell epitope, POWV-E282. Finally, we demon-
strate, via T cell adoptive transfer of POWV-Spooner primed
cells and depletion studies, that POWV-specific T cells are insuf-

ficient for complete protection from lethal POWV-LB challenge.
Ultimately, our findings reveal that B and T cell-mediated protec-
tion is critical for protection, as exemplified by the successful im-
plementation of a POWV-LB VLP-based vaccination strategy. In
these studies, we utilized a mouse model of POWV-LB infection
to establish factors associated with immune protection against
lethal POWV-LB challenge. Our main findings include: (1) the
requirement of B and T cell responses for protection against
lethal POWV-LB challenge, (2) viral- and host-mediated compo-
nents of POWV-LB mortality, and (3) application of this knowl-
edge to design a successful VLP vaccination approach.
In addition to establishing a mouse model of POWV-LB infec-

tion, our work using immunocompromised mouse models
indicate that the POWV-LB neurotropism can drive mortality in-
dependent of the host adaptive immune system. This was best
illustrated by uniform mortality in B and T cell-deficient NSG
and Rag1"/" mice challenged with POWV-LB. These mice dis-
played a distinct disease progression, implying that POWV
neurological involvement in mice is possibly independent of

A

B C D

E
F

G H

Figure 7. VLP-based vaccination confers
protection against lethal POWV-LB chal-
lenge
(A) Vaccination strategy and relevant time points

for 10- to 14-week-old B6 mice. Mice were

vaccinated with 300 mg per mouse of 2% Alhy-

drogel (Alum only) ± 2 mg POWV-LB VLP i.m. and

allowed to develop amemory response for 21 days

post vaccination (dpv). At 21 dpv, mice were

boosted with identical formulations of Alum ± 2 mg

POWV-LB VLP i.m. Three days after boosting,

submandibular bleeds were performed to examine

the binding and neutralization activity via ELISA

and FRNT. Thirty-one days following initial vacci-

nation, mice were challenged s.c. with 102 FFU

POWV-LB and monitored for morbidity and mor-

tality. At 3 dpi, submandibular bleeds were

performed to examine CD4+ and CD8+ T cell re-

sponses.

(B) Representative graph from two independent

experiments with ELISAs examining binding to

whole virions using sera collected from mice 24

dpv with Alum ± 2 mg POWV-LB VLP (n = 8 and n =

9, respectively). Binding indicated by absorbance

(A450) to POWV-LB.

(C and D) POWV-Spooner (C) and West Nile virus

(WNV) (D) is shown.

(E) Representative graph from two independent

experiments with FRNTs performed on BHK-21

cells examining neutralization activity against 102

FFU POWV-LB for sera collected 24 dpv (n = 2 and

n = 4, respectively).

(F) Representative flow plots showing T cell re-

sponses in blood of mice VLP vaccinated (n = 4) or

Alum adjuvant only (n = 3)-treated mice 3 days

after 102 FFU POWV-LB challenge. T cells were

treated ex vivo with either no stimulus (left), 10 mM

peptide (middle), or a-CD3 (right) in the presence

of BFA for 6 h and stained and analyzed as in

Figure 3.

(G and H) Mortality (G) and weight loss (H) of B6 mice vaccinated and boosted with Alum ± 2 mg POWV-LB VLP (n = 8 and n = 9, respectively) and challenged s.c.

with 102 FFU POWV-LB and monitored for 30 dpi. Mice vaccinated with POWV-VLP were protected from lethal POWV-LB challenge (p < 0.0001, Mantel-Cox

test). All data are reported as mean ± SEM.
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adaptive immunity. Future studies should consider whether
cellular targets of infection or replication kinetics are altered in
NSG and Rag1"/" mice, which may impact POWV disease.
The implication that adaptive immunity may contribute to im-

mune-mediated pathogenesis is noteworthy. The disease
phenotype observed in B and T cell-deficient (NSG, Rag1"/")
mice was similar to depletion of CD8+ T cells in B6 mice prior
to POWV-LB challenge, indicating that CD8+ T cells are impor-
tant drivers of immune-mediated pathogenesis in our model.
This finding may be relevant to POWV morbidity and mortality,
and the development of neurological symptoms during POWV
disease. CD8+ T cells contributing to immune-mediated patho-
genesis in POWV infection is consistent with reports for other fla-
viviruses (Hassert et al., 2020, 2021) and flaviviruses causing
TBE (R!u"zek et al., 2009; Blom et al., 2018). Strikingly, immuno-
compromised SCIDmice challenged with TBEV have longer sur-
vival times than BALB/c or B6mice. Furthermore, studies ofmice
lacking CD8+ T cells during TBEV challenge found survival time
was extended (R!u"zek et al., 2009) and adoptive transfer of
TBEV-specific CD8+ T cells into SCID reduced survival times
(R!u"zek et al., 2009). This suggests that the presence of CD8+

T cells is sufficient for immune-mediated pathogenesis of these
neurotropic tick-borne flaviviruses. This phenomenon has rele-
vance for efforts to develop vaccinations against tick-borne fla-
viviruses and should be the subject of further study.
Interestingly, the POWV351-359 region containing a CD8+ T cell

epitope also contains an POWV-specific B cell epitope identified
by Choi et al. (2020) in their synthetic enhanced DNA-based
POWV vaccination approach (Choi et al., 2020). These concom-
itant findings, as well as other studies (Cimica et al., 2021), un-
derscore the benefit of a VLP-based vaccination strategy that
elicits responses to B and T cell epitopes. This finding also high-
lights the need to better understand immune responses elicited
by different vaccine formulations (i.e., different adjuvants driving
T-helper profiles, TH1 versus TH2) to provide optimal immunity
against POWV-LB. Future studies should explore the role of
CD8+ T cell responses in VLP-based vaccination strategies
against POWV-LB to elucidate the role of CD8+ T cells in protec-
tion versus pathogenesis during POWV infection. Notably, in our
studies of CD8+ T cell responses within the POWV model, mice
mount a response lower in magnitude relative to other flavivi-
ruses (ZIKV, WNV) utilized in our lab. This is true for both line-
ages, although the mechanisms underlying this reduced
response remain unclear to us. It is also notable that antibody re-
sponses detected against POWV-LB were similar in magnitude
to responses against POWV-Spo, suggesting that the ability to
generate an antibody response to POWV does not solely dictate
survival outcome among B6 mice infected with the two lineages.
The contribution of CD4+ T cells in the context of POWV immu-

nity is unclear. Although our studies did not examine the impact of
adoptively transferringPOWV-experiencedCD4+Tcells alone,we
observed no significant differences in morbidity or mortality of
POWV-LB challenged mice when pan T cells were transferred to
B6 mice. We also saw no significant differences in mice depleted
ofCD4+ T cells prior to POWV-LBchallenge. It has been shown for
other flaviviruses thatCD4+ T cell responses are important for pro-
tection from disease (Brien et al., 2008; Elong Ngono et al., 2019;
Hassert et al., 2018; Watson et al., 2016). In particular, the role of

CD4+ T cells in POWV infection and CNS disease (Ciurkiewicz
et al., 2020) should be a subject of further inquiry.
From our studies, it appears that no single component of

POWV immunity in isolation is sufficient for durable protection
against POWV, as only sera transferred to B6 mice with a func-
tional T cell compartment resulted in limited protection from
death and severe disease.

Limitations of the study
One limitation of our studies of the POWV-LB-adaptive immune
response is the necessity of using POWV-Spo for the generation
of donor sera and T cells. The discrepancies in disease progres-
sion between the two lineages underscore the need to better
each POWV lineage, but also to dissect the molecular mecha-
nisms that drive the distinct disease outcomes observed among
two lineages that differ very little in terms of aa identity. Overall,
our studies suggest that the balance of T and B cell-mediated
immunity is critical for prevention of severe POWV disease,
and that POWV neurological sequelae are the result of viral-
and host-mediated pathologies. Our findings support the careful
consideration of a balanced B and T cell response elicited by
future POWV vaccines to provide protection from disease. The
finding that balanced T and B cell responses are critical for im-
mune-mediated protection from POWV disease will aid the
rational design of future POWV vaccines.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-Mouse IgG (whole molecule)–Peroxidase

antibody produced in goat

Sigma-Aldrich Cat# A8924, RRID:AB_258426

Alexa Fluor! 488 anti-mouse CD19 Antibody,

Isotype Rat IgG2a, k, clone 6D5

BioLegend Cat# MCA1439A488T,

RRID:AB_1101006

PerCP/cyanine5.5 anti-mouse CD8a Antibody,

Isotype Rat IgG2a, k, clone 53–6.7

BioLegend Cat# 100734, RRID:AB_2075238

Brilliant Violet 605TM anti-mouse CD4

antibody, Rat IgG2a, k, clone RM4-5

BioLegend Cat# 100548, RRID:AB_2563054

APC anti-mouse IFN-gamma antibody,

Rat IgG1, k, clone XMG1.2
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PE mouse anti-human Granzyme

B antibody, clone GB11

BD Biosciences Cat# 561142, RRID:AB_10561690

Bacterial and virus strains

POWV strain LB Ebel laboratory Mandl et al., 1993

POWV-DTV strain Spooner Ebel laboratory Ebel et al., 1999

Rift Valley Fever Virus vaccine strain (MP-12) A. Hise & M. Buller Ermler et al., 2013

Chemicals, peptides, and recombinant proteins

POWV peptide library,

accession #: NP_620099.1

21st Century Biochemicals N/A

Experimental models: Cell lines

BHK-21 clone 13 ATCC ATCC Cat# CCL-10, RRID:CVCL_1915

Vero CCL-81TM ATCC Cat# CCL-81, RRID:CVCL_0059

RMA-S Cells ATCC RRID:CVCL_2180

Experimental models: Organisms/strains

C57BL/6J mice The Jackson Laboratory 000664

B6.129S7-Rag1tm1Mom/J mice The Jackson Laboratory 002216

NOD.Cg-PrkdcscidIl2rgtm1Wjl/SzJ mice The Jackson Laboratory 005557

Oligonucleotides

POWV LB qPCR primer 5’ - GGCTGCA

AATGAGACCAATTC -30
IDT N/A

POWV LB qPCR primer 50’-CAGCGACA

CATCTCCATAGTC -30
IDT N/A

POWV LB qPCR probe 5’-/56-FAM/TGGCATCCG/

Zen/AGAAAGTGATCCTGC/3IABkFQ/-3’

IDT N/A

POWV Spooner qPCR primer 50- GCAGCAC

CATAGGTAGAATGT-30
IDT N/A

POWV Spooner qPCR primer 50-CCACCC

ACTGAACCAAAGT-30
IDT N/A

POWV Spooner qPCR probe 5’ -/56-FAM/

TCTCAGTGG/Zen/TTGGAGAACACGCAT/

3IABkFQ-30

IDT N/A

Other

POWV-E282 H2-D
b Tetramer,

Alexa Fluor! 647

NIH Tetramer Core N/A
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Amelia K.
Pinto (amelia.pinto@health.slu.edu).

Materials availability
All unique/stable reagents generated in this study are available from the lead contact upon request.

Data and code availability

d All data reported in this paper will be shared by the lead contact upon request.
d This paper does not report original code.
d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Viruses and cells
POWV-LB (lineage I) (Mandl et al., 1993) and POWV-Spooner (lineage II) (Ebel et al., 1999) were obtained courtesy of G. Ebel and
passaged once on BHK-21 clone 13 cells (Mesocricetus auratus, Syrian golden hamster kidney fibroblasts) purchased from Amer-
ican Type Culture Collection (ATCCCCL-10). Rift Valley Fever Virus vaccine (strain MP-12, GenBank accession numbers: DQ375404
(L), DQ380208 (M), and DQ380154 (S)) (Ermler et al., 2013) was gifted from A. Hise andM. Buller and passaged twice in African green
monkey kidney epithelial cells (Vero-WHO) purchased from American Type Culture Collection (ATCC CCL-81). All supernatants of
these cultures were clarified of cellular debris by centrifugation at 3,500 RPM prior to being aliquoted and frozen at"80#C. Infectious
virus titer was measured using a standard focus forming assay (FFA) on Vero cells for MP-12 or BHK-21 (clone-13) cells for POWV as
described previously (Brien et al., 2013; Smith and Hirsch, 2020).

Ethics statement
All animal studies were conducted in accordance with the Guide for Care and Use of Laboratory Animals of the National Institutes of
Health and approved by the Saint Louis University Animal Care and Use Committee (IACUC protocol # 2777).

Mice and infections
Wild type C57BL/6J (B6, 000664), Nod SCID gamma (NSG, 005557) and recombination activating genes 1 (Rag"/-, 002216) mice
were purchased commercially from Jackson Laboratories and housed in a pathogen-free mouse facility at the Saint Louis University
School of Medicine. Female SwissWebster mice (SW-F) were purchased from Taconic Biosciences and housed in the samemanner.
Unless otherwise noted, approximately equal ratios ofmale and femalemicewere utilized for these studies. For CD8+ andCD4+T cell
depletion studies, 10- to 12-week-old B6 mice were infected subcutaneously (s.c.) via footpad injection with 102 focus forming units
(FFU) of POWV-LB. For epitope identification, wild type B6micewere injectedwith heat-inactivated serum fromPOWV-immunemice
at -1 days post infection (DPI). Within 24 hours, serum-treatedmice were infected s.c. with 102 FFU of POWV-LB virus. For Pan T-cell
adoptive transfer studies, 10-12-week-old B6 mice were infected with 103 FFU of POWV-LB one day after adoptive transfer of cells.
During the course of infectionmice were assessed for weight loss, signs of neurological disease, andmortality daily. Signs of disease
range and in the most severe cases accelerate in the following manner from no apparent disease, limp tail, hind limb weakness, hind
limb paralysis, complete paralysis and death. Clinical scoring system was as follows: 0=clinically normal, 1 = limp tail, slight ruffled
appearance, 2 = highly ruffled appearance, hunched posture, 3 = hindlimb weakness, conjunctivitis, 4 = hindlimb paralysis, severe
conjunctivitis, urinary incontinence, 5 = moribund, animal is not moving, 6 = deceased. Mice displaying multiple signs of disease at
once, such as limp tail accompanied by hindlimb weakness, are scored as the more severe sign of disease (e.g. hindlimb weakness).

METHOD DETAILS

CD8+ and CD4+ T cell depletions
B6 mice were treated with 100 mg of either CD8-depleting antibody (Anti-mouse CD8b.2, 53–5.8, Leinco, C2832) or CD4-depleting
antibody (GK1.5, InVivoMab, BE0003-1) two times via intraperitoneal (i.p.) injection; once on day "3 and again on day 0. To confirm
T cell depletions, blood was collected by submandibular bleed on day 3 post-infection and analyzed by flow cytometry using anti-
bodies denoted in the Key Resources Table.

Peptide library
A POWV peptide library was constructed based on amino acid (a.a.) sequences from POWV-LB polyprotein (Accession #:
NP_620099.1). The library consists of 157 15-mer peptides, overlapping by 10 a.a. Together, it spans the nucleocapsid (Anc),
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pre-membrane (prM), and envelope (E) portion of the polyprotein. Lyophilized peptides were reconstituted to 10 mg/mL in 90%
DMSO and stored at "80#C. until use. Within this library, all peptides appeared soluble. For epitope identification, the peptides in
the library were diluted such that the final concentration of each peptide was 2mM.

Peptide stimulation
Splenocytes were harvested from mice 7 DPI in the case of CD8+ epitope identification or 10 DPI in the case of CD4+ epitope iden-
tification for acute experiments or >30 days post infection for assessment of memory and vaccination responses. Spleens were
processed to a single-cell suspension over a 40 mmcell strainer and suspended in RPMI supplementedwith 5%FBS and 1%HEPES.
1 3 106 cells were plated per well in a round-bottom 96-well plate and stimulated for 6 hours at 37#C, 5% CO2 in the presence of
10 mg/mL brefeldin A and either a-CD3 (clone 2C11) as a positive control or 10 mg of peptide.

Flow cytometry
Following peptide stimulation, cells were washed with PBS and stained for surface markers using antibodies denoted in the key re-
sources table. The cells were analyzed by flow cytometry using an Attune NxT.

Passive transfer of sera
Ten to 12-week-old B6mice were infected via s.c. footpad injection with 102 FFU of POWV-Spooner or Rift Valley Fever virus vaccine
strain MP-12 and allowed to develop a memory response. Mice were considered convalescent when they displayed: 1) survived
>30 days post infection, 2) completely recovered weight loss, and 3) showed no apparent indicators of disease. >30 DPI, mice
were terminally bled via cardiac puncture and whole blood was collected and subjected to centrifugation for 15 min at 12,000 3
g. Sera was stored at "80#C until further use. Sera was diluted in sterile tissue-culture grade PBS and injected i.p. 24 hours before
infection with POWV.

Adoptive transfer of T cells
Ten to 12-week-old B6 mice were infected via s.c. footpad injection with 102 FFU of POWV-Spooner, Rift Valley Fever Virus vaccine
strain MP-12, or PBS as a negative control. >30 DPI, splenocytes were harvested and prepared for use in a Milteyni enrichment kit.
T cells were purified to >90% purity using a Miltenyi negative selection kit (130-095-130) according to manufacturer’s specifications.
!13 106 cells were administered to B6mice i.v. 24 hours prior to infection. Successful adoptive transfer of T cells into recipient mice
was confirmed by submandibular bleed at 3 DPI and flow cytometric analysis using antibodies denoted in the key resources table.
When CD45.1 congenic donors were used, a-CD45.1-FITC (clone A20) was also included in the panel.

Virus-like particle (VLP) preparation and vaccination
POWV genomic RNA was isolated from a purified virus stock using Trizol reagent (Invitrogen) according to manufacturer’s protocol.
POWV-LB nucleotides 361–2415 (Accession: NC_003687), encoding the transmembrane anchor and signal sequence of the C pro-
tein, prM, and E were reverse transcribed and PCR amplified using primers 50-GATCGCGGCCGCACCATGCAGAGCCTTCACATGA
GAGG-30 and 50-GATCGGAATTCCTATGCCCCAACTCCCATTGTCATC-30 (restriction sites, NotI and EcoRI respectively in bold,
POWV genomic sequence underlined). The amplified product was restriction digested and cloned into vector pLVX tight-puro (Ta-
kara) to create plasmid pLVX-POWVprME. To create a cell line for inducible expression of POWVVLPs, HEK293 cells (Microbix) were
transfected with pLVX-Tet-On Advanced (Takara), which expresses the tetracycline-controlled transactivator. Stable transformants
were selected with G418 and cloned by limiting dilution. POWV prME-expressing pseudotyped lentiviruses were then produced by
co-transfection of pLVX-POWVprME with the lentiviral packaging vector pSPAX2 (psPAX2 was a gift from Didier Trono (Addgene
plasmid # 12,260; RRID: Addgene_12260) and vesicular stomatitis virus G protein expression vector pMD2.G (also from Didier Trono
(Addgene plasmid # 12259; RRID: Addgene_12259). The resulting pseudotyped lentiviruses were used to transduce the tet-trans-
activator expressing HEK293 cells. Transductants were selected with1 mg/mL puromycin. For VLP production, cells were cultured
in DMEM (Corning) supplemented with 2% fetal bovine serum, penicillin and streptomycin and 1 mg/mL doxycycline. VLPs were pu-
rified and concentrated by collecting supernatants at 7 d post doxycycline addition, filtration through a 0.45 mm filter, and centrifu-
gation at 150,0003 g for 2 hours through a 20%sorbitol cushion. Pellets containing VLPwere resuspended in PBS at 1/100th original
volume and analyzed by SDS-PAGE, followed by immunoblot and detection with a POWV E-specific antibody (Anti-Langat virus E,
clone 10F6, BEI Resources). Preparations of VLP were quantified by comparing dilutions of VLP to known quantities of POWV ex-
pressed at FFU equivalents/mL, and total protein quantified by BCA assay.
Ten to 12-week-old B6 mice were vaccinated i.m. in the right quadricep with 2 mg of POWV-VLP adjuvanted with 300 mg of 2%

aluminum hydroxide gel, Alhydrogel (InvivoGen, 21645-51-2) or 300 mg per mouse Alhydrogel alone, (denoted ‘Alum’ or ‘Alum
only’). Twenty-one days later, mice were boosted with an identical formulation of POWV-VLP or Alum.

Enzyme-linked immunosorbent assays (ELISAs)
For POWV-LB or POWV-Spooner ELISAs measuring binding to whole virions, Nuc MaxiSorp Plates (ThermoFisher, 460984) were
coated with 75mL/well of virus stock diluted 1:30 in carbonate coating buffer (0.1 M Na2CO3, 0.1 M NaHCO3, pH 9.3) and stored
at"20#C until further use. Following coating, plates were washed with four times with 200 mL/well of ELISA wash buffer (1XPBS,
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0.5% Tween) and blocked with 250 mL/well of blocking buffer (PBS + 5%BSA + 0.5% Tween) at room temperature for 1 hour. Sera
fromPOWV-challengedmicewas diluted in blocking buffer starting at 1:50with 4-fold serial dilutions. Plates werewashedwith ELISA
wash buffer and 50 mL/well of sera was allowed to incubate for 1 hour at 37#C. Following incubation, plates were washed with ELISA
wash buffer and 50mL/well of a 1:5000 dilution of secondary antibodywas allowed to incubate for 2 hours at room temperature. Plates
were washed with ELISA wash buffer and 100 mL/well of enhanced TBD substrate (Neogen 308176) was allowed to incubate for
10–15 minutes during development of color change. Finally, 50mL/well of 1 N HCl was used to quench the reaction and absorbance
at 450 nm was read immediately using a BioTek Instruments Epoch plate reader.

Focus forming assay (FFA)
One day prior to the assay, tissue-culture treated 96-well plates (MidSci, TP92696) were seeded with 23 104 cells/well and allowed
to grow at 37#C, 5% CO2 to a target confluency of !90%. Samples were serially diluted and added to BHK monolayers in 96-well
plates for 1 h at 37#C to allow virus adsorption. Cells were overlaid with 2% methylcellulose mixed with DMEM containing 5% FBS,
1%HEPES and incubated for 24 hours at 37⁰C.Media was removed and cell monolayers were fixed with 5%paraformaldehyde in 1X
PBS for 15 min at room temperature, rinsed, and permeabilized in PermWash (PBS, 0.05% Triton-X). Infected cell foci were stained
by incubating cells with sera from Swiss-Webster mice challenged with 103 FFU-equivalents of b-propiolactone (BPL, Sigma-Al-
drich, P5648-5ML)-inactivated POWV-LB. Sera was diluted 1:5,000 in Perm Wash and 50 mL/well was allowed to incubate for over-
night at 4#C and then washed three times with Perm Wash. Foci were detected with 50 mL/well of 1:5,000 dilution of horseradish
peroxidase-conjugated goat anti-mouse IgG for 2 hours. After three washes with Perm Wash, staining was visualized by addition
of 50 mL/well TrueBlue detection reagent (KPL). Infected foci were enumerated by CTL Elispot.

Focus reduction neutralization tests (FRNTs)
One day prior to the assay, tissue-culture treated 96-well plates (MidSci, TP92696) were seeded with 23 104 cells/well and allowed
to grow at 37#C, 5% CO2 to a target confluency of !90%. Four-fold serial dilutions of sera of POWV-infected mice were mixed with
102 FFU of infectious virus, incubated at 37#C for 1 h, and added to BHK monolayers in 96-well plates for 1 h at 37#C to allow virus
adsorption. Cells were overlaid with 2% methylcellulose mixed with DMEM containing 5% FBS, 1% HEPES and incubated for 24
hours at 37⁰C. Media was removed and cell monolayers were fixed with 5% paraformaldehyde in 1X PBS for 15 min at room tem-
perature, rinsed, and permeabilized in PermWash (PBS, 0.05% Triton-X). Infected cell foci were stained by incubating cells with sera
from Swiss-Webster mice challenged with 103 FFU-equivalents of b-propiolactone (BPL, Sigma-Aldrich, P5648-5ML)-inactivated
POWV-LB. Sera was diluted 1:5,000 in Perm Wash and 50 mL/well was allowed to incubate for overnight at 4#C and then washed
three times with Perm Wash. Foci were detected with 50 mL/well of 1:5,000 dilution of horseradish peroxidase-conjugated goat
anti-mouse IgG for 2 hours. After three washes with PermWash, staining was visualized by addition of 50 mL/well TrueBlue detection
reagent (KPL). Infected foci were enumerated by CTL Elispot. FRNT curves were generated by log-transformation of the x axis fol-
lowed by non-linear curve fit regression analysis using GraphPad Prism 9.

RMA-S stabilization assay
RMA-S cells were cultured in complete RPMI medium at 37 degrees Celsius, 5%CO2 until the night before the assay, when the cells
were shifted to 29 degrees Celsius, 5% CO2. The cells were then incubated for 4 hours with decreasing concentrations of each pep-
tide at 29 degrees Celsius, and then shifted back to 37 degrees Celsius, 5% CO2 for 1 hour. The cells were then washed with cold
PBS and stained for Db (clone 28-14-8) MHC molecule at 4#C. Cells were washed with ice cold PBS and run on an Attune focusing
flow cytometer. Fluorescence index was calculated by dividing the geometric mean fluorescence intensity (gMFI) of the peptide
pulsed cells by non-peptide pulsed cells. Data is reported a percentage of the maximum fluorescence index of each peptide serial
dilution.

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analyses for were performed using GraphPad Prism 9 (version 9.1.2). Statistical differences in survival were determined
using aMantel-Cox test. Statistical significance in area under the curve for ELISAswas determined by Student’s unpaired t-test. Data
for epitope candidates is represented as mean ± SEM for two individual experiments. Statistical significance has been indicated
within the figures with asterisks (*p = 0.05, **p = 0.01, ***p = 0.001, ****p < 0.0001).
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Prior Heterologous Flavivirus Exposure Results in Reduced
Pathogenesis in a Mouse Model of Zika Virus Infection
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ABSTRACT The 2015/2016 Zika virus epidemic in South and Central America left the
scientific community urgently trying to understand the factors that contribute to Zika vi-
rus pathogenesis. Because multiple other flaviviruses are endemic in areas where Zika vi-
rus emerged, it is hypothesized that a key to understanding Zika virus disease severity is
to study Zika virus infection in the context of prior flavivirus exposure. Human and animal
studies have highlighted the idea that having been previously exposed to a different fla-
vivirus may modulate the immune response to Zika virus. However, it is still unclear how
prior flavivirus exposure impacts Zika viral burden and disease. In this murine study, we
longitudinally examine multiple factors involved in Zika disease, linking viral burden with
increased neurological disease severity, weight loss, and inflammation. We show that prior
heterologous flavivirus exposure with dengue virus type 2 or 3 or the vaccine strain of
yellow fever provides protection from mortality in a lethal Zika virus challenge. However,
reduction in viral burden and Zika disease varies depending on the infecting primary fla-
vivirus; with primary Zika virus infection being most protective from Zika virus challenge,
followed by dengue virus 2, with yellow fever and dengue virus 3 protecting against mor-
tality but showing more severe disease. This study demonstrates the variation in protec-
tive effects of prior flavivirus exposure on Zika virus pathogenesis and identifies distinct
relationships between primary flavivirus infection and the potential for Zika virus disease.

IMPORTANCE The emergence and reemergence of various vector-borne diseases in recent
years highlights the need to understand the mechanisms of protection for each pathogen.
In this study, we investigated the impact of prior exposure to Zika virus, dengue virus sero-
types 2 or 3, or the vaccine strain of yellow fever on pathogenesis and disease outcomes
in a mouse model of Zika virus infection. We found that prior exposure to a heterologous
flavivirus was protective from mortality, and to varying degrees, prior flavivirus exposure
was protective against neurological disease, weight loss, and severe viral burden during a
lethal Zika challenge. Using a longitudinal and cross-sectional study design, we were able
to link multiple disease parameters, including viral burden, with neurological disease sever-
ity, weight loss, and inflammatory response in the context of flavivirus infection. This study
demonstrates a measurable but varied impact of prior flavivirus exposure in modulating fla-
vivirus pathophysiology. Given the cyclic nature of most flavivirus outbreaks, this work will
contribute to the forecasting of disease severity for future outbreaks.

KEYWORDS flavivirus, Zika virus, dengue virus, yellow fever, cross-protection,
vaccination, heterologous virus

Zika virus (ZIKV) made a devastating impact when it was introduced in the Americas
in 2015 and was declared a public health emergency by the World Health

Organization (WHO) (1). During this ZIKV epidemic, it was reported that nearly 800,000
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people in the Americas had either suspected or confirmed cases of ZIKV infection (2).
While the population in the Americas was naive to ZIKV, multiple flaviviruses including
yellow fever virus (YFV) and the four serotypes of dengue virus (DENV1 to 4) are
endemic to the area (3, 4). With the introduction of ZIKV into the flavivirus endemic
areas of the Americas, the question of how and if prior flavivirus exposure could impact
the course of disease with a subsequent flavivirus has become one of the most out-
standing questions in flavivirus biology.

The Flavivirus genus consists of a number of related arthropod-borne viruses (arbo-
viruses), which represent a substantial burden to global health and economic stability.
Flaviviruses are small enveloped positive-stranded RNA viruses in the family
Flaviviridae. Following entry into susceptible cells, viral replication occurs in the cytosol
(5). The flavivirus genome is contained within a single open reading frame, which enco-
des a single polyprotein. The polyprotein is cleaved into 10 proteins: three structural
proteins, the capsid (C), premembrane/membrane (prM/M), and envelope (E), as well
as seven nonstructural proteins (6). As the structure and replication of flaviviruses are
thought to be highly similar, our understanding of intra and extracellular pathways of
flavivirus replication cycles comes from studies of multiple different flaviviruses
(reviewed in references 5–8). Similarly, studies have long used existing knowledge of
flavivirus structure to build and support the structural studies of emerging flaviviruses,
including ZIKV (9–11). The high degree of relatedness between flaviviruses has pro-
vided a foundation for understanding emerging flaviviruses but has also confounded
epidemiological studies and diagnostics, as the high degree of relatedness makes flavi-
viruses more difficult to serologically distinguish in vivo.

The high degree of genetic and structural similarities between flaviviruses (12) has
led to the hypothesis that prior flavivirus exposure could afford some cross-protection
against a novel circulating flaviviruses like ZIKV. The dengue literature provides some
evidence for cross-protection, with a single DENV serotype showing short-term protec-
tion against infection with heterologous serotypes (13). Additionally, multiple studies
have recently been published looking at the impact of prior dengue infection on the
generation of adaptive immune responses to ZIKV, noting that cross-reactivity exists
for both the T cells and antibody responses (reviewed in references 14–17). Based on
longstanding literature with DENV (18), there is also substantial concern surrounding
potential impact of a prior flavivirus exposure on enhancing disease severity of a sub-
sequent ZIKV infection. There is a well-established link between prior DENV exposure
and enhanced disease during infection with a heterologous DENV serotype (18). With
the introduction of ZIKV into areas of South and Central America where DENV and YFV
are endemic, there is a question regarding whether prior exposure to a heterologous
flavivirus could enhance disease severity. However, what is missing from these stud-
ies, and field studies of ZIKV infection in the Americas, is the ability to systematically
monitor infection and ZIKV disease course in the context of prior flavivirus infection.
So, while epidemiological studies have provided excellent insight into potential
correlations between prior heterologous flavivirus exposure and ZIKV pathogenesis,
murine models of heterologous infection, where more invasive systematic studies
can be completed, are important for testing potential correlations provided by field
studies.

What we have learned from animal studies and clinical observations of flavivirus
infection is that the high degree of similarity in flavivirus replication cycles, genetics,
and structures does not necessarily translate into similarities in cell tropism, pathoge-
nesis, disease course, and outcomes following infection. An example of this would be
the comparison between YFV and ZIKV. ZIKV infection is primarily asymptomatic in
adults and children and has shown significant tropism for the central nervous system
(CNS); where YFV is primarily thought of as a hemorrhagic fever virus causing mild to
severe disease in 45% of those infected and can have a mortality rate as high as 8%
(WHO). So, while we have been able to use the strong structural studies of flaviviruses
including DENV and YFV to make rapid advancements in our understanding of ZIKV
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biology, we have had to rely more heavily on animal models to understand the impli-
cations for disease. This is especially true in addressing the question of how a prior fla-
vivirus infection impacts the disease course of a subsequent flavivirus infection, where
prior studies have relied heavily on the structural and immunological similarities
between flaviviruses to predict disease outcomes.

Small animal models of infection have been critical for defining the correlates of
protection and modeling disease for several flaviviruses, including DENV (19), YFV (20,
21), and ZIKV (22–24). In the case of ZIKV, the type 1 interferon receptor knockout
mouse model (Ifnar12/2) has been used extensively for these purposes. A few studies
in murine systems have demonstrated that prior infection with a mouse-adapted strain
of DENV2 (strain D2S20) protects from a lethal ZIKV challenge (25) and to some degree
is protective from fetal loss in maternal infection models (26). However, whether ZIKV
cross-protection is similar, independent of prior flavivirus infection, is unclear. In addi-
tion, while murine models have shown that prior DENV2 infection prevents mortality,
the impact of prior flavivirus exposure on pathogenesis and disease course still remains
unclear, namely, the consequences for viral neuroinvasion and physical indicators of
neurological disease.

To address the gaps in knowledge of heterologous flavivirus exposure, we have
completed a comprehensive longitudinal cross-protection study, collecting multipara-
metric data to evaluate the impact of prior exposure to ZIKV, DENV2, DENV3, and the
vaccine strain of YFV (YF-17D) on ZIKV neurological disease. With this study, we dem-
onstrated that a sublethal heterologous flavivirus exposure confers varying degrees of
protection from ZIKV mortality, weight loss, neurological disease, and excessive cyto-
kine production in the CNS. Prior exposure to either ZIKV, DENV2, DENV3, or YF-17D
significantly reduced viral burden in the spleen, liver, kidney, brain, and spinal cord of
mice infected with ZIKV in comparison to a primary ZIKV infection. Importantly, there
were significant differences in the degrees of protection afforded by heterologous fla-
viviruses, with prior exposure to either ZIKV or DENV2 being the most protective from
ZIKV challenge. Exposure to YF-17D or DENV3 lessened mortality, disease severity, as
well as duration of disease, though some animals still succumbed to infection. These
data demonstrate that prior heterologous flavivirus exposure has a significant but var-
ied effect on ZIKV replication and disease burden. The results of this study suggest
that, along with cross-reactive immune responses, infection history can influence flavi-
virus disease course.

RESULTS
DENV, ZIKV, and YFV share a significant degree of geographic and genetic

overlap. Many areas in South and Central America are considered endemic for circula-
tion of flaviviruses including YFV and the four serotypes of DENV (WHO/Pan American
Health Organization [PAHO]). ZIKV, DENV, YFV, and YF-17D vaccine coverage collected
from case incidence data from the WHO/PAHO database for South and Central
American countries from 2015 to 2019 (Fig. 1A) demonstrate the relative infection and
vaccination rates for the flaviviruses during and following the ZIKV epidemic. Most
people living in these regions had likely never been exposed to ZIKV prior to the 2015/
2016 ZIKV outbreak (27), yet by 2019, ZIKV was endemic in most South and Central
American countries. In 2017, as ZIKV infections continued to be documented, the
northern region of Brazil was experiencing a surge of YFV cases, prompting a large vac-
cination campaign. Additionally, the reemergence and dramatic increase in DENV cases
in South America over the last 50 years has resulted in many regions in South America
being termed “dengue hyperendemic” (3). These most recent outbreaks are reflected
in the WHO/PAHO data and demonstrate that the vast majority of South and Central
American countries have reported the circulation of more than one of these flaviviruses
over the past 5 years (Fig. 1B). The cyclic nature of the endemic flavivirus infections
within this region suggests that even in years where disease incidence is relatively low,
the prior flavivirus exposure rate within the population is relatively high (28, 29). Given
the recent ZIKV outbreak and the high likelihood that ZIKV, or another flavivirus, will
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reemerge and cause disease, the question of how prior flavivirus exposure influences
infection and disease of a subsequent flavivirus is crucial.

There are a significant number of genetic and antigenic similarities between ZIKV,
the four serotypes of DENV, and YFV (12, 30). Comparison of the amino acid identity of
the full-length polyproteins between ZIKV (strain PRVABC59), DENV2 (strain D2S20),
DENV3 (strain CO360/94), and YFV (strain YF-17D) demonstrates between 44% to 71%
identity between the viruses in various combinations (Fig. 1C). Based on epidemiologi-
cal studies demonstrating the potential for immune mediated cross-protection (29, 31)
as well as extensive genetic overlap (Fig. 1C) (32), we hypothesized in this study that
exposure to DENV or YFV would confer some protection from ZIKV pathogenesis in a
murine model.

FIG 1 The flaviviruses contained within this study share a substantial degree of geographic and genetic overlap. (A) Average annual incidence rates per
100,000 people in South and Central American countries from 2015 to 2019. DENV, ZIKV, and YFV infections and YF-17D vaccine coverage were reported
by the WHO/PAHO. Data is displayed as annual average incidence per 100,000 people in a given country for infections or percent reported vaccine
coverage for YF-17D. (B) The number of each of the flaviviruses of interest reported in each country from 2015 to 2019 ranging from 1 to 4. (C) Amino acid
identity of the full-length polyprotein of each virus used in the current study.
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Prior flavivirus exposure impacts ZIKV disease progression and mortality. To
examine the cumulative effects of prior flavivirus exposure on protection from ZIKV
through longitudinal study, sequential challenge experiments were performed in a
mouse model of infection and pathogenesis (24, 33). Four- to five-week-old Ifnar12/2

female and male mice were vaccinated intravenously (i.v.) with 105 focus-forming units
(FFU) of either DENV2 (mouse-adapted strain D2S20) or DENV3 (strain CO360/94).
Eight-week-old Ifnar12/2 mice were vaccinated subcutaneously (s.c.) with 105 FFU of
the vaccine strain of YFV (YF-17D). As positive and negative controls for this experi-
ment, 8-week-old female and male Ifnar12/2 mice were vaccinated with 105 FFU of
ZIKV (s.c.) or phosphate-buffered saline (PBS), respectively. Primary viral infection was
confirmed by reverse transcriptase PCR (RT-PCR) from bleeds 3 days post primary infec-
tion (data not shown). All primary viral infections were given to mice at specific ages
and at specific doses and routes of infection that were sufficient to result in infection
but not mortality (19, 21–23). Approximately 30 days following primary infection, flavi-
virus-immune and -naive Ifnar12/2 mice were challenged with 105 FFU of ZIKV i.v.
route. We have previously established that this, in a naive animal, is a lethal route of
infection, resulting in 80 to 90% of mice succumbing to infection by day 14 (22, 23).
During the i.v. ZIKV challenge, the mice were then monitored daily for 14 days for mor-
tality and indicators of disease, such as weight loss and limb weakness or paralysis. At
multiple time points following ZIKV infection (days 4, 7, 14, 30), blood was collected in
a subset of mice via cheek bleed and analyzed for viral burden via reverse transcrip-
tion-quantitative PCR (qRT-PCR) (Fig. 2A).

Consistent with previous literature (34), mice with prior ZIKV exposure (ZIKV !
ZIKV) were completely protected from overt ZIKV-induced morbidity and mortality
(Fig. 2B to D) compared to mice with no prior flavivirus exposure (flavi-naive ! ZIKV)
that lost a significant amount of weight (Fig. 2C) and all suffered from ZIKV-induced
neurological indicators of disease, including flaccid tail, limb weakness, hind limb paral-
ysis, or complete limb weakness or paralysis (Fig. 2D). Approximately 75% of mice chal-
lenged with ZIKV in the absence of prior flavivirus exposure eventually succumbed to
infection, consistent with our previous reports (22, 23) (Fig. 2B).

Upon infection with ZIKV, mice with prior heterologous flavivirus exposure had sig-
nificantly reduced mortality relative to flavivirus-naive mice infected with ZIKV. One
hundred percent of mice with prior DENV2 exposure (DENV2 ! ZIKV), 80% of mice
with prior DENV3 exposure (DENV3 ! ZIKV), and 80% of mice with YF-17D exposure
(YF-17D ! ZIKV) survived ZIKV challenge (Fig. 2B). As we had hypothesized, these data
show that prior heterologous flavivirus exposure is protective from ZIKV-induced mor-
bidity and mortality in the Ifnar12/2 mouse model. However, what was surprising was
the varying degrees of cross-protection observed depending upon the primary infect-
ing virus.

Comparison of the protection from morbidity afforded by prior sublethal ZIKV infec-
tion to that of prior heterologous flavivirus exposure revealed unexpected differences
in protection between the flaviviruses (Fig. 2C and D). In the case of DENV2 exposure,
these mice lost significantly less weight than the flavivirus-naive mice during ZIKV chal-
lenge (flavi-naive ! ZIKV), and only on days 2 to 4 post ZIKV challenge did prior DENV2
exposure result in significant differences in weight loss between the mice that had
received a prior DENV2 (DENV2 ! ZIKV) infection and the mice that had previously
seen ZIKV (ZIKV ! ZIKV) (Fig. 2C). This mild evidence of disease in the DENV2-immune
mice is also seen in the clinical scoring, where only 20% of the mice showed any signs
of neurological impairment (Fig. 2D). However, in the case of prior DENV3 exposure
(DENV3 ! ZIKV), partial protection from ZIKV was conferred as indicated by only a mild
reduction in weight loss relative to the flavi-naive ! ZIKV group during ZIKV challenge
(Fig. 2C). Conversely, comparison of the weight loss between ZIKV-immune and
DENV3-immune mice showed a significant weight loss in the DENV3-immune mice
starting day 4 post ZIKV infection and continuing until day 13, and all mice within this
group displayed some signs of neurological involvement (Fig. 2D), suggesting that
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FIG 2 Prior flavivirus exposure leads to reduced disease severity and mortality during ZIKV challenge. (A) Experimental design. Ifnar12/2 mice
were sublethally infected with either ZIKV (n=8), DENV2 (n=15), DENV3 (n=30), YF-17D (n=10), or PBS as a flavivirus-naive control (n=11).
Thirtydays following primary infection, mice were challenged with ZIKV by i.v. administration. For 14days following ZIKV challenge, mice were
monitored for indicators of neurological disease as previously described (22, 23), weight loss, and mortality. At days 4, 7, 14, and 30 post ZIKV
challenge, blood was collected to measure viremia by qRT-PCR. Data is a compilation of 4 independent experiments with at least 8 animals per
group. (B) Survival of Ifnar12/2 mice with or without prior flavivirus exposure during i.v. ZIKV challenge. Statistically significant differences in
survival rates were determined by Mantel-Cox test (*, P=0.03; **, P=0.002; ***, P=0.0002; ****, P, 0.0001). (C) Weight loss during ZIKV
challenge. As a measure of disease burden, mice were weighed daily for 14days post ZIKV challenge. Weight change is displayed by
normalizing relative to the starting weight of each animal on the day of ZIKV challenge. Statistical significance in weight loss over time was
determined by two-way ANOVA with Dunnett’s post hoc analysis (*, P=0.03; **, P=0.002; ***, P=0.0002; ****, P, 0.0001). Closed stars represent
statistical significance from flavi-naive ! ZIKV, and open stars demonstrate statistical difference from ZIKV ! ZIKV. (D) Neurological indicators of
ZIKV disease. Mice were evaluated daily for sequela associated with ZIKV infection and graphed as a percentage of the total number of mice per
group.
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these mice were not as resistant to ZIKV-induced weight loss and disease. In examining
the protection provided by prior exposure to YF-17D, we saw an intermediate pheno-
type between DENV2 and DENV3. All of the YF-17D mice lost some weight following
ZIKV challenge, with the YF-17D-immune mice showing a significant difference in
weight loss compared to the flavi-naive ! ZIKV group beginning on day 6 and with a
peak weight loss occurring between days 6 and 7 before the mice began to recover
(Fig. 2C). Most YF-17D-immune mice did not completely recover to their original body
weight by day 14 post ZIKV infection. The neurological disease score showed a similar
trend, with 40% of the mice showing evidence of neurological disease (Fig. 2D). These
results suggest that prior heterologous flavivirus infection can protect against mortal-
ity, and individual heterologous flaviviruses have distinct influences on the severity of
morbidity associated with ZIKV.

ZIKV viremia over time but not ZIKV neutralization is differentially influenced
by prior heterologous flavivirus exposure. Throughout the course of this longitudi-
nal study (Fig. 2A), whole blood was collected at multiple time points post ZIKV expo-
sure and analyzed by qRT-PCR to assess the impact of heterologous flavivirus exposure
on ZIKV viremia over time. Consistent with our previous studies using this model (22,
23), during a primary ZIKV infection (flavi-naive ! ZIKV), viral RNA is detectable in the
blood by day 4 postinfection and trends in a downward trajectory over time; however,
the virus is not cleared even by day 30 in these animals (Fig. 3). Sublethal vaccination
with ZIKV prior to ZIKV challenge results in a substantial reduction in viremia (relative
to mice with no prior flavivirus exposure) starting as early as 4 days postchallenge and
continuing throughout the course of the experiment (Fig. 3A). This is consistent with
previous reports demonstrating the protective capacity of ZIKV immunity upon chal-
lenge with ZIKV (34–36).

Similar to the influence of prior heterologous flavivirus infection on ZIKV neurologi-
cal disease and weight loss, viremia was variable and dependent upon the virus that
was given upon primary infection. In mice with prior DENV2 exposure, ZIKV viremia
was statistically lower throughout the course of infection, with the exception of day 7,
relative to mice with no prior flavivirus exposure and was not dramatically different
from mice that had received a prior ZIKV infection (Fig. 3B). However, in mice with prior
DENV3, only on days 4 and 30 was there a statistically significant reduction in ZIKV vire-
mia relative to a primary infection (Fig. 3C). Comparison of ZIKV viremia from DENV3-
immune mice to that of mice that had previously received ZIKV demonstrated signifi-
cant differences at all time points tested. An intermediate phenotype was observed in
the YF-17D-immune mice, where at early time points post ZIKV infection, viremia was
significantly higher in the YF-17D-immune mice than in the ZIKV-immune mice, and by
day 14 postinfection, viremia was lower in the YF-17D-immune mice than in the ZIKV-
naive group. These results demonstrate that prior heterologous flavivirus exposure
results in a significant reduction in detectable viral genome copies by day 30 post ZIKV
infection.

In the context of a primary ZIKV infection, multiple murine studies have linked pro-
tection from disease and reduction in viral burden to a robust neutralizing antibody
response (37, 38). Moreover, there have been numerous reports of flavivirus antibody
cross-reactivity as measured by enzyme-linked immunosorbent assay (ELISA) in
humans, nonhuman primates, and murine models of infection (37–42). One hypothesis
would suggest that the observed cross-protection, in the form of reduction in viral bur-
den, may be mediated by cross-neutralizing antibodies generated during the primary
heterologous flavivirus exposure. To test this hypothesis, serum was collected from
mice during heterologous ZIKV challenge at days 0, 4, 7, and 14 post-ZIKV challenge.
The serum was used to evaluate the impact of prior heterologous flavivirus exposure
on ZIKV neutralization potential of polyclonal serum samples during a secondary infec-
tion via focus reduction neutralization test (FRNT) (39). Using this technique, we deter-
mined the concentration of serum at which 50% of ZIKV particles were neutralized
(NT50) (Fig. 3E to H and Table 1). The inverse of this value was used to indicate serum
neutralization potential, with greater values indicating greater neutralization.
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As expected, mice with no prior flavivirus exposure exhibited no neutralizing anti-
bodies against ZIKV prior to challenge, mice with prior ZIKV exposure had high ZIKV-
neutralizing antibody titers at the start of lethal ZIKV challenge, and over the course of
ZIKV infection the mice that had received a prior ZIKV challenge maintained a signifi-
cantly higher level of neutralization than the mice that had received a prior heterol-
ogous flavivirus infection (Fig. 3E to H and Table 1). Mice with prior exposure to
DENV2, DENV3, or YF-17D began with little to no detectable neutralizing antibodies
against ZIKV (Fig. 3E and Table 1). Interestingly, on days 4 and 7 postinfection, ZIKV-
neutralizing antibody responses were not significantly higher and appeared to be
slightly lower in the heterologous immune animals compared to those of naive animals
challenged with ZIKV (Fig. 3F and G and Table 1). By day 14 following ZIKV infection,
the ZIKV-neutralizing antibody response in these animals did not differ from animals in
the flavi-naive ! ZIKV group (Fig. 3H and Table 1). These data lead to the conclusion
that within this model of heterologous infection, ZIKV cross-protection is not primarily
mediated by cross-neutralizing antibodies. These findings, however, do not rule out any
potential nonneutralizing antibody functions that could be mediating cross-protection, such
as complement activation or antibody dependent cellular cytotoxicity (ADCC).

Global ZIKV viral burden is reduced with prior flavivirus exposure. While we
observed a reduction in ZIKV viremia over time in mice that had been previously
exposed to another flavivirus, it was unclear if heterologous flavivirus exposure could
influence viral burden in tissues both within the peripheral organs and central nervous

FIG 3 ZIKV viremia over time and ZIKV neutralization potential following heterologous challenge. Following ZIKV challenge, blood was collected via
submandibular bleed on days 4, 7, 14, and 30 to evaluate viremia over time by qRT-PCR. (A) ZIKV viremia of homologously primed and boosted (ZIKV !
ZIKV) mice compared to that of mice with no prior flavivirus exposure during ZIKV challenge. (B) ZIKV viremia of DENV2-immune mice during ZIKV
challenge (DENV2 ! ZIKV) compared to that of mice with no prior flavivirus exposure during ZIKV challenge. (C) ZIKV viremia of DENV3-immune mice
during ZIKV challenge (DENV3 ! ZIKV) compared to that of mice with no prior flavivirus exposure during ZIKV challenge. (D) ZIKV viremia of YF-17D-
vaccinated mice during ZIKV challenge (YF-17D ! ZIKV) compared to that of mice with no prior flavivirus exposure during ZIKV challenge. (E) At days 0
and 14 post ZIKV challenge, serum was collected and used in a ZIKV focus reduction neutralization test (FRNT) to measure the capacity of serum from each
mouse to neutralize ZIKV. Neutralization was determined by enumerating a reduction in infectious particles with increased serum concentration and
determining the NT50 or serum dilution at which 50% of infectious virus is neutralized. Neutralization potential over time is displayed as 1/NT50 in which
higher values indicate more effective neutralization. Statistically significant differences in viremia over time were determined by two-way ANOVA with
Dunnett’s post hoc analysis (*, P=0.03; **, P=0.002; ***, P=0.0002; ****, P, 0.0001) with closed stars representing a statistical significance from flavi-naive !
ZIKV and open stars demonstrating a statistical difference from ZIKV ! ZIKV. Differences in neutralizing antibody were determined by a Mann-Whitney test.
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system (CNS). ZIKV invasion of the CNS appears to be a crucial factor in disease pathol-
ogy within murine models of infection, as well as in human disease (23, 24, 34, 43),
although the mechanism that drives this is not fully understood. To determine the
impact of prior heterologous flavivirus exposure on the viral burden in various organs
during ZIKV infection, we sublethally infected mice with either ZIKV, DENV2, DENV3,
YF-17D, or a PBS control. Thirty days postinfection, the mice were challenged i.v. with
ZIKV as described in Fig. 2A. At days 4 and 8 post ZIKV challenge, the spleen, liver, kid-
ney, brain, and spinal cord were harvested and homogenized in complete Dulbecco
modified Eagle medium (DMEM). A ZIKV focus forming assay (FFA) was completed on
organ homogenates, and RNA was extracted from these homogenates to determine
ZIKV viral burden by qRT-PCR (Fig. 4).

Similar to previous reports of primary ZIKV infection in the Ifnar12/2 model (23, 24,
33), day 4 is the peak in viral burden in most peripheral organs (Fig. 4A to C) while day
8 is the peak for viral burden in CNS tissues (Fig. 4D and E). By the time of peak neuro-
logical pathology in mice with no prior flavivirus exposure (days 8 and 9), the virus has
invaded both the brain and spinal cord and replicated to high titers. As expected, mice
with prior ZIKV exposure display significantly reduced viral burden in the spleen (Fig.
4A), liver (Fig. 4B), kidney (Fig. 4C), brain (Fig. 4D), and spinal cord (Fig. 4E) relative to
flavi-naive ! ZIKV mice on both days 4 and 8. However, we find it important to note
that this significant reduction does not appear to be completely sterilizing, as viral
genomes are still being detected on both days in all tissues. We have previously
reported that ZIKV is a persistent infection in the Ifnar12/2 model (23), which could
potentially be the reason for this observation.

In the case of mice with prior heterologous flavivirus exposure (DENV2, DENV3, or
YF-17D), we saw a significant reduction in ZIKV viral burden in peripheral tissues on
both days 4 and 8 relative to that of the flavi-naive ! ZIKV group (Fig. 4A to C). The
most drastic of these reductions came from mice with prior DENV2 exposure, which
trends with the observation of reduced pathogenesis (Fig. 2 and Table 2). On day 4
postinfection, we observed a significant reduction in ZIKV viral load in the brains of all
groups of mice with prior flavivirus exposure (Fig. 4D and Table 2). However, in the spi-
nal cord, only heterologously challenged mice with prior DENV2 exposure had

TABLE 1 Statistical comparison between ZIKV serum neutralization capacity at days 0, 4, 7, and 14
post ZIKV challenge for each groupa

aOn each day, serum was collected and used in ZIKV FRNT. 1/NT50 values were compared between each group by Mann-
Whitney test. Significant P values are indicated for comparison between the groups; ns is used to denote the comparison
were the P value was above 0.05.
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FIG 4 ZIKV viral burden in the peripheral organs and CNS is reduced with prior flavivirus
exposure. Ifnar12/2 mice were sublethally infected with either ZIKV (n=10), DENV2 (n= 10),
DENV3 (n= 10), YF-17D (n= 10), or PBS as a flavivirus-naive control (n= 10). Thirty days following
primary infection, mice were challenged with ZIKV by i.v. administration. At days 4 and 8 post
ZIKV challenge (n= 5 mice per group per day), mice were euthanized, perfused with PBS, and
organs were weighed and snap-frozen. RNA was extracted, and qRT-PCR was performed to
measure viral burden in the spleen (A), liver (B), kidney (C), brain (D), and spinal cord (E). (F)
Infectious virus was quantified in the spleen and brain homogenates of infected mice on days 4
and 8 post ZIKV challenge, respectively, via a standard FFA. Data are displayed as Log10 ZIKV
genome copies per milligram of tissue. Statistical significance was determined by Mann-Whitney
test (*, P= 0.03; **, P= 0.002; ***, P= 0.0002; ****, P, 0.0001).
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statistically significantly reduced viral loads on day 4 (Fig. 4E). By day 8, the peak in dis-
ease burden and viral burden in the CNS, all groups of heterologously challenged mice
displayed reduced viral load in both the brain and spinal cord (Fig. 4D and E and Table
2). As was seen in Fig. 2, the heterologously challenged mice displayed considerable
variation in the control of ZIKV in the periphery and CNS, with the DENV2-immune
mice controlling virus as well if not better than the ZIKV-immune mice, and the
DENV3- and YF-17D-immune mice controlling virus slightly better than the flavi-naive
! ZIKV challenge but significantly worse than the DENV2- or ZIKV-immune mice.

To confirm that the differences that we observed in viral burden via qRT-PCR trans-
lated to analogous differences in infectious virus, we performed focus forming assays
(FFA) to measure infectious virus in the spleen and brain homogenates at the peak of
viral replication in each tissue (day 4 and day 8, respectively) (Fig. 4F). Consistent with
the qRT-PCR data, we found high levels of infectious virus in the flavivirus-naive ! ZIKV
group in both the spleen and brain on these days. Infectious virus was not detected
above the limit of detection in the brain or spleen of mice from the ZIKV ! ZIKV group.
The level of viral replication was significantly reduced, though still detectable in most
animals in the DENV3 ! ZIKV and YF-17D ! ZIKV groups in the spleen and brain.
Infectious virus was not present above the limit of detection in the brains of the ani-
mals in the DENV2 ! ZIKV group and only above the limit of detection in the spleens
of 2 animals in this group. Collectively, this data demonstrates that prior heterologous
flavivirus exposure impacts the outcome of ZIKV challenge by a global reduction in vi-
ral burden on days 4 and 8 postinfection.

During heterologous infection, mice display reduced expression of pro-
inflammatory cytokines in the CNS relative to mice experiencing a primary
infection. In murine and nonhuman primate models of ZIKV infection, immune cell
infiltration in the CNS has been linked to neuronal damage and pathogenesis (44–46).
In addition, studies evaluating differences in pathogenicity between different ZIKV line-
ages have linked expression of multiple cytokines and chemokines in the brain to
more severe disease (47). To determine if this could be an underlying contributor to
the altered pathogenesis that we observed during heterologous infection, we meas-
ured mRNA expression levels of various inflammatory cytokines in the brains of these
mice at day 8 post ZIKV challenge (Fig. 5). This cytokine mRNA expression analysis was

TABLE 2 Statistical comparison between ZIKV titers measured by qRT-PCR in the spleens and brains at
days 4 and 8 post ZIKV challengea

aViral load was compared between each group by Mann-Whitney test. Significant P values are indicated for comparison
between the groups; ns is used to denote the comparison were the P value was above 0.05.
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done using the same RNA extracts that were used to quantify viral burden in the brain
(Fig. 4D). Relative to expression levels in the brains of naive Ifnar12/2 mice, we
observed an induction in mRNA expression of inflammatory cytokines, such as interleu-
kin-6 (IL-6) (Fig. 5A), CXCL10 (Fig. 5B), and gamma interferon (IFN-g) (Fig. 5C) in addition
to the antiviral molecule IL-1b (48) (Fig. 5D), granzyme B (Fig. 5E), and IL-10 (Fig. 5F).
Consistent with our observed pattern of pathogenesis in this heterologous infection
system, each cytokine was induced to the greatest extent during primary ZIKV infec-
tion (flavi-naive ! ZIKV) (Fig. 5G and Table 3), followed by mice with prior DENV3 or
YF-17D exposure challenged with ZIKV (DENV3 ! ZIKV or YF-17D ! ZIKV), and only
minimal cytokine induction was observed in mice with prior ZIKV exposure or DENV2
exposure (ZIKV ! ZIKV or DENV2 ! ZIKV). Overall, this finding is consistent with the lit-
erature linking inflammation in the CNS with pathogenesis during primary ZIKV infec-
tion and demonstrates that enhanced pathogenesis in murine models of heterologous
ZIKV infection is linked with levels of inflammatory cytokines in the CNS.

FIG 5 Cytokine expression profiles in the brain during heterologous infection. At day 8 post ZIKV challenge, RNA was isolated from the brains of infected
mice or a naive control group (n= 5 per group) (the same mice that were used to determine viral burden in the CNS by qRT-PCR were used). qRT-PCR was
performed to measure the mRNA expression levels of IL-6 (A), CXCL10 (B), IFN-g (C), IL-1b (D), granzyme B (E), and IL-10 (F). Differences in mRNA
expression levels were determined by 22DDCT analysis. Expression levels are displayed as Log2 fold increases over expression of the cytokine in the brains of
naive Ifnar12/2 mice. Statistical significance was determined by Mann-Whitney test (*, P= 0.03; **, P=0.002; ***, P= 0.0002; ****, P, 0.0001). (G) Heat map
displaying mean cytokine expression data for each group represented as a percent of the maximum expression level for a given cytokine.
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Defining the relationships of multiple disease metrics during heterologous
ZIKV challenge. Disease metrics assessed during ZIKV infection in mouse models are
diverse. Studies using these models (including our own) have quantified disease using
noninvasive techniques, such as weight loss, neurological disease assessment, mortal-
ity, viremia, and viral shedding in the urine, as well as more invasive techniques, such
as viral burden in multiple target organs, fetal resorption and loss, and neuroinvasion,
inflammation, and apoptosis histologically (22–24, 26, 33, 43, 49–52). However, it is
unclear how each disease parameter in this complex system is related to the others
and whether this is influenced by prior heterologous flavivirus exposure. Therefore, we
generated a data bank using longitudinal data points from variables measured in Fig. 2
and 3 from each individual mouse. We used these data to determine correlative rela-
tionships between various metrics of disease, including peak percent weight loss, day
of peak weight loss, peak disease score, day of peak disease, number of days of dis-
ease, and viremia on days 4, 7, 14, and 30 post ZIKV infection by linear regression and
Pearson correlation (Fig. 6A to F and Table 4). The peak weight loss percentage was
determined by normalizing the starting weights of each animal at day 0 to 100% and
assessing weight daily and noting the peak percentage of weight lost through the
course of infection. The peak disease score was determined by tracking neurological
indicators as previously described daily following ZIKV infection (22, 23). Each indicator
of disease was assigned a number from 0 to 6, indicative of severity (0 = no disease,
1 = limp tail, 2 = hind limb weakness, 3 = single hind limb paralysis, 4 = bilateral hind
limb paralysis, 5 = full body weakness/paralysis, and 6= death). The peak day of disease
corresponded to the day of peak neurological disease based on this scoring system.
The number of disease days was determined by counting each day for each mouse
that the disease score was above 0 and ending at the time of death if applicable.

Of the 36 bivariate permutations, we identified 25 statistically significant correlative
interactions. The strength and directionality of each correlation are indicated by the
Pearson coefficient (r), and the statistical significance of each correlation is indicated
by the P value (Table 4). From these data, we identified several interactions of particu-
lar interest (Fig. 6A to F). The strongest correlation resulted when comparing the
peak neurological disease score from each mouse to the peak percent weight
lost (r=0.8973; P, 0.0001) (Fig. 6A). As one might expect, as the peak neurological
disease score identified in each animal increased, so did the amount of weight lost.
Importantly, each infection group (flavi-naive ! ZIKV, DENV2 ! ZIKV, DENV3 ! ZIKV,
YF-17D ! ZIKV, and ZIKV ! ZIKV) generally clustered together and along the pattern
determined by linear regression. This would suggest similarities in the biological char-
acteristics of these groups. We were also interested in the relationship between the
number of days each infected animal displayed a neurological disease phenotype and
the severity of the disease phenotype (Fig. 6B). We found that the peak disease score
and the number of measured disease days strongly positively correlated with one

TABLE 3 Statistical comparison of IL-1b and IL-6 cytokine production between infected groups of
mice as measured by qRT-PCR and DDCT analysis in the brains at day 8 post ZIKV challengea

aCytokine load was compared between each group by Mann-Whitney test. Significant P values are indicated for comparison
between the groups; ns is used to denote the comparison were the P value was above 0.05.
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FIG 6 Multiple metrics of ZIKV infection and disease burden are correlated. The data collected from Fig. 2 and 3 were used to generate a data bank and
analyzed using linear regression and Pearson correlation analysis to define the relationships of multiple disease metrics during heterologous ZIKV challenge. (A)
Linear regression and correlation between the peak weight loss of each animal and peak in disease score. Mice were weighed daily and observed for clinical
signs of disease. Each phenotype was assigned a number from 0 to 6 (0=no disease, 1= limp tail, 2=hind limb weakness, 3=single hind limb paralysis,
4=bilateral hind limb paralysis, 5= full body weakness/paralysis, and 6=death). (B) Linear regression and correlation between peak disease score and the number
of days a given animal experienced clinical signs of neurological disease. (C) Linear regression and correlation between ZIKV genomes detected in the blood by
qRT-PCR on day 4 post ZIKV infection and peak weight loss. (D) Linear regression and correlation between ZIKV genomes detected in the blood by qRT-
PCR on day 7 post ZIKV infection and peak weight loss. (E) Linear regression and correlation between ZIKV genomes detected in the blood by qRT-PCR
on day 4 post ZIKV infection and peak disease score. (F) Linear regression and correlation between ZIKV genomes detected in the blood by qRT-PCR on
day 7 post ZIKV infection and peak disease score. (G–L) The correlative relationship between viral burden in the brain (as measured by qRT-PCR on day
8 postinfection) and inflammatory cytokine expression (as measured by qRT-PCR on day 8 postinfection) in the brain by linear regression and Pearson
analysis. IL-6 expression (G), CXCL10 expression (H), granzyme b expression (I), IFN-g expression (J), IL-1b expression (K), and IL-10 expression (L).
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another (r=0.7234; P, 0.0001); that is, in general, the more severe the disease pheno-
type, the longer it would take to resolve.

We were particularly interested in the relationship between viremia and less invasive
metrics of disease burden, such as weight loss and disease score. When comparing viral
burden on day 4 or day 7 to peak percentage of weight loss (Fig. 6C and D, respectively),
we found a statistically significant positive correlation (r=0.5078 and 0.5184 and P=0.0004
and 0.0017, respectively). This was also true when comparing viral burden on day 4 or day
7 to peak disease score (Fig. 6E and F) (r=0.45 and 0.7213 and P=0.022 and ,0.0001,
respectively). That is, with increased viremia on these days came increased weight loss and
neurological disease throughout the course of infection. The correlative analyses associat-
ing disease severity and viral load at day 4 are of particular interest due to the timing. As
demonstrated in Fig. 2, neurological indicators of disease are not overtly detectable until
day 5 postinfection and typically do not peak until days 7 to 9 (Fig. 2D), and the most sig-
nificant drop in weight also occurs from days 7 to 9 (Fig. 2C). However, using the disease
metric of early viremia on day 4, it is clear that information could be used in linear regres-
sion analysis to predict the severity and outcome of infection days earlier than the occur-
rence of overt disease (Fig. 6C and 6E).

Finally, in order to understand the relationship between viral burden and inflammation
as a metric of disease in the context of heterologous infection, we compared the viral bur-
den in the brain at day 8 post ZIKV challenge (Fig. 4D) and cytokine expression levels in
the brain at day 8 post ZIKV challenge in the same animals (Fig. 5). We used these data to
determine correlative relationships between CNS viral load and cytokine expression during
ZIKV challenge by linear regression and Pearson correlation analysis (Fig. 6G to L and Table
5). For each cytokine that was analyzed (IL-6, CXCL10, granzyme B, IFN-g, IL-1b , and IL-10),
we observed a pronounced and statistically significant positive correlation between its
expression level and viral burden in the CNS (r = 0.9808, 0.9815, 0.9231, 0.9585, 0.9123, and
0.9862, respectively) (Fig. 6G to L). The strength of the correlation of viral burden and cyto-
kine expression in the CNS during ZIKV infection is consistent with previous studies that
have linked ZIKV-induced disease to enhanced expression of proinflammatory cytokines in
the CNS (Table 5) (47). Overall, these data demonstrate the bivariate interactions between

TABLE 4 Correlation matrix defining the relationship between multiple disease metrics in a
longitudinal heterologous infection studya

aThe data collected from Fig. 2 and 3 were used to generate a data bank and analyzed using linear regression and Pearson
correlation analysis to define the relationships of the coefficient (r) (lower left) demonstrating the strength and
directionality of the correlation between each variable and the P value (upper right) demonstrating the statistical
significance of each correlation.
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various metrics that are commonly used to assess ZIKV disease burden in mouse models of
infection and importantly show that, in the context of heterologous infection, these corre-
lations are still appropriate and comparable.

DISCUSSION
Increased globalization, deforestation, climate change, and the lack of effective vac-

cines has resulted in most of the world’s population being at risk for infection with
multiple flaviviruses (53). There is no vaccine available for ZIKV, and current vaccines
for flaviviruses including the yellow fever vaccine, while highly effective, have not pre-
vented outbreaks from these highly prevalent arboviruses. While the current number
of ZIKV cases in the Americas has dropped significantly compared to that in 2016,
based on the infection cycles of similar flaviviruses, it is believed that ZIKV will follow a
similar cyclical pattern of emergence and reemergence (54, 55). Therefore, it is highly
likely that ZIKV is in an interepidemic period and will reemerge and continue to spread
throughout the Americas as has been seen with both DENV1 to 4 and YFV.

The influence of prior flavivirus exposure on ZIKV protection and pathogenesis remains
an important question. Epidemiological studies do provide some insight into these com-
peting concerns. A study in Brazil comparing YFV vaccination coverage with incidence
rates of ZIKV-associated microcephaly found that Northeast Brazil, which had the highest
incidence of ZIKV-associated microcephaly, also had relatively low YFV vaccination rates,
suggesting that a lack of YFV vaccination left that population without a cross-protective
response and, therefore, they were more susceptible to ZIKV morbidity (31). Moreover, the
Harris group has examined the relationship between prior DENV exposure and the inci-
dence of asymptomatic ZIKV infection in a pediatric cohort in Nicaragua, finding that chil-
dren with prior DENV infection had lower rates of symptomatic ZIKV infection, again sug-
gesting ZIKV cross-protection was mediated by previous DENV exposure (29). However,
drawing clear causal links between previous exposure and infection outcomes are a chal-
lenge in human populations for several reasons in this case. These cocirculating flaviviruses
share antigenic similarities, which can confound many serologically based diagnostic tests,
which makes confirming records of the natural history of infection particularly challenging.
Additionally, the length of time between exposures of heterologous serotypes of DENV
plays a major role in whether increased incidence of enhanced pathogenesis or cross-pro-
tection occurs (18, 56, 57).

In this study, we challenged the hypothesis that prior heterologous flavivirus expo-
sure to DENV serotypes 2 or 3 or YF-17D would confer equal cross-protection from
ZIKV in a mouse model. We ultimately showed that a sublethal heterologous flavivirus
exposure confers varying degrees of protection from ZIKV mortality, weight loss, and
neurological disease. Prior exposure to ZIKV or DENV2 was the most protective from
ZIKV challenge, with no mice succumbing to infection and few, if any, displaying any
signs of neurological disease and weight loss (Fig. 2). Exposure to YF-17D or DENV3
lessened mortality, disease severity, and viral burden, though some animals still

TABLE 5 The correlative relationship between viral burden in the brain and inflammatory cytokine
expressiona

aBoth cytokine expression and viral burden were measured by qRT-PCR on day 8 postinfection in the brains of the infected
animals. Linear regression and Pearson correlation analysis were used to define the relationships of the coefficient (r)
(lower left) demonstrating the strength and directionality of the correlation between each variable and the P value (upper
right) demonstrating the statistical significance of each correlation.
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succumbed to infection. Importantly, prior exposure to either ZIKV, DENV2, DENV3, or
YF-17D significantly reduced viral burden in the spleen, liver, kidney, brain, and spinal
cord of mice infected with ZIKV (Fig. 4). These data demonstrate a cross-protective
effect of prior flavivirus exposure on ZIKV replication and disease burden.

When analyzing ZIKV neutralization potential of polyclonal serum samples from mice
with prior flavivirus exposure during ZIKV infection, we found that prior exposure to ZIKV
resulted in high levels of circulating neutralizing antibodies that persisted during ZIKV chal-
lenge (Fig. 3E and F). However, mice with prior heterologous flavivirus exposure did not
have detectable neutralizing antibodies to ZIKV prior to ZIKV challenge. This demonstrates
that the mechanism of this observed cross-protection is not likely mediated by ZIKV cross-
neutralizing antibodies. However, these studies are limited in that they did not address the
potential for other mechanisms of cross-protection, including nonneutralizing antibody
functions (58) or the presence of cross-reactive T cells (25, 59).

Murine studies have linked inflammation in the brain to increased ZIKV pathogene-
sis (47). We found that prior heterologous flavivirus exposure conferred varying
degrees of cross-protection from ZIKV pathogenesis that was dependent upon the
identity of the primary infecting virus. Based on the established link between inflam-
mation and ZIKV pathogenesis in a primary ZIKV infection, we hypothesized that the
different levels of pathogenesis that we observed in this system would associate with
the induction of cytokine expression in the brains of these mice. We found that in
groups that displayed elevated pathogenesis (DENV3 ! ZIKV or YF-17D ! ZIKV), there
were higher levels of inflammatory transcripts in the brain relative to those of groups
that displayed minimal pathogenesis (ZIKV ! ZIKV or DENV2 ! ZIKV) (Fig. 5). Importantly,
we found that the level of inflammatory cytokine induction strongly correlated with viral
burden in the CNS of these animals (Fig. 6G to L), which demonstrates that, even in the
added context of heterologous infection, the established correlation between ZIKV-induced
disease and inflammatory cytokine expression is appropriate and comparable to a primary
ZIKV infection. These findings provide insight into the cause of the variable degrees of ZIKV
cross-protection observed.

Murine models of ZIKV infection and heterologous flavivirus challenge have used
diverse metrics for quantifying disease burden (22–24, 26, 33, 43, 49–52). Until now, the
relationship of many of these variables has not been evaluated. In this longitudinal heterol-
ogous challenge experiment, we performed linear regression and correlation analysis to
determine the relationship between multiple variables in individual mice, including peak
weight loss, day of peak weight loss, peak disease score, day of peak disease score, number
of disease days, and viremia on days 4, 7, 14, and 30. Within this longitudinal analysis, we
identified 25 statistically significant correlative interactions (Table 4). Importantly, we found
that viral burden on day 4 strongly correlated with the peak weight loss and peak disease
score that an animal would eventually experience (typically on days 7 to 9 postinfection)
(Fig. 6C and E). This allows for the possibility of using early viremia data as a predictor of
severe disease outcomes using linear regression analysis that can also be applied in the
context of heterologous infection scenarios.

Ultimately, these data provide additional evidence of the cross-protective effect of
prior heterologous flavivirus exposure on ZIKV disease. These findings are important
given that the majority of the world is at risk of flavivirus exposure and multiple flavivi-
ruses are endemic in many regions. Addressing this is not only important for being
able to predict the outcome of ZIKV exposure in areas of flavivirus endemicity but will
support efforts to generate a pan-flavivirus vaccine. While this study provides signifi-
cant insight into cross-protection from ZIKV, additional studies are desperately needed
to understand the mechanism behind this. Studies such as these will be essential to
control these significant public health threats.

MATERIALS ANDMETHODS
Ethics statement. All animal studies were done in accordance with the Guide for Care and Use of

Laboratory Animals of the National Institutes of Health and approved by the Saint Louis University
Animal Care and Use Committee (IACUC protocol number 2667).
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Viruses and cells. P0 stocks of ZIKV strain PRVABC59 (GenBank accession number KU501215.1) and
YFV strain 17D (GenBank accession number X03700) were acquired from Biodefense and Emerging
Infection (BEI) Resources. Each virus was passaged in African green monkey kidney epithelial cells (Vero-
WHO) that were purchased from the American Type Culture Collection (ATCC CCL-81). The supernatants
of these cultures were clarified of cellular debris by centrifugation at 3,500 rpm prior to being aliquoted
and frozen at 280°C. DENV2 strain D2S20 (GenBank accession number HQ891024) was a kind gift from
Michael Diamond (60). DENV3 strain C0360/94 (GenBank accession number AY923865) was obtained
from ATCC. Both DENV2 and DENV3 were grown in C6/36 Aedes albopictus cells (ATCC CRL-1660). At the
time of harvest, the medium supernatant was clarified of cellular debris by centrifugation at 3,500 rpm.
Each virus was then concentrated by ultracentrifugation at 30,000 rpm over a 25% glycerol cushion
before being aliquoted and frozen at 280°C (19). The infectious titer of each viral stock was quantified
by focus forming assay (FFA) as previously described (49). Briefly, a 90% confluent monolayer or Vero-
WHO cells was plated in a 96-well flat-bottom plate. Serial dilutions of each viral stock were added to
each well for 1 h, prior to the addition of a methyl cellulose layer, to restrict lateral spread of the virus.
After 48 h (ZIKV and YF-17D) or 72 h (DENV2 and DENV3), the cells were fixed and permeabilized. The
cells were incubated with a flavivirus cross-reactive monoclonal primary antibody (4G2) for 1 h at room
temperature, washed, incubated with a horseradish peroxidase conjugated anti-mouse secondary anti-
body for 1 h at room temperature, and washed. Foci of infected cells were visualized and quantified fol-
lowing the addition of True-Blue peroxidase substrate.

Mice and infections. IFN-a/b receptor 1 knockout (Ifnar12/2) mice were purchased from Jackson
Laboratories. They were bred and maintained at Saint Louis University in a specific pathogen-free mouse
facility. To achieve a primary infection, at 4 to 5weeks of age, equal ratios of male and female mice were
administered a sublethal intravenous (i.v.) challenge of either DENV2 (105 FFU) or DENV3 (105 FFU). To
generate mice with prior ZIKV or YF-17D exposure, 8-week-old mice at equal ratios of male and female
animals, were administered a sublethal subcutaneous (s.c.) challenge of either ZIKV (105 FFU) or YF-17D
(105 FFU). The viral doses, routes of administration, and ages of mice were deliberately chosen based on
optimized dosing experiments in our lab known to induce detectable viral replication and immune
responses but not cause mortality (19, 21–23). As a flavivirus-naive group, 8-week-old littermate controls
were administered PBS. At least 30 days following primary challenge, mice were administered an i.v.
ZIKV challenge (105 FFU), previously demonstrated by our lab to result in severe neurological sequela
and weight loss in 100% of adult Ifnar12/2 mice with no prior flavivirus exposure, with 80 to 100% ulti-
mately succumbing to infection (22, 23). Following ZIKV challenge, mice were monitored daily for
14 days for weight loss, indicators of neurological disease, and mortality. Whole blood was collected lon-
gitudinally from each mouse at day 0, 4, 7, 14, and 30 to monitor peripheral viral burden or at day 0 and
14 to assess neutralizing antibody responses from serum.

Measurement of viral burden. For longitudinal studies, whole blood was collected by cheek bleed
into EDTA coated tubes. Fiftymicroliters of blood was transferred to RNAsol BD reagent, and RNA was
extracted according to the manufacturer’s instructions. For studies evaluating global viral burden, on
day 4 and 8 post ZIKV infection, mice were administered a lethal cocktail of ketamine/xylazine before in-
tracardiac perfusion with 20ml of PBS. The spleen, liver, kidney, brain, and spinal cord were collected
from each mouse and snap-frozen in a dry ice bath. Organs were weighed and homogenized in DMEM
using a Bead Mill 24 from Fisher Scientific. RNA was extracted from 100ml of homogenate using Tri
Reagent RT according to the manufacturer’s instructions. ZIKV RNA was quantified by qRT-PCR using a
PrimeTime primer-probe set (forward, CCGCTGCCCAACACAAG; reverse, CCACTAACGTTCTTTTGCAGA
CAT; probe, AGCCTACCTTGACAAGCAGTCAGACACTCAA) and an in-house ZIKV RNA copy control. To
measure infectious virus, spleen, and brain homogenate on day 4 or 8 post ZIKV, challenge was serially
diluted and utilized in a standard focus forming assay (FFA) as previously described (49).

ZIKV FRNT. The ability of murine polyclonal serum samples to neutralize ZIKV was measured by a
focus reduction neutralization test (FRNT). Briefly, murine serum was serially diluted and incubated with
a consistent quantity of infectious ZIKV at 37°C for 1 h to allow for complex formation. Following incuba-
tion, the virus-serum complex was added to each well of a 96-well plate containing a confluent mono-
layer of Vero-WHO cells. Following a 1-h incubation to allow for attachment, a methyl cellulose overlay
was added to restrict lateral viral spread. Following 2 days of infection, the cell monolayer was fixed and
infectious virus was quantified by a standard FFA, as previously described (49). Neutralization potential
is displayed as 1/NT50 with higher values indicating higher neutralization potential.

Measurement of cytokine expression. mRNA expression of IL-6, CXCL10, granzyme B, IFN-g, IL-1b ,
and IL-10 was determined in RNA extracts from brains 8 days postinfection by qRT-PCR using TaqMan
primer probe sets from Integrated DNA Technologies (IDT) (assay identifiers—Mm.PT.58.41769240
[IFNG], Mm.PT.58.10005566 [IL-6], Mm.PT.58.42155916 [GZMB], Mm.PT.58.41616450 [IL-1b], Mm.
PT.58.43575827 [CXCL10], and Mm.PT.58.13531087 [IL-10]). Relative expression for each cytokine was
determined by 22DDCT analysis with fold induction being relative to cytokine levels in brain RNA
extracts of naive Ifnar12/2 mice.

Statistical analysis. For DENV, ZIKV, YFV, and YF-17D incidence maps, incidence data and vaccine
coverage data were collected for South and Central American countries from the WHO/PAHO for the
years 2015 to 2019 and displayed as the annual average number of cases per 100,000 individuals using
the spatial data program GeoDa (61). Amino acid identity for each flavivirus of interest was determined
by performing a global alignment allowing for free ends using a Blosum62 cost matrix in the software
Geneious. Statistical analyses for in vivo studies were performed using GraphPad Prism. Statistical differ-
ences in survival were determined using a Mantel-Cox test. Differences in weight loss and viral burden
over time were determined using a two-way analysis of variance (ANOVA) with post hoc analysis.
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Statistical significance in viral burden and cytokine expression in various organs was determined by
Mann-Whitney test. Correlative analysis was performed using linear regression analysis and a two-tailed
Pearson analysis. Statistical significance has been indicated within the figures with asterisks (*, P=0.03;
**, P= 0.002; ***, P= 0.0002; ****, P, 0.0001).

Data availability. Data are available online (62–65).
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Titration and neutralizing antibody
quantification by focus forming assay for
Powassan virus

The development of high-throughput assays measuring Powassan virus (POWV) lineage I and II
represents an important step in virological and immunological studies. By adapting focus-
forming assays previously optimized for West Nile virus and Zika virus, this protocol is able to
determine viral load, evaluate antivirals, and measure neutralizing antibodies. Although limited
by its requirement of a detection antibody, this protocol includes a rapid and high-throughput
assay for measuring viral titer. By utilizing a baby hamster kidney cell line and a 96-well plate
format, this protocol allows for more sensitivity in the detection of POWV lineage I.
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SUMMARY

The development of high-throughput assays measuring Powassan virus (POWV)
lineage I and II represents an important step in virological and immunological
studies. By adapting focus-forming assays previously optimized for West Nile vi-
rus and Zika virus, this protocol is able to determine viral load, evaluate antivirals,
and measure neutralizing antibodies. Although limited by its requirement of a
detection antibody, this protocol includes a rapid and high-throughput assay
for measuring viral titer. By utilizing a baby hamster kidney cell line and a
96-well plate format, this protocol allows for more sensitivity in the detection
of POWV lineage I.
For complete details on the use and execution of this protocol, please refer to
Stone et al. (2022).

BEFORE YOU BEGIN

1. Establish baby hamster kidney cells (BHK). It is well-established in literature describing POWV
virus stock generation that BHK cells are a preferable choice for propagating virus, over the
well-characterized African green monkey kidney Vero cell line (referred to as Vero or Vero
WHO) (Leonova et al., 2009; Abdelwahab et al., 1964; Anderson and Armstrong, 2012). Although
both cell lines are known to be type I interferon-deficient (Osada et al., 2014; Macpherson and
Stoker, 1962) in our hands we have found that titration of identical serial dilutions of the
POWV-LB lineage on the two cell types yields drastically different titers, with Vero WHO cells
showing !2 logs less virus than BHK-21 cells (Figure 1). For this reason, our assays are optimized
with the use of BHK-21 clone 13 cells.

2. Determine desired application. This protocol describes the specific steps for titration of POWVby
focus forming assay in a 96-well plate format. However, we have also used this protocol in 12-,
and 24-well plate formats for titration of other flaviviruses (Brien et al., 2008, 2019; Hassert
et al., 2018, 2019, 2021). This protocol can also be adapted for antiviral compound screening,
determining organ titer, and neutralizing antibody quantification.

3. Determine dilution of virus stock for assay (if needed). For antiviral compound screening and
neutralizing antibody quantifications, the researcher should determine the dilution of virus
stock/sample that will yield a count of!70–100 foci per well before proceeding to the next steps.
For quantification of neutralizing antibody, serial dilutions of serum samples should be made in
growth media (Dulbecco’s Modified Eagle’s Medium (DMEM) containing 5% fetal bovine serum
(FBS and 1%HEPES, seematerials and equipment) and incubated with the appropriate dilution of
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virus (yielding 70–100 foci per well) for 1 h 37"C, 5% CO2 to allow for immune complex formation.
Mixture should then be applied to cell monolayer to allow for virus adsorption and handled iden-
tically to the focus forming assay (FFA) described below.

4. Determine method of spot counting. This protocol utilizes an ImmunoSpot S6 FluoroCore M2
analyzer, and outlines the parameters that produce the most rapid and accurate foci counts.

Institutional permissions

This protocol requires biosafety level 3 containment facilities. Standard operating procedures, pro-
tocols and disinfectants approved by the Institutional Biosafety Committee (IBC) or equivalent
biosafety regulatory bodies should be used, and all work is performed inside Biosafety Cabinets
(BSC) unless otherwise noted.

Culture cell lines

Timing: 4–10 days

The maintenance of a healthy cell culture is essential to achieve accurate and reproducible titration
assays, drug screens, and neutralizing antibody quantifications.

5. Baby hamster kidney American Type Cell Culture clone 13 (referred to as BHK-21 clone-13 or
BHKs) should be passaged 2–3 times in 5% DMEM (see materials and equipment) upon initial
thawing from liquid N2 prior to plating for focus forming assays. Cells may be carried in T150
flasks and split 1:20 every 2–3 days. Cells should be carried in 20 mL of 5% DMEM to 90%–
95% confluency and washed two times with 10 mL Ca2+ Mg2+ free phosphate buffered saline
(PBS) and lifted via incubation with 4 mL trypsin. Following trypsinization, 6 mL of 5% DMEM
should be added to halt the trypsin reaction, resulting in a single cell suspension of !10 mL.
To the same T150 flask, 1 mL of this single cell suspension may be added, along with 19 mL of
fresh 5% DMEM and returned to the incubator.

Prepare reagents

Timing: 6 h

Figure 1. Baby hamster kidney cells should be used in Powassan virus titration

(A) A representative focus forming assay showing the results of plating identical ten-fold serial dilutions of Powassan

virus Spooner lineage (Spo, blue) or Powassan virus LB lineage (LB, orange) on Vero WHO cells (left) or baby hamster

kidney 21 clone 13 cells from the ATCC (right). Boxed in blue and orange are the serial dilutions that could be used to

determine the viral titer.

(B) Quantification of POWV infectious viral titer images presented in (A). Data are reported as the mean foci for the two

replicates.
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6. Prepare 2% methylcellulose, 53 FFA Staining buffer, and 13 FFA Wash buffer (see tables for
recipe):

Cell plating and titration by focus forming assay

Timing: Active time: 2–3 h, With incubations: 48–72 h

7. The day before the assay, plate BHK-21 clone-13 (ATCC CCL-10) cells in a tissue culture treated
96-well plate in growth media overnight.
a. Before beginning the assay, cells should reach !90% confluency; BHKs will not form an even

monolayer with complete cell-to-cell contact as seen with Vero cells.
8. Prepare 10-fold serial dilutions of the sample of interest in duplicate or triplicate.
9. Remove media from 96-well flat bottom plate containing BHKs. Add 100 mL per well of serially

diluted samples in growth media to BHK cell monolayer.
10. Incubate for 1 h to allow for virus adsorption.
11. During incubation, prepare methylcellulose overlay and warm to room temperature.
12. Add methylcellulose overlay to minimize lateral spread of viral infection.
13. Incubate 24 h.
14. Following incubation, fix cells in freshly made 5% paraformaldehyde (PFA) in PBS for 30–60 min.
15. Wash cells twice with 13 PBS and once with 13 FFA Wash buffer. Incubate 5–10 min at room

temperature to permeabilize cells.
16. Remove plates from BSL-3 containment and proceed to immunostaining.

Immunostaining

Timing: Active time: 2–3 h, With incubations: 8–24 h

17. Prepare and add primary antibody (Monoclonal Anti-Langat Virus Envelope Glycoprotein) in 13
FFA Staining buffer.

18. Incubate at room temperature for 1.5–2 h or overnight at 4"C.
19. Wash three times with 13 FFA Wash buffer.
20. Prepare and add secondary antibody (goat anti-mouse conjugated to HRP) in 13 FFA Staining

buffer.
21. Incubate at room temperature for 2–3 h.
22. Wash three times with 13 FFA Wash buffer.
23. Add Trueblue substrate and incubate 15–20 min or until spots are fully defined with minimal

background.
24. Quench the reaction by removing substrate and rinsing with Millipore water.
25. Tap on a paper towel to remove water and image.

Imaging (optional)

Timing: Active time: 15–60 min, with computer/software run time: 30–120 min

26. A CTL Immunospot analyzer can be used for high-throughput quantification of foci using CTL
Immunospot ‘Scan’, ‘Count’ and ‘Quality Control’ functions. Researchers who do not have ac-
cess to an Elispot may elect to manually count wells under a dissecting microscope, however
this will reduce the high-throughput nature of the assay.

CRITICAL: Prior to fixation step, all agents should be handled in appropriate biological

containment.
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KEY RESOURCES TABLE

MATERIALS AND EQUIPMENT

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-Mouse IgG (whole molecule)–Peroxidase
antibody produced in goat, 1:5,000

Sigma-Aldrich Cat# A8924, RRID: AB_258426

Monoclonal Anti-Langat Virus Envelope
Glycoprotein (E), Clone 10F6, 3 :10,000

BEI Resources NR-40316

Bacterial and virus strains

POWV strain LB Ebel laboratory Mandl et al., 1993

POWV-DTV strain Spooner Ebel laboratory Ebel et al., 1999

Experimental models: Cell lines

BHK-21 clone 13 ATCC ATCC Cat# CCL-10,
RRID: CVCL_1915

Other

Dulbecco’s Modified Eagle’s Media Sigma-Aldrich Cat# D5796-500ML

1 M HEPES solution Sigma-Aldrich Cat# H3537-100ML

Fetal bovine serum Sigma-Aldrich Cat# F0926

Methylcellulose Sigma-Aldrich Cat# M0512-250G

20% Electron microscopy
grade paraformaldehyde

EMS Cat# 15713-S

Saponin Sigma-Aldrich Cat# 47036

KPL TrueBlue Substrate SeraCare Cat# 5510-0052

ImmunoSpot! S6 FluoroCore M2 Analyzer ImmunoSpot! N/A

Growth Media (5% DMEM)

Reagent Final concentration Amount

Dulbecco’s Modified Eagle’s Media n/a 500 mL

1 M HEPES solution 1% 5 mL

Fetal Bovine Serum 5% 25 mL

Total n/a 530 mL

Store at 4"C away from light. Handle aseptically.

2% Methylcellulose

Reagent Final concentration Amount

Methylcellulose 2% 10 grams

Millipore H2O n/a 500 mL

Total n/a 500 mL

Store at 4"C. Handle aseptically.

5% Paraformaldehyde (PFA)

Reagent Final concentration Amount

20% EM Grade PFA 5% 2.5 mL

13 PBS n/a 7.5 mL

Total n/a 10 mL

Store at 4"C. Prepare fresh on day of fix.
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Storage: Growth media, 2% methylcellulose and 53 FFA Staining buffer can be made in advance
and should be stored at 4"C and handled aseptically. All other solutions should be prepared on
the day of the assay and stored at 4"C until use.

CRITICAL: Paraformaldehyde is a respiratory hazard and should be handled and disposed

of with appropriate precautions and PPE in place.

Alternatives: Polyclonal sera can be used in place of The LGTV mAb, clone 10F6 (NR-40316)
for the primary (detection) antibody. FFA Staining buffer can be used as an alternative to FFA
Wash buffer for all wash steps. However, due to increased likelihood of contamination asso-
ciated with the use of Saponin not seen with Triton X-100 it is advised to use FFA Wash buffer
for the steps indicated. FFA Wash buffer is not an alternative for FFA Staining buffer.

STEP-BY-STEP METHOD DETAILS

Prepare reagents

Timing: 6 h

13 FFA Wash Buffer

Reagent Final concentration Amount

103 PBS 13 1 L

Millipore H2O n/a 9 L

Triton X-100 0.05% 5 mL

Total n/a 10 L

Store at room temperature.

53 FFA Staining Buffer

Reagent Final concentration Amount

103 PBS 53 250 mL

Millipore H2O n/a 250 mL

Saponin 1 mg/mL 2.5 grams

Total n/a 500 mL

Store at 4"C. Handle aseptically.

Primary Antibody in 13 FFA Staining Buffer

Reagent Final concentration Amount

53 FFA Staining Buffer 13 2 mL

Millipore H2O n/a 8 mL

Primary Antibody (a-LGTV, clone 10F6) 3:10,000 3 mL

Total n/a 10 mL

Store at 4"C. Prepare fresh on day of immunostaining.

Secondary Antibody in 13 FFA Staining Buffer

Reagent Final concentration Amount

53 FFA Staining Buffer 13 2 mL

Millipore H2O n/a 8 mL

Secondary Antibody (Goat a-mouse conjugated HRP IgG) 1:5,000 2 mL

Total n/a 10 mL

Store at 4"C. Prepare fresh on day of immunostaining.
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Advance preparation of 2% methylcellulose, 53 FFA Staining buffer, and 13 FFA Wash buffer will
expedite the assay and ensure visualization of individually discernable foci.

1. Prepare 2% methylcellulose:
a. Autoclave the following prior to preparation:

i. 1 L glass bottle, 10 g methylcellulose, and a large stir bar.
ii. 1 L glass bottle with 500 mL of Millipore water.

b. In a tissue culture hood, add the 500 mL hot autoclaved Millipore water to bottle containing
methylcellulose and a large stir bar. If the autoclaved water has cooled, reheat in the micro-
wave until the bottle is hot to the touch, but water should not boil.

c. Partially cap bottle and stir on a hotplate set between medium/high until methylcellulose is in
solution (1–4 h).

d. In a tissue culture hood, aliquot cooled 2% methylcellulose into 50 mL conical tubes. Pipette
slowly, as the mixture will be viscous. Store at 4"C until further use in the assay, which will
require bringing the methylcellulose to room temperature.

2. Prepare 53 FFA Staining buffer according to tables found in materials and equipment:
a. To 250 mL of 103 PBS, add:

i. 250 mL of Millipore water.
ii. 2.5 g of Saponin.

b. Stir until dissolved, then sterile filter and store at 4"C until the day of the assay.
3. Prepare 13 FFA Wash buffer (13 PBS, 0.05% Triton X-100) according to table found in materials

and equipment:
a. To 9 L of Millipore water, add:

i. 1 L 103 PBS.
ii. 5 mL Triton X-100.

4. Prepare media for carrying BHK-ATCC clone-13 cells (hereafter referred to as growth media):
a. To 500 mL 5% DMEM, add:

i. 5 mL HEPES solution.
ii. 25 mL Fetal Bovine Serum (FBS).
iii. Store at 4"C until further use.

Cell plating and titration by focus forming assay

Timing: Active time: 2–3 h, With incubations: 48–72 h

Quantification of Powassan viral titer by focus forming assay relies on the addition of sample with an
unknown quantity of virus to a monolayer of permissive cells (BHKs). This step outlines the plating
conditions and titration schema that, in our hands, produces the most reproducible conditions for
determining POWV titer. Researchers are encouraged to determine the appropriate cell density
and culture conditions for their own cell lines before titrating precious samples. Additionally, this
protocol details titration using a 10-fold dilution series, researcher may find it useful to increase
or decrease the fold dilution series based on the need for sensitivity for the titration series. This
step also outlines the process of adding sample to the cell monolayer, overlaying to minimize lateral
spread of infection, and the process of fixing the cells for removal from biological containment.

5. Thedaybefore theassay: toa tissueculture treated96-wellplate, add2.53104 cellsperwell ofBHK-
21 ATCC clone-13 cells in 100 mL of growth media per well. Incubate overnight at 37"C, 5% CO2.
a. Before starting the assay, examine cells under a light microscope to ensure you have proper

cell confluence the day of the assay (!90%); BHKs will not form an even monolayer with com-
plete cell-to-cell contact as seen with Vero cells.

6. In a 96-well round bottom plate, prepare 10-fold serial dilutions of the sample containing virus
by adding 20 mL of sample to 180 mL of growth media. Sample dilutions should be performed in
duplicate or triplicate, and at least one column should include a ‘mock’ infected PBS control.
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7. Remove media from 96-well flat bottom plate containing BHKs. Add 100 mL per well of serially
diluted samples in growth media to the 96-well flat bottom plate containing BHKs.

8. Incubate at 37"C, 5% CO2 for 1 h without shaking to allow for virus adsorption.
9. During incubation, prepare methylcellulose:

a. Mix one part 2%methylcellulose (see prepare reagents) with one part growthmedia. Place on
a rocker at room temperature with gentle agitation to mix methylcellulose and media.

10. Add 125 mL per well of diluted methylcellulose in growth media to the flat bottom plate con-
taining BHKs and + serially diluted samples. This step will minimize lateral spread of viral
infection.

11. Incubate 24 h without shaking at 37"C, 5% CO2.
12. Following incubation, fix the 96-well flat bottom plates as follows:

a. Prepare 5% paraformaldehyde (PFA) by diluting 20% electron microscopy grade PFA four-
fold in 13 PBS.

b. Fix cells with 5% paraformaldehyde by adding 50 mL per well and incubate at room temper-
ature for 30–60 min.

c. Wash cells gently three times with 150 mL per well of 13 PBS.
d. Add 150 mL per well of 13 FFA Wash buffer and let sit for 5–10 min at room temperature.
e. Remove plates from BSL-3 containment and proceed to immunostaining.

Immunostaining

Timing: Active time: 2–3 h, With incubations: 8–24 h

After cells have been fixed, individual foci must be visualized following an immunostaining protocol
that relies on the detection of viral antigen in the cells. This step outlines the immunostaining pro-
tocol that, in our hands, allows the researcher to visualize foci with minimal background.

13. Prepare 13 FFA Staining buffer by diluting 53 FFA Staining buffer five-fold in Millipore water.
53 FFA Staining buffer should be handled aseptically.

14. Remove Wash buffer and add primary antibody (e.g., Monoclonal Anti-Langat Virus Envelope
Glycoprotein (E), Clone 10F6) that has been diluted 3:10,000 in 13 FFA Staining buffer (50 mL
per well).

15. Incubate at room temperature for 1.5–2 h with gentle agitation on an orbital shaker, or overnight
at 4"C without shaking.

16. Wash three times with 13 FFA Wash buffer (150 mL per well).
17. RemoveWash buffer and add secondary antibody (goat anti-mouse conjugated to HRP) that has

been diluted 1:5,000 in 13 FFA Staining buffer (50 mL per well).
18. Incubate at room temperature for 2–3 h.
19. Wash three times with 13 FFA Wash buffer (150 mL per well).
20. Remove Wash buffer; add Trueblue substrate (50 mL per well) and incubate 15–20 min without

shaking, in the dark, or until spots are fully defined with minimal background.
21. Flick off substrate and wash twice with 200 mL/well of cool Millipore water to quench the reac-

tion. The reaction should not be quenched with hot (>37"C) water.
22. Tap on a paper towel to remove water and count or image within 15–30 min of quenching for

best counting results.

Imaging (optional)

Timing: Active time: 15–60 min, With computer/software run time: 30–120 min

After immunostaining, individual foci should be visible wells. While POWV titer can be calculated
manually by counting under a dissecting microscope, we have found that the high-throughput na-
ture of the 96-well plate format is more suitable for automated counting. For this purpose, we utilize
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an ImmunoSpot S6 FluoroCore M2 analyzer, hereafter referred to as a CTL Elispot machine. The
steps below outline the parameters on a CTL Immunospot analyzer that, in our hands, produce
the most rapid and accurate foci counts.

23. Turn on both the computer and CTL machine.
24. Open the CTL Switchboard and select the ‘Scan’ function.
25. Select ‘Full plate scan’.
26. Under ‘Dashboard’, ensure the correct filepath and plate setting.

a. The ’96 well BD Falcon’ setting can be used for most FFAs.
27. Load and name the plate.
28. Start the scan, confirm that the CTLmachine can correctly identify the A1, A12, and H1 wells, and

allow the images to be collected.
29. After the scan has completed, return to the CTL Switchboard.
30. Select the ‘Count’ function.
31. Select ‘SmartCount’.
32. Find the file folder containing the plate that was just scanned/imaged and load the plate(s) into

the autocount queue.
33. Select a few wells with clear, distinct foci. Adjust the parameters of the spot count, giving special

consideration to the appropriate gate size, background balance, and spot separation to yield an
accurate count.
a. It may be necessary to adjust parameters using a manually counted well or series of wells.

34. Once the appropriate parameters are selected, start the autocount.
35. After the autocount has completed, return to the CTL Switchboard.
36. Select the ‘Quality Control’ Function.
37. Find the file folder containing the plate that was just counted and load the plate(s) into the qual-

ity queue.
a. Quality control functions of the CTL Elispot should be used to manually correct aberrant

counts, remove false spots/hits, and, if necessary, re-count wells with different parameters.
b. Parameters should be determined/adjusted in the same manner as the original autocount.

38. Titration should be based on wells with individually discernable foci.

EXPECTED OUTCOMES

Once a sample has been sufficiently diluted, individual foci should be visible and countable in the
well. For determination of viral titer, the researcher should utilize the dilution that yields a suitable
number (between 20–120) of distinct foci.

QUANTIFICATION AND STATISTICAL ANALYSIS

For quantification of neutralizing antibodies at a given serum dilution, use the following formula:

!"
# of foci rep 1+# of foci rep 2

#

2
O# of foci in PBS control

$
3 100 = % POWV inhibition

Alternatively, the reduction in foci can also be subtracted from 100 to give the ‘% POWV infection’.
Serum serial dilutions should then be log transformed. In GraphPad Prism (v9), Python, R, etc.,
perform a nonlinear regression (curve fit) for a ‘log(agonist) vs. response, variable slope (four param-
eters) analysis, with constraints set to top equal to 100 and bottom equal to 0. This analysis can also
be used to find the EC50 and EC90 values, or the reciprocal dilution of serum required to obtain 50%
or 90% neutralization, respectively.

LIMITATIONS

All focus forming assays rely on antibody binding for the detection of viral antigen within infected
cells. The assay is therefore highly reliant on the quality and specificity of the antibody for the viral
antigen being detected. Researchers should take care in selecting the primary antibody being
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Figure 2. Common Powassan virus focus forming assay issues

Representative images of focus forming assays performed with lineage 1 Powassan virus LB in duplicate depicting

some common issues.

(A) These images show the results of incubation times that are too long (48 h, left) or too short (18 h, right). For

incubations that are too long, foci will run together and will not be individually discernable. For incubations that are

too short, foci will appear too small for detection, or will not appear at all.
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used. For those using polyclonal serum it is recommended that different dilutions of serum and
incubation times and conditions are tested to minimize non-specific binding, which can greatly in-
crease the background and make counting difficult.

TROUBLESHOOTING

Problem 1

Cell plating.

In the cell plating and titration by focus forming assay section step one the addition of an excess of
cells, or too few cells, to the 96-well plate before the addition of POWV can result in highly variable or
inaccurate titration. Examples of focus forming assays which were conducted on over-confluent or
under-confluent plates are shown in Figure 2.

Potential solution

Researchers are encouraged to determine the appropriate cell density and culture conditions for
their own cell lines before titrating precious or limited samples.

Problem 2

Organ toxicity.

When titrating by focus forming assay in the cell plating and titration by focus forming assay step, it is
possible for organ homogenate to be cytotoxic to the cell monolayer. This may alter the sensitivity of
the assay, decreasing the limit of detection, and causing inaccuracy in viral titer determination. This
is often the case with organs such as lungs, salivary glands, and livers.

Potential solution

Organ toxicity can be overcome by diluting the organ homogenate (i.e., rather than applying 20 mL
of organ homogenate diluted in 180 mL of media (final dilution 1:100), consider diluting 100-fold,
then adding 20 mL of the 100-fold dilution to 180 mL of media (final dilution 1:1,000).It is, however,
possible that in instances of low viral titer the dilution required tomitigate organ toxicity may exceed
the sensitivity of the assay, thus preventing accurate recording of infectious virus.

Problem 3

Incubation times.

In the cell plating and titration by focus forming assay section step seven, the twenty-four-hour in-
cubation step following the methylcellulose overlay is based on the amount of time needed for
the POWV lineages to replicate to sufficient levels for foci to be detected. This timing is highly var-
iable among different viruses or even among different strains of the same virus. Examples of focus
forming assays which were conducted using excessively long or short incubation times are shown
in Figure 2.

Figure 2. Continued

(B) These images show the results of plating cell densities that are too high (4 3 104 cells per well, left) or too low

(2.5 3 103 cells per well, right). For plating an excess of cells, background staining or ‘stacking’ of cells vertically (i.e.,

not on the cell monolayer) is possible. An excess of cells also increases the likelihood of washes damaging the cell

monolayer (well A2). For plating too few cells, gaps in the cell monolayer may be visible, and viral titer will likely appear

lower than expected.

(C) Representative image showing a focus forming assay with a cell dilution of 2.5 3 104 cells and 24 h incubation,

suitable for viral titer determination, as well as compound screening or neutralizing antibody quantification, resulting

in distinct and individually discernible foci.
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Potential solution

Researchers are encouraged to test many incubation times prior to the fixation step according to the
cell type, strain, and doubling time of their own cell lines before titrating limited samples. Generally,
24–72 h is sufficient for POWV focus forming assays for either lineage I or lineage II.

Problem 4

Removal of monolayer.

In the cell plating and titration by focus forming assay section and the Immunostaining steps eight,
two, four, five, seven and eight, vigorous pipetting or washing can remove themonolayer, leading to
lost data or inaccurate reporting of titer results.

Potential solution

Care must be taken when liquid is added to the plates containing the monolayer so as not to scratch
the monolayer with the pipet tip or agitate the monolayer too harshly. This will prevent dislodging
the cells.

Problem 5

Fibers and hairs.

In the immunostaining and imaging sections, fibers and hairs present during the washing of the assay
plates can remain associated with the monolayer and be carried through to the imaging step. The
presence of hairs and fibers can cause significant errors if using an automated counting program.

Potential solution

Refrain from using absorbent materials which contain fibers that can be released into the assay and
maintain a clean laboratory environment.

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be ful-
filled by the lead contact, Amelia K. Pinto (amelia.pinto@health.slu.edu).

Materials availability

There are restrictions to the availability of the primary detection antibody (polyclonal mouse sera)
due to limited supply. We will provide the serum to labs that request it, while our supply lasts. How-
ever, as these sera were generated in our lab, and we cannot guarantee that there will be no differ-
ences or batch-to-batch variation in different lots of POWV serum. We therefore recommend that
researchers seeking a primary detection antibody utilize the cross-reactive Langat virus (LGTV) anti-
body (clone 10F6, Cat#: NR-40316) available from BEI Resources.

Data and code availability

This study did not generate or analyze neither datasets nor code.
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Obesity Enhances Disease
Severity in Female Mice Following
West Nile Virus Infection
Elizabeth Geerling , E. Taylor Stone, Tara L. Steffen, Mariah Hassert , James D. Brien
and Amelia K. Pinto*

Department of Molecular Microbiology and Immunology, Saint Louis University, St. Louis, MO, United States

A rise in adiposity in the United States has resulted in more than 70% of adults being
overweight or obese, and global obesity rates have tripled since 1975. Following the 2009
H1N1 pandemic, obesity was characterized as a risk factor that could predict severe
infection outcomes to viral infection. Amidst the SARS-CoV-2 pandemic, obesity has
remained a significant risk factor for severe viral disease as obese patients have a higher
likelihood for developing severe symptoms and requiring hospitalization. However, the
mechanism by which obesity enhances viral disease is unknown. In this study, we utilized
a diet-induced obesity mouse model of West Nile virus (WNV) infection, a flavivirus that
cycles between birds and mosquitoes and incidentally infects both humans and mice.
Likelihood for severeWNV disease is associated with risk factors such as diabetes that are
comorbidities also linked to obesity. Utilizing this model, we showed that obesity-
associated chronic inflammation increased viral disease severity as obese female mice
displayed higher mortality rates and elevated viral titers in the central nervous system. In
addition, our studies highlighted that obesity also dysregulates host acute adaptive
immune responses, as obese female mice displayed significant dysfunction in
neutralizing antibody function. These studies highlight that obesity-induced
immunological dysfunction begins at early time points post infection and is sustained
through memory phase, thus illuminating a potential for obesity to alter the differentiation
landscape of adaptive immune cells.

Keywords: obesity, chronic inflammation, viral infection, West Nile virus, neutralizing antibody, vaccination,
sex difference

INTRODUCTION

Following the 2009 H1N1 pandemic, a link between obesity and enhanced viral infection severity
first came to light. Similarly, amidst the SARS-CoV-2 pandemic, obesity has been cited as a risk
factor for SARS-CoV-2 patients to develop coronavirus disease 2019 (COVID-19) (1, 2). Obese
COVID-19 patients also have a higher likelihood for requiring hospitalization due to severe
symptoms, in addition to a higher mortality rate when compared to healthy weight patients (3, 4).
While multiple studies have begun to address the link between obesity and severe disease (5–8), the
mechanism by which obesity heightens the likelihood of severe disease outcome is still unclear.
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Within the United States, ~72% of adults are overweight,
while ~40% are characterized as obese based upon a body mass
index greater than or equal to 30 kg/m2 (9). Half of United States
adults are predicted to be obese by 2030 (10). Globally, obesity
rates have tripled since 1975 resulting in 1 out of 3 people being
currently classified as overweight or obese (11, 12). Rising obesity
rates are problematic due to obesity being linked to numerous
comorbidities including nonalcoholic fatty liver disease, type 2
diabetes and respiratory distress, as well as being a risk factor for
metabolic syndrome (13–15). Further, within the obese state,
energy intake often exceeds energy expenditure, resulting in a
positive energy balance that can result in fat accumulation. This
accumulation can cause adipocyte enlargement, thus interfering
with blood supply to adipocytes and inducing a hypoxic state.
Hypoxia within adipose tissue can incite necrosis and result in
macrophage infiltration, leading to the production of pro-
inflammatory cytokines like interleukin-1b (IL-1b) and tumor
necrosis factor-a (TNF-a) that contribute to a state of chronic
inflammation seen in obese subjects (16, 17).

Retrospective analyses following the 2009 H1N1 pandemic
classified obesity as an independent risk factor of severe H1N1
infection outcomes, as a large proportion of hospitalized patients
who succumbed to H1N1 infection were obese (18–23). Since the
2009 H1N1 pandemic highlighted the susceptibility of the obese
population to severe infection outcomes, numerous laboratories
sought to determine if increasing vaccination rates of this high-
risk population could mitigate the risk for severe disease. Such
studies, predominately done utilizing respiratory viruses, have
revealed that obese humans and mice displayed impaired
immune responses to vaccination (8, 24–27) and classified
obesity as a comorbidity that exacerbates viral disease severity
(6, 7, 24, 25, 28–30). To explore the impact of obesity on immune
responses over time, we utilized West Nile virus (WNV).

WNV is a positive-sense, single-stranded RNA member of
the Flaviviridae family (31). WNV cycles between birds and
mosquitoes with other infections, including those of humans and
mice, being incidental. In humans, WNV infections are
commonly asymptomatic but can cause severe illness resulting
in encephalitis and meningitis (32). Protection against WNV
infection is mediated by humoral and cellular immune
responses (33–37). Elevated risk of severe WNV disease is
associated with age, diabetes, hypertension, kidney disease
and immune deficiencies. As WNV is a neurovirulent virus,
severe disease in both humans and mice is associated with
dissemination of the virus into the central nervous system
(CNS) (33, 38–43).

Here, we show that obesity-associated chronic inflammation
dysregulates host immune responses, increasing host susceptibility
to severe WNV infection. We identified an early impact of obesity
on viral control, where obese female mice have significantly higher
viral loads in the CNS and die at a higher rate when compared to
non-obese controls. Additionally, this study demonstrates that the
impact of obesity on immune cell dysfunction is exacerbated in
obese female mice when compared to obese male mice, as
highlighted by significant defects in the ability of neutralizing
antibodies primed in obese female mice to limit WNV infection.
Overall, our data reveal that obesity has an impact early during the

course of infection in inducing dysfunctional immunological
responses to WNV infection.

MATERIALS AND METHODS

Ethics Statement
All animal studies were conducted in accordance with the National
Institutes of Health Guide for Care and Use of Laboratory Animals
and approved by the Saint Louis University Animal Care and Use
Committee (IACUC protocol 2771).

Virus and Cells
WNV (strain New York 99) was passaged once in Vero cells
(African green monkey kidney epithelial cells) purchased from
American Type Culture Collection (ATCC CCL-81). Virus was
titered via focus forming assay (FFA) on Vero cells as previously
described (44).

Mice and Viral Infections
Wild type C57BL/6J mice were purchased commercially from
Jackson Laboratories and housed in a pathogen-free mouse facility
at the Saint Louis University School of Medicine. 3- to 12-week-
old mice were fed either a control (wt) or high fat diet (HFD) (40%
kcal fat, 20% kcal fructose and 2% cholesterol, Research Diets Inc.)
for approximately 12 weeks. Once mice on the HFD weighed 25%
more than wild type counterparts, they were considered to be
obese (ob). 15- to 30-week-old male and female C57BL/6J mice
were infected subcutaneously (SC) via footpad injection with 100
FFU of WNV.

Measurement of Liver Enzyme Levels
Serum was collected from naïve wild type and obese mice that
had been fed their respective diets for 12 weeks. Serum was
diluted 1:2 in PBS and loaded into a sample collection cup for
analysis via an IDEXX Catalyst One Chemistry Analyzer. An
NSAID clip was loaded into the analyzer to measure liver
damage based on serum levels of alkaline phosphatase, alanine
aminotransferase and aspartate aminotransferase.

Measurement of Circulating Inflammatory
Cytokine Levels
Blood from naïve wild type and obese female and male mice that
had been fed their respective diets for 12 weeks was collected into
RNAzol BD (Molecular Research Center, Inc.: RB 192) and RNA
was isolated according to the manufacturer’s instructions. mRNA
expression of TNF-a, IL-1b and IL-6 was determined through qRT-
PCR using Taqman primer probe sets purchased from Integrated
DNA Technologies (IDT) based on the following assay identifiers:
Mm.PT.58.12575861 (TNF-a), Mm.PT.58.41616450 (IL-1b) and
Mm.PT.58.10005566 (IL-6). Relative expression of each cytokine
was determined by 2DDCT with fold induction being relative to
GAPDH (assay identifier: Mm.PT.39a.1) levels of the same samples.

Measurement of Viral Burden
15- to 17-week-old male and female C57BL/6J mice were infected
SC via footpad injection with 100 FFU of WNV. At 3, 8 and
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15 days-post-infection (DPI), intracardiac perfusion with 20 ml of
PBS was performed and brains, kidneys, spleens, livers and fat were
snap frozen in Sarstedt tubes. Organs were homogenized in DMEM
supplemented with 5% FBS using a BeadMill 24 (Fisher Scientific).
Infectious viral load was determined by incubating ten-fold serial
dilutions of organ homogenate on Vero WHO cell monolayers in
96-well plates. Cells and organ homogenates were incubated for 1
hour at 37°C, then overlaid with 2% methylcellulose diluted in 5%
DMEM to prevent indiscriminate viral spread. Cells were then
incubated for 24 hours at 37°C prior to being fixed with 5%
paraformaldehyde in PBS for 30 minutes at room temperature.
Cells were then washed 3x with PBS and permeabilized for 10
minutes in focus forming assay permeability (FFA perm) wash (PBS,
0.05% Triton-X). Foci formed from infected cells were identified by
incubating plates with anti-mouse 4G2 (D1-4G2-4-15) (BioXCell),
a flavivirus group antibody that binds to the fusion loop of domain
II on the envelope protein, at 1 µg/ml for 2 hours at room
temperature. Cells were washed 3x with FFA perm wash and
incubated for 1 hour at room temperature with a goat anti-mouse
horseradish peroxidase-conjugated (HRP) secondary antibody
(Sigma) at 5µg/ml. Cells were again washed 3x with FFA perm
wash and TrueBlue detection reagent (KPL) was added for
visualization of foci of infection. Foci were counted using a CTL
Elispot as described in (45). For quantification of viral genome copies,
RNA was extracted from organ homogenates using TriReagent RT
(Molecular Research Center Inc.: RT111). Viral genome copies were
quantified via qRT-PCR using Prime-Time primer-probe sets
purchased from IDT with the following sequences: Forward:
TCAGCGATCTCTCCACCAAAG, Reverse: GGGTCAGC
ACGTTTGTCATTG, Probe: TGCCCGACCATGGGAGAAGCTC.
Viral genome copies/µl were quantified based on a standard curve
generated through dilutions of a flavivirus copy control.

Focus Reduction Neutralization Tests
Mouse serum was diluted 1:10 in PBS, serially diluted 3-fold and
mixedwith~100FFUofWNV.Serum:virusdilutionswere incubated
for 1 hr at 37°C to allow for immune complex formation. Complexes
were then added toVeroWHOcellmonolayers in 96-well plates and
incubated for 1 hr at 37°C to allow for viral entry into cells. Cells were
then overlaid with 2% methylcellulose, and plates were incubated
24 hr at 37°C. Plates were fixed with 5% paraformaldehyde for 30
minutes at room temperature. Plates were then rinsed with PBS and
permeabilized for10minuteswithFFApermwash.Foci formed from
infected cells were detected by incubating cells with a-mouse 4G2
(D1-4G2-4-15) at 1µg/ml for 2 hours at room temperature. Plates
were washed 3 times with FFA perm wash and incubated for 1 hr at
room temperature with goat a-mouse HRP-conjugated secondary
(Sigma) at 5µg/ml. Plates were then washed 3 times with FFA perm
wash and foci were visualized through the addition of TrueBlue
detection reagent (KPL). Foci were counted using a CTL Elispot.
Neutralization curves and FRNT90 and FRNT50 values were
generated in GraphPad Prism 8 though x-axis logarithmic
transformation followed by a non-linear curve fit regression analysis.

Statistical Analyses
All statistical analyses were performed using GraphPad Prism 8.
Survival curve statistical differences were determined using

Mantel-Cox tests. Statistical differences in weight gain, liver
enzyme levels, viral burden and neutralizing antibody FRNT90

and FRNT50 values were determined by Mann-Whitney tests.

RESULTS

Diet-Induced Obese Mice Display Liver
Damage and Elevated Inflammatory
Cytokine Levels
To determine the impact of obesity on immune responses to WNV,
we developed a mouse model of high fat diet induced obesity based
on previously published studies (46, 47). Female and male 3-5-
week-old C57BL/6J mice were fed either a regular chow diet (wild
type) or high fat diet. Mice were considered obese (ob) when they
weighed 25% more than wild type (wt) mice, which occurred
approximately 12 weeks after initial high fat diet feeding
(p<0.0001) (Figure 1A). As wild type and ob female mice
weighed significantly less than their male counterparts (p <0.0001
for wild type mice and p=0.0018 for obese mice), we separated the
mice based on sex. The significant elevation in weight observed in
ob female and ob male mice compared to the wild type controls has
been shown to be a reasonable surrogate for obesity as determined
by elevated BMI in humans (48, 49).

Due to diet-induced obesity being linked to nonalcoholic fatty
liver disease (50, 51), we sought to determine if liver-resident
enzyme levels were increased in serum of obese mice. When
wild type and obese mice had been fed their respective diets
for 12 weeks, serum was collected to measure circulating levels
of alkaline phosphatase, alanine aminotransferase and aspartate
aminotransferase (Figures 1B–D). Obese mice displayed
significantly increased alkaline phosphatase (female p=0.0079 and
male p=0.0127), alanine aminotransferase (female p=0.0079 and
male p=0.0007) and aspartate aminotransferase (female p=0.0079
and male p=0.0080) levels when compared to wild type mice. The
elevated liver enzyme levels in the obese mice indicate hepatocyte
death due to normally liver-resident enzymes being released into the
bloodstream. Importantly, obese liver enzyme levels often fell
outside of the normal range for mice as indicated by the dotted
lines, suggesting that the high fat diet fed mice exhibited evidence of
disease similar to nonalcoholic fatty liver disease seen in humans
(52, 53).

Since human obesity is accompanied by chronic inflammation,
we also sought to measure circulating inflammatory cytokine levels
of the mice in our model. We noted that obese female mice
displayed significantly higher TNF-a (p=0.0043), IL-6 (p=0.0303)
and IL-1b (p=0.0043) levels when compared to female wild type
counterparts (Figures 1E–G). Similarly, obese males also displayed
significantly higher circulating levels of TNF-a (p=0.0002), IL-6
(p=0.0019) and IL-1b (p=0.0499) when compared to wild type male
counterparts (Figures 1E–G). Interestingly, wild type females also
displayed significantly higher levels of TNF-a (p=0.0016) and IL-6
(p=0.0186) when compared to wild type males, while obese females
displayed significantly higher levels of TNF-a (p=0.0200) and IL-1b
(p=0.0127) when compared to obese males (Figures 1E–G). These
data highlight that inflammation is generally higher in females than
inmales, regardless of diet status. Taking together the sex differences
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A B

C D
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G

F

FIGURE 1 | Diet-induced obese mice experience liver damage and have elevated levels of circulating inflammatory cytokines. (A) Weights at time of infection. To
ensure mice fed the high fat diet were obese prior to infection, female (wt n=28 and ob n=27) and male (wt n=20 and ob n=27) mice were weighed. Both female and
male ob mice weighed significantly more than wt counterparts (p<0.0001). (B–D) Serum liver enzyme levels. Liver function was monitored by measuring serum levels
of (B) alkaline phosphatase (ALKP), (C) alanine aminotransferase (ALT) and (D) aspartate aminotransferase (AST) in wt female (n=5), ob female (n=5), wt male (n=8)
and ob male (n=6) mice. All liver enzyme levels tested were detected at significantly higher amounts in ob mice when compared to wt mice, and numerous ob mice
displayed enzyme levels outside of the normal range for a mouse (as indicated by the dotted lines). When comparing ALKP levels in ob versus wt females, p=0.0079,
while p=0.0127 for ob versus wt males. When comparing ALT levels, p=0.0079 for ob versus wt females, while p=0.0007 for ob versus wt males. When comparing
AST levels, p=0.0079 for ob versus wt females, while p=0.0080 for ob versus wt males. (E–G) Circulating inflammatory cytokine levels. qRT-PCR was used to
characterize expression of three inflammatory cytokines, tumor necrosis factor-a (TNF-a), interleukin-6 (IL-6) and interleukin-1b (IL-1b), in the blood of naïve wt and
ob female (n=5 and n=6, respectively) and male (n=8 and n=8) mice. In each instance, inflammatory cytokine levels were significantly higher in ob mice when
compared to wt counterparts. Additionally, overall, inflammation was higher in female mice when compared to male mice. (E) TNF-a expression: p=0.0043 for ob
versus wt females, p=0.0047 for ob versus wt males, p=0.0080 for ob females versus ob males and p=0.0109 for wt female versus wt males. (F) IL-6 expression:
p=0.0303 for ob versus wt females, p=0.0045 for ob versus wt males, p=0.0533 for ob females versus ob males and p=0.0109 for wt female versus wt males.
(G) IL-1b expression: p=0.0303 for ob versus wt females, p=0.0499 for ob versus wt males, p=0.0127 for ob females versus ob males and p=0.0109 for wt female
versus wt males. Statistical significance was determined by Mann-Whitney test. *p < 0.05, **p < 0.01, ***P < 0.001, ****p < 0.0001, ns, not significant.

Geerling et al. Obesity Enhances Viral Disease Severity

Frontiers in Immunology | www.frontiersin.org August 2021 | Volume 12 | Article 7390254

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


in terms of weight change and inflammation levels, we decided to
separate the female and male mice for the remainder of our studies.

Obesity Enhances the Mortality Rate of
Female Mice Following WNV Infection
Following the establishment of our obesity mouse model, we
sought to test our hypothesis that obese mice would be more
susceptible to severe WNV infection. To test this, female and
male obese and wild type mice were infected subcutaneously
(SC) with 100 focus forming units (FFU) of WNV via hind
footpad injection. Following infection, the mice were monitored
for survival for 30 days. Wild type females exhibited a
significantly higher survival rate when compared to obese
females with ~73% of wild type females surviving, while only
about ~26% of obese females survived (p=0.0132) (Figure 2A).
The mean time to death (MTD) for the obese females was 10
days post infection (DPI). These findings are consistent with
studies done using influenza viral infection models in obese mice
(25, 28, 54, 55). However, no significant differences were noted in
survival rates between wild type and obese male mice
(Figure 2B). Wild type females also displayed a 10% greater
survival rate than wild type males (Figures 2A, B). The disparity
between the survival rate of male and female mice was somewhat
surprising, although studies in humans have previously noted
differences in WNV disease severity between sexes (56, 57).

Obesity Enhances WNV Load in the CNS
of Female Mice
Due to the high mortality rate of obese females, we next sought to
measure viral titers in various organs previously shown to harbor
productive WNV replication (58) to determine if increased viral
burden contributed to enhanced mortality rates or altered WNV
tissue tropism. To this end, wild type and obese mice were
infected SC with 100 FFU WNV. The following organs were
collected at 3, 8 and 15 DPI: subcutaneous fat, liver, spleen,
kidney and brain. As we noted a significant difference in the

survival only with the female mice (Figure 2) we separated the
analysis of the mice based on the sex of the animals. Virus was
quantified both by focus forming assay to detect infectious virus
(Figure 3), and qRT-PCR to detect WNV genome copies
(Supplementary Figure 1).

In the periphery, obese females exhibited a slight but
significantly higher level of infectious WNV in the liver at each
time point post infection (3 DPI p=0.0433, 8 DPI p=0.0238, 15
DPI p=0.0286) (Figure 3A). Similarly, the female obese state
displayed higher levels of infectious WNV in the spleen at 3 DPI
(p=0.0152) when compared to wild type females, however, no
differences in titer were noted at 8 or 15 DPI (Figure 3B). The
infectious virus was not significantly different in other peripheral
sites including fat and kidney at any time point post infection
(Figures 3C, D). Examination of the WNV genome copies in the
peripheral organs showed no differences between the obese and
wild type female mice liver and fat titers (Supplementary
Figures 1A, C), but a slight yet significantly lower amount of
viral genome copies was observed in the obese mouse spleens
(p=0.0315) and kidneys (p=0.0268) at eight days post infection
(Supplementary Figures 1B, D). As expected, WNV viral titer
data showed no differences in infectious virus or viral genome
copies between male wild type and obese mice in any peripheral
or CNS organ at any time point tested (Supplementary
Figures 2, 3). Overall, these data suggest that the obese state in
female mice may contribute to modestly higher viral replication
in some peripheral organs with the greatest impact occurring in
the liver, but the slight differences in viral titer in the periphery
do not appear to explain the stark differences in mortality
between the obese and wild type female mice.

AsWNV is predominately a CNS disease (59) we hypothesized
that the higher mortality observed in the obese females would be
associatedwithhigherWNVtiters in the brainsof these animals. To
determine if obesity impacted viral infection in the CNS, we
examined WNV viral titer in the brains of the obese and wild
type female mice at 3, 8 and 15 DPI (Figure 4). We were unable to

A B

FIGURE 2 | Diet-induced obese mice have enhanced mortality following viral infection. (A, B) Survival of mice following WNV infection. Mice were infected with 100
FFU of WNV via subcutaneous foot pad injection. (A) Wt females (n = 15) displayed a significantly higher survival rate when compared to ob females (n = 15)
(p = 0.0132). (B) No differences were noted in the survival rates between male wt and ob mice (n = 22 and n = 19, respectively) (p = 0.9559). Survival significance
was determined via Mantel-Cox test. *p < 0.05, ns, not significant.
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detect infectious virus and saw no differences in the genome copy
numbers between the wild type and obese females at 3 DPI
(Figure 4A). However, by 8 DPI, obese females had
approximately two logs more infectious virus in the brains as
compared to the wild type control mice (p=0.0397) (Figure 4B).
The obese female mice also displayed significantly higher WNV
genome copies in the brain at this time point (p=0.0012)
(Figure 4B). The obese female mice maintained a significantly
higher infectious viral titer compared to the controls with a log
difference between the two groups in the surviving mice at 15 DPI
(p=0.0079) (Figure 4C), but there were no differences in the
genome copy numbers of WNV in brains between these groups
at this time point. Interestingly, the genome copy number in the
brains of the wild type animals increased between day 8 and 15 post
infection. Importantly, as the MTD for the obese mice is 10 DPI,
viral titer in the surviving obese mice decreased suggesting some
evidence of effective immune control in the surviving animals.

Obese Females Generate Poorly
Functioning Neutralizing Antibodies to WNV
Previous studies have shown that obesity can lead to poor antibody
responses following vaccination (25–27, 60–62). Therefore, we
hypothesized that the increase in mortality and high viral loads
seen in the obese female mice was due in part to defects in
the antibody response in the obese WNV infected animals.

To test this hypothesis, we analyzed the function of neutralizing
antibodies in wild type and obese mice at 8, 15 and 30 DPI through
focus reduction neutralization tests (FRNTs), as we described
previously (63). Employing the use of FRNTs allowed us to
determine the concentration of serum, as a by proxy of
neutralizing antibody titer, required to neutralize 90% (FRNT90)
and 50% (FRNT50) of WNV present in the assay. Between male
obese and male wild type mice, the percentage of WNV infected
cells was slightly elevated at low serum dilutions at 8 and 30 DPI,
but as the serum dilution increased, nearly identical infection rates
were noted between the two groups (Supplementary Figures 4A,
G). In addition, both obese and wild type males display similar
FRNT90 and FRNT50 values, suggesting that neutralizing
antibodies primed in male obese mice are functional
(Supplementary Figures 4B, C, E, F, H, I).

At 8, 15 and 30 DPI in the female mice, there is a higher
percentage of WNV infected cells for each obese mouse serum
dilution tested when compared to the serum dilutions of wild
type females (Figures 5A, D, G), suggesting that the neutralizing
antibodies primed in the female obese state fail to neutralize
WNV as robustly as those antibodies primed in wild type
females. Further, at each time point tested, FRNT90 values are
significantly lower in the obese females when compared to the
wild type females (8 DPI p=0.0286, 15 DPI p=0.0079, 30 DPI
p=0.0021), again highlighting a defect in the quality of

A B

C D

FIGURE 3 | The obese state in females promotes early WNV entry into peripheral organs. (A–D) Infectious viral titers in female mouse organs. Mice were infected
with 100 FFU of WNV via subcutaneous foot pad injection. At 3 (wt n=6 and ob n=6), 8 (wt n=5 and ob n=5) or 15 (wt n=4 and ob n=4) days post infection, liver (A),
spleen (B), fat (C) and kidney (D) were harvested, frozen and homogenized. Levels of infectious virus were measured via focus forming assay and reported as FFU/
ml of organ homogenate. Asterisks indicate statistically significant values (*p < 0.05) as determined by Mann-Whitney test. ns, not significant.
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neutralizing antibodies primed in obese female mice
(Figures 5C, F, I). Similarly, FRNT50 values trend toward
being lower in obese females versus wild types at 8 DPI
(Figure 5B), and these values are significantly lower in obese
females at 15 and 30 DPI (15 DPI p=0.0079, 30 DPI p=0.0044)
(Figures 5E, H). Thus, the neutralizing antibodies primed in the
obese females display a reduced neutralization capacity when
compared to those primed in the wild type females.

DISCUSSION

With obesity rates rising globally and having links to numerous
pathophysiological conditions, we sought to determine if obesity
conferred immunological dysfunction in a murine diet-induced
obesity WNV infection model. Here we have shown that in
female mice, high fat diet feeding induces an obese state that
promotes increased mortality, heightened viral titers in the brain,

A

B

C

FIGURE 4 | The obese state in female mice promotes heightened viral titers in the brain. (A–C) Brain viral titers in female mice. Mice were infected with 100 FFU
WNV via SC footpad injection and brains were harvested at 3 (A), 8 (B) and 15 (C) DPI. Brains were homogenized and used to determine infectious titer via focus
forming assay or RNA was isolated and used for qRT-PCR analysis to determine WNV genome copy numbers based off a copy control. Infectious titer data were
reported as WNV FFU/ml and genome copy data were reported as WNV RNA/µl based off GAPDH expression. Asterisks indicate statistically significant values
(*p < 0.05, **p < 0.001) as determined by Mann-Whitney test. ns, not significant.
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and impaired function of neutralizing antibodies. In this report,
we primarily focused on the female data as it highlights the most
pronounced differences in disease, but current studies are
underway in our laboratory to further investigate the interplay
between chronic inflammation and sex in altering immune
responses to viral pathogens. Interestingly, sex has been cited
as a confounding factor in immune responses to viral pathogens
with males generally having a higher risk of severe outcomes
from respiratory infections at younger and older ages, while

females are often at a higher risk for severe viral disease during
reproductive years (reviewed in [64)].

We noted a stark difference in survival between wild type and
obese females where obese females died at a significantly higher
rate than wild type females (Figure 2A). The WNV titers in the
peripheral organs revealed modest differences between the obese
and wild type female mice with elevated titers in the livers and
spleens of obese females at various earlier time points post
infection (Figures 3A, B). These findings are consistent with

A B C

E FD

H IG

FIGURE 5 | Obese females have poorly neutralizing antibodies to WNV. At 8 (wt n = 4 and ob n = 4), 15 (wt n = 5 and ob n = 5) and 30 (wt n = 10 and ob n = 8)
DPI, focus reduction neutralization tests were performed to assess neutralizing antibody function. Neutralization curves at each time point (A, D, G) show a higher
frequency of infected cells when virus was incubated with serum derived from obese females. Although no differences are noted between FRNT50 values at 8 DPI
between wild type and obese animals (B), these values are significantly lower in obese females at 15 and 30 DPI when compared to wild type counterparts (E, H),
while FRNT90 values are significantly lower in obese females when compared to wild type at each time point tested (C, F, I). Asterisks indicate statistically significant
values (* p<0.05, ** p<0.001) as determined by Mann-Whitney test. ns, not significant.
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other studies exploring the impact of obesity on organ titer in the
context of various viral infections (55, 65, 66). AsWNV is known
to be neuroinvasive (67, 68), we sought to explore a potential role
of obesity in altering WNV pathogenesis. Notably, the obese
females displayed significantly higher titers in the brains at 8 and
15 DPI when compared to wild type females (Figures 4B, C). As
shown previously by Brien et al., elevated WNV titers in the
brain significantly correlate with mortality from WNV (69).
Based on our work and on previous studies in the literature,
we can conclude that the significant increase in mortality in the
obese mice is due to the elevated viral titers observed.

Numerous studies exploring the effect of diet-induced obesity
on vaccination outcomes to various viruses and toxins, including
influenza and hepatitis B viruses and tetanus toxin, have
highlighted that the titer of neutralizing antibodies primed in
the obese state is reduced when compared to the wild type state,
and such antibodies wane rapidly (26, 27, 29, 62, 70, 71). These
observations highlight a potential defect in the formation of
memory B cells within the obese state, a phenomenon that
could be detrimental in the context of WNV infection as
neutralizing antibodies are essential in reducing viral load
amidst WNV infection (33, 72, 73). Previous studies have also
shown that WNV specific antibody responses are important for
the control of WNV burden in the CNS (33). Thus, we sought to
determine if the obese state impacted the function of neutralizing
antibodies. As can be seen on the neutralization curves in Figure 5,
we noted a higher frequency of WNV-infected cells at each
dilution tested from female obese mouse-derived serum at all
the time points observed. Similarly, when analyzing the FRNT90
and FRNT50 values, it is evident that a significantly higher amount
of female obese mouse-derived serum is required to neutralize
90%, as well as half, of the virus present when compared to serum
derived from wild type female mice (Figures 5B, C, E, F, H, I),
implicating defects in sterilizing immunity within obese females.

Through these studies, we determined that obesity induces
immunological dysfunction in a murine diet-induced obesity
WNV infection model. We showed that high fat diet feeding in
female mice induces an obese state that promotes altered viral
pathogenesis, and a decreased neutralization capacity of
neutralizing antibodies. The early time points studied
throughout these experiments revealed that the obese state
impacts the adaptive immune responses at early time points
post infection, thus shedding light on the potential for obesity to
induce epigenetic changes that alter the differentiation landscape
within the obese state. This phenomenon could account for why
obesity tends to induce impaired memory responses. Studies to
further explore the sex differences noted within our model, as
well as to investigate the impact of obesity on epigenetic
modification of immune cells, are undergoing.
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Supplementary Figure 1 | The obese state in females promotes early WNV entry
into peripheral organs. (A–D) Organ viral titers in female mice. Mice were infected
with 100 FFU of WNV via subcutaneous foot pad injection. At 3, 8 or 15 days post
infection, liver (A), spleen (B), fat (C) and kidney (D) were harvested, frozen and
homogenized. RNA was isolated from organ homogenates and viral genome copies
were quantified via qRT-PCR using a standard curve to interpolate values based off
a copy control. Data were then normalized to GAPDH and reported as WNV
genome copies/µl of organ homogenate. Asterisks indicate statistically significant
values (*p<0.05) as determined by Mann-Whitney test. ns: not significant.

Supplementary Figure 2 | The obese state in males does not impact the timing
or replication pattern of WNV in peripheral organs. (A–D) Infectious viral titers in
male mouse organs. Mice were infected with 100 FFU of WNV via subcutaneous
foot pad injection. At 3 (wt n=4, ob n=3), 8 (wt n=3, ob n=3) or 15 (wt n=3, ob n=3)
days post infection, liver (A), spleen (B), fat (C) and kidney (D) were harvested,
frozen and homogenized. Levels of infectious virus were measured via focus
forming assay and reported as FFU/ml of organ homogenate. (E–H) Organ viral
genome copies in male mice. RNA was isolated from organ homogenates of liver
(E), spleen (F), fat (G) and kidney (H) and viral genome copies were quantified via
qRT-PCR using a standard curve to interpolate values based off a copy control.
Data were then normalized to GAPDH and reported as WNV genome copies/µl of
organ homogenate. ns: not significant.

Supplementary Figure 3 | The obese state in males does not impact the timing
or replication pattern of WNV in the CNS. (A–C) Infectious and genome copy viral
titers in male mouse brain. Mice were infected with 100 FFU of WNV via
subcutaneous foot pad injection. At 3 (A), 8 (B) or 15 (C) days post infection, brains
were harvested, frozen and homogenized. Levels of infectious virus were measured
via focus forming assay and reported as FFU/ml of brain homogenate. To determine
genome copy number, RNA was isolated from brain homogenates and viral
genome copies were quantified via qRT-PCR using a standard curve to interpolate
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values based off a copy control. Data were then normalized to GAPDH and reported
as WNV genome copies/µl of organ homogenate. ns: not significant.

Supplementary Figure 4 | Obese males have no defects in neutralizing antibody
function against WNV. At 8 (wt n=3 and ob n=4), 15 (wt n=4 and ob n=3) and 30 (wt
n=11 and ob n=13) DPI, focus reduction neutralization tests were performed to

assess neutralizing antibody function. Neutralization curves at 8 and 30 DPI (A, G)
show a slightly higher frequency of infected cells when virus was incubated with low
serum dilutions derived from obese males, but nearly identical levels of infection are
ultimately reached as the serum becomes more dilute. FRNT50 and FRNT90 values
are nearly identical at each time point tested between wild type and obese male
mice (B, C, E, F, H, I). ns: not significant.
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Plasmalogen Loss in Sepsis and
SARS-CoV-2 Infection
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Plasmalogens are plasma-borne antioxidant phospholipid species that provide protection
as cellular lipid components during cellular oxidative stress. In this study we investigated
plasma plasmalogen levels in human sepsis as well as in rodent models of infection. In
humans, levels of multiple plasmenylethanolamine molecular species were decreased in
septic patient plasma compared to control subject plasma as well as an age-aligned
control subject cohort. Additionally, lysoplasmenylcholine levels were significantly
decreased in septic patients compared to the control cohorts. In contrast, plasma
diacyl phosphatidylethanolamine and phosphatidylcholine levels were elevated in septic
patients. Lipid changes were also determined in rats subjected to cecal slurry sepsis.
Plasma plasmenylcholine, plasmenylethanolamine, and lysoplasmenylcholine levels were
decreased while diacyl phosphatidylethanolamine levels were increased in septic rats
compared to control treated rats. Kidney levels of lysoplasmenylcholine as well as
plasmenylethanolamine molecular species were decreased in septic rats. Interestingly,
liver plasmenylcholine and plasmenylethanolamine levels were increased in septic rats.
Since COVID-19 is associated with sepsis-like acute respiratory distress syndrome and
oxidative stress, plasmalogen levels were also determined in a mouse model of COVID-19
(intranasal inoculation of K18 mice with SARS-CoV-2). 3 days following infection, lung
infection was confirmed as well as cytokine expression in the lung. Multiple molecular
species of lung plasmenylcholine and plasmenylethanolamine were decreased in infected
mice. In contrast, the predominant lung phospholipid, dipalmitoyl phosphatidylcholine,
was not decreased following SARS-CoV-2 infection. Additionally total plasmenylcholine
levels were decreased in the plasma of SARS-CoV-2 infectedmice. Collectively, these data
demonstrate the loss of plasmalogens during both sepsis and SARS-CoV-2 infection. This
study also indicates plasma plasmalogens should be considered in future studies as
biomarkers of infection and as prognostic indicators for sepsis and COVID-19 outcomes.
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INTRODUCTION

Sepsis has been a major threat to global health over the past
several decades. In the United States, approximately one million
individuals are diagnosed with sepsis annually, with mortality
estimated between 12 and 25 percent (Mayr et al., 2014; Paoli
et al., 2018). An estimated 20 percent of all deaths globally were
attributed to sepsis (Rudd et al., 2020). The more severe septic
shock has an estimated 38 percent mortality, and half of all
Americans who die in the hospital are diagnosed with sepsis (Liu
et al., 2014; Vincent et al., 2019). Sepsis occurs when an infection
triggers a dysregulated host immune response, leading to
systemic microcirculatory and immune dysfunction. This
dysregulated inflammatory response in the microvasculature
leads to direct damage of cells from reactive oxygen species
and other inflammatory mediators, activation of the
coagulation cascade, vasodilation, and tissue hypoxia with
subsequent mitochondrial dysfunction. This complex system
culminates in life-threatening organ injury and metabolic
derangements (Chuang et al., 2006; Robertson and
Coopersmith, 2006; Galley, 2011; Angus and van der Poll,
2013; Delano and Ward, 2016; Singer et al., 2016; Prauchner,
2017). Lipids and lipid-related signaling pathways have been
investigated as mediators, potentially at the blood-endothelial
interface during sepsis (Amunugama et al., 2021a). Specific lipids
may also have prognostic value as biomarkers in sepsis (Meyer
et al., 2017; Mecatti et al., 2018; Mecatti et al., 2020; Wang et al.,
2020; Amunugama et al., 2021a). Additionally, a major cause of
COVID-19 mortality is sepsis-associated acute respiratory
distress syndrome (ARDS). Similar to sepsis, lipids have been
investigated as important mediators and biomarkers in COVID-
19 (Tanner et al., 2014; Aktepe et al., 2015; Villareal et al., 2015;
Jean Beltran et al., 2018; Fernández-Oliva et al., 2019; Sviridov
et al., 2020; Casari et al., 2021; Mesquita et al., 2021; Theken et al.,
2021).

Plasmalogens comprise a significant fraction of the lipid
content in the plasma, immune cells, and endothelium
(Chilton and Murphy, 1986; Chilton and Connell, 1988;
Kayganich and Murphy, 1992; Murphy et al., 1992; Bräutigam
et al., 1996). There is considerable diversity in plasmalogen
molecular species. In general, plasmalogens contain either
phosphocholine or phosphoethanolamine at the sn-3 position
of the glycerol backbone. The vinyl ether aliphatic group attached
to the glycerol backbone predominantly contains sixteen and
eighteen carbon groups. Recently we have also shown neutrophil
plasmalogens contain vinyl ether groups that are greater than
twenty carbons in length (Amunugama et al., 2021b).
Plasmalogens have been suggested to have important roles in
biological membranes, which are due, in part, to their unique
packing in membranes compared to diacyl phospholipids (Han
and Gross, 1990; Han and Gross, 1991). Plasmalogens have been
shown to have roles in synaptic fusion, cholesterol efflux, lipid
rafts, and transmembrane protein function (Glaser and Gross,
1994; Ford and Hale, 1996; Mandel et al., 1998; Pike et al., 2002).
Plasmalogens likely have key roles in inflammation at several
levels. Plasmalogens are plasma-borne antioxidants and have
been shown to protect endothelium from oxidative stress

(Vance, 1990; Zoeller et al., 1999). The vinyl ether bond of
plasmalogens is susceptible to attack by reactive species, and
this propensity suggests that these lipids can protect cells by
scavenging reactive oxygen species (Zoeller et al., 1988; Reiss
et al., 1997; Zoeller et al., 1999; Zoeller et al., 2002; Dean and
Lodhi, 2018). Additionally, plasmalogens have been shown to
have a key role in macrophage phagocytosis (Rubio et al., 2018).
Furthermore, plasmalogens are enriched with arachidonic acid
and docosahexaenoic acid at the sn-2 position, and their
metabolism by phospholipases leads to the mobilization of
these fatty acids and their subsequent oxidation to bioactive
eicosanoids and resolvins (Paul et al., 2019). Collectively, the
roles of plasmalogens in membrane molecular dynamics, as
antioxidants, and as precursors of bioactive lipids indicate they
may be important in inflammation associated with disease and
infection.

Plasma plasmalogen levels have been shown to decrease during
inflammation such as during endotoxemia (Ifuku et al., 2012),
Parkinson’s disease (Dragonas et al., 2009; Fabelo et al., 2011), and
lupus (Hu et al., 2016). Several of these previous studies (Dragonas
et al., 2009; Hu et al., 2016) have suggested the loss of plasmalogens
during Parkinson’s disease and lupus is due to the associated oxidative
stress. Surprisingly only one study has investigated plasmalogen loss
during human sepsis, which also attributed plasmalogen loss to
oxidative stress (Brosche et al., 2013). This study was limited to
measuring dimethyl acetals as a measure of plasmalogen levels and
was performed in a limited number of geriatric septic patients. In
addition to sepsis, several investigations have emerged over the past
2 years demonstrating plasma plasmalogen levels in humans with
severe COVID-19 are decreased (Schwarz et al., 2021; Snider et al.,
2021). The loss of plasmalogens and other phospholipids enriched
with arachidonic acid and docosahexaenoic acid as well as increased
secretory phospholipase A2 (Snider et al., 2021) in COVID-19
patients support an important role for plasmalogens as precursors
of oxylipids.

We have previously shown the plasmalogen vinyl ether bond is
targeted by neutrophil-derived HOCl (a product of
myeloperoxidase activity) resulting in 2-chlorofatty aldehyde
and 2-chlorofatty acid production (Albert et al., 2001;
Thukkani et al., 2002; Anbukumar et al., 2010). Furthermore,
increased 2-chlorofatty acid plasma levels associate with ARDS-
caused mortality in human sepsis (Meyer et al., 2017). 2-
Chlorofatty acids are also elevated in the plasma and several
organs in rats subjected to cecal slurry sepsis (Pike et al., 2020).
Since plasmalogens are the precursors of chlorinated lipid
production during sepsis and since limited molecular detail is
known about human plasma plasmalogen loss during sepsis, in
the present study we have investigated plasma plasmalogen levels
in human sepsis patients. Furthermore, we have employed the rat
cecal slurry sepsis model to identify both plasma plasmalogen loss
as well as changes in liver and kidney plasmalogen levels during
sepsis. Lastly, we examined changes in plasmalogen levels in
plasma and lung in mice challenged with SARS-CoV-2.
Collectively, these studies show the loss of plasmalogens
during sepsis and SARS-CoV-2 infection with new detail into
changes in plasma molecular species, as well as changes in organs
in rodent models of sepsis and COVID-19.

Frontiers in Cell and Developmental Biology | www.frontiersin.org June 2022 | Volume 10 | Article 9128802

Pike et al. Plasmalogens During Sepsis and COVID-19

https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


MATERIALS AND METHODS

Human Plasma Specimens and Analysis
Sepsis plasma samples were obtained from subjects admitted to
the intensive care unit (ICU) with suspected infection and acute
organ dysfunction (sepsis) at day 7 in the ICU. The cohort has
been previously described (Reilly et al., 2018). The cohort study is
approved by the University of Pennsylvania institutional review
board (IRB protocol #808542), and all subjects or their proxies
provided informed consent to participate. Control healthy plasma
samples were obtained at Saint Louis University under IRB
protocol 26646. Plasma samples were stored in aliquots to
minimize freeze thaw cycles to two times or less.

Rat Cecal Slurry Studies
Rats were supplied from Envigo (Harlan—Indianapolis, IN,
United States). All rats were young adult male Sprague-Dawley
weighing between 270–330 g (8–12 weeks old). All animals were
maintained in a temperature and humidity-controlled room with
a 12 h light/dark cycle and unrestricted access to chow and water.
Upon arrival to Saint Louis University, rats were acclimated to the
environment for at least a week prior to experiments. All animal
experiments were conducted with the approval of the
Institutional Animal Care and Use Committee at Saint Louis
University. Cecal slurry (CS) was prepared from cecal contents of
donor male Sprague-Dawley rats as previously detailed (Pike
et al., 2020). Prior to ip CS administration for sepsis studies,
aliquots of CS were thawed quickly in warm water. Rats were
administered 15 ml/kg CS or 15% glycerol vehicle control (ip) in a
total volume of 20 ml/kg, with the remaining 5 ml/kg being sterile
saline (B Braun Medical, Bethlehem, PA, United States). At the
time of CS administration, animals were administered a
concurrent 30 ml/kg dose of subcutaneous sterile saline. Eight
hours following CS treatment, 25 mg/kg ceftriaxone (Hospira) in
sterile saline was administered intramuscularly in the hind limb
in a 1 ml/kg volume. A second subcutaneous 30 ml/kg dose of
sterile saline was administered concurrently with the ceftriaxone
in order to simulate treatment of human sepsis with crystalloid
and antibiotics. 20 h following CS injection, rats were euthanized,
and organs were collected, which were immediately frozen on dry
ice. Blood was collected via cardiac puncture, and plasma was
immediately prepared and then stored at −80°C. Plasma
preparation and storage was achieved within 30–45 min of the
blood draw. Plasma samples were stored in aliquots to minimize
freeze thaw cycles to two times or less. Rats were euthanized by
injecting 0.5 ml Somnasol (390 mg/ml sodium pentobarbital and
50 mg/ml phenytoin sodium), ip followed by thoracotomy.

Mouse SARS-CoV-2 Infection Studies
K18 mice (JAX strain 034860, human angiotensin converting
enzyme 2 (hACE2 transgenic)) were supplied from the Jackson
Laboratory (Bar Harbor, MA, United States). All mice were
young adult females weighing between 25–30 g (~9 weeks old).
All animals were maintained in a temperature and humidity-
controlled room with a 12 h light/dark cycle and unrestricted
access to chow and water. Upon arrival to Saint Louis University,
mice were acclimated to the ABSL-3 environment for at least a

week prior to experiments. All animal experiments were
conducted with the approval of the Institutional Animal Care
and Use Committee at Saint Louis University. K18 mice were
either mock infected or infected with 1 × 104 focus forming units
(FFU) of the beta variant B.1.351 of SARS-CoV-2 intranasally
(20 μl). The beta variant B.1.351 of SARS-CoV-2 was obtained
from BEI Resources (#NR55282). Tissues and plasma were
collected from euthanized mice three- or 4-days following
infection. Tissue homogenates were prepared for analyses of
either viral burden, cytokine mRNA, or lipids. SARS-CoV-2
viral burden was measured by focus forming assays (FFAs)
using Vero E6 cells transfected with hACE2 and TMPRSS2 as
we have previously described (Geerling et al., 2022).
Inflammatory cytokine levels were measured via qRT-PCR
using Taqman primer and probe sets from IDT as previously
described (Geerling et al., 2021).

Lipid Analysis
Tissue and plasma lipids were extracted in the presence of
internal standards (see Supplementary Table S1) by a
modified Bligh-Dyer extraction as previously described (Bligh
and Dyer, 1959; Maner-Smith et al., 2020; Pike et al., 2020;
Amunugama et al., 2021b). Individual choline and
ethanolamine glycerophosphospholipids were detected using
selected reaction monitoring (see Supplementary Table S1 for
transitions) with an Altis TSQmass spectrometer equipped with a
Vanquish UHPLC System (Thermo Scientific) with isotopomer
corrections for each target molecular species compared to the
respective internal standard. Lipids were separated on an
AccucoreTM C30 column 2.1 mm × 150 mm (Thermo
Scientific) with mobile phase A comprised of 60% acetonitrile,
40% water, 10 mM ammonium formate, and 0.1% formic acid
and mobile phase B comprised of 90% isopropanol, 10%
acetonitrile with 2 mM ammonium formate, and 0.02% formic
acid. Initial conditions were 30% B with a discontinuous gradient
to 100% B at a flow rate of 0.260 ml/min. Plasmalogen molecular
species were identified by acid lability and fatty acid aliphatic
group identification under identical conditions employed using
the TSQ mass spectrometer but using a Q-Exactive mass
spectrometer with choline glycerophospholipids detected in
negative ion mode.

Statistics
Student’s t-test was used to compare two groups in rat CS and
K18 mouse SARS-CoV-2 infection studies. Plasma
concentrations were compared between healthy control
subjects and sepsis subjects by Wilcoxon rank sum test.

RESULTS

Alterations in Plasma Plasmalogen and
Diacyl Phospholipids in Human Sepsis
Human geriatric septic patients have previously been shown to
have decreased plasma plasmalogen levels as determined by
assessing dimethyl acetals of plasmalogens by gas
chromatography. These analyses did not identify the lipid class
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(choline or ethanolamine) of the plasmalogen pool or the
molecular species that decrease during sepsis. Additionally, we
have previously shown plasma 2-chloropalmitic acid levels are
increased in human sepsis and associate with ARDS-caused
mortality (Meyer et al., 2017). 2-Chloropalmitic acid is derived
from 2-chloropalmitaldehyde produced by the action of HOCl
targeting the vinyl ether bond of plasmalogens (Albert et al., 2001;
Thukkani et al., 2002; Anbukumar et al., 2010). Accordingly, we
performed a detailed study of plasma plasmalogens in septic
humans. The plasma specimens of patients in this study are from
septic patients collected following 7 days in the ICU. The average

age of these patients is 59.8 years. Interestingly, data shown in
Figure 1A show levels of plasma plasmenylcholine (pPC)
molecular species either were unchanged or increased in septic
patients compared to control subjects. Since the control cohort
age was younger than the sepsis group (Table 1), we also
compared changes in plasma pPC levels between the sepsis
cohort and an age restricted subgroup of the control subjects
to test a cohort that was more closely aligned in age with the sepsis
cohort (Figure 1D). A similar pattern of either increased or
unchanged levels of pPC was observed in the septic patients
compared to the age restricted controls to sepsis. The two pPC

FIGURE 1 | Loss of plasma plasmenylethanolamine (pPE) and lysoplasmenylcholine (pLPC) in human sepsis. Plasma was collected from 31 healthy humans
(control) and 63 ICU patients with sepsis following 7 days in the ICU. Lipids were extracted and plasmalogen levels were quantitated as described in “Materials and
Methods.” Plasma plasmenylcholine (pPC) (A,D), pLPC (B,E), and pPE (C,F) are compared between the control and sepsis cohorts (A–C) and an age restricted control
and sepsis cohorts (D–F). *, **, ***, and **** indicate p < 0.05, 0.01, 0.001, and 0.0001, respectively, for comparisons between cohorts. Mean and standard
deviation values are indicated for each molecular species and condition.

TABLE 1 | Clinical characteristics of the sepsis and control population.

Sepsis (n = 63) Controls (n = 31) Age restricted controls
(n = 7)

Age, years 59.8 ± 12.7 38.2 ± 15.1 56.6 ± 8.4
Female sex (N, %) 25, 39.6% Not available Not available
APACHE III scorea 85 (68, 107) — —

Diabetes (N, %) 19, 30.2%
Solid organ malignancy (N, %) 12, 19%
Hematologic malignancy (N, %) 20, 31.7%
Mortality at 30 days (N, %) 17, 27%

aThe acute physiology and chronic health examination (APACHE) III score is displayed as median (interquartile range) due to a skewed distribution.
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molecular species elevated in sepsis were 16:0-18:1 pPC and 18:0-
20:4 pPC (x:y-x:y where x# of carbons and y# of double bonds in
aliphatic groups at the sn-1 and sn-2 position, respectively). In
contrast, significant decreases were observed with plasma 16:0
and 18:0 lysoplasmenylcholine (pLPC) in septic subjects with
comparisons to both the unrestricted control group (Figure 1B),
as well as the age restricted control group (Figure 1E).
Furthermore, all plasma plasmenylethanolamine (pPE)
molecular species in our targeted analyses were significantly
decreased in the septic patient cohort in comparison to both
the unrestricted control group (Figure 1C), as well as the age
restricted control group (Figure 1F). In contrast to pPE, plasma
levels of diacyl phosphatidylethanolamine (PE), as well as
phosphatidylcholine (PC), were increased in the sepsis cohort
in comparisons to both the unrestricted and age restricted cohorts
(Figures 2A–D).

Alterations in Plasmalogen and Diacyl
Phospholipids in Rodent Sepsis
To gain further insights into alterations in plasmalogens, as well
as diacyl phospholipids, during sepsis we examined both plasma
and tissue changes in these phospholipids in the cecal slurry (CS)
rodent model of sepsis. Previous studies have demonstrated

under the CS infection conditions followed by antibiotic
treatment 8 h post infection employed in these studies, rats
survive at least 20 h and have increased plasma 2-chlorofatty
acid levels in comparison to vehicle treated rats (Pike et al., 2020).
pPC was identified as the most abundant plasmalogen class in
both control and sepsis rat plasma compared to pPE. (Figures
3A,C). Plasma plasmalogen loss was observed in CS treated rats
compared to vehicle injected rats. Plasma 16:0-18:2, 18:0-18:2,
and 18:0-18:1 pPC levels were decreased in septic rats 20 h post
infection (Figure 3A). Similar to human sepsis, both 16:0 and 18:
0 pLPC levels were decreased in septic rats in comparison to
control vehicle-treated rats (Figure 3B). In contrast to human
sepsis, the predominant species of plasma pPE levels were not
significantly decreased in rat sepsis, however less abundant
species such as 16:0-18:2, 18:0-18:2, and 18:0-18:1 pPE did
significantly decrease (Figure 3C). For the diacyl species,
sepsis resulted in a decrease of only 16:0-20:4 PC in rat
plasma (Figure 3D). In stark contrast to the drop in plasma
pPE levels, all diacyl PE levels were significantly increased
(Figure 3E).

Previously in this rodent model we identified the kidney and
liver as primary sites of organ failure based on loss of permeability
barrier function as assessed by Evans blue extravasation (Pike
et al., 2020). Additionally, both liver and kidney levels of 2-

FIGURE 2 | Increases in plasma phosphatidylcholine (PC) and phosphatidylethanolamine (PE) in human sepsis. Plasma was collected from 31 healthy humans
(control) and 63 ICU patients with sepsis following 7 days in the ICU. Lipids were extracted and plasmalogen levels were quantitated as described in “Materials and
Methods.” Plasma PC (A,C) and PE (B,D) are compared between the control and sepsis cohorts (A,B) and an age restricted control and sepsis cohorts (C,D). *, **, ***,
and **** indicate p < 0.05, 0.01, 0.001, and 0.0001, respectively, for comparisons between cohorts. Mean and standard deviation values are indicated for each
molecular species and condition.
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chlorofatty acids were previously shown to be increased in this
sepsis model (Pike et al., 2020). 2-Chlorofatty acids are produced
as a result of neutrophil-derived HOCl targeting plasmalogens
(Thukkani et al., 2002; Anbukumar et al., 2010). Accordingly, we
examined plasmalogen levels in the kidney and liver of CS
infected rats. In contrast to plasma, pPE is the predominant
plasmalogen class in both rat kidney and liver compared to pPC
(Figures 4, 5). Multiple pPE molecular species in the rat kidney
were significantly decreased in septic rats, including the
predominant 16:0-20:4 and 18:0-20:4 pPE species (Figure 4C).
Renal 16:0 pLPC was also significantly decreased in sepsis
(Figure 4B). Meanwhile, some less predominant renal pPC
levels were increased (Figure 4A). In contrast to changes in
rat plasma and kidney plasmalogens, as well as in human plasma,
several liver plasmalogens increased during rat sepsis. All pPC
species significantly increased, including the predominant 16:0-
20:4 pPC and 18:0-20:4 pPC species, in livers of CS elicited septic
rats (Figure 5A). 16:0-20:4 pPE and 18:0-20:4 pPE, among others,
also were significantly increased in livers from septic rats
compared to control rats (Figure 5C). Further in contrast to
changes in the plasma and kidney, there was no significant
difference in pLPC levels in livers from septic rats compared
to those of control rats (Figure 5B). Diacyl species were measured
in the kidney and liver as well. In the kidney, multiple species of
diacyl PC and PE were significantly decreased (Figures 4D,E).

While in the liver, CS-elicited sepsis resulted in increases in both
diacyl PC and PE (Figures 5D,E).

Plasmalogens in SARS-CoV-2 Infected K18
Mice
Since plasmalogens have been shown to decrease in the plasma of
humans with severe COVID-19 (Schwarz et al., 2021; Snider
et al., 2021) and SARS-CoV-2 infection leads to a form of sepsis-
associated ARDS, we investigated the role of airway infection with
SARS-CoV-2 in K18-hACE2 transgenic mice. The human keratin
18 promoter (K18) in K18 mice directs human ACE2 expression
in the epithelium, which is important as SARS-CoV-2 infections
tend to begin in airway epithelia. Three days following nasal
inoculation with SARS-CoV-2 a robust viral burden was observed
in the lung (Figure 6A), which is similar to findings by others
(Zheng et al., 2021). The associated cytokine storm of SARS-CoV-
2 infection was confirmed with increases in interleukin-1β (IL-
1B), interleukin-6 (IL-6) and tumor necrosis factor-α (TNF-α)
mRNA expression in lung tissue (Figure 6B). These cytokine
mRNAs were not detected in mock-infected lung (data not
shown). 16:0-20:4 pPC and 18:0-20:4 pPC levels in the lung
were selectively decreased in SARS-CoV-2 infected K18 mice
(Figure 6C). Additionally, both 16:0-20:4 pPE and 18:0-20:4 pPE,
as well as 18:0-22:6 pPE, were decreased in the lung of SARS-

FIGURE 3 | Loss of plasma plasmalogens and increases in diacyl PC and PE in septic rats. Rats were injected with cecal slurry (sepsis) (n = 5) or vehicle (control) (n =
6) and were subsequently treated with fluid replacement and ceftriaxone 8 h following cecal slurry injection as described in “Materials and Methods.” Plasma was
collected 20 h following cecal slurry or vehicle treatment, and lipids were extracted. Plasmalogen levels were quantitated as described in “Materials and Methods.”
Plasma pPC, pLPC, pPE, PC, and PE are shown in (A–E), respectively. *, **, ***, and **** indicate p < 0.05, 0.01, 0.001, and 0.0001, respectively, for comparisons
between control and septic rats. Mean and standard deviation values are indicated for each molecular species and condition.
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CoV-2 mice (Figure 6D). As in rat tissues, pPE levels were higher
than that of pPC in the mouse lung. We also assessed the major
lung lipid, 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC)
in the lungs, which is the major phospholipid component of
surfactant. Lung DPPC levels were not altered in SARS-CoV-2
infected mice (Figure 6E). Changes in plasma plasmalogen levels
were only modestly decreased in SARS-CoV-2 infected mice
(Figure 6F).

DISCUSSION

Plasmalogens are a lipid subclass characterized by a vinyl ether
linked aliphatic group attached to the sn-1 position of glycerol, a
fatty acid esterified at the sn-2 position and, in general, either
phosphoethanolamine or phosphocholine at the sn-3 position.
The sn-2 fatty acid of plasmalogens is enriched with arachidonic
acid in many mammalian tissues and thus one role of
plasmalogens has been described as a storage depot for
arachidonic acid that is released during inflammation (Chilton
and Connell, 1988; Ford and Gross, 1989; Braverman and Moser,
2012). The sn-1 vinyl ether is a target for reactive oxygen species
leading to the release of free fatty aldehydes that subsequently can
be metabolized to free fatty acids (Khaselev and Murphy, 1999;
Stadelmann-Ingrand et al., 2001). The reaction of reactive oxygen
species with the vinyl ether is a terminal event for ROS and thus is
considered an antioxidant activity. Multiple studies have shown

plasmalogens protect tissues and cells from reactive oxygen
species and oxidative stress. Cells deficient in plasmalogens are
susceptible to free radical-mediated toxicity (Morand et al., 1988;
Zoeller et al., 1988). Furthermore, supplementing cells with
precursors to plasmalogens has been shown to protect cells
from reactive oxygen species including during hypoxic damage
to endothelial cells (Zoeller et al., 1999). Collectively, the
abundance of arachidonic acid esterified to plasmalogens that
can be mobilized for eicosanoid production and the susceptibility
of the vinyl ether to oxidative stress suggest plasmalogens may
have important roles in infection and inflammation. Plasma
plasmalogen depletion has also been demonstrated in humans
with Parkinson’s disease, Alzheimer’s disease, lupus and
endotoxemia (Dragonas et al., 2009; Fabelo et al., 2011; Ifuku
et al., 2012; Hu et al., 2016; Su et al., 2019). In the present study we
provide further support for the involvement of plasmalogens in
inflammation by providing molecular detail to changes in
plasmalogen levels both in plasma and in organs during sepsis
as well as SARS-CoV-2 infection.

Previous studies showed the 16:0 dimethyl acetal derivative of
plasmalogens containing a sixteen-carbon vinyl ether aliphatic
group bound to the glycerol backbone are decreased 55% in
plasma of twenty geriatric septic patients compared to age-
matched healthy subjects (Brosche et al., 2013). In this
previous study, data for 18:0 dimethyl acetals were not
reported and changes in 16:0 dimethyl acetal were from
patient plasma collected within 24 h of severe sepsis diagnosis.

FIGURE 4 | Alterations in kidney diacyl and plasmalogen phospholipids during rat sepsis. Rats were injected with cecal slurry (sepsis) (n = 5) or vehicle (control) (n =
6) as described in Figure 3. Kidneys were collected 20 h following cecal slurry or vehicle treatment, and lipids were extracted. Plasmalogen levels were quantitated as
described in “Materials and Methods.” Kidney pPC, pLPC, pPE, PC, and PE are shown in (A–E), respectively. *, **, ***, and **** indicate p < 0.05, 0.01, 0.001, and
0.0001, respectively, for comparisons between control and septic rats. Mean and standard deviation values are indicated for eachmolecular species and condition.
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Human plasma pPC levels are ~8–10 fold greater than pPE levels,
and pPC is highly enriched in molecular species containing a
sixteen-carbon vinyl ether aliphatic group bound to the glycerol
backbone, suggesting the plasma plasmalogens that decreased in
geriatric sepsis patients (Brosche et al., 2013) are from pPC pools.
In contrast to this previous study, our findings from the MESSI
cohort were from patient plasma collected 7d following ICU
admission for sepsis. This difference in time for plasma collection
prevents direct comparisons to the previously reported study
(Brosche et al., 2013). However, in the present studies pPE
molecular species containing 16:0 vinyl ether groups, as well
as 16:0 pLPC, were decreased in the human sepsis cohort. Plasma
pPE species containing 18:0 vinyl ether groups were also
significantly decreased in septic subjects investigated in our
study. Future studies should be directed at determining details
of plasmalogen loss at 24 h and examine longitudinal changes in
plasmalogen loss. It will also be interesting to compare changes in
human plasmalogen molecular species at 24 h to the changes we
observed in the rat plasma plasmalogen molecular species that
changed 20 h post CS injection. Interestingly with rat sepsis,
plasma plasmalogen loss at 20 h decreased in several pPC and
pPE species as well as pLPC. A summary of levels of plasmalogen
and diacyl species shows a general downward trend in
plasmalogen levels in sepsis, excluding livers from of septic
rats (Figure 7). In particular, this summary highlights the

many differences in changes elicited during sepsis between
plasmalogen and diacyl phospholipid levels depending on the
tissue and particular phospholipid class. One of the more striking
observations is the loss of pPE in plasma in contrast to increases
in diacyl PE during sepsis in both humans and rats.

The mechanisms responsible for plasma pLPC and pPE loss
during sepsis are not known, but several mechanisms seem
likely. One mechanism is that loss of plasmalogen is due to
oxidative stress during sepsis. We have previously shown
plasma 2-chlorofatty acid levels are elevated in human
sepsis (Meyer et al., 2017; Amunugama et al., 2021b).
Furthermore, in this rat sepsis model there are increased
levels of 2-chlorofatty acid levels (Pike et al., 2020), which
is derived from plasmalogens (Albert et al., 2001; Thukkani
et al., 2002; Amunugama et al., 2021b). During sepsis the tissue
plasmalogen pool or the specific plasmalogen molecular
species targeted by HOCl has not been determined. In this
respect it could be speculated that the impressive loss of
plasma pLPC, which is overall a small pool of the total
plasmalogen, could be responsible for the nanomolar levels
of 2-chlorofatty acid observed during sepsis. It is also possible
that the loss of plasmalogens is due to the activation of
phospholipases. It has been suggested that phospholipase
A2-mediated release of arachidonic acid from plasmalogens
is important in the production of oxylipids in COVID-19

FIGURE 5 | Alterations in liver diacyl and plasmalogen phospholipids during rat sepsis. Rats were injected with cecal slurry (sepsis) (n = 5) or vehicle (control) (n = 6)
as described in Figure 3. Liver was collected 20 h following cecal slurry or vehicle treatment, and lipids were extracted. Plasmalogen levels were quantitated as
described in “Materials and Methods.” Liver pPC, pLPC, pPE, PC, and PE are shown in (A–E), respectively. *, **, ***, and **** indicate p < 0.05, 0.01, 0.001, and 0.0001,
respectively, for comparisons between control and septic rats. Mean and standard deviation values are indicated for each molecular species and condition.
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FIGURE 6 | Plasmalogen changes in K18 mice infected with the beta B.1.351 SARS-CoV-2 variant. K18 mice were either mock infected (blue circles) or infected
(red squares) with 104 FFU of SARS-CoV-2, 20 ul, IN. 3 days post infection, lungs (C–E) and plasma (F)were collected for lipidomics analyses (n = 3 for both conditions).
*, **, and *** indicate p < 0.05, 0.01, and 0.001, respectively, for comparisons between mock and virus infected mice. (A) SARS-CoV-2 titers in lungs of infected (n = 4)
and uninfected (n = 4) mice from this study. N.d. indicates titers were not observed in the uninfected lungs. (B) Pro-inflammatory cytokine mRNA was detected in
the infected lungs (n = 4 or 5) but were not detected in the uninfected lungs. Mean and standard deviation values are indicated for each molecular species and condition.

FIGURE 7 | Summary of plasmalogen and diacyl phospholipid changes observed in sepsis and SARS-CoV-2 infection. Arrow outlines indicate that fewer than half
of reported species show statistically significant increase or decrease. Solid arrows indicate that at least half of reported species show statistically significant increase or
decrease. For human sepsis, only trends in age restricted data are shown.
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(Schwarz et al., 2021; Snider et al., 2021). The phospholipase
A2 mechanisms may be directly responsible for pPE loss. It is also
possible pLPC loss is due to either accelerated use as an acceptor by
acyltransferases leading to conserved levels of pPC despite putative
oxidative loss or tissue uptake during sepsis. Another possibility is
pPE and pLPC decrease as a result of reduced release from the liver
and vascular endothelium. In human sepsis, HDL-cholesterol
decreases (Vavrova et al., 2016; Tanaka et al., 2019), which may
also be due to decreased secretion from the liver. Decreased plasma
plasmalogens and increased liver plasmalogens during sepsis are
similar to plasmalogen changes inH-Lrpprcmice, amousemodel of
the monogenic form of the mitochondrial disease, Leigh syndrome
(Ruiz et al., 2019). InH-Lrpprcmice, hepatic Far1 andAgps are also
elevated suggesting decreased plasma plasmalogen levels mediate a
feedback system to increase liver plasmalogen biosynthesis. Such a
feedback system may also be responsible for elevated liver
plasmalogen levels in livers during sepsis. It will be interesting
in future studies to examine Agps and Far1 as well as differences in
the levels of the plasmalogen precursors, alkyl ether lipids, in the
livers from septic and control rats.

The possibility that pLPC is a circulating precursor to
enrich plasmalogens in endothelium is intriguing.
Plasmalogen enhancement in isolated cell studies protects
cells from oxidative stress (Zoeller et al., 1999).
Additionally, several studies have investigated plasmalogen
precursors as a potential treatment in inflammatory diseases
(Bozelli and Epand, 2021; Paul et al., 2021). Enhancing
plasmalogen levels is difficult since dietary consumption of
plasmalogens is reduced due to the acidic environment of the
gastrointestinal tract. Using acid-stable precursors such as
alkyl ether lipids will raise plasmalogen levels over time
following desaturation of the alkyl ether bond to the vinyl
ether. However, under acute conditions such as sepsis, the
conversion of an alkyl ether to plasmalogens likely will be very
slow. On the other hand, circulating pLPC already has the
vinyl ether bond and lysolipids are rapidly incorporated into
cells. It will be important in the future to determine the source
of circulating pLPC under physiological conditions as well as
during sepsis. It could be envisaged that pLPC is a product of
lipoprotein-associated pPC hydrolysis by either secretory
phospholipase A2 or lipoprotein lipase. During sepsis pLPC
levels potentially are dependent on a combination of
oxidation of pPC or pLPC and pPC hydrolysis. Finally, the
role of pLPC during sepsis needs to be further considered as a
biomarker of outcomes. Similarly, the role of other
plasmalogens, as well as the relationship of plasma
plasmalogen levels with changes in plasma 2-chlorofatty
acid levels, need to be considered as outcome predictors.
The relationship of plasmalogen and chlorinated lipid
levels may also allow distinction of changes in these lipids
with greater specificity to infection compared to other disease
states associated with only decreased plasma plasmalogen
levels with the exception of lupus (Dragonas et al., 2009;
Fabelo et al., 2011; Ifuku et al., 2012; Mahieu et al., 2014;
Hu et al., 2016; Paul et al., 2019; Su et al., 2019).

The studies herein show plasmalogen loss during sepsis.
However, there are several limitations to these studies. In the

human studies we analyzed differences between septic humans
and healthy control humans. Our healthy cohort average age was
thirty-eight while the sepsis group was sixty. To overcome this
limitation, we selected the oldest individuals (n = 7) in the healthy
group and assessed differences in this control subset compared to
the larger group of septic subjects (Figures 1D–F, 2; Table 1).
These additional analyses indicated plasma pLPC and pPE levels
were reduced in the sepsis cohort when compared to this age-
aligned control subgroup. Another limitation is that we have no
data on the sex of individuals in our healthy cohort, while our
sepsis cohort was comprised of 40% females. Our rat studies
focused on changes occurring only in male rats and 20 h
following cecal slurry injection. Thus, comparisons of rat
specimens to human specimens were collected at different
times and sex differences were not a parameter in the rat
studies. It should also be appreciated that plasma levels of
plasmalogens were considerably different in healthy controls
due to the inherent differences in plasmalogen levels in man
versus rat. Nevertheless, both human and rat sepsis led to
decreases in plasma plasmalogen levels, and the rat studies
afforded the opportunity to investigate changes in plasmalogen
levels in the liver and kidney during sepsis. There were also
limitations to the SARS-CoV-2 infection studies when
comparisons are made to the rat and human sepsis studies.
The SARS-CoV-2 infection studies were a viral infection
elicited by airway inoculation to transgenic mice expressing
the hACE2 receptor in all epithelial cells. Humans do not
express ACE2 in all epithelial cells. Furthermore, these studies
were performed only in female mice due to availability of
genotyped mice for this study. Future studies are needed to
consider sex as a parameter in both SARS-CoV-2 infected
mice and rat cecal slurry sepsis. Compared to the unknown
time for human sepsis beginning and the known time for CS
injection, mouse infections with SARS-CoV-2 leading to
pulmonary inflammation require time for viral replication to
elicit injury which is typically 3–5 days. While our human and rat
sepsis studies involved systemic infection, SARS-CoV-2 infection
of K18 mice initially was primarily localized to infection of the
respiratory tree. Infection led to robust increases in the expression
of pro-inflammatory cytokines. The loss of plasmalogen in the
lung during SARS-CoV-2 infection likely is the result of oxidative
stress. We did not observe a loss in DPPC in the lung of infected
mice. The chemical makeup of plasmalogens compared to DPPC
provides a contrast in susceptibility to oxidative stress. The
plasmalogen vinyl ether bond is a target for oxidation while
the saturated fatty acids of DPPC are very stable under oxidative
stress. Similar to findings with severe COVID-19 patients
(Schwarz et al., 2021; Snider et al., 2021) we detected
decreases in plasma plasmalogens in infected K18 mice.

This is the first demonstration of the loss of plasmalogens at a
molecular species level in human sepsis. Furthermore, we show
pLPC loss in both human and rodent sepsis. It is possible that plasma
pLPC is a critical lipid to maintain endothelial plasmalogen levels
under oxidative stress associated with sepsis. The demonstration of
plasmalogen loss during SARS-CoV-2 further highlights the nature
of plasmalogen loss during oxidative stress associated with infectious
disease. The role of plasmalogens as biomarkers of outcomes in
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sepsis and COVID-19 need to be explored as well as the potential
protective role of plasmalogens during infectious disease.
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