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1. INTRODUCTION 

Viruses are the most common cause of lymphoma in patients with immune dysfunction, and virus-associated 
lymphomas incur high mortality for these patients due to a lack of effective therapeutic strategies. Studies in 
this proposal are designed to elucidate mechanisms for regulation of AIDS/KSHV-associated lymphoma (in 
particular KSHV+ PEL) pathogenesis by the oncogenic protein HGF/c-MET, and whether targeting HGF/c-MET 
reduce virus-associated lymphoma progression in vivo. 

2. KEYWORDS 

HGF, c-MET, KSHV, primary effusion lymphoma, apoptosis, cell cycle 

3. ACCOMPLISHMENTS 

3.1. What were the major goals of the project? 

There are 3 specific aims in this project, Aim 1: To identify the complex mechanisms of the HGF/c-MET 
pathway controlling cell survival/growth for PEL tumor cells. Aim 2:  To understand the mechanisms viral 
oncogenic proteins used to activate the HGF/c-MET pathway. Aim 3: To determine whether a selective small-
molecule inhibitor of c-MET, PF-2341066, can repress PEL progression and/or reduce established tumor in an 
immune-deficient xenograft mice model. 

The following are the condition of subtask completion as indicated in SOW: 

Specific Aim 1(specified in proposal) Timeline Site 1 

Major Task 1  Months  

Subtask 1: HGF/c-MET affects viral gene 

expression (completed) 
2-3 Dr. Qin 

   Subtask 2: HGF/c-MET affects downstream 

signaling pathways (ongoing) 
3-4 

Dr. Qin 

   Subtask 3: HGF/c-MET affects cell cycle 

checkpoints (completed) 
2-3 

Dr. Qin 

   Subtask 4: HGF/c-MET affects HGF secretion 

from PEL cells (completed) 
1-2 

Dr. Qin 

Specific Aim 2 (specified in proposal) Timeline Site 1 

Major Task 2 Months  

Subtask 1: viral proteins are essential for 

activation of HGF/c-MET (completed)   
2-3 

Dr. Qin 

   Subtask 2: key domain or amino acid residues 

essential for activation of HGF/c-MET (ongoing) 
4-6 

Dr. Qin 

   Subtask 3: the role of c-MET phosphorylation in 2-3 Dr. Qin 
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signaling activation (completed) 

Specific Aim 3 (specified in proposal) Timeline Site 1 

Major Task 3 Months  

Subtask 1: c-MET inhibitor prevents PEL 

development in NOD/SCID mice model 

(completed) 

4-5 Dr. Qin 

   Subtask 2: c-MET inhibitor reduces established 

PEL  progression in NOD/SCID mice model 

(completed) 

5-7 Dr. Qin 

 

3.2. What was accomplished under these goals? 

In the third year of funding period, we have completed Specific Aim 3, and have almost completed Specific Aim 
1 and Specific Aim 2 as listed in the SOW forms 
above. During this year funding period, we have 
totally published 9 peer-reviewed articles about 
the molecular mechanisms of KSHV viral 
oncogenesis, and developing novel therapeutic 
strategies against these malignancies (including 
one in press now). In most of  these publications, 
I serve as the corresponding or co-
corresponding author. We also have published 
several meeting abstracts on national or 
international meetings (please see below details 
in PRODUCTS).  

       In this year, we focus on targeting HGF/c-
MET regulated downstream genes, especially 
the ribonucleotide reductase subunit M2 (RRM2) 
in KSHV+ tumor cells. We have found that one 
of RRM2 inhibitors, 3-AP, actively induces PEL 
cell cycle arrest through inhibiting the activity of 
the nuclear factor-κB pathway. Using a 
xenograft model, we found that 3-AP effectively 
suppresses PEL progression in immunodeficient 
mice. Transcriptome analysis of 3-AP-treated 
PEL cell lines reveals altered cellular genes, 
most of whose roles in PEL have not yet been 

reported. The represented results have been shown in Figure 1 & 2.  
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      We next found that 3-AP 
treatment selectively inhibited 
the proliferation of KSHV-
infected endothelial cells, the 
major cellular components of 
Kaposi’s Sarcoma (another 
cancer caused by KSHV), 
through inducing DNA damage, 
reducing the levels of 
intracellular iron and reactive 
oxygen species (ROS) and 
increasing viral lytic gene 
expression. By using a KS-like 
nude mouse model, we found 
that 3-AP treatment 
significantly suppressed KSHV 
induced tumorigenesis in vivo 
(Figure 3). 

 

 

3.3. What opportunities for 
training and professional 
development has the 
project provided?   

I have trained 2 postdoctors 
in my lab: Dr. Lu Dai has 
published 7 papers during 
this third year funding period 
(as the first author in most 
publications), and Dr. 
Jungang Chen has one 
paper in press now. We also 
have displayed our data in 
several national or 
international meetings such 
as International Conference 
on EBV & KSHV 2018. With 
the support by this DOD 
award, I recently got a 
NIH/NCI RO1 funding (as PI) 
and a NIH COBRE 
subproject (as project 
leader), although none of which is overlapped with the current project. 

3.4. How were the results disseminated to communities of interest? 
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Nothing to Report. 

3.5. What do you plan to do during the next reporting period to accomplish the goals? 

We have asked 1-y no cost of extension to complete the rest experiments in Aim 2 & 3, data analysis and new 
manuscripts / grant proposals preparation. 

4. IMPACT 

4.1. What was the impact on the development of the principal discipline(s) of the project? 

Our results have illuminated the complicated mechanisms through which the HGF/c-MET pathway regulates 
KSHV+ PEL cell survival. Our exciting in vivo data have provided the framework for development and 
implementation of clinical trials for evaluating strategies targeting HGF/c-MET (alone or combination of other 
therapies) for the treatment of lymphoma in HIV-infected patients including military personnel. 

4.2. What was the impact on other disciplines? 

Nothing to Report. 

4.3. What was the impact on technology transfer? 

Nothing to Report. 

4.4. What was the impact on society beyond science and technology? 

Nothing to Report. 

5. CHANGES/PROBLEMS 

Dr. Chris Parsons, the mentor of this project has left LSUHSC-NO and is no longer as key personnel in this 

project. Also, this project has asked 1-y no cost of extension. 

6. PRODUCTS 

6.1. Journal publications (total 9, * as the corresponding author, all have acknowledgement of DoD 

federal support): 

1. Qiao J, Cao Y, Zabaleta J, Yang L, Dai L *, Qin Z *. Regulation of virus-associated lymphoma growth and 
gene expression by bacterial quorum sensing molecules. J Virol. 2018 May 9. pii: JVI.00478-18. doi: 
10.1128/JVI.00478-18. [Epub ahead of print]. 

2. Dai L, Chen J, Cao Y, Del Valle L, Qin Z *. Ribonucleotide reductase inhibitor 3-AP induces oncogenic 
virus–infected cell death and represses tumor growth. J Cancer. 2018, in press. 

3. Xu W, Luo Z, Alekseyenko AV, Martin L, Wan Z, Ling B, Qin Z, Heath SL, Maas K, Cong X, Jiang W. 
Distinct systemic microbiome and microbial translocation are associated with plasma level of anti-CD4 
autoantibody in HIV infection. Sci Rep. 2018 Aug 27;8(1):12863. doi: 10.1038/s41598-018-31116-y. 

4. Dai L, Del Valle L, Miley W, Whitby D, Ochoa AC, Flemington EK, Qin Z *. Transactivation of human 
endogenous retrovirus K (HERV-K) by KSHV promotes Kaposi’s Sarcoma development. Oncogene. 2018 
May 10. doi: 10.1038/s41388-018-0282-4. [Epub ahead of print]. 

5. Dai L, Qiao J, Del Valle L, Qin Z *. KSHV co-infection regulates HPV16+ cervical cancer cells 
pathogenesis in vitro and in vivo. Am J Cancer Res. 2018;8(4):708-714. 
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6. Dai L, Smith CD, Foroozesh M, Miele L, Qin Z *. The sphingosine kinase 2 inhibitor ABC294640 displays 
anti-non-small cell lung cancer activities in vitro and in vivo. Int J Cancer. 2018;142(10):2153-2162. 

7. Dai L, Bai A, Smith CD, Rodriguez PC, Yu F *, Qin Z *. ABC294640, a novel sphingosine kinase 2 inhibitor 
induces oncogenic virus infected cell autophagic death and represses tumor growth. Mol Cancer Ther. 
2017;16(12):2724-2734.  

8. Luo Z, Zhou Z, Ogunrinde E, Zhang T, Li Z, Martin L, Wan Z, Wu H, Qin Z, Ou T, Zhang J, Ma L, Liao G, 
Heath S, Huang L, Jiang W *. The effect of plasma auto-IgGs on CD4+ T cell apoptosis in viral-suppressed 
HIV-infected patients under antiretroviral therapy. J Leukoc Biol. 2017;102(6):1481-1486. 

9. Dai L, Lin Z, Jiang W, Flemington EK, Qin Z *. Lipids, lipid metabolism and Kaposi’s sarcoma-associated 
herpesvirus pathogenesis. Virol Sin. 2017;32(5):369-375. 

6.2. Other publications, conference papers, and presentations: 

1. Dai L, Goldstein A and Qin Z *. “Periodontal Bacteria Promote the Pathogenesis of Kaposi’s Sarcoma-
associated Herpesvirus in HIV+ Patients”. American Society for Microbiology South Central Branch Annual 
Meeting, Little Rock, AR, US, 2017. 

2. Dai L, Del Valle L, Yang L and Qin Z *. “Pathogenic Bacteria PAMPs Promote Oncogenic Virus 
Pathogenesis”. International Conference on EBV & KSHV, Madison, WI, US, 2018. 

6.3. Other Products: 

We have deposited our microarray data about the regulatory network of RRM2 inhibitor 3-AP treated KSHV+ 
PEL cell-lines to Gene Expression Omnibus (GEO) database (Accession number: GSE91389). 

7. PARTICIPANTS & OTHER COLLABORATING ORGANIZATIONS 

7.1. What individuals have worked on the project? 

Name: Zhiqiang Qin 

Project Role: PI 

Researcher Identifier (e.g. 

ORCID ID): N/A 

Nearest person month 

worked: 6 

Contribution to Project: 

Dr. Qin is responsible for experimental design, data analysis, 

animal work and manuscript preparation 

Funding Support: 

NIH COBRE subproject, NIH/NCI RO1 and LSU LIFT funding 

(NO-overlapping with the current project) 

 

Name: Lu Dai 

Project Role: Senior postdoctoral researcher 
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Researcher Identifier (e.g. 

ORCID ID): N/A 

Nearest person month 

worked: 6 

Contribution to Project: 

Dr. Dai is responsible for cell culture, qRT-PCR, 

immunoblots, animal work etc 

Funding Support: N/A 

 

7.2. Has there been a change in the active other support of the PD/PI(s) or senior/key personnel since 

the last reporting period? 

For Dr. Zhiqiang Qin: 

Completed: 

P20GM103501 (PI: Augusto Ochoa)  01/01/2012-06/30/2015  2.5 CM 
NIH-NIGMS     $120,000     
Mentoring Translational Researchers in Louisiana 
Project 12: KSHV regulation of emmprin, drug resistance, and tumor progression 
Role: Pilot Project Leader 
 
Leukemia Research Foundation                07/01/2016-06/30/2017            1.0CM 
                                                                        $100,000               
Targeting sphingolipid metabolism in AIDS-related lymphomas 
Role: Principal Investigator 
 
LA CaTS Pilot Funding             02/01/2017-01/31/2018                        0.8 CM 
                                                    $50,000 
Developing new ceramide analogs as therapeutic agents against AIDS-related lymphomas 
Role: Principal Investigator 
 
Active: 

NIH/NCI RO1                                       05/01/2018-04/30/2023                            3.6 CM 
1R01CA228166-01                               $1,250,000                                           
Title: Periodontal bacteria enhance oral KSHV pathogenesis and Kaposi’s Sarcoma development in HIV+ 
patients 
Role: Principal Investigator 
NO-overlapping with the current project 

 
NIH/NIGMS COBRE                               01/01/2017-12/31/2021                        2.4 CM 
P20GM121288 (PI: Krzysztof Reiss)          $1,201,926                                        
Center for Translational Viral Oncology 
Tier 1 Project 1 title: Role of HERV-K reactivation in AIDS-related Kaposi’s Sarcoma 
Role: Tier 1 project 1 leader 
NO-overlapping with the current project 
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LSU LIFT funding                              07/01/2017-06/30/2018 (6-month no cost extension)             0.8 CM 
                                                            $50,000 
Developing new ceramide analogous "lead-compounds" against AIDS-related lymphomas in vivo 
Role: Principal Investigator 
NO-overlapping with the current project 
 
 
7.3. What other organizations were involved as partners? 

Nothing to Report. 

8. SPECIAL REPORTING REQUIREMENTS 

N/A 

9. APPENDICES 

The original copies of total 8 journal articles published during this funding period, another one is in press now. 



Regulation of Virus-Associated Lymphoma Growth and Gene
Expression by Bacterial Quorum-Sensing Molecules

Jing Qiao,a Yueyu Cao,a Jovanny Zabaleta,b Liang Yang,c Lu Dai,a,d Zhiqiang Qina,d

aDepartment of Pediatrics, Research Center for Translational Medicine and Key Laboratory of Arrhythmias, East
Hospital, Tongji University School of Medicine, Shanghai, China

bDepartment of Pediatrics, Louisiana State University Health Sciences Center, Louisiana Cancer Research
Center, New Orleans, Louisiana, USA

cSingapore Centre for Environmental Life Sciences Engineering (SCELSE), Nanyang Technological University,
Singapore, Singapore

dDepartment of Genetics, Louisiana State University Health Sciences Center, Louisiana Cancer Research
Center, New Orleans, Louisiana, USA

ABSTRACT Kaposi’s sarcoma-associated herpesvirus (KSHV) can cause several hu-
man cancers, including primary effusion lymphoma (PEL), which frequently occur in
immunocompromised patients. KSHV-infected patients often suffer from polymicro-
bial infections caused by opportunistic bacterial pathogens. Therefore, it is crucial to
understand how these coinfecting microorganisms or their secreted metabolites may
affect KSHV infection and the pathogenesis of virus-associated malignancies. Quo-
rum sensing (QS), a cell density-based intercellular communication system, employs
extracellular diffusible signaling molecules to regulate bacterial virulence mecha-
nisms in a wide range of bacterial pathogens, such as Pseudomonas aeruginosa,
which is one of the most common opportunistic microorganisms found in immuno-
compromised individuals. In this study, we evaluated and compared the influence
on PEL growth and the host/viral interactome of the major QS signaling molecules
[N-(3-oxododecanoyl)-L-homoserine lactone (OdDHL), N-butyrylhomoserine lactone
(BHL), and 2-heptyl-3-hydroxy-4-quinolone (PQS)] in conditioned medium from wild-
type (wt) and QS mutant laboratory strains as well as clinical isolates of P. aerugi-
nosa. Our data indicate that P. aeruginosa coinfection may facilitate virus dissemina-
tion and establishment of new infection and further promote tumor development
through effectively inducing viral lytic gene expression by its QS systems.

IMPORTANCE Currently, most studies about KSHV infection and/or virus-associated
malignancies depend on pure culture systems or immunodeficient animal models.
However, the real situation should be much more complicated in KSHV-infected im-
munocompromised patients due to frequent polymicrobial infections. It is important
to understand the interaction of KSHV and coinfecting microorganisms, especially
opportunistic bacterial pathogens. Here we report for the first time that P. aerugi-
nosa and its quorum-sensing signaling molecules display a complicated impact on
KSHV-associated lymphoma growth as well as the intracellular host/viral gene ex-
pression profile. Our data imply that targeting of coinfecting pathogens is probably
necessary during treatment of virus-associated malignancies in these immunocom-
promised patients.

KEYWORDS KSHV, primary effusion lymphoma, Pseudomonas aeruginosa, quorum
sensing

Kaposi’s sarcoma-associated herpesvirus (KSHV) represents a principal causative
agent of several cancers arising in immunocompromised patients, including Kapo-

si’s sarcoma (KS), primary effusion lymphoma (PEL), and multicentric Castleman disease
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(MCD) (1–3). Among these malignancies, PEL, formerly known as body cavity lym-
phoma, usually comprises transformed B cells harboring viral episomes and presents as
pleural, peritoneal, and pericardial neoplastic effusions. PEL is a rare but aggressive
B-cell-derived lymphoma, with patients having a median survival time of approximately
6 months even under conventional chemotherapy (4). The exact mechanism by which
KSHV promotes oncogenesis in PEL is an area under active investigation. Most infected
cells express a latent pattern of viral gene expression, while a very small percentage
expresses viral lytic genes (5). Even with the expression of latent genes, infected cells
can undergo clonal expansion, eventually leading to neoplastic transformation through
mechanisms including increased proliferation and impaired apoptosis (4).

It is well-known that KSHV-related malignancies, including PEL, usually occur in the
setting of an immunocompromised subpopulation, especially HIV-positive (HIV�) patients,
who always suffer from polymicrobial infections, including those caused by opportunistic
bacterial pathogens. Therefore, it is necessary and interesting to understand how these
coinfecting microorganisms or their products may affect KSHV infection and the patho-
genesis of virus-associated malignancies. One recent study has reported that the short-
chain fatty acids produced by periodontal pathogens, including Porphyromonas gingivalis
and Fusobacterium nucleatum, can induce KSHV lytic reactivation and promote virus
replication (6). Our previous study reported that pretreatment of primary human oral
fibroblasts with two prototypical pathogen-associated molecular patterns (PAMPs) pro-
duced by periodontal pathogenic bacteria, lipoteichoic acid (LTA) from Staphylococcus
aureus and lipopolysaccharide (LPS) from P. gingivalis, increased KSHV entry and subse-
quent viral latent gene expression (7). We also demonstrated that S. aureus LTA and/or P.
gingivalis LPS increased the level of several cellular receptors for KSHV entry (in particular,
heparan sulfate proteoglycan [HSPG]) and increased the production of reactive oxygen
species (ROS) as a cofactor facilitating virus entry, as well as the activation of intracellular
signaling pathways, such as mitogen-activated protein kinase and NF-�B, which are re-
quired for KSHV latency establishment within oral cells (7).

Pseudomonas aeruginosa is a ubiquitous, Gram-negative bacterium that thrives in
diverse habitats and environments. P. aeruginosa can act as an opportunistic pathogen,
especially in patients who are intubated over long periods and immunocompromised
and elderly individuals (8). More importantly, the infections caused by P. aeruginosa and
its biofilms are usually resistant to multiple antibiotics, which can lead to severe and
persistent infections (9, 10). For example, once established, the eradication of P.
aeruginosa from the respiratory tract of HIV� individuals with advanced immunosup-
pression is problematic, and a chronic infective state appears to be common (11).
Recent research progress has shown that quorum sensing (QS), a widely distributed
bacterial population density-dependent cell-to-cell communication mechanism, plays a
key role in modulating the expression of virulence genes as well as biofilm formation
in bacterial pathogens, including P. aeruginosa (12–14). Typically, QS bacteria produce
and release small diffusible signaling molecules, and at a high population density, the
accumulated signals interact with cognate receptors to induce the transcriptional
expression of various target genes, including genes that encode virulence factors. As a
model organism for QS research, P. aeruginosa possesses three main QS systems (las,
rhl, pqs), which regulate their target genes via three distinct QS signaling molecules,
N-(3-oxododecanoyl)-L-homoserine lactone (OdDHL), N-butyrylhomoserine lactone
(BHL), and 2-heptyl-3-hydroxy-4-quinolone (PQS), respectively. In the current study, we
comparatively examined the impact of these QS signaling molecules in conditioned
medium from wild-type (wt) and QS mutants of laboratory strains as well as clinical
isolates of P. aeruginosa on PEL growth and the host/viral gene profile.

RESULTS
Regulation of PEL growth and viral gene expression by P. aeruginosa QS

signaling molecules. By using WST-1 cell proliferation assays, we first tested and
compared the regulation of PEL growth by 3 P. aeruginosa QS signaling molecules,
OdDHL, BHL, and PQS (Fig. 1A). We found that among the 3 QS molecules, PQS
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FIG 1 P. aeruginosa QS signaling molecules regulate the growth of KSHV� PEL cells. (A) Structures of major P. aeruginosa QS signaling
molecules. OdDHL, N-(3-oxododecanoyl)-L-homoserine lactone; BHL, N-butyrylhomoserine lactone; PQS, 2-heptyl-3-hydroxy-4-quinolone. (B
to D) Cells of the KSHV� PEL cell lines BCBL-1 (B) and BCP-1 (C) or a virus-negative lymphoma cell line, BL-41 (D), were incubated with the
indicated concentrations of OdDHL, BHL, or PQS for 48 h. The cell proliferation status was examined using WST-1 cell proliferation assays
(Roche). Error bars represent the SD from 3 independent experiments. *, P � 0.05; **, P � 0.01.

KSHV, PEL, and Bacterial QS Journal of Virology

July 2018 Volume 92 Issue 14 e00478-18 jvi.asm.org 3

 on July 9, 2018 by Louisiana S
tate U

niversity H
ealth S

ciences C
enter

http://jvi.asm
.org/

D
ow

nloaded from
 

http://jvi.asm.org
http://jvi.asm.org/


significantly reduced the growth of KSHV-positive (KSHV�) PEL cell lines, BCBL-1 and
BCP-1, in a dose-dependent manner (Fig. 1B and C). OdDHL caused an intermediate
reduction of PEL cell growth, especially at high concentrations (e.g., 50 �M). In contrast,
BHL was almost not able to affect PEL cell growth over the dose range that we tested.
Interestingly, all of the 3 QS molecules displayed little effect on the growth of a
virus-negative lymphoma cell line, BL-41, over the same dose range (Fig. 1D). Although
the concentrations of the QS molecules used here are higher than those reported in
some human host samples (e.g., sputum from cystic fibrosis patients) (15, 16), the latter
are likely to be underestimates since local OdDHL concentrations of up to 600 �M have
been detected in the culture supernatants of P. aeruginosa biofilms grown in vitro (17).

Next, we measured the viral gene expression from PEL cells after being exposed to
P. aeruginosa QS molecules using quantitative real-time PCR (qRT-PCR). We found that
OdDHL significantly induced the expression of viral lytic genes (e.g., Rta, vGpcr, K8.1,
Orf57) from PEL cells at concentrations of 12.5 and 25 �M (Fig. 2A). In contrast, PQS
greatly reduced both latent (e.g., Lana) and lytic gene expression at similar concentra-
tions (Fig. 2C). However, BHL was almost not able to affect viral gene expression within
PEL cells (Fig. 2B). Immunoblot analysis confirmed the elevated expression of repre-
sentative lytic proteins, such as RTA, ORF57, and K8.1, by OdDHL and valproic acid (VA;
a positive control) from BCBL-1 cells (Fig. 2D). Furthermore, we found that both OdDHL
and valproic acid induced PEL cells to release infectious KSHV particles, as demon-
strated by increased LANA expression within fresh human umbilical vein endothelial
cells (HUVEC) infected by purified virions isolated from OdDHL- or VA-treated PEL cell
supernatants (Fig. 2E).

FIG 2 P. aeruginosa QS signaling molecules regulate KSHV gene expression from PEL cells. (A to C) BCBL-1 cells were incubated with the
indicated concentrations of OdDHL (A), BHL (B), or PQS (C) for 48 h, and then quantitative real-time PCR (qRT-PCR) was used to quantify
viral transcripts representing either latent (Lana) or lytic (Rta, vGpcr, K8.1, and Orf57) genes. Data were normalized to those for
vehicle-treated cells, and �-actin was used as a loading control. (D) Protein expression was measured using immunoblots. (E) Released
virions were isolated, purified from the supernatant of BCBL-1 cells that had been treated with OdDHL or valproic acid (VA; as the positive
control) for 4 days, and then used to infect fresh HUVEC. After 24 h postinfection, Lana transcripts were quantified using qRT-PCR. Error
bars represent the SD from 3 independent experiments. *, P � 0.05; **, P � 0.01.
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Transcriptomic analysis of the host gene profile altered within PEL cell lines
exposed to QS signaling molecules. To determine the overall host gene profile
affected by QS signaling molecules (especially OdDHL and PQS), we used a
HumanHT-12 (v4) Expression BeadChip system (Illumina), which contains more than
47,000 probes derived from the NCBI Reference Sequence (RefSeq) database, release
38, and other sources, to analyze the gene profile altered between vehicle- and OdDHL-
or PQS-treated BCBL-1 and BCP-1 cell lines. Intersection analysis indicated that there
were 314 common genes significantly upregulated and 162 common genes downregu-
lated (�2-fold and P � 0.05) within both PEL cell lines exposed to OdDHL; 256 were
uniquely upregulated genes and 304 were uniquely downregulated in BCBL-1 cells, and
63 were uniquely upregulated genes and 133 were uniquely downregulated in BCP-1
cells (Fig. 3A). Within the common gene set, the top 20 upregulated genes and the top 20
downregulated genes in the OdDHL-treated PEL cell lines are listed in Tables 1 and 2,
respectively. We also found that there were a total of 37 common genes whose expression
was significantly altered (24 upregulated and 13 downregulated genes) within both PEL cell
lines exposed to PQS; 29 genes were uniquely upregulated and 25 genes were uniquely
downregulated in BCBL-1 cells, and 3 genes were uniquely upregulated and 6 genes were
uniquely downregulated in BCP-1 cells (Fig. 3D). Within the common gene set, the top 10
upregulated and downregulated genes in PQS-treated PEL cell lines are listed in Table 3.

We also performed enrichment analysis of these significantly altered candidates by
using the Gene Ontology (GO) Processes and Process Networks modules from Metacore
software (Thompson Reuters). Notably, our analysis showed that both OdDHL and PQS
treatment regulated cell growth-related functional categories in PEL, including varied
phases of cell cycle and regulation, cytoskeleton_spindle microtubules, DNA damage,
etc. (Fig. 3B, C, E, and F). Moreover, PQS treatment also regulated many cellular
metabolism functional categories, such as glycolysis, fructose metabolism, glycogen
metabolism, amino sugar metabolism, and iron metabolism (Fig. 3E and F). The top 2
scored pathway/network maps based on enrichment analysis of the common gene set
are listed in Fig. S1 and S2 in the supplemental material, respectively. Since many cell
cycle checkpoint or regulatory proteins were altered within OdDHL- or PQS-treated PEL
cells, for functional validation, we demonstrated that both OdDHL and PQS treatment
significantly caused G1 cell cycle arrest for the BCBL-1 and BCP-1 cell lines by using flow
cytometry analysis (Fig. 4A and B). Interestingly, only PQS dramatically induced PEL cell
apoptosis, while OdDHL slightly increased cell apoptosis (with no statistical signifi-
cance) (Fig. 4C).

Regulation of PEL growth and viral gene expression by conditioned medium
from P. aeruginosa PAO1 wt and QS mutants. Since these QS signaling molecules
are produced and secreted by P. aeruginosa, we next tested and compared the
impact on PEL growth and viral gene expression of filtered conditioned medium
from the P. aeruginosa PAO1 wild-type (wt) laboratory strain and its QS mutants (a
lasI mutant deficient in OdDHL, an rhlI mutant deficient in BHL, and a pqsC mutant
deficient in PQS). We found that conditioned medium from the PAO1 wt effectively
inhibited PEL cell growth in a dose-dependent manner compared to the Luria-
Bertani (LB) medium control (Fig. 5A and B). The conditioned medium from the
various PAO1 QS mutants (especially the lasI and pqsC mutants) displayed a partially
impaired ability to inhibit PEL growth compared to that from the PAO1 wt.
However, we noticed that the conditioned medium from none of these single-QS-
system mutants completely lost the ability to have an inhibitory effect on PEL
growth. These data indicate that multiple QS systems may coordinate and/or some
QS-independent factors of P. aeruginosa are able to regulate PEL cell growth. In
contrast, the conditioned medium from the PAO1 wt and QS mutants displayed
much less of an inhibitory effect on the growth of the virus-negative lymphoma cell
line BL-41 (Fig. 5C). Instead, the conditioned medium from the PAO1 pqsC mutant
increased BL-41 cell growth.

We next found that conditioned medium from the PAO1 wt significantly induced
viral lytic gene expression from PEL cells compared to the LB medium control (Fig. 5D

KSHV, PEL, and Bacterial QS Journal of Virology

July 2018 Volume 92 Issue 14 e00478-18 jvi.asm.org 5

 on July 9, 2018 by Louisiana S
tate U

niversity H
ealth S

ciences C
enter

http://jvi.asm
.org/

D
ow

nloaded from
 

http://jvi.asm.org
http://jvi.asm.org/


FIG 3 Transcriptome analysis of cells of OdDHL- or PQS-treated PEL cell lines. (A and D) BCBL-1 and BCP-1 cells were incubated with 25 �M
OdDHL (A) or PQS (D) for 48 h, and then the HumanHT-12 (v4) Expression BeadChip system (Illumina) was used to detect the gene profile altered
within OdDHL- or PQS-treated PEL cells compared to that in vehicle-treated cells. (B, C, E, and F) Enrichment analysis of the gene profile altered
by OdDHL or PQS in PEL cell lines was performed using the MetaCore software modules of Gene Ontology Processes and Process Networks. APC,
anaphase-promoting complex; ATM, ataxia-telangiectasia mutated; ATR, ATM and Rad3 related; MMR, mismatch repair.
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to F). The conditioned medium from the PAO1 lasI or rhlI mutant partially reduced such
induction abilities, while the conditioned medium from the pqsC mutant induced viral
lytic gene expression at levels similar to those for the conditioned medium from the wt.
Again, the conditioned medium from none of these single-QS-system mutants com-
pletely lost the ability to induce viral lytic gene expression. We further confirmed that
all the conditioned media from the PAO1 wt and QS mutants effectively induced PEL

TABLE 1 Top 20 common candidate genes upregulated in OdDHL-treated BCBL-1 and
BCP-1 cell lines

Gene symbol Description

Fold change in
expression

BCBL-1 cells BCP-1 cells

HSPA6 Heat shock 70-kDa protein 6 (HSP70B) 93.13 61.73
HSPA7 Putative heat shock 70-kDa protein 7 90.2 58.98
RN7SK RNA, 7SK small nuclear 45.65 35.76
FOSB Protein FosB 44.19 21.02
SNORD3C Small nucleolar RNA, C/D box 3C 40.59 49.2
FOS Proto-oncogene protein c-fos 37.3 37.56
SNORD3A Small nucleolar RNA, C/D box 3A 34.66 39.87
RNU1-4 RNA, U1 small nuclear 4 30.77 36.16
RNU1-5 RNA, U1 small nuclear 5 26.12 34.75
RNU1-1 RNA, U1 small nuclear 1 22.29 28.62
IEX1 Radiation-inducible immediate early gene IEX-1 21.51 18
RGS2 Regulator of G-protein signaling 2 20.8 12.88
GADD45B Growth arrest and DNA-damage-inducible protein

GADD45 beta
19.77 12.94

PTGS2 Prostaglandin G/H synthase 2 19.75 16.78
HBEGF Heparin-binding EGFa-like growth factor 18.57 14.98
DUSP12 Dual-specificity protein phosphatase 12 16.41 13.84
NR4A2 Nuclear receptor subfamily 4 group A member 2 13.31 9.87
MAFB Transcription factor MafB 12.88 12.18
PPP1R15A Protein phosphatase 1 regulatory subunit 15A 12.18 9.84
HSPA1A Heat shock 70-kDa protein 1 11.42 6.97
aEGF, epidermal growth factor.

TABLE 2 Top 20 common candidate genes downregulated in OdDHL-treated BCBL-1 and
BCP-1 cell lines

Gene symbol Description

Fold change in expression

BCBL-1 cells BCP-1 cells

RRM2 Ribonucleoside diphosphate reductase
subunit M2

0.29 0.35

CyclinA2 Cyclin-A2 0.29 0.49
RAB36 Ras-related protein Rab-36 0.29 0.37
TPX2 Targeting protein for Xklp2 0.29 0.46
TNFRSF17 Tumor necrosis factor receptor superfamily

member 17
0.3 0.49

FAM81A Protein FAM81A 0.29 0.35
GPRC5D G-protein-coupled receptor family C group

5 member D
0.29 0.49

EMP3 Epithelial membrane protein 3 0.29 0.37
HDGF Hepatoma-derived growth factor 0.29 0.46
DLGAP5 Disks large-associated protein 5 0.3 0.49
SFN 14-3-3 protein sigma 0.29 0.35
ITGA4 Integrin alpha 4 0.29 0.49
TYMS Thymidylate synthase 0.29 0.37
ACTB Actin, cytoplasmic 1 0.29 0.46
POLE2 DNA polymerase epsilon subunit 2 0.3 0.49
CCR7 C-C chemokine receptor type 7 0.29 0.35
SPAG5 Sperm-associated antigen 5 0.29 0.49
FOXM1 Forkhead box protein M1 0.29 0.37
IGFBP4 Insulin-like growth factor-binding protein 4 0.29 0.46
APOBEC3B Probable DNA dC-�dU-editing enzyme

APOBEC3B
0.3 0.49
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cell release of infectious KSHV particles, although the conditioned medium from the lasI
or rhlI mutant displayed a partially reduced ability (Fig. 5G).

Regulation of PEL growth and viral gene expression by conditioned medium
from P. aeruginosa clinical isolates. For further study of clinical relevance for our
findings, we tested the regulation of PEL growth and viral gene expression by condi-
tioned medium from several P. aeruginosa clinical isolates. PA-CF230 (also named
CF57388A) was isolated from the sputum of a cystic fibrosis patient (18); PA-D16 and
PA-D23 were both isolated from ventilator-associated pneumonia patients (19). We
found that filtered conditioned medium from all 3 of these clinical isolates (especially
PA-CF230) dramatically inhibited PEL cell growth compared to the LB medium control
(Fig. 6A). In contrast, the conditioned medium from these P. aeruginosa clinical isolates
displayed much less of an inhibitory effect on the growth of the virus-negative
lymphoma cell line BL-41 (Fig. 6B). Furthermore, conditioned medium from these
clinical isolates significantly induced viral lytic gene expression and the release of
infectious KSHV particles from PEL cells (Fig. 6C to E).

DISCUSSION

KSHV-related malignancies usually occur in immunocompromised individuals,
such as HIV� patients, who frequently suffer polymicrobial infections, including
infections caused by opportunistic bacteria. However, there are limited data about
how these opportunistic bacteria or their products can regulate KSHV infection as
well as virus-related cancer development. QS systems have been found to regulate
many virulence factors in both Gram-positive and Gram-negative bacteria. In the
current study, we report for the first time the diverse impacts on KSHV� PEL cell
growth and host/viral gene expression of 3 major QS molecules (OdDHL, BHL, and
PQS) from P. aeruginosa, an opportunistic pathogen commonly seen in immuno-
compromised individuals. Recently, a fourth QS system, 2-(2-hydroxyphenyl)-
thiazole-4-carbaldehyde, also named an integrated quorum-sensing system (IQS),
has been identified in P. aeruginosa (20). IQS synthesis depends on a nonribosomal

TABLE 3 Top 10 common candidate genes up- and downregulated in PQS-treated BCBL-1
and BCP-1 cell lines

Gene symbol Description

Fold change in
expression

BCBL-1 cells BCP-1 cells

PFKFB4 6-Phosphofructo-2-kinase/fructose-2,6-
bisphosphatase 4

9.58 8.85

ALDOC Fructose-bisphosphate aldolase C 5.04 4.97
CA9 Carbonic anhydrase 9 4.24 6.41
BNIP3L BCL2/adenovirus E1B 19-kDa protein-interacting

protein 3-like
3.81 3.57

CCDC151 Coiled-coil domain-containing protein 151 3.36 3.64
SLC2A1 Solute carrier family 2, facilitated glucose

transporter member 1
3.29 3.56

SLC2A3 Solute carrier family 2, facilitated glucose
transporter member 3

2.88 2.42

PLOD2 Procollagen-lysine, 2-oxoglutarate 5-dioxygenase 2 2.76 2.55
TXNIP Thioredoxin-interacting protein 2.75 3.45
PFKFB3 6-Phosphofructo-2-kinase/fructose-2,6-

bisphosphatase 3
2.54 2.42

HIST1H3J Histone H3.1 0.24 0.24
CDC20 Cell division cycle protein 20 homolog 0.38 0.36
HIST1H2BC Histone H2B type 1-C/E/F/G/I 0.39 0.4
HIST2H2AC Histone H2A type 2-C 0.4 0.45
AURKA Aurora kinase A 0.42 0.4
CENPA Histone H3-like centromeric protein A 0.44 0.43
ZCCHC12 Zinc finger CCHC domain-containing protein 12 0.45 0.36
HMMR Hyaluronan-mediated motility receptor 0.46 0.46
PLK1 Serine/threonine-protein kinase PLK1 0.47 0.39
KIF20A Kinesin-like protein KIF20A 0.47 0.47
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peptide synthase gene cluster, ambBCDE, which has been shown to contribute to
the virulence of P. aeruginosa in different animal host models. However, since the
purified IQS molecule of P. aeruginosa is currently not available, we did not involve
it in this study.

We notice that the results obtained with conditioned medium from the P. aerugi-
nosa wt and QS mutants were not fully expected on the basis of the data that we
obtained with pure QS molecules. One of the major reasons is the complex intercon-
nection among these different QS systems. las governs the expression of both the pqs

FIG 4 OdDHL or PQS regulates PEL cell cycle and apoptosis. (A and B) BCBL-1 and BCP-1 cells were incubated with 25 �M OdDHL or
PQS for 48 h and then stained by propidium iodide (PI) and analyzed by flow cytometry. The solid blue area in panel A represents
cell debris, which was excluded from analysis, and the G1, S, and G2/M subpopulations were calculated only for diploid cells. (C) Cell
apoptosis was measured by using flow cytometry, as described in Materials and Methods. Error bars represent the SD from 3
independent experiments. *, P � 0.05; **, P � 0.01.
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FIG 5 The conditioned medium from the P. aeruginosa PAO1 wild type and QS mutants regulates PEL cell growth and viral gene
expression. (A to C) BCBL-1 (A), BCP-1 (B), or BL-41 (C) cells were incubated with filtered conditioned medium from overnight P.
aeruginosa PAO1 wt or QS mutant (lasI, rhlI, pqsC) cultures (diluted 1:100, 1:50, and 1:25) for 48 h. The cell proliferation status was
examined using WST-1 cell proliferation assays (Roche). (D and E) BCBL-1 (D) and BCP-1 (E) cells were incubated with filtered
conditioned medium from overnight P. aeruginosa PAO1 wt or QS mutants cultures (diluted 1:25) for 48 h, and then qRT-PCR was used
to quantify viral transcripts representing either latent or lytic genes. Data were normalized to those for vehicle-treated cells, and

(Continued on next page)
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and rhl systems; on the other hand, the rhl system is under the control of both las and
pqs (21, 22). Even the recently identified IQS has also been found to be tightly
controlled by lasRI under rich medium conditions (20). Besides the QS signaling
molecules mentioned above, the conditioned medium of P. aeruginosa cultures may
contain a variety of QS-controlled virulence factors, such as pyocyanin and rhamnolip-
ids (23, 24), although we found that conditioned medium from the P. aeruginosa PAO1
rhlA mutant (25) (deficient in rhamnolipid production) still effectively inhibited PEL cell
growth (data not shown). Therefore, the construction of double- or even triple-
knockout QS mutants in future studies will be helpful to answer these questions. Of
course, we cannot exclude the possibility that some QS-independent factors, such as
the type III secretion system of P. aeruginosa (26), may also affect PEL cell growth and/or
viral gene expression.

Although both the QS molecules (e.g., PQS) and the conditioned medium of P.
aeruginosa cultures displayed inhibitory effects on PEL cell growth, we think that
coinfection by P. aeruginosa should not be enough to eliminate all the tumor cells
in patients (due to their highly aggressive progression). On the other hand, these
QS molecules and/or conditioned medium from P. aeruginosa laboratory strains and
clinical isolates displays a strong ability to induce viral lytic gene expression and the
release of viral infectious particles from PEL cells, which may greatly facilitate virus
dissemination, the establishment of new infection, and, finally, the promotion of
tumor development. We are now working on determining the underlying mecha-
nisms by which P. aeruginosa or its QS molecules induce viral lytic gene expression.
One of the possible mechanisms is the repression of some KSHV microRNAs, which
have been shown to maintain viral latency in infected cells through either direct
targeting of the viral lytic reactivation activator Rta or indirect mechanisms target-
ing some host factors (27–29). Since our methods used in this study represent an
indirect evaluation of virion release, there are several alternative interpretations for
the increased LANA expression in HUVEC exposed to QS molecules or conditioned
medium-induced supernatant; for example, QS molecules enhance KSHV attach-
ment to HUVEC or relieve heterochromatin formation on incoming virions to
enhance LANA transcription. Therefore, we will design respective experiments to
test these alternative interpretations in future studies.

Interestingly, the QS molecules of P. aeruginosa have been found to regulate host
immune cell functions and cytokine production (30), which may modify the tumor
microenvironment to accelerate tumor development. For example, during P. aeruginosa
infection, innate immune cells can migrate toward the site of infection and remain in
close proximity to the bacterial biofilms, but their functions are inhibited rather than
stimulated by enhanced concentrations of QS molecules and QS-controlled bacterial
traits (31, 32). In other studies, it has been reported that the expression and secretion
of different pro- and anti-inflammatory cytokines in host cells are influenced by
bacterial QS molecules (33–35). So, it will be interesting to explore the role of the
immunoregulatory function of P. aeruginosa QS molecules in KSHV pathogenesis and
tumorigenesis in future studies.

The current study focused only on KSHV� PEL cells, but it will be interesting to find
out the impacts of P. aeruginosa or its QS molecules on other KSHV-related malignan-
cies, such as KS and MCD. For example, P. aeruginosa is one of most common
pathogens causing skin and soft tissue infections (36, 37), which may also affect KS
development.

FIG 5 Legend (Continued)
�-actin was used as a loading control. (F and G) BCBL-1 cells were incubated with the filtered conditioned medium described above
for 4 days, and then protein expression was measured using immunoblots. Released virions were isolated, purified from the
supernatant, and used to infect fresh HUVEC. After 24 h postinfection, Lana transcripts were quantified using qRT-PCR. Error bars
represent the SD from 3 independent experiments. *, P � 0.05; **, P � 0.01.

KSHV, PEL, and Bacterial QS Journal of Virology

July 2018 Volume 92 Issue 14 e00478-18 jvi.asm.org 11

 on July 9, 2018 by Louisiana S
tate U

niversity H
ealth S

ciences C
enter

http://jvi.asm
.org/

D
ow

nloaded from
 

http://jvi.asm.org
http://jvi.asm.org/


MATERIALS AND METHODS
Cell culture, bacterial strains, and reagents. Cells of the KSHV� PEL cell line BCBL-1 and Burkitt’s

lymphoma cell line BL-41 (KSHV negative, Epstein-Barr virus negative) were kindly provided by Dean
Kedes (University of Virginia) and maintained in RPMI 1640 medium (Gibco) with supplements as
described previously (38). Cells of another KSHV� PEL cell line, BCP-1, were purchased from the American
Type Culture Collection (ATCC) and maintained in complete RPMI 1640 medium (ATCC) supplemented

FIG 6 Conditioned medium from P. aeruginosa clinical isolates regulates PEL cell growth and viral gene expression. (A and B) BCBL-1 or
BL-41 cells were incubated with filtered conditioned medium from overnight P. aeruginosa clinical isolate (PA-CF230, PA-D16, PA-D23)
cultures (diluted 1:100, 1:50, and 1:25) for 48 h. The cell proliferation status was examined as described in the legend to Fig. 5. (C) BCBL-1
cells were incubated with filtered conditioned medium from overnight P. aeruginosa clinical isolate cultures (diluted 1:25) for 48 h, and
then qRT-PCR was used to quantify the viral transcripts. (D and E) BCBL-1 cells were incubated with filtered conditioned medium from
clinical isolates for 4 days, and then protein expression was measured using immunoblots. Released virions were isolated, purified from
the supernatant, and used to infect fresh HUVEC. After 24 h postinfection, Lana transcripts were quantified using qRT-PCR. Error bars
represent the SD from 3 independent experiments. **, P � 0.01.
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with 20% fetal bovine serum. Primary human umbilical vein endothelial cells (HUVEC) were cultured as
described previously (7). All the cells were cultured at 37°C in 5% CO2. All experiments were carried out
using cells harvested at low passage numbers (�20). P. aeruginosa PAO1 (strain PAO0001) was obtained
from the Pseudomonas Genetic Stock Center (East Carolina University School of Medicine, Greenville, NC,
USA). The lasI and rhlI mutants were constructed by allelic displacement in PAO1 as described previously
(39). The pqsC mutant was constructed via transposon insertion in PAO1 (40). P. aeruginosa clinical
isolates were collected as described previously (18, 19). Luria-Bertani (LB; Oxoid) broth was used as the
culture medium for P. aeruginosa growth. Purified QS molecules from P. aeruginosa, OdDHL, BHL, and
PQS, were purchased from Sigma.

Cell proliferation assays. Cell proliferation was measured by using the WST-1 assay (Roche)
according to the manufacturer’s instructions. Briefly, after the period of treatment, 10 �l/well of the
WST-1 cell proliferation reagent was added into the 96-well microplate, and the plate was incubated
for 3 h at 37°C in 5% CO2. The absorbance of the samples was measured by using a microplate reader
at 450 nm.

Microarray analysis. Microarray analysis was performed by and the results were analyzed at the
Stanley S. Scott Cancer Center Translational Genomics Core at LSUHSC. Total RNA was isolated using a
Qiagen RNeasy kit (Qiagen), and 500 ng of total RNA was used to synthesize double-stranded cDNA.
Biotin-labeled RNA was generated using a TargetAmp-Nano labeling kit (Epicentre) for the Illumina
Expression BeadChip system and hybridized to the HumanHT-12 (v4) Expression BeadChip system
(Illumina) at 58°C for 16 h. The chip was washed, stained with streptavadin-Cy3, and scanned with
Illumina BeadStation 500 and BeadScan systems. Using Illumina’s GenomeStudio software, we normal-
ized the signals using the cubic spline algorithm, which assumes that the distribution of the transcript
abundance is similar in all samples. The background signal was removed using the detection P value
algorithm to remove targets with signal intensities equal to or lower than those of irrelevant probes
(which have no known targets in the human genome but which are thermodynamically similar to the
relevant probes). The microarray experiments were performed twice for each group, and the average
values were used for analysis. Common and unique sets of genes and enrichment analysis were
performed using MetaCore software (Thompson Reuters).

Cell cycle analysis. PEL cell pellets were fixed in 70% ethanol and incubated at 4°C overnight. Cell
pellets were resuspended in 0.5 ml of 0.05 mg/ml propidium iodide (PI) plus 0.2 mg/ml RNase A and
incubated at 37°C for 30 min. The cell cycle distribution was analyzed on a FACSCalibur 4-color flow
cytometer (BD Bioscience).

Cell apoptosis assays. Flow cytometry was used for quantitative assessment of apoptosis using
a fluorescein isothiocyanate-annexin V-propidium iodide (PI) apoptosis detection kit I (BD Pharmin-
gen).

qRT-PCR. Total RNA was isolated using an RNeasy minikit (Qiagen), and cDNA was synthesized from
equivalent total RNA using a SuperScript III first-strand synthesis SuperMix kit (Invitrogen) according to
the manufacturer’s instructions. The primers used for amplification of the target genes are listed in Table
S1 in the supplemental material. Amplification was carried out using an iCycler IQ real-time PCR detection
system, and cycle threshold (CT) values were tabulated in duplicate for each gene of interest in each
experiment. No-template (water) controls were used to ensure minimal background contamination.
Using the mean CT values tabulated for each gene and paired CT values for �-actin as a loading control,
fold changes in expression for experimental groups relative to the assigned controls were calculated
using automated iQ5 (v2.0) software (Bio-Rad).

Immunoblotting. Cells were lysed in buffer containing 20 mM Tris (pH 7.5), 150 mM NaCl, 1% NP-40,
1 mM EDTA, 5 mM NaF, and 5 mM Na3VO4. Total cell lysates (30 �g) were resolved by 10% SDS-PAGE,
transferred to nitrocellulose membranes, and incubated with 100 to 200 �g/ml of K8.1 (ABI), KSHV ORF57
(Santa Cruz), and RTA (Abbiotec). For loading controls, lysates were also incubated with antibodies
detecting �-actin (Sigma). Immunoreactive bands were developed using an enhanced chemilumines-
cence reaction (Perkin-Elmer).

Statistical analysis. Significance for differences between the experimental and control groups was
determined using the two-tailed Student’s t test (Excel software, v8.0), and P values of �0.05 or �0.01
were considered significant or highly significant, respectively.

Accession number(s). The microarray original data have been submitted to the Gene Expression
Omnibus (GEO) database (accession number GSE110076).

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/JVI
.00478-18.
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Distinct systemic microbiome 
and microbial translocation are 
associated with plasma level of 
anti-CD4 autoantibody in HIV 
infection
Wanli Xu1, Zhenwu Luo2, Alexander V. Alekseyenko3, Lisa Martin4, Zhuang Wan2, 
Binhua Ling5,6, Zhiqiang Qin7, Sonya L. Heath8, Kendra Maas9, Xiaomei Cong1 & Wei Jiang  2,4

Microbial signals have been linked to autoantibody induction. Recently, we found that purified anti-CD4 
autoantibodies from the plasma of chronic HIV-1-infected patients under viral-suppressed antiretroviral 
therapy (ART) play a pathologic role in poor CD4+ T cell recovery. The purpose of the study was to 
investigate the association of systemic microbiome and anti-CD4 autoantibody production in HIV. 
Plasma microbiome from 12 healthy controls and 22 HIV-infected subjects under viral-suppressed ART 
were analyzed by MiSeq sequencing. Plasma level of autoantibodies and microbial translocation (LPS, 
total bacterial 16S rDNA, soluble CD14, and LPS binding protein) were analyzed by ELISA, limulus 
amebocyte assay, and qPCR. We found that plasma level of anti-CD4 IgGs but not anti-CD8 IgGs 
was increased in HIV+ subjects compared to healthy controls. HIV+ subjects with plasma anti-CD4 
IgG > 50 ng/mL (high) had reduced microbial diversity compared to HIV+ subjects with anti-CD4 
IgG ≤ 50 ng/mL (low). Moreover, plasma anti-CD4 IgG level was associated with elevated microbial 
translocation and reduced microbial diversity in HIV+ subjects. The Alphaproteobacteria class was 
significantly enriched in HIV+ subjects with low anti-CD4 IgG compared to patients with high anti-CD4 
IgG even after controlling for false discovery rate (FDR). The microbial components were different from 
the phylum to genus level in HIV+ subjects with high anti-CD4 IgGs compared to the other two groups, 
but these differences were not significant after controlling for FDR. These results suggest that systemic 
microbial translocation and microbiome may associate with anti-CD4 autoantibody production in ART-
treated HIV disease.

Chronic inflammation or immune dysfunction has been a critical issue in human immunodeficiency virus 
(HIV) disease even in patients under viral suppressive antiretroviral therapy (ART). ART significantly suppresses 
HIV viral replication, improves immune function, and decreases morbidity and mortality in HIV disease1,2. 
However, a substantial number of patients fail to reconstitute their peripheral CD4+ T cell counts even after 

1University of Connecticut School of Nursing, Storrs, Connecticut, 06269, USA. 2Department of Microbiology and 
Immunology, Medical University of South Carolina, Charleston, SC, 29425, USA. 3Program for Human Microbiome 
Research, Biomedical Informatics Center, Department of Public Health Sciences, Department of Oral Health 
Sciences, Medical University of South Carolina, Charleston, SC, 29425, USA. 4Division of Infectious Diseases, 
Department of Medicine, Medical University of South Carolina, Charleston, SC, 29425, USA. 5Department of 
Microbiology and Immunology, Tulane University School of Medicine, New Orleans, LA, 70112, USA. 6Tulane 
National Primate Research Center, New Orleans, LA, 70433, USA. 7Departments of Genetics, Louisiana State 
University Health Sciences Center, Louisiana Cancer Research Center, 1700 Tulane Ave., New Orleans, LA, 70112, 
USA. 8Division of Infectious Diseases, Department of Medicine, University of Alabama at Birmingham, Birmingham, 
AL, 35294, USA. 9Microbial Analysis, Resources, and Services, University of Connecticut, Storrs, CT, 06269, USA. 
Wanli Xu and Zhenwu Luo contributed equally. Correspondence and requests for materials should be addressed to 
X.C. (email: xiaomei.cong@uconn.edu) or W.J. (email: jianw@musc.edu)

Received: 14 November 2017

Accepted: 3 August 2018

Published: xx xx xxxx

OPEN

http://orcid.org/0000-0002-1374-053X
mailto:xiaomei.cong@uconn.edu
mailto:jianw@musc.edu


www.nature.com/scientificreports/

2SCIenTIfIC RepoRts |  (2018) 8:12863  | DOI:10.1038/s41598-018-31116-y

long-term viral-suppressive ART treatment, and exhibit increased risks of complications, morbidity and mortal-
ity3–7. Previous studies have shown that thymic and lymphatic fibrosis, low nadir CD4+ T cell counts, sustained 
increases in inflammation, and microbial translocation may account for patients with poor CD4+ T cell recov-
ery under viral suppressive ART treatment5,8–21. However, the exact mechanism governing poor CD4+ T cell 
recovery is still unknown. In our recent work, we studied the anti-CD4 autoreactive IgGs purified from plasma of 
ART-treated aviremic patients with peripheral CD4+ T cell counts less than 350 cells/µL. Our study has shown 
that anti-CD4 autoreactive IgGs induce CD4+ T cell death through antibody-mediated natural killer (NK) cell 
cytotoxicity in vitro, suggesting that anti-CD4 autoantibodies play a role in blunted CD4+ T cell reconstitution 
after ART treatment22. Consistently, we have found that purified NK cells from patients with blunted CD4+ T 
cell recovery were enriched in cytotoxic cells and were able to mediate uninfected CD4+ T cell death ex vivo23.

Prior to ART treatment, HIV infection results in significant B cell depletion, especially memory B cell deple-
tion, B cell hyperactivation and heightened plasma levels of autoantibodies, as well as impaired vaccine respon-
siveness24–28. These B cell perturbations cannot be completely explained by the lack of contribution from CD4+ 
T cells; B cell intrinsic defects have been observed29,30. For example, our previous work has shown that purified 
B cells from HIV-infected subjects had reduced proliferation capacities in response to toll-like receptor (TLR) 9 
ligand stimulation compared to B cells from healthy controls in vitro30. Another study from Moir’s group reported 
that purified B cells from HIV-infected patients had reduced antigen-presenting function compared to B cells 
from healthy controls when co-culturing with purified T cells from the same healthy donors29. These results 
suggest B cell intrinsic dysfunction in HIV disease. Furthermore, B cells have been reported activated even after 
long-term viral-suppressive ART treatment, which may account for inconsistent serologic antibody responses 
and cellular responses in patients given seasonal influenza vaccination31.

The underlying mechanisms of long-term humoral immune perturbations in HIV-infected patients, despite 
undergoing ART treatment, are still largely unknown. The fecal microbiota and microbial translocation from the 
gastrointestinal (GI) tract to systemic circulation have been recently investigated as a major driver of immune 
perturbations and persistent systemic inflammation in HIV disease32–35. Increased intestinal permeability due to 
mucosal barrier dysfunction, GI immune dysregulation and/or altered intestinal microbiome are considered to 
be significant factors related to microbial translocation and HIV pathogenesis. Differences in fecal microbiome 
in HIV-infected patients versus healthy controls are associated with systemic inflammation32. Mechanistically, 
microbial products such as TLR ligands can induce autoantibody production and may play a pathogenic role in 
autoimmune diseases36–38. Increased systemic microbial translocation and its associated inflammation may result 
in B cell hyperactivation and perturbation in HIV disease. After long-term repeated stimulation by low concen-
trations of TLR ligands (compared to one dose and high concentration as vaccine adjuvants) and other microbial 
products released from the gut24–26,39, B cells may be polyclonally activated as reflected by increased total IgM and 
IgG26,40.

In the current study, we hypothesize that microbial translocation of specific bacterial strains may play a role 
in B cell activation and anti-CD4 autoantibody production. We, therefore, investigate systemic bacterial micro-
biome, the magnitude of microbial translocation, and plasma anti-CD4 autoantibodies in HIV+ subjects under 
long-term viral suppressive ART treatment.

Methods
Study Design, Subjects, and Data Collection. This study was approved by the Institutional Review 
Board at Medical University of South Carolina. All methods were performed in accordance with the relevant 
guidelines and regulations. All participants provided written informed consents. In the present study, 12 healthy 
volunteers and 22 HIV+ ART-treated aviremic (plasma HIV RNA < 50 copies/mL) patients were enrolled. The 
clinical characteristics of participants are shown in Table 1.

Inclusion and exclusion criteria. All participants were age 18 years and older. All patients had docu-
mented HIV infection and were receiving a stable antiretroviral regimen with plasma HIV RNA < 50 copies/
mL more than two years prior to study entry. Transient viremic blips did not exclude participation if flanked by 
viral levels below detection limits. Exclusion criteria included pregnancy, breast-feeding, surgery, chemotherapy, 
inflammatory bowel diseases, and uses of steroids more than 10 mg per day for more than 120 days or uses of 
antibiotics within 14 days prior to enrollment.

ELISA for detection of anti-CD4 IgGs and anti-CD8 IgGs. Human soluble CD4 protein (sCD4, 
Progenics Tarrytown, NY) or human soluble CD8B/P37/LEU2 protein (sCD8, Sino Biological Inc. Beijing, 
China) were diluted at the concentration of 16 μg/ml and added to microtiter wells, and incubated at 4 °C over-
night. Microwells were washed three times with phosphate buffered saline wash buffer (PBS with 0.1% Tween 20), 
and then blocked with PBS containing 3% bovine serum albumin (BSA) for 120 min at 37 °C. Plasma was diluted 
1:40 in PBS containing 3% BSA and 100 μl of the dilution were added to the wells. The plate was incubated at 
room temperature for 60 min. Biotin-labeled goat anti-human IgG was added at 1:5000 dilution in PBS contain-
ing 3% BSA. The plate was then incubated for 60 min at room temperature. Horseradish peroxidase conjugated 
streptavidin (HRP-Streptavidin) was added at a 1:1000 dilution in PBS containing 3% BSA, and then incubated 
for 30 min at room temperature. After washing, 100 μl 2,2′-Azino-di (3-ethylbenzthiazoline-6-sulfonate) were 
added and incubated for 30 min, and 405 nm emission was read within 30 min. PBS containing 3% BSA alone was 
used as a negative control and anti-CD4 and anti-CD8 antibodies were used as positive controls.

The 40th percentile (50 ng/mL) of anti-CD4 IgG was used to define the cutoff for high and low levels of the 
IgG. Therefore, patients with plasma anti-CD4 IgG level above 50 mg/mL were defined as the high anti-CD4 IgG 
group; and patients with plasma anti-CD4 IgG level equal or below 50 ng/mL were defined as the low anti-CD4 
IgG group.
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Plasma levels of LPS, soluble CD14 (sCD14), LPS binding protein (LBP). Plasma samples were col-
lected into tubes containing EDTA and stored at −80 °C until they were thawed once. The method was described 
in our previous studies41–43. Briefly, the plasma samples were diluted to 10% with endotoxin-free water, and LPS 
was quantified using a commercially available limulus amebocyte assay kit (Lonza Inc., Allendale, NJ) according 
to the manufacturer’s protocol. sCD14 and LBP were quantified using kits from R&D (Minneapolis, MN) and 
Hycult Biotech (Plymouth Meeting, PA) respectively following manufacturers’ protocols.

Quantitative polymerase chain reaction (PCR) for measurement of bacterial 16S rDNA. DNA 
was extracted from 400 μL endotoxin-free water and 400 μL plasma using QIAamp UCP pathogen Mini kit 
(Qiagen, Valencia, CA) according to the manufacturer’s instructions. The method was described in our pre-
vious studies31,41. Briefly, a 20 μL amplification reaction consisted of 10 μL of 2x Perfecta qPCR ToughMix 
(Quanta, Gaithersburg, MD), 0.3 μmol/L forward and reverse primers, 0.175 μmol/L probe (338 P: 
5′-FAM-GCTGCCTCCCGTAGGAGT-BHQ1-3′), and 5 μL of the template plasma DNA. Degenerate forward 
(8 F: 5′-AGTTTGATCCTGGCTCAG-3′) and reverse (515 R: 5′-GWATTACCGCGGCKGCTG-3′) primers were 
used to amplify DNA templates encoding 16S rRNA. The DNA was amplified in duplicate, and mean values were 
calculated by subtracting values in the water control. A standard curve was created from serial dilutions of plas-
mid DNA containing known copy numbers of the template. The reaction conditions for amplification of DNA 
were 95 °C for 5 min, followed by 40 cycles at 95 °C for 15 s and at 60 °C for 1 min41.

Plasma microbial DNA extraction, sequencing and data process. Microbial DNA extraction was 
described above in 16S rDNA assay. The 16S rRNA gene V4 variable region PCR primers 515/806 with barcode 
on the forward primer were used in a 30 cycle PCR (5 cycle used on PCR products) using the HotStarTaq Plus 
Master Mix Kit (Qiagen, USA) under the following conditions: 94 °C for 3 minutes, followed by 28 cycles of 94 °C 
for 30 seconds, 53 °C for 40 seconds and 72 °C for 1 minute, after which a final elongation step at 72 °C for 5 min-
utes was performed. After amplification, PCR products were checked in 2% agarose gel to determine the success 
of amplification and the relative intensity of bands. Multiple samples were pooled together (e.g., 100 samples) in 
equal proportions based on their molecular weight and DNA concentrations. Pooled samples were purified using 
calibrated Ampure XP beads. Then the pooled and purified PCR product was used to prepare the DNA library 
by following Illumina TruSeq DNA library preparation protocol. Sequencing was performed at MR DNA (www.
mrdnalab.com, Shallowater, TX, USA) on a MiSeq following the manufacturer’s guidelines.

The Q25 sequence data derived from the sequencing process was processed using a proprietary analysis 
pipeline (www.mrdnalab.com, MR DNA, Shallowater, TX). Sequences were depleted of barcodes and primers, 
then short sequences <200 bp and sequences with ambiguous base calls, and sequences with homopolymer 
runs exceeding 6 bp were removed. Next, sequences were denoised and operational taxonomic units (OTUs)  

Healthy control HIV+/αCD4low HIV+/αCD4high P1 P2 P3

Number 12 13 9

Age 43.5 (33.5–56) 43 (26–46.5) 47 (36–56.5) 0.25 0.77 0.21

Gender (Male/%) 3 (25%) 11 (84.6%) 3 (33.3%) 0.005 >0.99 0.04

Race (AA/%) 7 (44%) 8 (57%) 7 (58%) 0.72 0.7 0.52

Nadir CD4 count (cells/µL) 361 (226–490) 229 (124–426) 0.19

Duration of ART (yr) 4 (3.5–6.5) 6 (4–6) 0.82

CD4 count (cells/µL) 828 (523–1043) 634 (514–744) 450 (321–677) 0.50 0.07 0.07

%ki67+ CD4 1.0 (0.7–1.6) 2.8 (1.9–3.8) 2.5 (1.7–3.9) <0.0001 0.001 0.73

%annexin V+ CD4 19 (13.5–37.7) 29.4 (27.1–43) 26.9 (15.7–32) 0.14 0.60 0.18

B cell count (cells/µL) 219 (112–235) 239 (132–314) 185 (130–245) 0.29 0.65 0.37

%ki67+ B cells 0.9 (0.7–1.1) 1.5 (0.9–2.0) 1.3 (0.9–2.7) 0.03 0.03 0.84

%annexin V+ B cells 9 (5.5–18) 19.4 (12.6–27.8) 17.6 (13.3–33) 0.007 0.04 0.86

Plasma soluble CD4 (ng/mL) 2.1 (1.2–4.9) 1.7 (0–2.7) 1.8 (0.3–2.7) 0.37 0.39 0.66

Current ART regimen

Multi-Class Combination 11 (84.6%) 4 (44.4%) >0.99

NRTIs 2 (15.4%) 3 (33.3%) 0.71

PIs 3 (23%) 3 (33.3%) >0.99

Metabolic abnormities

BMI 26.1 (23.3–29.7) 32.3 (24.9–38.3) 0.14

Diabetes mellitus 1 (0.08%) 1 (0.11%) >0.99

Hypertension 4 (30.8%) 2 (22.2%) 0.67

Abnormal lipid metabolism 5 (38.5%) 3 (33.3%) 0.67

Table 1. Demographic and clinical characteristics of the participants. P1: HIV- vs HIV+/αCD4low. P2: HIV- vs 
HIV+/αCD4high. P3: HIV+/αCD4high vs HIV+/αCD4low. Non-parametric Mann-Whitney tests. Abnormal 
lipid metabolism: hyperlipidemia, hyperlipidemia, hypertriglyceridemia, hypercholesterolemia. Multi-Class 
Combination ART: Two different groups in a complete HIV drug regimen (e.g., Atripla (bictegravir + tenofovir 
DF + emtricitabine)).

http://www.mrdnalab.com
http://www.mrdnalab.com
http://www.mrdnalab.com
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were defined clustering at 3% divergence (97% similarity) followed by removal of singleton sequences and chi-
meras44–48. Final OTUs were taxonomically classified using BLASTn against a curated database derived from 
GreenGenes, RDPII and NCBI49. The data has been summarized at each taxonomic level by both raw counts and 
relative abundances. For each plasma sample and water control, absolute and relative abundance in OTU tables 
were generated. To control for contamination, two water samples were used as negative controls for DNA extrac-
tion. ß-diversity is different from the samples of patients, healthy and water controls (Supplemental Fig. 1). In the 
data analysis, we used both methods of subtracting the mean abundance of the OTUs and removing any OTUs that 
are present in the water control. The PERMANOVA variability from both methods are the same. The results in this 
paper were presented based on the method of removing the mean absolute abundance of OTUs. See Supplemental 
Table 1 for the raw data of the read counts and relative abundance from each sample including water controls.

Statistical Analysis. In the pre-specified hypothesis, we were interested in the comparisons of HIV+ high 
anti-CD4 antibody group versus HIV+ low anti-CD4 antibody group or healthy controls; therefore, P values 
from comparing HIV+ high anti-CD4 antibody group to each control group were not adjusted for multiple com-
parisons50. Non-parametric Mann-Whitney U tests were applied to the current study.

For microbiome analysis, OTU tables and different levels of taxonomy tables derived from the sequencing 
process described above were imported to R (version 3.3.1) for statistical analysis51. The mean values of two 
negative controls were subtracted from each sample’s OTU to control for the contamination. Simpson index of 
diversity was calculated using Vegan package52 to measure α diversity of each sample. Spearman’s Correlation 
test was used to assess the association among Simpson diversity index, clinical and demographic characters and 
autoreactive antibody. Bray-Curtis and Jaccard dissimilarity were calculated using Vegan package to evaluate 
ß-diversity, the compositional dissimilarity among the microbial community. Jaccard dissimilarity measures the 
dissimilarity between samples based on the presence/absence of the data, whereas Bray-Curtis dissimilarity was 
calculated based on both presence/absence and abundance. The relationships between ß-diversity of the micro-
bial community and autoreactive antibody titer were assessed using PERMANOVA in Vegan package. Analysis 
of indicator species (Indicspecis package) was used to assess the relationship between the occurrence/abundance 
of species at the genus level with different clinical characters. False discovery rate (FDR) correction was applied 
to control for multiple comparisons.

Accession codes. The data are available at the NCBI Sequence Read Archive (SRA) under accession no. 
SRP120355 (http://www.ncbi.nlm.nih.gov/sra).

Results
A total of 34 participants completed the study, including 22 HIV patients and 12 healthy controls. Demographic 
characteristics of the participants are illustrated in Table 1.

Plasma anti-CD4 IgG level but not anti-CD8 IgG level was increased in aviremic ART-treated 
HIV+ subjects compared to healthy controls. Following our recent work, we investigated the mech-
anism of anti-CD4 autoantibody production in well-controlled ART-treated HIV infection. We first analyzed 
plasma levels of anti-CD4 IgG as well as anti-CD8 IgG in age-matched healthy controls and aviremic ART-treated 
HIV-infected subjects. We found that the plasma level of autoreactive anti-CD8 IgG was similar in controls and 
HIV+ subjects, but the level of anti-CD4 IgG increased in the HIV+ subjects compared to controls (Fig. 1A,B), 
suggesting that B cell function is still abnormal even after long-term ART treatment and successful viral 
suppression.

Plasma microbial translocation was elevated in HIV+ subjects with high plasma anti-CD4 IgGs 
compared to healthy controls. Next, to investigate the association of systemic microbial translocation 
and plasma anti-CD4 IgGs level in HIV-infected subjects, we stratified patients to either high plasma autoan-
tibody level or low plasma autoantibody level group. The cutoff value of 50 ng/mL plasma anti-CD4 IgG was 
defined based on 40 up-percentile, and no healthy controls were above that value. Notably, both plasma LPS level 
and bacterial 16S rDNA level, markers of microbial translocation41, tended to increase in HIV+ subjects with 
plasma anti-CD4 IgG below 50 ng/mL compared to healthy controls but have not achieved significant differences 
(Fig. 1C,D). Importantly, HIV+ subjects with high plasma level of anti-CD4 IgGs exhibited significantly elevated 
plasma microbial translocation (Fig. 2), suggesting that residual increased systemic microbial products may be 
associated with autoantibody production. In addition, we have evaluated the other two markers related to micro-
bial translocation, sCD14 and LBP in plasma. Indeed, HIV+ subjects with high anti-CD4 IgGs had increased 
plasma sCD14 (Fig. 1E) and LBP (Fig. 1F) levels compared to the other two study groups. These results suggest 
that HIV+ subjects with high plasma anti-CD4 IgGs, but not HIV+ subjects with low plasma anti-CD4 IgGs, had 
increased systemic microbial translocation compared to healthy controls.

Distinct plasma microbial profiles in HIV+ subjects with high anti-CD4 IgGs compared to con-
trols. To investigate the difference of microbial translocation in healthy controls and HIV+ subjects, we per-
formed and analyzed plasma microbiome (Fig. 2A–E). The samples yielded a total of 1,218,338 reads with an 
average of 34758.15 (±15380.71) reads per subject and 18280.5 (±10127.89) reads for water control. A total of 
2408 OTUs were found in samples of all 34 subjects. On average, 400 (±98) OTUs were found in each sample. 
In contrast, 439 OTUs (average 272 ± 76) were found in the water control, and the top phyla were Proteobacteria 
(79.3%), Firmicutes (12.5%), Deinococcus-Thermus (7.3%), Cuampbacteroa (0.7%) and Actinobacteria (0.2%). 
In the phylum levels among all samples, 57.4% were Proteobacteria, 19.2% were Firmicutes, 10.5% were 

http://www.ncbi.nlm.nih.gov/sra
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Actinobacteria, and 6.4% Bacteroidetes in plasma (Fig. 2A). A decreased ratio of Firmicutes/Bacteroidetes was 
reported on the fecal microbiome in autoantibody-derived autoimmune disease such as systemic lupus ery-
thematosus (SLE)53,54. In this study, the ratios of Firmicutes/Bacteroidetes were 0.58 ± 0.45 in healthy controls, 
0.37 ± 0.38 in the low anti-CD4 IgG HIV+ subjects, and 0.32 ± 0.30 in the high anti-CD4 IgG HIV+ subjects, 
respectively, but did not achieve significant difference between any two groups (mean ± SD, P > 0.05). At the 
class level, Gammaproteobateria, Betaproteobacteria, Bacilli and Alphaproteobacteria were predominant (80.3%) 
in the low anti-CD4 IgG group (Fig. 2B). Notably, the plasma enrichment of Alphaproteobacteria class was sig-
nificantly higher in the low anti-CD4 IgG patient group compared to the high anti-CD4 IgG patient group after 
controlling for FDR (t = 3.22, P < 0.05, Fig. 2B). At the family level, Staphylococcaceae and Pseudomonadaceae 
were increased in the high anti-CD4 IgG patient group compared to the other two groups (Fig. 2D). At the genus 
level, Alicycliphilus, Pseudomonas, and Staphylococcus had increased relative abundance in the high anti-CD4 IgG 

Figure 1. Plasma level of anti-CD4 IgG and its association with microbial translocation in HIV+ subjects. 
sCD4 and sCD8 proteins were used to detect plasma anti-CD4 IgGs (A) and anti-CD8 IgGs (B) by ELISA. 
Plasma levels of LPS were detected by limulus amebocyte assay (C), bacterial 16S rDNA were detected by 
qPCR (D), sCD14 (E) and LBP (F) by ELISA in healthy controls and HIV+ subjects with plasma anti-CD4 
IgG > 50 ng/mL and ≤50 ng/mL. Non-parametric Mann-Whitney tests.
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patient group compared to the low anti-CD4 IgG patient group. (Fig. 2E). Although the microbial components 
were different from the phylum to genus levels in HIV+ subjects with high anti-CD4 IgGs compared to the other 
two groups, these differences were not significant after controlling for FDR.

Figure 2. Circulating microbiome relative abundance analysis in healthy controls and HIV+ subjects. 
Microbial DNA was extracted from plasma and V4 variable region of bacterial 16S rDNA gene was amplified. 
The relative abundance of phylum (A), class (B), order (C), family (D), and genus (E) level bacteria (>1%) 
were shown in plasma from healthy controls, HIV+ subjects with plasma anti-CD4 IgG level ≤ 50 ng/mL 
and HIV+ subjects with anti-CD4 IgG > 50 ng/mL. The plasma enrichment of Alphaproteobacteria class was 
significantly higher in the low anti-CD4 IgG patient group compared to the high anti-CD4 IgG patient group 
after controlling for FDR.
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Reduced plasma microbial diversity was associated with increased plasma anti-CD4 antibod-
ies in HIV-infected individuals. Next, to investigate the difference of composition in plasma microbiome 
in the three study groups, we analyzed microbial diversity including Simpson Diversity Index, Shannon index 
and species number observed. The Simpson and Shannon diversity indexes in the high anti-CD4 IgG HIV+ 
subject group were significantly lower compared to the low anti-CD4 IgG HIV+ subject group (P = 0.04 and 
P = 0.05 respectively, Fig. 3A,B). The numbers of species were 365.8 ± 99.6 in healthy controls, 373.5 ± 91.2 in 
the low anti-CD4 IgG HIV+ subjects, and 362.1 ± 85.7 in the high anti-CD4 IgG HIV+ subjects, respectively 
(mean ± SD, P > 0.05). There was an inverse correlation between plasma anti-CD4 IgG level and the Simpson 
diversity index in HIV+ subjects but not in healthy controls (Fig. 3C,D). Moreover, ß-diversity, the composi-
tional dissimilarity among the microbial community was assessed using nonmetric dimensional scaling with both 
Bray-Curtis Coefficient and Jaccard Index, and revealed significant clusters between HIV-infected subjects with 
plasma anti-CD4 IgG level > 50 ng/mL and their counterparts (Fig. 4). Nonetheless, anti-CD4 IgG level explained 
6.8% of the variation of Bray-Curtis coefficient among HIV-infected individuals after controlling for plasma LPS 
level, duration of the ART treatment and CD4 counts (PERMANOVA, n = 22, P < 0.05); PERANOVA test of 
anti-CD4 IgG level on Jaccard Index yielded a similar result. Indicator species analysis showed that patients who 
had a higher level of anti-CD4 IgG (>50 ng/mL) had significantly higher levels of Alicycliphilus (P < 0.05) and 
Hylemonella (P < 0.05). However, the significances disappeared after controlling for FDR.

Discussion
Increased levels of autoreactive antibodies or autoimmune diseases have been shown in HIV/SIV infection55–62. 
ART treatment reduces B cell hyperactivation63. Our recent study shows that anti-CD4 autoantibodies purified 
from plasma of immunologic non-responders (undetectable plasma viral load, ART-treated, and CD4+ T cell 
counts <350 cells/µL) mediated CD4+ T cell death through antibody-dependent NK cell cytotoxicity, suggesting 
that anti-CD4 IgG plays a role in poor CD4+ T cell recovery under viral suppressive ART treatment22. In the 
current study, we found that both quantity and quality of plasma microbial products in ART-treated HIV-infected 
subjects was associated with anti-CD4 autoantibodies.

Microbial TLR and its agonists play a role in autoantibody production and autoimmune diseases64,65. Our 
previous study showed that plasma level of TLR4 ligand LPS was associated with inflammation and B cell acti-
vation in HIV disease43. Although ART treatment greatly reduces cell apoptosis and activation and thus limits 

Figure 3. Reduced diversity was associated with increased plasma level of anti-CD4 autoantibody in HIV+ 
subjects. Box and whiskers plots of the Simpson (A) and Shannon (B) diversity indexes of plasma samples from 
HIV+ subjects with anti-CD4 IgG levels ≤ 50 ng/mL, >50 ng/mL and healthy controls. The top and bottom 
boundaries of each box indicate the 3rd and 1st quartile values, respectively. The central horizontal line represents 
the median values. The dot represents Simpson and Shannon diversity index of each sample. Non-parametric 
Mann-Whitney U tests. Correlations between the Simpson diversity index and plasma anti-CD4 IgG levels in 
healthy controls (C) and HIV+ subjects (D). Spearman correlation tests.
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autoantibody production43,66–69, we found that anti-CD4 specific antibody is a key exception (Fig. 1A). Moreover, 
altered B cell receptor (BCR) and TLR signals (e.g., MyD88) may promote autoreactive B cell selection70. Indeed, 
HIV+ subjects had elevated levels of microbial translocation (Fig. 1C,D) and cycling B cells31 compared to 
healthy controls, implying that bacterial products (e.g., LPS) may play a role in activating B cells. Nonetheless, 
how microenvironmental and inflammatory factors drive the breakdown of B cell tolerance, especially in humans, 
is not fully understood. Notably, autoimmune diseases in HIV are often observed after ART55,71,72, implying that 
pathologic autoantibodies are developed post the ART treatment.

Interestingly, a diverse bacterial DNAs were found in the plasma of healthy controls (Fig. 2). These findings 
are consistent with the study from Païssé S73. Low levels of microbial translocation occur in healthy individuals 
but increase when there is a GI barrier disruption. On the other hand, dysbiosis of gut microbiome community 
may result in mucosal immune dysfunction and intestinal mucosal barrier damage, which allows gut microbial 
translocation to the bloodstream74–78. Increased “leakiness” of microbial products (e.g., LPS) from the intestinal 
barrier further may cause systemic immune cell activation and drives immune perturbations32. Interestingly, we 
observed a trend decrease in the Firmicutes/Bacteroidetes ratio in HIV+ subjects with high anti-CD4 IgG level 
compared to the other two groups, which is consistent with prior reports on the fecal microbiome in autoimmune 
disease such as systemic lupus erythematosus (SLE)53,54.

Most microbiome studies used stool, saliva, or cervical-vaginal lavage fluid samples, very rare study was 
done on plasma microbiome due to highly technical demands32,79–81. A recent study reported that HIV-infected 
patients had different fecal microbial community composition compared to healthy controls32. Fecal micro-
biome from HIV-infected patients was enriched in Enterobacteriales, Erysipelotrichaceae, Proteobacteria, 
Enterobacteriaceae, Gammaproteobacteria, Erysipelotrichi, Barnesiella, and Erysipelotrichales, but was depleted in 
Rikenellaceae and Alistipes, relative to healthy controls32. Another study showed that HIV-infected patients with 
low peripheral CD4+ T cell counts exhibited reduced enteric bacterial diversity, which is consistent with our 
findings79. Both studies indicate that enrichment of Enterobacteriaceae was associated with systemic inflamma-
tion32,79. Consistently, plasma enrichment of Proteobacteria, Gammaproteobacteria and Betaproteobacteria was 
also observed in HIV+ individuals compared to healthy controls in the current study, but the difference did 
not achieve statistical significance (Fig. 2). However, we did not observe enrichment in other bacteria products 

Figure 4. Nonmetric multidimensional scaling ordination (NMDS) plot of the OTUs with fitted vectors of 
clinical variables (A), and based on the abundance of bacterial phyla (B). Dots with different colors represent 
data from each plasma sample in HIV+ subjects with anti-IgG level ≤ 50 ng/mL (red) and HIV+ subjects with 
anti-CD4 IgG > 50 ng/mL (green). Ellipses denote the standard deviation of the weighted average NDMS score 
of anti-IgG level ≤ 50 ng/mL group (red) and anti-CD4 IgG > 50 ng/mL group (green). Community differences 
were verified by PERMONOVA test (Adonis, P < 0.05). Arrows represent the direction and magnitude of 
correlation of each clinical variable (A) and the abundance of bacterial phyla (B) with the ordination axes.
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reported in the fecal microbiome study besides Proteobacteria, Gammaproteobacteria and Betaproteobacteria in 
plasma from HIV+ individuals relative to healthy controls32. Nonetheless, it is important to investigate microbi-
ome simultaneously in plasma and mucosal sites in HIV in the future.

TLR4 signaling was increased with transgenic mice for a TLR chaperone molecule (gp96), which resulted in a 
lupus-like autoimmune glomerulonephritis26. Flares of autoimmune diseases have been observed with infection82 
in humans and also is an inducer of autoimmunity in mice. Decreased anti-dsDNA antibodies were observed in 
TLR2 and TLR4 knockout C57BL/6 (lpr/lpr) mice; and autoantibodies were induced by LPS stimulation through 
the TLR4-dependent cell signaling pathway in lupus-prone mice83,84. Therefore, increased bacterial product 
translocation may play a key role to induce autoantibodies in HIV. However, the association of plasma bacterial 
products (e.g., LPS) and anti-CD4 IgG level we observed in the current study does not prove causality. Next, we 
will give HIV-infected humanized animal models with specific bacterial products (e.g., LPS) found in plasma of 
the high HIV+ subjects to evaluate anti-CD4 autoantibody production. The other possibility of this association 
can be high anti-CD4 autoantibody-mediated immunodeficiency (poor CD4+ T cell recovery22) and increased 
inflammation favor particular bacterial survival. Furthermore, plasma soluble CD4 level was similar among the 
three study groups22, suggesting that increased anti-CD4 IgG in some patients may not result from increased 
antigens in plasma. However, we do not know whether the level of CD4 antigen and HIV proteins (e.g., gp12085) 
with CD4 binding capacity is increased in lymph nodes, raising the question that increased anti-CD4 IgG may be 
due to increased antigens in the patients with high anti-CD4 IgG level.

Women in general have higher humoral and cellular immune responses relative to men, as well as higher 
prevalence of autoimmune diseases86. Mechanisms accounting for sex differences in autoimmune diseases include 
sex-induced breaks in tolerance and increases in peripheral cell activity, such as TLR responsiveness, T regula-
tory cells, environmental and genetic factors87–90. Consistently, we found that there were more women in the 
high HIV+ anti-CD4 autoantibody group compared to the low HIV+ anti-CD4 autoantibody group (Table 1). 
Whether anti-CD4 autoantibody induced by female sex hormones or sex hormone-mediated immune responses 
is worth further investigation.

This is the first study to date to report plasma microbiome and microbial products (e.g., LPS) in relation to 
autoantibodies in HIV patients. One of its limitations remains a small sample size. Due to the small sample size 
and large amount of microbial species observed in the plasma, most significant differences of microbiome among 
the study groups were not demonstrable after FDR correction. Another limitation is that other factors that may 
influence gut microbiota composition and bacterial translocation, such as diet, usage of probiotics and antibiotics, 
and the comorbidity of the patients were not controlled in the study. Therefore, the interpretation and generali-
zation of findings may be limited. Future studies with large and diverse sample sizes are needed to lead a greater 
understanding of the concept of microbial translocation and auto-immune responses. In addition, the contribut-
ing factors for microbiome including sex should be considered.

In summary, we found that elevated plasma anti-CD4 IgG in HIV-infected subjects was associated with the 
magnitude of systemic microbial translocation and systemic microbiome. At the class level, Gammaproteobateria, 
Betaproteobacteria, Bacilli and Alphaproteobacteria were predominant in the low anti-CD4 IgG group. At the 
genus level, Alicycliphilus, and Hylemonella had elevated relative abundance in the high anti-CD4 IgG patient 
group compared to the low anti-CD4 IgG patient group. These results suggest that systemic microbial transloca-
tion and microbiome may play a role in anti-CD4 autoantibody production in HIV infection. However, the small 
sample size in the current study prevents us to draw further conclusions.
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Abstract
Kaposi’s sarcoma-associated herpesvirus (KSHV) is the causative agent of several human cancers such as Kaposi’s sarcoma
(KS), which represents the most common AIDS-associated malignancy that lacks effective treatment options. Despite its
clear role in AIDS malignancies, the fact that only a small set of KSHV-infected patients will eventually develop these
tumors implies that additional co-factors are required for the development of KSHV-related cancers. In the current study, we
demonstrate for the first time that KSHV de novo infection or viral latent proteins are able to transactivate human
endogenous retrovirus K (HERV-K) through a variety of cellular signaling pathways and transcriptional factors. Moreover,
we found that HERV-K transactivation, particularly activation of its encoded oncogenic NP9 protein, plays an important role
in KSHV pathogenesis and tumorigenesis in vitro and in vivo. Our data provide innovative insights into the mechanisms of
HERV-K transactivation contributing to viral oncogenesis, which may represent a promising target for KS treatment.

Introduction

Approximately 20% of human cancers have been found
related to viral infections, including Kaposi’s sarcoma-
associated herpesvirus (KSHV, also named as human her-
pesvirus 8) [1]. KSHV is the causative agent of several
cancers arising in patients with compromised immune sys-
tems, including Kaposi’s sarcoma (KS) and primary effu-
sion lymphoma (PEL) [2, 3]. Despite the reduced incidence
of KS since the invention of highly active antiretroviral
therapy (HAART) for human immunodeficiency virus
(HIV), KS remains the most common acquired immuno-
deficiency syndrome (AIDS)-associated tumor [4, 5]. The
prevalence of KSHV in the United States (US) HIV-
infected population remains high and incidence of new
infections has increased in the HAART era [6]. A long-
itudinal study of solid organ transplant recipients in the US
reported 15% of KSHV seropositivity in this specific sub-
population [7]. Transplant recipients who develop primary
KSHV infection after the transplantation will have a rela-
tively high probability of developing these KSHV-related
malignancies, especially KS [8, 9]. Since its discovery
about 25 years ago, KSHV has now become a model
pathogen for viral oncogenesis research, but many key
questions regarding its mechanisms of pathogenesis and
oncogenesis still remain unclear, hindering the identification
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of rational targets or the development of effective ther-
apeutic strategies against these malignancies. Although
KSHV has been closely linked to several human malig-
nancies, only a small portion of KSHV-infected patients
will eventually develop these tumors [1], implying that
additional host or environmental co-factors such as co-
infecting pathogens are required for the development of
KSHV-related malignancies.

Human endogenous retrovirus (HERV) sequences
occupy ~6–8% of the human genome and have resided in
our genome for several million years [10, 11]. Owing to the
accumulation of multiple nonsense mutations, the majority
of HERVs are dysfunctional; however, some are still active
and may play a role in human disease, in particular the
HERV type K (HML-2) family [12–14]. HERV-K trans-
activation has been observed in a variety of human cancers,
such as leukemia [15], lymphoma [16], breast cancer [17,
18], and melanoma [19]. For instance, the expression of the
HERV-K envelope (env) protein in malignant breast cancer
cell lines have been found higher than in non-malignant
breast cells, and some anti-HERV-K-specific monoclonal
antibodies effectively inhibited breast cancer cells' growth
and induced their apoptosis of in vitro and in vivo [17].
Interestingly, several herpesviruses have been reported to

induce HERV-K transactivation. For instance, HERV-K18
can be transactivated as a superantigen (SAg) by
Epstein–Barr virus (EBV) infection and subsequently acti-
vates TCRVB13 T cells through major histocompatibility
complex-II, which plays a central role in EBV infection
and pathogenesis [20–22]. However, currently there are no
data describing the role of HERV-K transactivation in viral
oncogenesis, especially KSHV-related malignancies. In
the current study, we demonstrate for the first time
that KSHV de novo infection or viral latent proteins are
able to transactivate HERV-K through a complex of
mechanisms. Moreover, HERV-K transactivation (in parti-
cular activation of its oncogenic NP9 protein) are required
for KSHV pathogenesis and tumorigenesis in vitro and
in vivo.

Results

KSHV de novo infection or encoded latent proteins
transactivate HERV-K in vitro and in vivo

During an infection time course analysis, we found that
KSHV de novo infection gradually increased HERV-K

Fig. 1 KSHV de novo infection or viral latent proteins transactivate
HERV-K in vitro and in vivo. a Human umbilical vein endothelial
cells (HUVEC) were infected with purified KSHV (MOI ~ 10) or UV-
inactivated KSHV for 2 h, then the induction of HERV-K reactivation
at the indicated time points postinfection (p.i.) was measured and
compared to UV-inactivated KSHV-infected cells control by qRT-
PCR with the specific primers for HERV-K env gene. b The levels of
HERV-K transactivation within peripheral blood mononuclear cells
(PBMCs) from HIV+ patients with or without KSHV co-infection
were quantified using qRT-PCR. KSHV infection status was identified

using ELISA as described in Methods. c HUVEC were infected by
purified KSHV as described above, then the transcripts of viral latent
genes Lana (Orf73) and vFlip (Orf71) at the indicated time points p.i.
were measured and compared to control mock cells by using qRT-
PCR. d–f HUVEC were transfected with control vector (pc) or vectors
encoding LANA (pcLANA), vFLIP (pcvFLIP), or RTA (pcRTA) at
0.2, 1.0, or 2.5 µg, respectively, for 48 h, then the induction of HERV-
K transactivation was quantified by using qRT-PCR. Error bars
represent the S.D. from three independent experiments. *p < 0.05, **p
< 0.01
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envelope gene (env) transcripts from primary human
umbilical vein endothelial cells (HUVEC) when compared
to the ultraviolet (UV)-inactivated KSHV-infected cells by
using quantitative reverse transcription polymerase chain
reaction (qRT-PCR; Fig. 1a). Currently, the qRT-PCR-
based detection of HERV-K env transcripts is the most
common and reliable method to evaluate the level of
HERV-K transactivation in host cells [15–17]. Our qRT-
PCR primers were designed to measure the total levels of
HERV-K env transcripts, including type 1 and 2 proviruses.
Interestingly, our data indicate that KSHV+PEL tumor cell
lines (BC-1, BC-3, BCP-1. and BCBL-1) also have sig-
nificantly higher levels of HERV-K env transcripts when
compared with the virus-negative lymphoma cell line, BL-
41 (Fig. S1). To understand the clinical relevance of HERV-
K transactivation in KSHV-infected HIV+ patients, we
examined the levels of HERV-K env transcripts in periph-
eral blood mononuclear cell (PBMC) samples collected
from a cohort of HIV+ patients prior to undergoing the
HAART. KSHV infection status have been determined by
measuring the titers of anti-KSHV-encoded LANA and
K8.1 circulating immunoglobulin G as described previously
[23, 24]. Our results indicated a higher level of HERV-K
env transcripts in the KSHV+ group (n= 11) than those in
the KSHV− group (n= 10, Fig. 1b). Since there are no
significant differences in HIV viral loads and CD4 counts
between these two groups (data not shown), we think that

KSHV infection may be responsible for the HERV-K
transactivation in these patients.

KSHV has two infection phases: a latent phase with only
a limited number of viral genes expressed and a lytic phase
in which most viral genes are expressed that ultimately
produces infectious virions [25]. In most KSHV-infected
host cells (>90%), the virus exists in the latency stage [26],
suggesting that some virus-encoded latent proteins are
potentially responsible for HERV-K transactivation. We
detected the expression of two major KSHV-encoded latent
genes, Latency-associated nuclear antigen (Lana, Orf73)
[27] and viral FADD-like interferon converting enzyme
inhibitory protein (vFlip, Orf71) [28] during KSHV de novo
infection. Notably, we found that the expression of these
two latent genes displayed an increase in expression that
was relatively concordant with HERV-K env expression
during the time course of KSHV infection (Fig. 1c). To
further determine whether these latent genes are indeed
responsible for KSHV-induced HERV-K transactivation,
we transfected HUVEC with a recombinant LANA or
vFLIP construct [29, 30], respectively. We found that
ectopic expression of LANA or vFLIP significantly
increased HERV-K env transcripts from HUVEC in a dose-
dependent manner (Fig. 1d, e). As a comparison, we found
that the ectopic expression of RTA, a viral lytic protein that
initially controls KSHV “latent to lytic” switch [31], almost
does not induce HERV-K env expression (Fig. 1f).

Fig. 2 Activation of intracellular signaling pathways is involved in
HERV-K transactivation by KSHV. a, b HUVEC were transfected
with control vector (pc) or vectors encoding LANA (pcLANA) or
vFLIP (pcvFLIP) at 0.2, 1.0, or 2.5 µg, respectively, for 48 h, then the
protein expression was analyzed by using immunoblots. c–f HUVEC
were first incubated with either vehicle or MEK inhibitor (10 μM of

U0126) or NF-κB inhibitor (10 μM of Bay11–7082) for 1 h, then
transfected or infected as described above. The induction of HERV-K
transactivation was quantified by using qRT-PCR and the protein
expression was detected by immunoblots. Error bars represent the S.D.
from three independent experiments. **p < 0.01

Transactivation of human endogenous retrovirus K (HERV-K) by KSHV promotes Kaposi’s sarcoma. . .



Identification of cellular mechanisms for KSHV
latent protein induction of HERV-K expression

We next sought to understand the underlying mechanisms
for LANA- or vFLIP-induced HERV-K transactivation in
primary endothelial cells. We and others have reported that
KSHV latent proteins are capable of activating several
intracellular signaling pathways, e.g., LANA can activate
the mitogen-activated protein kinase (MAPK) pathway [32]
and vFLIP can activate the nuclear factor (NF)-κB path-
way [28]. Our data here confirmed that ectopic
expression of LANA or vFLIP induced the phosphorylation
of MAPK-ERK (extracellular signal–regulated kinase) or
NF-κB p65, respectively, from transfected HUVEC
(Fig. 2a, b). Next, we found that only inhibition of
MAPK by U0126 effectively reduced HERV-K env tran-
scripts from LANA-transfected cells, while inhibition of
NF-κB by Bay11–7082 had no effects (Fig. 2c, e).
In contrast, only inhibition of NF-κB but not of MAPK
effectively reduced HERV-K env transcripts from vFLIP-
transfected cells (Fig. 2d, e). Furthermore, inhibition
of either MAPK or NF-κB can partially reduce HERV-K
env transcripts from KSHV-infected cells, and dual

inhibition of these pathways has synergistic effects on
reduction of HERV-K env transcripts (Fig. 2f). These data
demonstrate that the MAPK and/or NF-κB pathways are
indeed required for KSHV- or viral latent protein-induced
HERV-K transactivation.

In fact, HERV-K transactivation largely depends on
the transcriptional regulatory elements within its retroviral
long terminal repeats (LTRs), which have potential
binding sites for both viral and cellular transcriptional fac-
tors (TRs) [33]. Currently, there are a few TRs that have
been experimentally shown to modulate HERV-K LTR
activities, including Sp1 and YY1 proteins [34, 35]. A
previous study has shown that LANA directly interacts
with Sp1 in the nucleus of KSHV+ lymphoma cells [36].
Here we confirmed the interaction of LANA and Sp1 in
KSHV-infected HUVEC by using immunofluorescence
and co-immunoprecipitation assays (Fig. S2A-B). More-
over, knockdown of Sp1 by RNA interference (RNAi)
partially reduced HERV-K env transcripts from LANA-
transfected cells (Fig. S2C). These data provide additional
mechanistic insights into viral latent protein-mediated
induction of HERV-K expression through interaction with
cellular TRs.

Fig. 3 Targeting HERV-K transactivation significantly reduces
KSHV-induced primary endothelial cell invasiveness. a–c HUVEC
cells were incubated with purified KSHV (MOI ~ 10) for 2 h, then
transfected with non-target control siRNA (n-siRNA) or HERV-K env
siRNA for additional 48 h. The transwell assays were performed to

determine relative invasiveness as described in Methods. d The con-
centrations of VEGF in culture supernatants were determined using
ELISA. e The gene transcripts were quantified by using qRT-PCR.
Error bars represent the S.D. from three independent experiments. **p
< 0.01
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HERV-K transactivation is closely related to KSHV-
induced primary endothelial cell invasiveness

One hallmark of KSHV-infected endothelial cells is dis-
playing a migratory or invasive phenotype, which can
facilitate viral dissemination and angiogenesis during KS
development [36]. Our data indicated that knockdown of
HERV-K env by RNAi significantly blocked the invasive-
ness of KSHV-infected HUVEC by using the transwell
assays (Fig. 3a–c). This reduction is independent of cell
growth, since we do not observe silencing of HERV-K env
affecting HUVEC cell growth (data not shown). Our pre-
vious study has demonstrated that vascular endothelial
growth factor (VEGF) is one of the major pro-angiogenic
cytokines responsible for KSHV-induced primary endo-
thelial cell invasiveness [37]. Here we found that silencing
of HERV-K env significantly reduced the VEGF production
and the expression of VEGF receptor 1 (VEGFR1) but not
the VEGF receptor 2 (VEGFR2) from KSHV-infected
HUVEC (Fig. 3d, e). Together, these data indicate that
HERV-K transactivation is closely related to KSHV-
induced primary endothelial cell malignant behaviors.

KSHV infection activates HERV-K-encoded
oncogenic NP9 expression, which enhances viral
pathogenesis in endothelial cells

Among HERV-K (HML-2) elements, there are two major
types of proviruses (type 1 and 2). Unlike type 2 proviruses,
type 1 elements share a 292-nt fragment deletion in the env
region, which gives rise to a difference between two iso-
forms of regulatory proteins encoded by the double-spliced
transcripts. Type 2 proviral transcripts, 1.8 kb long, code the
15-kDa accessory protein Rec [38], which is a functional
homolog of Rex and Rev from other retroviruses [39]. Type
1-specific double-spliced RNA product, NP9, is a 9-kDa
protein that shares only the N-terminal 15 amino acid
residues with Rec [18, 40, 41]. Furthermore, the NP9 pro-
tein has been found as a oncogenic protein and is present in
a variety of tumors and transformed cells [18, 40, 41]. Our
data here indicate that KSHV de novo infection induced a
gradient increase of Np9 transcripts from HUVEC using
qRT-PCR with Np9-specific primers [42], which was sub-
sequently confirmed by immunoblots with a NP9 polyclonal
antibody (kindly provided by Dr. Friedrich A. Grasser from

Fig. 4 KSHV infection induces HERV-K encoded oncogenic NP9
expression, which enhances primary endothelial cells invasion and
colony formation. a, b HUVEC were infected with purified KSHV
(MOI ~ 10) or UV-inactivated KSHV for 2 h, then the induction of
HERV-K NP9 at the indicated time points postinfection (p.i.) was
measured and compared to UV-inactivated KSHV-infected cells con-
trol using qRT-PCR and immunoblots. c The strong expression of NP9
protein in KS tissues from our cohort of two AIDS-KS patients
without any treatment by immunohistochemical staining. d, e HUVEC
were transfected with the pDsred-NP9 vector for 48 h, then protein

expression was detected by immunofluorescence and nuclear was
shown by DAPI. Immunoprecipitation assays in both directions were
performed using the Catch and Release Immunoprecipitation Kit
(Millipore) with anti-LANA or anti-NP9 antibodies, respectively. f–h
HUVEC were transfected with pSG5 control vector or pSG5-NP9 for
48 h, then the protein expression was detected by immunoblots. Cell
invasiveness was determined using the transwell assays. Anchorage-
independent growth ability was determined using the soft agar assays.
Error bars represent the S.D. from three independent experiments. *p
< 0.05, **p < 0.01
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Universitatsklinikum des Saarlandes, Germany) [43] (Fig.
4a, b). Notably, NP9 protein is only expressed in KSHV-
infected cells, whereas none in the uninfected cells. In
contrast, we found that KSHV de novo infection slightly
induced the increase of Rec transcripts (with no statistical
significance) using qRT-PCR with Rec-specific primers [42]
(Fig. S3). Next, we observed the strong expression of NP9
within AIDS-KS tumor tissues while only low levels of
expression in adjacent normal tissues from two HIV+
patients without any HAART treatment (Fig. 4c). Addi-
tionally, we found that NP9 was exclusively expressed in
the nucleus by transfecting HUVEC with the pDsred-NP9
construct [43] (Fig. 4d), although we observed some cyto-
plasmic staining of NP9 in AIDS-KS tissues (Fig. 4c). Since
this is a self-made polyclonal antibody that has not been
tested for immunohistochemical staining, we cannot
exclude the existence of some non-specific staining in the
immunohistochemical assays. The results from co-
immunoprecipitation assays in both directions revealed the
protein interaction between NP9 and LANA in KSHV-
infected HUVEC (Fig. 4e). Moreover, ectopic expression of
NP9 from the recombinant construct pSG5-NP9 [43] sig-
nificantly increased HUVEC invasion and anchorage-
independent growth (Fig. 4f–h). Interestingly, we found

that ectopic expression of NP9 greatly upregulated the
expression of one cellular glycoprotein, CD147 (also named
as Emmprin), and its downstream proteins, ADAMTS1 (A
disintegrin and metalloproteinase with thrombospondin
motifs 1) and ADAMTS9 (A disintegrin and metallopro-
teinase with thrombospondin motifs 9) (Fig. 4f). Both high
and low molecular weight (∼65 and ~35 kDa, respectively)
CD147 glycoforms were elevated in NP9-transfected cells,
in particular the mature high molecular weight glycoform
related to biological activities [44]. qRT-PCR analysis
indicated that the ectopic expression of NP9 also increased
the transcripts of these genes (Fig. S4). Our previous studies
reported that KSHV infection or ectopic expression of
LANA induced CD147 expression, which enhances pri-
mary endothelial cell invasiveness [29]. Our recent tran-
scriptomic analysis has determined that ADAMTS1 and
ADAMTS9 are two novel CD147-regulated downstream
proteins, and they are all highly expressed in AIDS-KS
tissues [45]. Moreover, silencing of CD147, ADAMTS1, or
ADAMTS9 by RNAi significantly reduced KSHV-induced
primary endothelial cell invasiveness [29, 45]. Here we also
found that silencing of CD147, ADAMTS1, or ADAMTS9
by RNAi significantly blocked the NP9-induced HUVEC
invasion (Fig. S5), indicating that CD147–ADAMTS1/

Fig. 5 The HERV-K NP9 protein is involved in the pathogenesis of
KSHV long-term-infected endothelial cells. a The protein expression
in KSHV long-term-infected telomerase-immortalized human umbili-
cal vein endothelial (TIVE-LTC) and parental uninfected TIVE cells
was detected and compared by immunoblots. b Immunoprecipitation
assays were performed with anti-LANA antibody as described

previously. c–e The stably “knockdown” of Np9 in TIVE-LTC were
established by using lentiviral vector containing shRNA specifically
targeting Np9 (Np9-shRNA) as described in the Methods. A non-
silencing (n)-shRNA was used as a negative control. Protein expres-
sion, cell invasiveness, and anchorage-independent growth abilities
were measured as described above

L. Dai et al.



ADAMTS9 axis is indeed contributed to NP9-mediated
cellular functions.

Since KSHV-infected primary endothelial cells (e.g.,
HUVEC) usually are not able to form tumors in mice [25],
we recently established a KS-like xenograft model using a
KSHV long-term-infected telomerase-immortalized human
umbilical vein endothelial (TIVE-LTC) cell line, which
stably supports KSHV latency (kindly provided by Dr. Rolf
Renne at the University of Florida) [45, 46]. Our data

indicated that TIVE-LTC have much higher levels of NP9,
CD147, and downstream protein expression than the par-
ental non-infected TIVE cells (Fig. 5a). Co-
immunoprecipitation assays confirmed the interaction of
LANA and NP9 in TIVE-LTC (Fig. 5b). We previously
showed that TIVE-LTC displayed much stronger abilities of
cell invasiveness and anchorage-independent growth than
its parental TIVE cells, the latter almost cannot form colo-
nies in soft agar assays [45]. To further study the functional

Fig. 6 Targeting HERV-K NP9 significantly suppresses KSHV-
induced tumorigenesis in vivo. a–c The Np9 stably “knockdown”
TIVE-LTC or control cells (approximately 5 × 105 cells were mixed at
a ratio of 1:1 with growth factor-depleted Matrigel) were injected
subcutaneously into the right and left flanks of nude mice, respec-
tively. The mice were observed and measured every 2–3 days for the

presence of palpable tumors for 30 days. Error bars represent the S.D.
from two independent experiments. *p < 0.05, **p < 0.01. d, e Protein
expression within tumor tissues from representative injected mice was
measured by using immunohistochemistry or immunoblots,
respectively
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role of NP9 in TIVE-LTC, we first directly silenced it by
using lentiviral vector containing short hairpin RNA
(shRNA) specifically targeting Np9 (Np9-shRNA) to obtain
stably “knockdown” cells. A non-silencing (n)-shRNA was
used as a negative control, and we do not observe silencing
of Np9 affecting TIVE-LTC cell growth (data not shown).
Here we demonstrated that silencing of Np9 by RNAi
dramatically reduced TIVE-LTC invasion and anchorage-
independent growth abilities (Fig. 5c–e).

Targeting HERV-K NP9 significantly suppresses
KSHV-induced tumorigenesis in vivo

We next seek to determine the role of HERV-K NP9 in
KSHV-induced tumorigenesis in vivo by using the estab-
lished KS-like xenograft model [45]. We injected the
Np9 stably “knockdown” TIVE-LTC or control cells sub-
cutaneously into the two sides of flanks of nude mice,
respectively. These mice were checked and measured every
2–3 days for the presence of palpable tumors for 30 days.
Our results indicate that silencing of Np9 significantly
repressed KSHV-induced tumorigenesis in nude mice. Mice
injected with Np9 stably “knockdown” cells formed much
smaller tumors, when compared to mice injected with
control “n-shRNA” cells at 30 days (Fig. 6a–c).
Hematoxylin–eosin (H&E) staining confirmed that there
were significantly fewer tumor cells or tumor biomass with
more immune cell infiltrated in the tumor tissues from mice
injected with Np9 stably “knockdown” cells (Fig. 6d). Of
note, we also observed dramatically reduced LANA
expression in tumor tissues from mice injected with
Np9 stably “knockdown” cells, although the underlying
mechanisms remain unclear and we do not observe the
similar phenotype in in vitro cultures (data not shown).
Immunoblot results confirmed the reduced levels of NP9,
CD147, ADAMTS1, and ADAMTS9 expression in tumor
lysates from mice injected with Np9 stably “knockdown”
cells (Fig. 6e). Taken together, these data strongly support
the important role of HERV-K transactivation (in particular
activation of NP9 and related signaling) as the cellular co-
factors for KSHV-induced tumorigenesis in this in vivo
model.

Discussion

In the current study, we demonstrate for the first time that
the KSHV-encoded latent proteins LANA and vFLIP can
induce HERV-K transactivation through both intracellular
signaling pathways (e.g., MAPK and NF-κB) and cellular
transactional factors (TRs, e.g., Sp1), resulting in enhanced
cell invasion, anchorage-independent growth, and KSHV-
induced tumorigenesis (summarized in Fig. 7). In silico

analysis of HERV-K 5’ LTR regions has found >40 cellular
TRs with putative binding sites, including Sp1 [33]. Future
work will explore which TRs are indeed responsible for
KSHV-induced HERV-K transactivation. Besides TRs
interacting with HERV-K LTRs, the expression of HERV-
K can also be regulated by some epigenetic mechanisms,
including DNA methylation and histone modification [47].
Interestingly, LANA has been found to interact with or
regulate a variety of epigenetic factors, such as EZH2,
KDM3a, and DNMT3a [48–51]. Therefore, it will be
interesting to determine whether these epigenetic factors are
also involved in KSHV-induced HERV-K transactivation.
One recent study reports that the expression of HERV-K
correlates with the expression of genes in retinoblastoma
(Rb) pathway including p16INK4A-CDK4 in melanoma
cells [52]. In fact, LANA can interact with Rb and regulate
the Rb/E2F pathway, protecting lymphoid cells from p16
INK4A-induced cell cycle arrest and inducing S-phase entry
[53, 54]. Therefore, it will be important to determine the
potential involvement of Rb/E2F pathway in KSHV/
LANA-induced HERV-K transactivation.

Based on the types of proviruses, two different isoforms
of regulatory proteins are encoded by the double-spliced
transcripts of HERV-K env region, Rec and NP9, both of
which have been reported to link with cancer development
[55, 56]. In the current study, we found that KSHV de novo
infection prominently increases the expression of NP9,

Fig. 7 Schematic diagram of potential mechanisms for HERV-K
transactivation promoting KSHV-induced tumorigenesis. AIG
anchorage-independent growth, TRs transcriptional factors
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which is also highly expressed in AIDS-KS tumor tissues.
Interestingly, NP9 has been found to not only activate the
Akt, ERK, and Notch1 pathways but also to upregulate β-
catenin, which is essential for survival of leukemia stem
cells [41]. More importantly, all of these pathways are
closely related to KSHV pathogenesis and/or KS develop-
ment [57–60]. However, it still requires to understand the
role of Rec in the KSHV-related tumorigenesis in future
studies, since we found that our RNAi silencing of HERV-
K env caused the reduction of both Rec and Np9 transcripts
(data not shown).

We here report that “knockdown” of Np9 by RNAi
effectively suppresses KSHV-induced tumorigenesis
in vivo. Dr. Anil Sood at the MD Anderson Cancer Center
has validated the use of 1,2-dioleoyl-snglycero-3-phospha-
tidylcholine (DOPC) for the efficient systemic delivery of
EphA2-specific small interfering RNA (siRNA) (EphA2-
siRNA-DOPC) in an established xenograft model for
intraperitoneal ovarian cancer [61]. This work has revealed
a significant reduction in intra-abdominal tumor expression
of EphA2 48 h after intravenous injection of EphA2-
siRNA-DOPC, and twice-weekly dosing results in sustained
target knockdown and significant antitumor efficacy using
EphA2-siRNA-DOPC alone or in combination with pacli-
taxel. Therefore, the use of siRNA-DOPC or siRNA-nano-
particles targeting oncogenic NP9 protein may represent a
novel and clinically feasible approach for the treatment of
KSHV-associated tumors.

Our H&E staining images indicated that there is more
immune cells' infiltration in the tumor tissues from mice
injected with Np9 “knockdown” cells when compared to
control mice (Fig. 6d), although the underlying mechanisms
need further investigation. Actually, HERVs can promote
an immunosuppressive response that may lead to cancer
formation and spreading [62]. For instance, HERV Env
protein contains an immunosuppressive domain, which was
confirmed in animal models as a cause of tumor growth for
tumor cells harboring the insertion of Moloney MLV and in
env knockdown in B16 melanoma cells and Neuro-2a
neuroblastoma cell lines [63]. Therefore, whether targeting
HERV-K transactivation can be part of immunotherapy for
KSHV-related malignancies may represent an interesting
direction.

Materials and methods

Cell culture and reagents

KSHV+PEL cell line, BCBL-1 as well as a Burkitt’s
lymphoma cell line, BL-41, were kindly provided by Dr.
Dean Kedes (University of Virginia), which are cultured as
described previously [64]. The other PEL cell lines

including BC-1, BC-3, and BCP-1 were purchased from
American Type Culture Collection (ATCC) and cultured as
recommended by the manufacturer. KSHV long-term-
infected telomerase-immortalized HUVEC (TIVE-LTC)
and the parental non-infected TIVE and cells were cultured
as previously described [46]. All the cells were cultured at
the conditions of 37 °C with 5% CO2.

KSHV purification and infection

BCBL-1 cells were incubated with valproic acid (0.6 mM)
for 5 days, and KSHV virions in the culture supernatants
was purified using ultracentrifugation as described pre-
viously [65]. HUVEC were incubated with purified virus for
2 h at 37 °C. The concentration of viral particles (multi-
plicity of infection) was calculated as described previously
[65].

Patients and ethics statement

The study was approved by the Institutional Review Boards
for Human Research at Louisiana State University Health
Science Center—New Orleans (No. 8079). All subjects
have been provided the written informed consent. A total of
21 HIV+ patients with HAART treatment in our HIV
Outpatient Clinic are involved. There are 8 females and 13
males; the average age is 50.2 years (range 23–65 years).
The average CD4 T-cell counts of these patients are 544/mL
(range 33–1775/mL), and the average viral loads of HIV is
5904 copies/mL (range 30–63,367 copies/mL).

Plasma and PBMC preparation

Whole blood from HIV+ patients was collected and stored
in heparin-coated tubes, then PBMCs were isolated using a
Ficoll-Hypaque cushion. Plasma was obtained through the
centrifugation. The KSHV infection status is determined by
using the quantitative enzyme-linked immunosorbent assays
as described previously [23, 24].

Immunoblotting and immunoprecipitation

The following antibodies (100–200 µg/mL) were used in
immunoblotting: p-ERK/t-ERK, p-p65/t-p65, ADAMTS1
(Cell Signaling, Cat. #4370, #4695, #3033, #8242, #12897),
ADAMTS9 (Thermo, Cat. #PA1-1760), CD147 (BD, Cat.
#555961), LANA (ABI, Cat. #13-210-100), vFLIP (Xim-
bio, Cat. #151778), and HERV-K NP9 (kindly provided by
Dr. Friedrich A. Grasser from Universitatsklinikum des
Saarlandes, Germany) [43]. The antibody-detecting β-Actin
(Cell Signaling, Cat. #4970) was used as the loading con-
trol. Immunoprecipitation assays were carried out using the
Catch and Release Immunoprecipitation Kit (Milipore).
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Plasmid transfection and RNA interference

HUVEC were transfected with control vectors, pcDNA3.1-
LANA (pcLANA), pcDNA3.1-vFLIP (pcvFLIP),
pcDNA3.1-RTA (pcRTA), pDsred-NP9, and pSG5-NP9
(both are kindly provided by Dr. Friedrich A. Grasser) [43]
in 12-well plates using Lipofectamine 3000 (Invitrogen).
Transfection efficiency was determined as described pre-
viously [66]. For RNAi assays, ON-TARGET plus SMART
pool siRNA for HERV-K Env, Sp1 (Dharmacon), or the
negative control siRNA were delivered by using the Dhar-
maFECT transfection reagent. To establish stable HERV-K
knockdown cells, we used Dharmacon SMARTvector
Lentiviral Np9-shRNA and a non-silencing (n)-shRNA as a
negative control.

qRT-PCR

Total cellular RNA was isolated and purified using the
RNeasy Mini Kit (QIAGEN). cDNA was synthesized using
the SuperScript III First-Strand Synthesis SuperMix Kit
(Invitrogen). Primers used for amplification of target genes
are listed in Table. S1. Amplification was performed on an
iCycler IQ Real-Time PCR Detection System and analyzed
as described previously [64].

Transwell invasion and soft agar assays

Transwell invasion assays were performed using Matrigel
invasion chambers (BD) and the relative invasion was cal-
culated as described previously [65, 67]. The anchorage-
independent growth abilities were assessed using soft agar
assays as described previously [65].

KS-like nude mouse model

In all, 5 × 105 TIVE-LTC cells in 50 µL phosphate-buffered
saline plus 50 µL growth factor-depleted Matrigel (BD
Biosciences) were together injected subcutaneously into the
flanks of nude mice, 6–8-week old, male (Jackson
Laboratory), 4 mice for each group. At the end of experi-
ment, the tumors were excised for immunoblots and
immunohistochemical analyses. All protocols were
approved by the LSUHSC Institutional Animal Care and
Use Committee in accordance with the national guidelines.

Statistical analyses

Significance for differences among the experimental
groups was calculated and determined using the two-tailed
Student’s t-test (Excel 2016). p-Values <0.05 or <0.01
were considered significant or highly significant,
respectively.
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Abstract: High-risk human papillomavirus (HPV) infection is the etiological agent of cervical, oral and oropharyngeal 
cancers. Another oncogenic virus, Kaposi sarcoma-associated herpesvirus (KSHV) can cause several human can-
cers arising in those immunocompromised patients. KSHV DNA has been detected in the oral cavity and the female 
genital tract, although its detection rate in cervical samples is relatively low. Therefore, it remains unclear about the 
role of KSHV co-infection in the development of HPV-related neoplasia. We recently report that KSHV infection of 
HPV16+ cervical cancer cell line SiHa induces several pro-inflammatory factors production while reducing HPV16 E6 
and E7 expression through the manipulation of cellular microRNA function. In the current study, we focus on deter-
mining the influence of KSHV co-infection on cervical cancer cells pathogenesis in vitro and in vivo. We found that 
KSHV co-infection is able to maintain SiHa and/or CaSki cells pathogenesis and tumorigenesis, although hijacking 
HPV oncogenic proteins expression. In mechanisms, KSHV co-infection is capable of increasing Macrophage migra-
tion inhibitory factor (MIF) and its receptor CXCR2 expression from cervical cancer cells, which may contribute to 
cervical cancer development. Our data indicate that KSHV co-infection may act as a potential co-factor to promote 
HPV-related neoplasia development.

Keywords: HPV, KSHV, SiHa, MIF

Introduction

Cervical cancer represents one of the most 
common malignancies in females worldwide. 
The pathogenesis of cervical cancer occurs  
following persistent infection with high-risk hu- 
man papillomavirus (HPV) in particular subtype 
16 and 18 [1]. E6 and E7 proteins represent  
the major high-risk HPV-encoded oncoproteins, 
which are closely associated with cervical car-
cinogenesis [2]. Mechanistically, E6 and E7 pro-
teins can bind to the p53 and retinoblastoma 
(Rb) family proteins, respectively, resulting in 
the regulation of cell cycle and final transforma-
tion [3]. In addition, high-risk HPV infection is 
prevalent in oral cavity and related to oral and 
oropharyngeal cancer development [4-6].

Kaposi sarcoma-associated herpesvirus (KS- 
HV) represents a principal causative agent of 
several human cancers arising in those immu-

nocompromised patients, including Kaposi’s 
Sarcoma (KS) and Primary Effusion Lymphoma 
(PEL) [7, 8]. Published literatures have reported 
that KSHV DNA sequences are detected in the 
prostate, semen, oral cavity and the female 
genital tract [9-13]. In contrast to the high  
prevalence of KSHV shedding in oral cavity, the 
detection rate of KSHV DNA or virus infection in 
cervical samples are relatively low (< 2%), even 
in those high-risk population such as sex work-
ers and HIV+ patients [13, 14]. Furthermore, 
currently there are few studies reporting the co-
infection of KSHV and HPV in cervical samples 
or cervical cancer cells. Therefore, it remains 
unclear about the role of KSHV co-infection  
in the development of HPV-related neoplasia. 
Recently, we have reported that HPV16+ cervi-
cal cancer cell line SiHa is susceptible to KSHV 
initial infection and supports virus replication 
[15]. Interestingly, we have found that KSHV  
de novo infection or ectopic expression of viral 
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latent proteins can significantly reduce HPV16 
E6 and E7 expression (~50%-70% of reduc- 
tion) through the up-regulation of one cellular 
microRNA, miR129-5p [15, 16]. In the current 
study, we focus on determining the influence of 
KSHV co-infection on HPV16+ cervical cancer 
cells pathogenesis in vitro and in vivo.

Materials and methods

Cell culture and KSHV purification/infection

Body cavity-based lymphoma cells (BCBL-1, 
KSHV+/EBVneg) were kindly provided by Dr. Dean 
Kedes (University of Virginia) and maintained in 
RPMI 1640 medium (Gibco) with supplements 
as described previously [17]. SiHa and CaSki 
cells were purchased from ATCC and main-
tained in Eagle’s Minimum Essential Medium or 
RMPI 1640 medium (ATCC) supplemented with 
10% FBS, respectively. All cells were incubated 
at 37°C in 5% CO2. All experiments were carried 
out using cells harvested at low passages (< 
20). To obtain KSHV for infection experiments, 
BCBL-1 cells were incubated with 0.6 mM val-
proic acid for 6 days, and purified virus was 
concentrated from culture supernatants and 
infectious titers were determined as described 
previously [18].

Cell proliferation and apoptosis assays

Cell proliferation was measured by using the 
WST-1 assays (Roche) according to the ma- 
nufacturers’ instructions. Flow cytometry was 
used for quantitative assessment of apoptosis 
using the FITC-Annexin V/propidium iodide (PI) 
Apoptosis Detection Kit I (BD Pharmingen). 

Transwell invasion assays 

Matrigel Invasion Chambers (BD) were hydrat-
ed for 4 h at 37°C with culture media. Following 
hydration, media in the bottom of the well was 
replaced with fresh media, then 2 × 104 tumor 
cells were plated in the top of the chamber. 
After 24 h, cells were fixed with 4% formal- 
dehyde for 15 min at room temperature and 
chambers rinsed in PBS prior to staining with 
0.2% crystal violet for 10 min. After washing the 
chambers, cells at the top of the membrane 
were removed and cells at the bottom of the 
membrane counted using a phase contrast 
microscope. 

Soft agar assays

A base layer containing 0.5% agarose medium 
and 5% FCS was poured into six-well plates. 
Then, 1 × 105 cells were mixed with 0.4% aga-
rose in Earl’s minimal essential medium (EM- 
EM) containing 5% FCS to form a single-cell 
suspension. After being seeded, the plates 
were incubated for 2 weeks. Colonies were 
stained with 0.005% crystal violet and photo-
graphed under a phase-contrast microscope 
(Leica DFC320). 

ELISA

Concentrations of MIF in culture supernatants 
were determined using the human MIF ELISA 
kit (R&D Systems), according to the manufac-
turer’s instructions.

qRT-PCR

Total RNA was isolated using the RNeasy Mini 
kit (QIAGEN), and cDNA was synthesized from 
equivalent total RNA using a SuperScript III 
First-Strand Synthesis SuperMix Kit (Invitrogen) 
according to the manufacturer’s instructions. 
Primers used for amplification of HPV16 E6  
and E7 are described previously [15]. Ampli- 
fication was carried out using an iCycler IQ 
Real-Time PCR Detection System, and cycle 
threshold (Ct) values were tabulated in dupli-
cate for each gene of interest in each experi-
ment. “No template” (water) controls were used 
to ensure minimal background contamination. 
Using mean Ct values tabulated for each gene, 
and paired Ct values for β-actin as a loading 
control, fold changes for experimental groups 
relative to assigned controls were calculated 
using automated iQ5 2.0 software (Bio-rad). 

Nude mouse xenograft model

Cells were counted and washed once in ice-
cold PBS, and 2 × 106 cells in 50 µL PBS plus 
50 µL growth factor-depleted Matrigel (BD Bio- 
sciences) were injected subcutaneously into 
the flanks of nude mice (Jackson Laboratory). 
The mice were observed and measured every 
2~3 d for the presence of palpable tumors. At 
the end of experiment, the tumors were excised 
for subsequent analysis such as hematoxylin & 
eosin (H&E) and immunohistochemistry stain-
ing as described previously [19]. Images were 
collected using an Olympus BX61 microscope 



KSHV co-infection with HPV

710 Am J Cancer Res 2018;8(4):708-714

equipped with a high resolution DP72 camera 
and CellSense image capture software. All pro-

tional assays if have. Next, by using the tran-
swell and soft agar assays, respectively, we 

Figure 1. KSHV co-infection does not affect SiHa cell 
growth and viability. A. SiHa were incubated with purified 
KSHV (MOI~10), or medium control (mock) for 2 h. After 
cells were incubated for indicated additional time, cell 
proliferation was measured using the WST-1 assays. B, 
C. Cell viability was measured by using flow cytometry as 
described in the Methods. Error bars represent the S.D. 
for 3 independent experiments.

Figure 2. Comparison of cell invasiveness and anchorage-independent 
growth abilities between mock and KSHV co-infected SiHa cells. A. SiHa 
were incubated with or without purified KSHV (MOI~10) for 2 h, after ad-
ditional 48 h incubation, the transwell assays were performed to determine 
cell invasiveness ability as described in the Methods. B. The anchorage-
independent growth ability was determined using the soft agar assays as 
described in the Methods.

tocols were approved by the 
LSUHSC Animal Care and Use 
Committee in accordance with 
national guidelines.

Statistical analyses

Significance for differences 
between experimental and 
control groups was determin- 
ed using the two-tailed Stu- 
dent’s t-test (Excel 8.0), and p 
values < 0.05 or < 0.01 were 
considered significant or high-
ly significant, respectively.

Results and discussion

During a time-course culture, 
we first have confirmed that 
KSHV co-infection does not 
affect SiHa cell growth and 
viability when compared to 
non-infected mock cells (Fi- 
gure 1), therefore which are 
not responsible for any dif- 
ferences between these two 
groups of cells in cellular func-
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have observed that there is  
no difference in cell invasive-
ness and anchorage-indepen-
dent growth abilities between 
mock and KSHV co-infected 
SiHa cells (Figure 2), although 
KSHV co-infected cells seem 
to form a little larger size of 
colonies. Therefore, we think 
that KSHV or viral latent pro-
teins can hijack HPV-encoded 
oncogenic proteins expres-
sion in cervical cancer cells, 
however, the new co-infected 
virus may use its unique me- 
chanisms to maintain cervical 
cancer cells pathogenesis. 

We next have compared the 
tumorigenesis ability between 

Figure 3. Comparison of tumorigenesis ability between mock and KSHV co-infected SiHa cells in a nude mice xeno-
graft model. A, B. The mock and KSHV co-infected SiHa cells (approximately 5 × 105 cells were mixed at a ratio of 
1:1 with growth factor-depleted Matrigel) were injected subcutaneously into the right flanks of nude mice, respec-
tively. The mice were observed and measured every 2~3 d for the presence of palpable tumors for ~40 d. Error bars 
represent the S.D. from 2 independent experiments. C. Protein expression within tumor tissues from representative 
injected mice was measured by using immunohistochemistry staining as described in the Methods.

Figure 4. The up-regulation of MIF and its receptor by KSHV co-infection in 
vitro and in vivo. A. SiHa were incubated with purified KSHV (MOI~2 or 10), 
or medium control (mock) for 2 h. After cells were incubated for additional 
72 h, MIF concentrations in supernatant were determined by using ELISA. 
Error bars represent the S.D. for 3 independent experiments, **=P < 0.01. 
B. The mock and KSHV co-infected SiHa cells were injected subcutaneously 
into the nude mice as described previously. Protein expression within tumor 
tissues from representative injected mice was measured by using immuno-
histochemistry staining.
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mock and KSHV co-infected SiHa cells in a 
nude mice xenograft model. Our data indicate 
that the tumors formed by KSHV co-infected 
SiHa cells are a little bigger than those from 
mock cells during ~40 d growth in mice, but 
with no statistical significance (Figure 3A, 3B). 
There are no architecture difference in the H&E 
staining tumor tissues between these two gro- 
ups of mice (Figure 3C). By using immunohisto-
chemistry staining, we confirm that more than 
90% of tumor cells from KSHV co-infected SiHa 
injected mice are LANA+, which means these 
cells are still latently infected by KSHV [20]. In 
contrast, none of tumor cells from SiHa mock 
cells injected mice are LANA+ (Figure 3C). We 
also confirm that E6 and E7 proteins expres-
sion are dramatically repressed in tumor cells 
from KSHV co-infected SiHa injected mice 
(Figure 3C), which is consistent with what we 
have previously observed in vitro cultures (a 
50%-70% of reduction of HPV16 E6 and E7 
expression in KSHV co-infected SiHa cells) [15]. 

By using a cytokine/chemokine array, we re- 
cently have identified a global signature altered 
within KSHV co-infected SiHa when compared 
to the control mock cells [15]. We have found 
that KSHV co-infection increases several pro-
inflammatory factors production, including an 
induction of ~8-fold increasing of Macrophage 
migration inhibitory factor (MIF) [15]. By using 
ELISA in the current study, we confirm that 
KSHV co-infection significantly increases MIF 
secretion from SiHa cells in a dose-dependent 
manner (Figure 4A). MIF is well recognized as  
a cancer biomarker protein [21-23], since its 
expression in normal cells is several orders of 
magnitude lower than levels observed in can-
cer cells [24]. For example, MIF protein levels 
can be 100-fold higher in lung cancer tissue 
over normal lung tissue, and MIF mRNA levels 
rise 7- to 24-fold in tumors [24]. Soluble MIF 
produced by cancer cells is imported into the 
cytoplasm and nucleus of its target cancer cells 
via an autocrine loop [25, 26]. MIF enters its 
target cells by binding to its cellular receptor 
such as CXCR2 and CD74 [26, 27]. Our data 
indicate that the obvious up-regulation of MIF 
and its receptor CXCR2 in tumor tissues from 
KSHV co-infected SiHa injected mice (Figure 
4B). Interestingly, published literature has re- 
ported the overexpression of MIF in invasive 
cervical cancer samples compared to cervical 
dysplasias samples [28].

To test the cell line relevance, we also used 
purified KSHV to infect another HPV16+ cell 
line, CaSki. Similarly, we have also found that 
KSHV co-infection maintains CaSki cell growth, 
pathogenesis (invasion), increase MIF secre-
tion while decreasing HPV16 E6 and E7 expres-
sion (Figure S1). 

In conclusion, our data indicate that KSHV may 
manipulate some unique mechanisms (e.g., 
MIF/CXCR2) to maintain cervical cancer cells 
pathogenesis, although its co-infection hijack-
ing HPV-encoded oncogenic proteins expres-
sion. Therefore, we still cannot exclude the  
possibility that KSHV as one of co-factors for 
cervical cancer development, even the detec-
tion rate of its co-infection in cervical samples 
are relatively low. 
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1 

Figure S1. KSHV co-infection maintains CaSki cell pathogenesis although hijacking HPV-encoded oncogenic pro-
teins expression. A. CaSki cells were incubated with purified KSHV (MOI~10), or medium control for 2 h. After cells 
were incubated for indicated additional time, cell proliferation was measured using the WST-1 assays. B, C. The 
gene transcripts were quantified by using qRT-PCR and the transwell assays were performed to determine cell in-
vasiveness ability. D. CaSki were incubated with purified KSHV (MOI~2 or 10), or medium control for 2 h. After cells 
were incubated for additional 72 h, MIF concentrations in supernatant were determined by using ELISA. Error bars 
represent the S.D. for 3 independent experiments, *=P < 0.05; **=P < 0.01.



The sphingosine kinase 2 inhibitor ABC294640 displays
anti-non-small cell lung cancer activities in vitro and in vivo
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Non-small cell lung cancer (NSCLC) accounts for about 85-90% of lung cancer cases, and is the number one killer among can-

cers in the United States. The majorities of lung cancer patients do not respond well to conventional chemo- and/or radio-

therapeutic regimens, and have a dismal 5-year survival rate of ~15%. The recent introduction of targeted therapy and immu-

notherapy gives new hopes to NSCLC patients, but even with these agents, not all patients respond, and responses are rarely

complete. Thus, there is still an urgent need to identify new therapeutic targets in NSCLC and develop novel anti-cancer

agents. Sphingosine kinase 2 (SphK2) is one of the key enzymes in sphingolipid metabolism. SphK2 expression predicts poor

survival in NSCLC patients, and is associated with Gefitinib-resistance. In this study, the anti-NSCLC activities of ABC294640,

the only first-in-class orally available inhibitor of SphK2, were explored. The results obtained indicate that ABC294640 treat-

ment causes significant NSCLC cell apoptosis, cell cycle arrest and suppression of tumor growth in vitro and in vivo. Moreover,

lipidomics analyses revealed the complete signature of ceramide and dihydro(dh)-ceramide species in the NSCLC cell-lines

with or without ABC294640 treatment. These findings indicate that sphingolipid metabolism targeted therapy may be devel-

oped as a promising strategy against NSCLC.

Introduction
Lung cancer is the number one killer among cancers in the
United States with an estimated 155,870 deaths expected to
occur in 2017.1 It is also the second most diagnosed cancer in
the United States, and is responsible for approximate 222,500
new cases in 2017.1 Based on histological features and cells of
origin, lung cancers can be classified as small cell lung cancer
(SCLC), a neuro-endocrine tumor and non-small cell lung can-
cer (NSCLC), a group of epithelial-derived carcinomas includ-
ing several subtypes. NSCLC accounts for about 85–90% of
lung cancer cases. Clinically, the majority of lung cancer
patients do not respond well to current chemo- and/or radio-
therapeutic regimens, and have a very low 5-year survival rate
of �15%.2 Recently, targeted therapy and immunotherapy have
given new hopes to NSCLC patients, but the outcome/progno-
sis for most patients remains far from satisfactory. For instance,
targeted therapeutic drugs such as Gefitinib that inhibits
mutant epidermal growth factor receptor (EGFR), exhibit good
initial effects. However, drug-resistance inevitably develops
after 10 months of treatment, and patients eventually succumb
to the disease.3 Inhibition of immune checkpoint receptors or
ligands such as PD-1 and PD-L1 has yielded good clinical
responses and improved overall survival in certain NSCLC
patients, primarily in squamous carcinomas. However, only
15–20% of NSCLC patients respond to such therapy, and
affordability is a serious issue, since a single-course (7-month)
treatment will cost more than $100,000.4,5 Thus, there is an
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urgent need to better understand the mechanisms of lung carci-
nogenesis and to identify new therapeutic targets to improve
the treatment of NSCLC.

Sphingolipid biosynthesis involves the hydrolysis of ceramides
to generate sphingosine, which is subsequently phosphorylated by
one of two sphingosine kinase isoforms (SphK1 or SphK2) to gen-
erate sphingosine-1-phosphate (S1P).6,7 Bioactive sphingolipids
including ceramides and S1P, can act as signaling molecules that
regulate apoptosis and tumor cell survival.6 In contrast to the gen-
erally pro-apoptotic function of ceramides, S1P promotes cell pro-
liferation and survival.7 S1P has been reported to promote the
expansion of cancer stem cells through ligand-independent activa-
tion of Notch.8 Given the importance of SphKs in sphingolipid
metabolism, a highly selective and well-characterized small mole-
cule inhibitor of SphK2, ABC294640, has been recently devel-
oped,9,10 which displays significant anti-tumor activities for a
variety of cancers such as lymphoma, prostate cancer, colorectal
cancer, pancreatic cancer and cholangiocarcinoma.11–15 However,
there are limited data about the sphingolipid metabolism and tar-
geted therapy in NSCLC. Johnson et al. examined 25 NSCLC
tumor samples and reported that they all overwhelmingly exhib-
ited positive immunostaining for SphK1 as compared with patient-
matched normal tissues.16 Wang et al. reported that NSCLC
patients with SphK2 overexpression in their tissues had lower over-
all survival (OS) and disease-free survival (DFS) rates than those
with low SphK2 expression.17 Recently, Suzuki et al. reported that
combined treatment with l-a-dimyristoylphosphatidylcholine
liposome and the glucosylceramide synthase inhibitor D-PDMP
induced NSCLC cell death associated with ceramide accumulation,
and promoted cancer cell apoptosis and tumor regression in
murine models.18 In general, there is still limited information on
the lipidomics of ceramide species in NSCLC cells or sphingolipid
metabolism targeted therapy for NSCLC. In this study, lipidomics
analyses were performed to identify the ceramide signature in
NSCLC cell-lines with or without ABC294640 treatment. The anti-
NSCLC activities of ABC294640 were also assessed in vitro and in
vivo, and the underlyingmechanisms were explored.

Materials and Methods
Cell culture and reagents

NSCLC cell lines (A549, H460, H1299) were kindly provided
by Dr. Hua Lu at Tulane University, and cultured in RPMI-
1640 medium supplemented with 10% fetal bovine serum and
1% penicillin & streptomycin. All experiments were carried out

using cells harvested at low (<20) passages. 3–(4-chloro-
phenyl)-adamantane-1-carboxylic acid (pyridin-4-ylmethyl)
amide (ABC294640) was synthesized as previously described.9

The pan-caspase inhibitor, Z-VAD-FMK, was purchased from
Sigma (St. Louis, MO).

Cell proliferation and apoptosis assays

Cell proliferation was measured using the WST-1 assays
(Roche, Indianapolis, IN) according to the manufacturer’s
instructions. Flow cytometry was used for quantitative assess-
ment of apoptosis with the FITC-Annexin V/propidium iodide
(PI) Apoptosis Detection Kit I (BD Pharmingen, San Jose, CA).

Cell cycle analysis

NSCLC cell pellets were fixed in 70% ethanol, and incubated at
48C overnight. Cell pellets were resuspended in 0.5 ml of
0.05 mg/ml PI plus 0.2 mg/ml RNaseA, and incubated at 378C
for 30 min. Cell cycle distribution was analyzed on a FACS Cal-
ibur 4-color flow cytometer (BD Bioscience, San Jose, CA).

RNA interference

For RNA interference (RNAi) assays, SphK2 ON-TARGETplus
SMARTpool siRNA (Dharmacon, Lafayette, CO) or negative
control siRNA (n-siRNA), were delivered using the Dharma-
FECT transfection reagent according to the manufacturer’s
instructions.

Immunoblotting

Total cell lysates (20 lg) were resolved by 10% SDS–PAGE,
transferred to nitrocellulose membranes and immunoblotted
with antibodies for SphK2, cleaved Caspase3/9, Myt1,
phosphor-Cdc2, Cyclin B1, Cyclin D1, phosphor-Rb (Cell
Signaling, Danvers, MA) and b-Actin (Sigma, St. Louis, MO)
for loading controls. Immunoreactive bands were identified
using an enhanced chemiluminescence reaction (Perkin-
Elmer, Waltham, MA), and visualized by autoradiography.

Quantitative real-time PCR

Total RNA was isolated using the RNeasy Mini kit (Qiagen,
Germantown, MD), and cDNA was synthesized from equiva-
lent total RNA using a SuperScript III First-Strand Synthesis
SuperMix Kit (Invitrogen, Waltham, MA) according to the
manufacturer’s instructions. Primers used for amplification of
target genes are displayed in Supporting Information Table

What’s new?

Therapeutic resistance and poor survival in non-small cell lung cancer (NSCLC) are associated with expression of sphingosine

kinase 2 (SphK2), an enzyme involved in sphingolipid metabolism. Anti-tumor activity via SphK2 inhibition with the small mol-

ecule ABC294640 is possible, though data are limited for NSCLC. Here, in NSCLC cell lines and a mouse xenograft model,

ABC294640 treatment was associated with tumor cell apoptosis, cell cycle arrest and reduced tumor growth. In NSCLC cells,

ABC294640 treatment resulted in increased levels of bioactive sphingolipids, specifically ceramides and dihydro(dh)-ceram-

ides. The data indicate that ABC294640 exerts significant anti-NSCLC activity in vitro and in vivo.
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S1. Amplification was carried out using an iCycler IQ Real-
Time PCR Detection System, and cycle threshold (Ct) values
were tabulated in duplicate for each gene of interest in each
experiment. “No template” (water) controls were used to
ensure minimal background contamination. Using mean Ct
values tabulated for each gene, and paired Ct values for b-
actin as a loading control, fold changes for experimental
groups relative to assigned controls were calculated using
automated iQ5 2.0 software (Bio-Rad, Hercules, CA).

Sphingolipid analyses

Quantification of sphingolipid species was performed using a
Thermo Finnigan TSQ 7000 triple-stage quadruple mass
spectrometer operating in Multiple Reaction Monitoring pos-
itive ionization mode (Thermo Fisher Scientific, Waltham,
MA). Quantification was based on calibration curves gener-
ated by spiking an artificial matrix with known amounts of
target standards and an equal amount of the internal stan-
dard. The target analyte:internal standard peak area ratios
from each sample were compared with the calibration curves
using linear regression. Final results were expressed as the
ratio of sphingolipid normalized to total phospholipid phos-
phate level using the Bligh and Dyer lipid extract method.19

Nude mice xenograft models

Cells were counted and washed once in ice-cold PBS. 5 3

105 H460 cells in 50 ml PBS plus 50 ml growth factor-

depleted Matrigel (BD Biosciences, San Jose, CA) were
injected subcutaneously into the flank of nude mice (Jackson
Laboratory, Sacramento, CA). Five days after this injection,
the mice were randomly separated into two groups and
received i.p. injection with either vehicle or ABC294640
(75 mg/kg of body weight dissolved in PEG:ddH2O as 1:1), 3
days/week. The mice were observed and measured every 2–3
days for the presence of palpable tumors. At the end of the
experiment, the tumors were excised for subsequent analyses.
The animal experiments were repeated twice. All protocols
were approved by the LSUHSC Animal Care and Use Com-
mittee in accordance with national guidelines.

Statistical analysis

Significance for differences between experimental and control
groups was determined using the two-tailed Student’s t test
(Excel 8.0), and p values <0.05 or <0.01 were considered sig-
nificant or highly significant, respectively.

Results
Targeting SphK2 reduces NSCLC cell-lines proliferation in

a dose-dependent manner

ABC294640 treatment alone was found to dramatically
reduce the proliferation in NSCLC cell-lines (A549, H460,
H1299) in a dose-dependent manner as determined by the
WST-1 cell proliferation assays (Fig. 1). Notably, although
H1299 cells have a homozygous partial deletion of p53 and

Figure 1. ABC294640 treatment represses the proliferation of NSCLC cell-lines. (a–c) NSCLC cell-lines A549, H460 and H1299 were incubated

with the indicated concentrations of ABC294640 (ABC) for 72 hr; cell proliferation was measured using the WST-1 assays. Error bars represent

the SD from three independent experiments. The 50% Inhibitory Concentration (IC50) was calculated using SPSS 20.0 (Armonk, NY).

C
an

ce
r
T
he
ra
py

an
d
P
re
ve
n
ti
on

Dai et al. 3

Int. J. Cancer: 00, 00–00 (2018) VC 2017 UICC



mutant NRAS,20 ABC294640 displayed similar efficacy among
these three NSCLC cell-lines (IC50 ranges 7.0–8.0 lM). To
further confirm the impact of targeting SphK2 in the NSCLC
cell proliferation, RNAi was used to directly silence SphK2,
which also significantly reduced NSCLC cell-lines prolifera-
tion (Supporting Information Fig. S1).

Targeting SphK2 induces NSCLC cell cycle arrest and

apoptosis

To further investigate the mechanisms through which
ABC294640 reduces NSCLC cell proliferation, cell cycle dis-
tribution was analyzed by flow cytometry. It was found that
ABC294640 treatment causes significant G2 phase arrest in
all of the 3 NSCLC cell-lines tested (Fig. 2a). Subsequent
immunoblot analyses indicated that ABC294640 regulates the
expression of several cell cycle check-point factors, including
the upregulation of Myt1 and phospho-Cdc2, as well as the
downregulation of phosphor-Rb, Cyclin B1 and Cyclin D1 in
A549 and H460 cells (Fig. 2b). Subsequent qRT-PCR analyses
demonstrated that ABC294640 downregulates Cyclin B1 and
Cyclin D1 at the transcriptional level as well (Supporting
Information Fig. S2). Furthermore, silencing SphK2 by RNAi
also induced G2 cell cycle arrest in NSCLC cells, although at

a lower extent than those caused by ABC294640 (Supporting
Information Fig. S3).

ABC294640 treatment was found to cause apparent apo-
ptosis in NSCLC cell-lines as detected by Annexin-V/PI
staining and flow cytometry analysis (Fig. 3a). The data
obtained indicated that ABC294640 induces a dose-
dependent increase of cleaved caspase 3 and caspase 9 levels
in A549 and H460 cells, while a pan-caspase inhibitor, Z-
VAD-FMK (Z-VAD), almost completely protects NSCLC
cells from the apoptosis induced by ABC294640 (Figs. 3b
and 3c). In addition, silencing of SphK2 by RNAi caused sig-
nificant cell apoptosis in A549 and H460 cell-lines (Support-
ing Information Fig. S4). Taken together, the results
demonstrate that targeting SphK2 reduces NSCLC cell prolif-
eration through inducing cell cycle arrest and caspase-
dependent apoptosis.

ABC294640 increases the production of intracellular

ceramides and dihydro(dh)-ceramides and alters their

composition in NSCLC cells

Mass spectrometric-based lipidomics analyses were used to
quantify intracellular levels of bioactive ceramide/dh-cer-
amide species in NSCLC cell-lines. It was observed that

Figure 2. ABC294640 treatment causes NSCLC cell-lines G2 cell cycle arrest. (a and b) NSCLC cell-lines A549, H460 and H1299 were incu-

bated with 10 or 20 lM of ABC294640 (ABC) or vehicle for 48 hr, then stained by propidium iodide (PI) and analyzed by flow cytometry.

Protein expression was analyzed by immunoblot analysis. The experiments were repeated twice, and one representative experiment results

were shown. [Color figure can be viewed at wileyonlinelibrary.com]
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ABC294640 increases total levels of intracellular ceramides
(1.5–3.5 folds) and dh-ceramides (3.0–7.5 folds) in the 3
NSCLC cell-lines tested (Fig. 4a). The lipidomics analyses of
individual ceramide and dh-ceramide species indicated that
most species including C14�C26-Cer and dhC14�dhC26-
Cer were upregulated in the 3 NSCLC cell-lines exposed to
ABC294640, although the extent of the increases varies
among these cell-lines (Figs. 4b–4d). Since SphKs are respon-
sible for phosphorylating sphingosine and generating S1P, it
is not surprising to observe that ABC294640 treatment signif-
icantly reduces intracellular S1P levels and increases sphingo-
sine levels in all the 3 NSCLC cell-lines (Supporting
Information Fig. S5). Interestingly, a reduction of total sphin-
gomyelin levels in NSCLC cell-lines exposed to ABC294640
was also observed (Supporting Information Fig. S6), implying
that sphingomyelin hydrolysis21 may contribute to
ABC294640-induced ceramides production.

The composition and proportion of individual ceramide
and dh-ceramide species were calculated within the total lipid
mass of NSCLC cell-lines with or without ABC294640 treat-
ment (Figs. 5a and 5b). First, the top predominant ceramide/
dh-ceramide species were identified within the NSCLC cell-

lines studied, including C16-, C22-, C24:1-, C24-, dhC16-,
dhC18-, dhC22-, dhC24:1- and dhC24-Cer (Fig. 5c). Despite
subtle differences, NSCLC cell-lines display a consistent cer-
amide signature. Second, it was found that ABC294640 treat-
ment greatly alters the proportion of individual ceramide and
dh-ceramide species within the NSCLC cell-lines studied (Fig.
5d). The most common proportional changes observed in all
3 NSCLC cell-lines include increased dhC22-Cer, and
decreased C16-Cer and dhC16-Cer.

ABC294640 treatment effectively represses NSCLC tumor

growth in vivo

By using an established H460 xenograft mice model, the
effect of ABC294640 on NSCLC tumor growth was tested in
vivo. H460 cells (5 3 105 cells, 1:1 with growth factor-
depleted Matrigel) were injected subcutaneously into the
flank of nude mice (5 mice per group). Five days after injec-
tion, the mice were randomly separated into two groups and
received i.p. injections with either vehicle or ABC294640
(75 mg/kg of body weight), 3 days/week. The mice were
observed every 2–3 days, and palpable tumors were measured
over an additional 3 weeks. Results obtained indicate that

Figure 3. ABC294640 treatment induces NSCLC cell-lines apoptosis. (a and b) NSCLC cell-lines A549, H460 and H1299 were incubated

with 20 lM of ABC294640 (ABC) or vehicle in the presence or absence of the pan-caspase inhibitor Z-VAD-FMK (Z-VAD, 10 lM) for 48 hr;

cell apoptosis was measured using Annexin V-PI staining and flow cytometry analysis. Error bars represent the SD from three independent

experiments. (c) NSCLC cell-lines were incubated with 10 or 20 lM of ABC294640 (ABC) or vehicle for 48 hr; protein expression was ana-

lyzed using immunoblot analysis.
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Figure 4. ABC294640 treatment induces intracellular ceramides production from NSCLC cell-lines. (a–d) NSCLC cell-lines A549, H460 and

H1299 were incubated with vehicle or 20 lM of ABC294640 (ABC) for 48 hr; ceramide and dihydro(dh)-ceramide species were quantified

using lipidomics analysis as described in the Methods. Error bars represent the SD from three independent experiments. * 5 p<0.05,

** 5 p<0.01. [Color figure can be viewed at wileyonlinelibrary.com]
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Figure 5. The compositions and proportions of ceramide/dh-ceramide species in NSCLC cell-lines are altered by ABC294640. (a and b) Rela-

tive compositions and proportions of specific ceramide and dh-ceramide species present within vehicle- or ABC-treated NSCLC cell-lines are

shown. Each color is representing a specific ceramide species and is labeled beside the pie chart. (c and d) Black dots represent the top

prominent ceramide/dh-ceramide species present in NSCLC cell-lines. Red and green dots represent upregulated or downregulated cer-

amide/dh-ceramide species in NSCLC cell-lines exposed to ABC, respectively.
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ABC294640 treatment alone significantly represses tumor
growth in mice compared to those observed in vehicle-
treated mice (Fig. 6a). After the 3-week treatment period, the
tumors isolated from ABC294640-treated mice had signifi-
cantly smaller size than those from vehicle-treated mice

(Fig. 6b). Immunoblot analyses confirmed increased expres-
sion of cleaved caspase 3 and caspase 9, and reduced expres-
sion of Cyclin B1 within tumor tissues from representative
ABC294640-treated mice when compared to those from the
vehicle-treated mice (Fig. 6c). Lipidomics analyses indicated

Figure 6. ABC294640 treatment effectively represses NSCLC growth in vivo. (a and b) NSCLC H460 cells (5 3 105 cells, 1:1 with growth

factor-depleted Matrigel) were injected subcutaneously into the flank of nude mice. Five days after this injection, the mice were randomly

separated into two groups and received i.p. injection with either vehicle or ABC294640 (75 mg/kg of body weight), 3 days/week. The

arrows indicate the time points when ABC294640 or vehicle was administered. The mice were observed and measured every 2–3 days for

the size of palpable tumors over an additional 3 weeks. At the end of the experiment, the tumors were excised for subsequent analyses.

The numbers 1–5 represent different mice from the same group. Error bars represent the SD from one of the two independent experiments.

(c–e) Protein expression in tumor tissues from representative mice was measured using immunoblots. The ceramide and dihydro(dh)-cer-

amide species within tumor tissues were quantified using lipidomics analysis as described in the Methods. Error bars represent the SD

from three mice from each group. * 5 p<0.05, ** 5 p<0.01. [Color figure can be viewed at wileyonlinelibrary.com]
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that many ceramide and dh-ceramide species were upregulated
in tumor tissues of the ABC294640-treated mice when
compared to those of the vehicle-treated mice (Figs. 6d and
6e), although the extents of these increases and sphingolipids
patterns were subtly different from what we observed in vitro.

Discussion
There are three major pathways of ceramide generation: the sphin-
gomyelinase pathway (sphingomyelin!ceramide); the de novo
pathway (3-keto-dihydrosphingosine!dihydrosphingosine!
dihydroceramide!ceramide); and the salvage pathway
(S1P!sphingosine!ceramide).22,23 ABC294640, a selective
inhibitor of SphK2 (an enzyme responsible for phosphorylating
sphingosine and generating S1P), significantly reduces intracel-
lular S1P levels and increases sphingosine levels in NSCLC cell-
lines, through blocking the salvage pathway. ABC294640 treat-
ment also greatly reduces the total levels of sphingomyelin,
implying that the de novo pathway and sphingomyelinase path-
way are also indirectly affected by ABC294640 in NSCLC cell-
lines (Fig. 7). Our group is currently determining which cer-
amide synthases (CerSs, the key enzymes for ceramide genera-
tion in both the de novo pathway and the salvage pathway) and/
or sphingomyelinases (SMases, the key enzymes for ceramide
generation in the sphingomyelinase pathway) are responsible
for ABC294640-induced ceramide production in NSCLC cells.
At present, six different CerSs have been identified, CerS1–6,24

and different isoforms of CerS generate an array of ceramide

species with distinct chain lengths of fatty acids.25 Previous data
have shown that ABC294640 treatment increases the levels of
several CerSs in a virus-associated lymphoma in vitro and in
vivo.26 The SMases are divides into acidic, neutral and alkaline
forms dependent on their pH optimum.27 For example, acidic
SMase is localized in the lysosomal compartment and can also
be secreted in the extracellular space.28 Neutral SMase is present
in the plasma membrane, cytoplasm and the nucleus.21 In this
study, it was also found that ABC294640 treatment increases a
variety of dihydroceramides production in NSCLC cells. Inter-
estingly, recent data have shown that ABC294640 can also
inhibit dihydroceramide desaturase activity, resulting in the
accumulation of dihydroceramides in prostate cancer cells,
which is dispensable with SphK2 expression.12,29

Here, it is reported that ABC294640 treatment can induce
significant caspase-dependent apoptosis in NSCLC cells,
which is closely related to increased intracellular production
of ceramides. In fact, published reports have shown that
ceramides can activate protein phosphatase 2A (PP2A)
directly by binding inhibitor 2 of PP2A (I2PP2A/SET),
thereby reducing the association between PP2A and its inhib-
itors.30,31 The effect of ceramides on PP2A leads to inactiva-
tion of Akt through dephosphorylation. In addition,
apoptosis signal-regulating kinase 1 (Ask1) is a member of
the mitogen-activated protein kinase kinase kinase
(MAPKKK) family, which can be activated by ceramide, and
initiates apoptosis.32 Our results have previously shown that
ABC294640 treatment can affect the activities of the Akt and
MAPK pathways in a virus-associated lymphoma.11 Mito-
chondrial outer membrane permeabilization (MOMP) is a
critical step in apoptosis. Ceramide is considered to be the
main substance that induces MOMP, which is a key event in
apoptotic signaling through the formation of ceramide chan-
nels to facilitate the passage of proteins released during
MOMP.33 Ganesan et al. have indicated that ceramides are
the key permeabilizing entity, and that Bax and ceramides
can synergistically generate MOMP.34 Ceramides can also
contribute to MOMP by inducing the translocation to the
mitochondria and activation of protein kinase C d (PKC d),
which in turn promotes caspase 9 activation and cytochrome
c release.35 Further studies will determine which of these
mechanisms is most prominent for the pro-apoptotic activity
of ABC294640 in NSCLC cells.

The study reported here only focuses on single-agent
ABC294640 treatment of NSCLC cells. A recent study reports
that ABC294640 combined with tumor necrosis factor-related
apoptosis-inducing ligand (TRAIL) can enhance the apoptosis
of NSCLC cells.36 Another recent study reports that inhibi-
tion of ceramide glucosylation by either a glucosylceramide
synthase (GCS) inhibitor or GCS shRNA/siRNA knockdown
can enhance ABC294640-induced NSCLC cell apoptosis.37 Li
and Zhang have summarized recent studies on combinations
of chemotherapeutic drugs and ceramide-generating agents
(e.g., CerS or SMase inducers) or modulators of ceramide
metabolism (e.g., GCS or SphK inhibitors).27 Generally,

Figure 7. Schematic diagram of the possible mechanisms for anti-

NSCLC activities of ABC294640. [Color figure can be viewed at

wileyonlinelibrary.com]
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ceramide inducers sensitize cancer cells to anticancer agents
resulting in enhanced cell apoptosis and death.27 Very
recently, Britten et al. have reported promising results from a
Phase I Study of ABC294640 in patients with advanced solid
tumors.38 They found that at 500 mg bid, ABC294640 was
well tolerated and achieves biologically relevant plasma con-
centrations. These data together with the findings reported
here indicate that sphingolipid metabolism targeted therapy
may have broad prospects for clinical applications in

oncology. An important question to be addressed is whether
these agents target cancer stem-like cells, which are typically
resistant to standard of care chemotherapy and are thought
to be responsible for relapse and metastasis in many malig-
nancies including lung cancer.
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Small Molecule Therapeutics

ABC294640, A Novel Sphingosine Kinase 2
Inhibitor, Induces Oncogenic Virus–Infected Cell
Autophagic Death and Represses Tumor Growth
Lu Dai1,2, Aiping Bai3, Charles D. Smith4, Paulo C. Rodriguez5, Fangyou Yu6,
and Zhiqiang Qin1,2

Abstract

Kaposi sarcoma–associated herpes virus (KSHV) is the etiologic
agent of several malignancies, including Kaposi sarcoma and
primary effusion lymphoma (PEL), which preferentially arise in
HIVþ patients and lack effective treatment. Sphingosine kinase 2
(SphK2) is a key factor within sphingolipid metabolism, respon-
sible for the conversion of proapoptotic ceramides to antiapop-
totic sphingosine-1-phosphate (S1P). We have previously dem-
onstrated that targeting SphK2 using a novel selective inhibitor,
ABC294640, leads to the accumulation of intracellular ceramides
and induces apoptosis in KSHV-infected primary endothelial cells
and PEL tumor cells but not in uninfected cells. In this study, we
found that ABC294640 induces autophagic death instead of
apoptosis in a KSHV long-term–infected immortalized endothe-

lial cell-line, TIVE-LTC, but not in uninfected TIVE cells, through
the upregulation of LC3B protein. Transcriptomic analysis indi-
cates that many genes related to cellular stress responses, cell
cycle/proliferation, and cellular metabolic process are altered in
TIVE-LTC exposed to ABC294640. One of the candidates, Egr-1,
was found to directly regulate LC3B expression and was required
for the ABC294640-induced autophagic death. By using a Kaposi
sarcoma–like nude mice model with TIVE-LTC, we found that
ABC294640 treatment significantly suppressed KSHV-induced
tumor growth in vivo, which indicates that targeting sphingolipid
metabolism, especially SphK2, may represent a promising ther-
apeutic strategy against KSHV-related malignancies. Mol Cancer
Ther; 16(12); 1–11. �2017 AACR.

Introduction
Kaposi sarcoma–associated herpesvirus (KSHV) represents a

principal causative agent of several cancers arising in those immu-
nocompromised patients, such as Kaposi sarcoma (1). Currently,
there are 4 Kaposi sarcoma isoforms: classic Kaposi sarcoma,
affecting elderlymen ofMediterranean; endemic Kaposi sarcoma,
existing in some countries ofCentral andEasternAfrica; iatrogenic
Kaposi sarcoma, usually developed in organ transplant receipts
with immunosuppression; and epidemic or AIDS- Kaposi sarco-
ma with more aggressive features (2). Even though the reduced
incidence of KS due to combined antiretroviral therapy (cART)

developed in theWestern world, Kaposi sarcoma still remains the
most common AIDS-associated malignancy and a leading cause
of morbidity and mortality in this setting (3). Interestingly, some
AIDS- Kaposi sarcoma patients receive little or no benefit from
cART alone or combined with conventional chemotherapy (4).
Recently, the issues of Kaposi sarcoma in the context of immune
reconstitution inflammatory syndrome (IRIS) and its impact on
cART rollout initiatives have become increasingly apparent (5, 6).
Furthermore, although treatments for Kaposi sarcoma exist, none
are curative, which requires the identification of rational targets
and development of novel therapeutic strategies against these
malignancies.

Sphingolipid biosynthesis involves hydrolysis of ceramides to
generate sphingosine, which is subsequently phosphorylated by
one of two sphingosine kinase isoforms (SphK1 or SphK2) to
generate sphingosine-1-phosphate (S1P; refs. 7, 8). Bioactive
sphingolipids, including ceramides and S1P, act as signaling
molecules that regulate apoptosis and tumor cell survival (7). In
contrast to the generally proapoptotic function of ceramides, S1P
promotes cell proliferation and survival (8). Given the impor-
tance of SphKs in sphingolipid metabolism, a highly selective
and well-characterized small-molecule inhibitor of SphK2,
ABC294640, has been recently developed (9, 10), which displays
significant antitumor activities for a variety of cancers (11, 12).
ABC294640 is currently under evaluation in a phase I clinical trial
for patients with solid tumors (Clinicaltrials.gov identifier:
NCT01488513) and in a phase I/II clinical trial for HIVþ patients
with diffuse large B-cell lymphoma (Clinicaltrials.gov identifier:
NCT02229981). Moreover, we recently have reported that
pharmacologic inhibition of SphK2 using ABC294640 induces
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dose-dependent, caspase-mediated apoptosis in primary effusion
lymphoma (PEL, another type of cancer caused by KSHV), and
suppresses PEL tumor progression in vivo (13). Interestingly, our
additional data indicated that targeting SphK2 by ABC294640
selectively induces apoptosis in KSHV-infected primary human
dermal microvascular endothelial cells (pDMVEC), but not in
noninfected cells, through induction of viral lytic gene expression
(14). However, a major obstacle for this study is that KSHV-
infected primary endothelial cells usually fail to form tumors even
in immunodeficiency mice (2). Recently, a KSHV long-term-
infected telomerase-immortalized human umbilical vein endo-
thelial cell line (TIVE-LTC) has been established, which stably
supports KSHV latency (15). The TIVE-LTC, but not theuninfected
parental TIVE cells, efficiently induces Kaposi sarcoma–like tumor
formation in nude mice, which express Kaposi sarcoma pheno-
typic markers such as CD31, CD34, and LYVE-1 (15, 16). In this
study, we aim to understand the impact of ABC294640 on the
TIVE-LTC proliferation/survival and determine whether targeting
sphingolipid metabolism, in particular SphK2, can be developed
as a novel therapeutic strategy against Kaposi sarcoma in vivo.

Materials and Methods
Cell culture and reagents

TIVE and TIVE-LTC were kindly provided by Dr. Rolf Renne at
University of Florida (Gainesville, FL) in 2015 and cultured as
described previously (15). The cell lines have been tested by using
MycoAlert PLUS Mycoplasma Detection Kit (Lonza) in our lab-
oratory once we received them, and the results are negative.
All experiments were carried out using cells harvested at low
(<20) passages. 3-(4-chlorophenyl)-adamantane-1-carboxylic
acid (pyridin-4-ylmethyl) amide (ABC294640) was synthesized
as described previously (9). The other chemicals such as chloro-
quine, bafilomycin A1, rapamycin, and the pan-caspase inhibitor,
Z-VAD-FMK, were purchased from Sigma.

Cell proliferation and apoptosis assays
Cell proliferation was measured by using the WST-1 assays

(Roche) according to the manufacturers' instructions. Flow cyto-
metry was used for quantitative assessment of apoptosis with the
FITC-Annexin V/propidium iodide (PI) Apoptosis Detection Kit I
(BD Pharmingen).

Microarray
Microarray analysis was performed and analyzed at the Stanley

S. Scott Cancer Center's Translational Genomics Core at LSUHSC.
Total RNA was isolated using Qiagen RNeasy kit (Qiagen), and
500 ng of total RNA was used to synthesize dscDNA. Biotin-
labeled RNA was generated using the TargetAmp-Nano Labeling
Kit for Illumina Expression BeadChip (Epicentre), and hybridized
to the HumanHT-12 v4 Expression BeadChip (Illumina) at 58�C
for 16hours. The chipwaswashed, stainedwith streptavadin-Cy3,
and scanned with the Illumina BeadStation 500 and BeadScan.
Using the Illumina GenomeStudio software, we normalized the
signals using the "cubic spline algorithm" that assumes that the
distribution of transcript abundance is similar in all samples. The
background signal was removed using the "detection P value
algorithm" to remove targets with signal intensities equal or lower
than that of irrelevant probes (with no known targets in the
human genome but thermodynamically similar to the relevant
probes). The microarray experiments were performed twice for

each group and the average values were used for analysis.
Common and unique sets of genes and enrichment analysis
were performed using the MetaCore Software (Thompson
Reuters). The microarray original data have been submitted to
Gene Expression Omnibus (GEO) database (accession number:
GSE74338).

Transfection assays
For RNA interference, Egr1, SphK2, LC3B, and Atg5 ON-

TARGET plus SMART pool siRNA, or negative control siRNA
(n-siRNA; Dharmacon), were delivered using the DharmaFECT
transfection reagent according to the manufacturer's instructions.

Cell-cycle analysis
TIVE-LTC pellets were fixed in 70% ethanol, and incubated at

4�C overnight. Cell pellets were resuspended in 0.5 mL of 0.05
mg/mL PI plus 0.2 mg/mL RNaseA and incubated at 37�C for 30
minutes. Cell-cycle distribution was analyzed on a FACSCalibur
4-color flow cytometer (BD Biosciences).

Immunoblotting
Total cell lysates (20 mg) were resolved by 10% SDS-PAGE,

transferred to nitrocellulose membranes, and immunoblotted
with antibodies for cleaved caspase-3/9, LC3B, p62, Beclin-1,
Atg5, Atg12, Egr1, Cyclin D1, CDK6, phospho-Rb, p21 (Cell
Signaling Technology), SphK2 (Abgent), and b-actin (Sigma) for
loading controls. Immunoreactive bands were identified using an
enhanced chemiluminescence reaction (PerkinElmer), and visu-
alized by autoradiography.

Immunofluorescence
Cells were incubated in 1:1 methanol-acetone at �20�C for

fixation and permeabilization, thenwith a blocking reagent (10%
normal goat serum, 3%BSA, and 1%glycine) for an additional 30
minutes. Cells were then incubated for 1 hour at 25�Cwith 1:400
dilution of a rabbit anti-LC3B antibody (Cell Signaling Technol-
ogy) followed by 1:200 dilution of a goat anti-rabbit secondary
antibody conjugated to Texas Red (Invitrogen). For identification
of nuclei, cells were subsequently counterstained with 0.5mg/mL
40,6-diamidino-2-phenylindole (DAPI) in 180 mmol/L Tris-HCl
(pH 7.5). Slides were washed once in 180mmol/L Tris-HCl for 15
minutes and prepared for visualization using a Leica TCPS SP5
AOBS confocal microscope. LysoTracker red (Invitrogen) was
used to visualize lysosomes as described previously (17), which
was added to achieve final concentrations of 50 nmol/L. After 1
hour of incubation, the medium was replaced with fresh media,
and confocal imaging was performed.

Electron microscopy
Cells were fixed in primary fixative (1.6% paraformaldehyde,

2.5% glutaraldehyde, 0.03% CaCl2 in 0.05 mol/L cacodylate
buffer, pH 7.4), pelleted, and embedded in 3% agarose. Agar
blocks were cut in 1-mm3 cubes and transferred to a fresh portion
of thefixative for 2 hours at room temperature. Sampleswere then
washed in 0.1 mol/L cacodylate buffer supplemented with 5%
sucrose, postfixed in 1% osmium tetroxide for 1 hour, washed in
water, and in-block stained with 2% uranyl acetate in 0.2 mol/L
sodium acetate buffer, pH 3.5. Specimens were dehydrated in
ascending ethanol series and propylene oxide, and embedded in
Epon-Araldite mixture. Blocks were sectioned with the Ultratome
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Leica EM UC7. Thin (80 nm) sections were stained with lead
citrate for 5minutes and examined in JEOL JEM 1011microscope
with the attached HAMAMATSU ORCA-HR digital camera.

qRT-PCR
Total RNA was isolated using the RNeasy Mini kit (Qiagen),

and cDNA was synthesized from equivalent total RNA using a
SuperScript III First-Strand Synthesis SuperMix Kit (Invitrogen)
according to the manufacturer's instructions. Primers used for
amplification of target genes are listed in Supplementary Table
S1. Amplification was carried out using an iCycler IQ Real-Time
PCR Detection System, and cycle threshold (Ct) values were
tabulated in duplicate for each gene of interest in each exper-
iment. "No template" (water) controls were used to ensure
minimal background contamination. Using mean Ct values
tabulated for each gene, and paired Ct values for b-actin as a
loading control, fold changes for experimental groups relative
to assigned controls were calculated using automated iQ5 2.0
software (Bio-Rad).

Sphingolipid analyses
Quantification of ceramide and dihydro-ceramide species was

performed using a Thermo Finnigan TSQ 7000 triple-stage qua-
druple mass spectrometer operating in Multiple Reaction Mon-
itoring positive ionization mode (Thermo Fisher Scientific).
Quantification was based on calibration curves generated by
spiking an artificial matrix with known amounts of target stan-
dards and an equal amount of the internal standard. The target
analyte:internal standard peak area ratios from each sample were
compared with the calibration curves using linear regression.
Final results were expressed as the ratio of sphingolipid normal-
ized to total phospholipid phosphate level using the Bligh and
Dyer lipid extract method (18).

Kaposi sarcoma–like nude mice model
Cells were counted and washed once in ice-cold PBS, and 5 �

105 TIVE-LTC in 50-mL PBS plus 50-mL growth factor–depleted
Matrigel (BD Biosciences) were injected subcutaneously into the
two flanks of nude mice (The Jackson Laboratory). The mice were
observed and measured every 2–3 days for the presence of
palpable tumors. When tumors reach 10–15 mm in diameter
(�1.5 weeks), the mice received in situ subcutaneous injection
with either vehicle or ABC294640 (50 mg/kg of body weight
dissolved in PEG:ddH2O as 1:1), 5 days/week. At the end of
experiment, the tumors were excised from the site of injection for
subsequent analysis such as IHC. All protocols were approved by
the LSUHSCAnimal Care andUse Committee in accordance with
national guidelines.

Statistical analysis
Significance for differences between experimental and control

groups was determined using the two-tailed Student t test (Micro-
soft Excel 8.0), and P values <0.05 or <0.01 were considered
significant or highly significant, respectively.

Results
Targeting SphK2 by ABC294640 induces KSHV-infected
immortalized endothelial cell death

By using the WST-1 assays, we found that ABC294640 treat-
ment dramatically reduced TIVE-LTC proliferation in a dose-

dependent manner, while it only slightly suppressed TIVE cell
growth (Fig. 1A). We further found that TIVE-LTC had higher
expressional level of SphK2 than the parental TIVE cells (Supple-
mentary Fig. S1A), whichmay represent one of potential mechan-
isms that making TIVE-LTC more sensitive to ABC294640 than
TIVE cells. We also found that KSHV de novo infection greatly
upregulated SphK2 expression from TIVE cells (Supplementary
Fig. S1B). We next used flow cytometry to monitor cell viability
and apoptosis. Interestingly, we found that ABC294640 induced
significant cell death in TIVE-LTC (PIþ subpopulation) but not in
TIVE cells, which was almost independent of cell apoptosis
(Annexin Vþ subpopulation) even at high concentration (Fig.
1B). These results are opposite to our previous data showing that
ABC294640 triggered apoptosis in KSHV-infected primary endo-
thelial cells (14). These data indicate ABC294640-induced dele-
terious effects in TIVE-LTC through some apoptosis-independent
mechanisms.

As ABC294640 is a selective SphK2 inhibitor, we alsomeasured
the levels of intracellular ceramide and dihydro(dh)-ceramide
species within ABC294640-treated TIVE and TIVE-LTC cells
through lipidomics analysis (13, 14). Our results indicated that
ABC294640 caused the accumulation of total and individual
ceramide species, in particular dh-ceramides, such as dhC14-Cer,
dhC24-Cer, and dhC24:1-Cer (Fig. 1C andD; Supplementary Fig.
S2A). In contrast to this, we found that ABC294640 only slightly
increased total ceramides/dh-ceramides but with no statistical
significance within TIVE cells (Supplementary Fig. S2B). Cer-
amide/dh-ceramide composition analysis indicated that the
prominent species within TIVE-LTC were C16-Cer, C24-Cer,
C24:1-Cer, dhC14-Cer, dhC16-Cer, and dhC20-Cer; ABC294640
treatment mainly increased the relative composition percentage
of C14-Cer, dhC14-Cer, whereas reducing the relative composi-
tion percentage of C24-Cer, dhC16-Cer, and dhC20-Cer, respec-
tively (Fig. 1F and G). Ceramides are synthesized by a family of
ceramide synthases (CerSs), CerS1–CerS6 (19). Accordingly, our
qRT-PCR analysis indicated that ABC294640 treatment mainly
increased the transcripts of CerS1, CerS2, and CerS6 from TIVE-
LTC (Fig. 1E).

ABC294640 causes TIVE-LTC programmed cell death through
autophagy

To further seek the mechanisms through which ABC294640
induced cell death in TIVE-LTC, we found that ABC294640
significantly induced LC3B expression, one of the autophagic
markers, while reducing p62 expression, a ubiquitin binding
protein degraded in autophagy (ref. 12; Fig. 2A). In contrast, the
expression of other autophagy-related proteins including Atg5,
Atg12, and Beclin-1 was not affected by ABC294640. Immuno-
fluorescence data with a LC3B-specific antibody confirmed the
increased signal of LC3B and the puncta structures were readily
observed in the cytoplasm of ABC294640-treated TIVE-LTC
when compared with vehicle-treated cells (Fig. 2B). Because
basic lipophilic compounds can act as lysosomotropic agents
and are thus possible autophagy modulators (12), lysosomal
morphology was assessed to gain further insight into the
mechanisms through which ABC294640 induces autophagy.
Compared with vehicle-treated cells, ABC294640 treatment for
24 hours resulted in enhanced accumulation of LysoTracker Red
dye and increased in the size of lysosomes ("swelling"; Fig. 2C).
We also confirmed that ABC294640 induced autophagy within
TIVE-LTC by using electron microscopy. Exposure of TIVE-LTC
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Figure 1.

Targeting SphK2 by ABC294640 induces KSHV-infected immortalized endothelial cell death. A, TIVE-LTC and TIVE were incubated with indicated
concentrations of ABC294640 (ABC) for 24 hours, and then cell proliferation was measured using the WST-1 assays. B, Cell viability and apoptosis were
measured using Annexin V-PI staining and flow cytometry analysis. C and D, TIVE-LTC were incubated with 60 mmol/L of ABC294640 or vehicle for 24 hours, then
ceramide and dihydro(dh)-ceramide species were quantified as described in Materials and Methods. E, The transcripts of ceramide synthases (CerS1–CerS6) were
quantified using qRT-PCR. F and G, The composition of ceramide/dh-ceramide species was calculated and analyzed by using Excel 8.0 software. Error bars,
SD from three independent experiments. �, P < 0.05; �� , P < 0.01.
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to ABC294640 for 24 hours resulted in the production of many
large empty vacuoles and autophagic vacuoles containing resid-
ual digested material or intact organelles. In contrast, only a few
small autophagic vacuoles were observed in the vehicle-treated
cells (Fig. 2D). Finally, our findings were further supported by
the evidence that one of the autophagy inhibitors, chloroquine,
almost completely protected TIVE-LTC from ABC294640-
induced autophagic death (Fig. 2E; Supplementary Fig. S3). We
also observed the similar inhibitory effect of bafilomycin A1, a
known autophagic flux inhibitor. In contrast, rapamycin, a
known autophagy inducer, caused TIVE-LTC death, although
with a less extent when compared with ABC294640 (Fig. 2E).
Not surprisingly, the pan-caspase inhibitor, Z-VAD-FMK treat-
ment cannot protect TIVE-LTC from cell death induced by
ABC294640. Thus, our results suggest the potential role of
autophagy as the mechanism of cell death induced by
ABC294640 within TIVE-LTC.

Transcriptomic analysis of gene profile altered within
ABC294640-treated TIVE-LTC

To determine the overall metabolic changes induced by
ABC294640, we used the HumanHT-12 v4 Expression BeadChip
(Illumina)which containsmore than 47,000 probes derived from
the NCBI RefSeq Release 38 and other sources to analyze the
gene profile altered between vehicle- and ABC294640-treated
TIVE-LTC. Our analysis indicated that 562 genes significantly
upregulated and 444 genes downregulated in ABC294640-treated
TIVE-LTC (�2 folds and P < 0.05). The top 30 upregulated and
downregulated candidate genes were listed in Tables 1 and 2,
respectively. Among these candidates, there are several notable
features: (i) some nuclear small RNA transcripts such as RN7SK,
RNU1G2, RNU1–5, RNU1–3, and RNU1A3 are highly upregu-
lated, which has also been observed in c-MET inhibitor–treated
KSHVþ PEL tumor cells in spite of unknown mechanisms or
functions (20); (ii) multiple Metallothionein genes such asMTE,

Figure 2.

ABC294640 treatment induces TIVE-LTC cell death through autophagy. A, TIVE-LTC were incubated with indicated concentrations of ABC294640 (ABC)
for 24 hours, then protein expression was measured using immunoblots. B and C, TIVE-LTC were incubated with 60 mmol/L of ABC or vehicle for 24 h, then cellular
LC3B expression and lysosomewere detected using the immunofluorescence assay as described in Materials andMethods.D, Electronmicrographswere generated
as described in Materials andMethods, and representative micrographs at lowmagnification (left, scale bar¼ 2 mm) or highmagnification (right, scale bar¼0.5 mm)
depicting the ultrastructure of the cells were shown. Arrows indicate the autophagic vacuoles. E, TIVE-LTC were incubated with 60 mmol/L of
ABC or vehicle in the presence of autophagy inhibitor chloroquine (1 mmol/L), rapamycin alone (1 mmol/L), the pan-caspase inhibitor Z-VAD-FMK (ZVAD, 10 mmol/L)
or not for 24 hours, then cell viability was measured as above. Error bars, SD from three independent experiments. �� , P < 0.01.
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MT1F/E/G, and MT2A are significantly upregulated, and they
have been shown to be increased during oxidative stress (21,
22) to protect the cells against cytotoxicity (23, 24), radiation,
and DNA damage (25, 26), and be increased in a variety of
human tumors (27); 3) some genes have been reported related
to tumor cell proliferation, such as PPM1D, silencing of which
by RNAi inhibits lung cancer cells proliferation and the tumor-
igenicity of bladder cancer cells, respectively (28, 29). However,
we found that the functional role of most genes listed here
remains unclear for KSHV pathogenesis or tumorigenicity,
which requires further investigation.

For validation of microarray analysis, we next selected 5 can-
didate genes from Tables 1 and 2, respectively, to perform qRT-
PCR analysis.Our results indicated that all of the 10 selected genes
were significantly altered in a manner comparable with those
found in themicroarray data, demonstrating the credibility of our
results. Specifically, EGR1, FOS, HSPA6, ISG15, and IFIT2 were
significantly upregulated, while FZD6, KLF10, PPM1D, TOP2A,
and TXNIPwere significantly downregulated within ABC294640-
treated TIVE-LTC, when compared with vehicle-treated cells (Fig.
3A and B). We also performed enrichment analysis of these
significantly altered candidates by using theGeneOntology (GO)
Processes and Process Networks modules from Metacore Soft-
ware. Our analysis showed that these proteins belong to several
functional categories, including cellular response to stress, cell
cycle/proliferation, and cellular metabolic process (Fig. 3C and

D). In addition, the top 2 protein networks related to these
candidates were shown in Supplementary Fig. S4A and S4B. For
experimental and functional validation, we found that
ABC294640 treatment significantly caused G0–G1 cell-cycle arrest
as well as reducing S-phase subpopulation for TIVE-LTC (Sup-
plementary Fig. S5A). Immunoblot analysis confirmed that
ABC294640 reduced the expression of checkpoint regulatory
proteins such as Cyclin D1, CDK6, and phospho-Rb, while
increasing p21 expression (Supplementary Fig. S5B).

EGR1 is required for ABC294640-induced TIVE-LTCautophagic
cell death

One of upregulated candidates found in our microarray data is
Egr1, a transcriptional factor which has been previously found
directly binding to the promoter regionof LC3B andpromoting its
transcription and expression (30). Our data confirmed that the
expression of EGR1 was gradually increased from ABC294640-
treated TIVE-LTC in a dose-dependent manner (Fig. 4A). In
addition, we found that directly silencing of SphK2 by RNAi
significantly increased EGR1 expression in TIVE-LTC, but not
TIVE cells, probably because of higher basal expressional level
of SphK2 in TIVE-LTC (Supplementary Fig. S6). Interestingly, we
also found that directly silencing of Egr1 by RNAi greatly reduced
the expression of LC3B, Atg5, and Atg12, but not Beclin-1 within
TIVE-LTC exposed to ABC294640 (Fig. 4B). Further analysis
indicated that silencing of Egr1 reduced LC3B, Atg5, and Atg12

Table 1. The top 30 candidate genes upregulated within ABC294640-treated
TIVE-LTC

Gene
symbol Description

Fold
change

RN7SK 7SK small nuclear, noncoding RNA 76.2
RNU1G2 U1G2 small nuclear, small nuclear RNA 45.0
MTE Metallothionein E 42.7
RNU1-5 U1 small nuclear 5, small nuclear RNA 41.8
RNU1-3 U1 small nuclear 3, small nuclear RNA 41.7
MT1F Metallothionein 1F 40.6
MT1E Metallothionein 1E 38.7
RPPH1 Ribonuclease P RNA component H1 35.1
FOS v-fos FBJ murine osteosarcoma viral oncogene

homolog
25.7

MT1G Metallothionein 1G 25.0
RNU1A3 U1A3 small nuclear, small nuclear RNA 21.3
HSPA6 Heat shock 70 kDa protein 6 (HSP70B') 20.7
RNU6-1 U6 small nuclear 1, small nuclear RNA 19.1
RNU6-15 U6 small nuclear 15, small nuclear RNA 17.7
MT2A Metallothionein 2A 16.8
HSPA7 Heat shock 70 kDa protein 7 (HSP70B) 15.6
MT1A Metallothionein 1A 13.6
IFIT2 Interferon-induced protein with tetratricopeptide

repeats 2
12.9

SLC30A1 Solute carrier family 30 (zinc transporter), member 1 12.4
EGR1 Early growth response 1 11.6
RASD1 Dexamethasone-induced Ras-related protein 1 10.2
ISG15 Ubiquitin-like protein ISG15 9.4
RNU11 U11 small nuclear, small nuclear RNA 8.9
IL8 Interleukin 8 8.2
IFIT1 Interferon-induced protein with tetratricopeptide

repeats 1
8.2

IFIT3 Interferon-induced protein with tetratricopeptide
repeats 3

8.0

BAG3 BCL2-associated athanogene 3 7.5
CXCL2 Chemokine (C-X-C motif) ligand 2 6.5
TMEM106A Transmembrane protein 106A 6.5
DNAJB1 DnaJ (Hsp40) homolog, subfamily B, member 1 6.0

Table 2. The top 30 candidate genes downregulated within ABC294640-
treated TIVE-LTC

Gene
symbol Description

Fold
change

TXNIP Thioredoxin interacting protein 0.09
ARRDC4 Arrestin domain containing 4 0.12
ANKRD12 Ankyrin repeat domain 12, transcript variant 1 0.19
PDZD2 PDZ domain containing 2 (PDZD2) 0.19
ZFP30 Zinc finger protein 30 homolog (mouse) 0.19
ZNF45 Zinc finger protein 45 0.19
THBS1 Thrombospondin 1 0.22
KLF10 Kruppel-like factor 10, transcript variant 1 0.25
PLD6 Phospholipase D family, member 6 0.26
PPM1D Protein phosphatase 1D magnesium-dependent, delta

isoform (PPM1D)
0.26

TMEM133 Transmembrane protein 133 0.26
TOP2A Topoisomerase (DNA) II alpha 170 kDa 0.26
ANKRA2 Ankyrin repeat, family A (RFXANK-like), 2 0.27
FSTL5 Follistatin-like 5 0.27
ABCB10 ATP-binding cassette, sub-family B (MDR/TAP),

member 10, nuclear gene encoding mitochondrial
protein

0.28

FZD6 Frizzled homolog 6 (Drosophila) (FZD6) 0.28
SLC38A2 Solute carrier family 38, member 2 0.28
CUL5 Cullin 5 0.29
MAT2A Methionine adenosyltransferase II, alpha 0.29
TMEM2 Transmembrane protein 2 0.29
TP53INP1 Tumor protein p53 inducible nuclear protein 1 0.29
DHRS2 Dehydrogenase/reductase (SDR family) member 2,

transcript variant 1
0.30

KLHL24 Kelch-like 24 (Drosophila) 0.30
PRKCA Protein kinase C, alpha 0.30
TMEM19 Transmembrane protein 19 0.30
XPO1 Exportin 1 (CRM1 homolog, yeast) 0.30
ZNF670 Zinc finger protein 670 0.30
HERC1 Probable E3 ubiquitin-protein ligase HERC1 0.31
INTS2 Integrator complex subunit 2 0.31
DNM3 Dynamin 3 0.32
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at the transcriptional level as well (Fig. 4C). Finally, silencing of
either Egr1, LC3B, orAtg5 by RNAi, effectively protected TIVE-LTC
from ABC294640 induced cell death (Fig. 4D; Supplementary
Fig. S7A and S7B). Taken together, our data demonstrate that
EGR1 is required for the ABC294640-induced TIVE-LTC autop-
hagic cell death.

ABC294640 treatment effectively represses KSHV-induced
tumor growth in vivo

By using an established Kaposi sarcoma–like nude mice
model with TIVE-LTC (16), we tested the effect of ABC294640
on KSHV-induced tumor growth in vivo. We injected TIVE-LTC
(5 � 105 cells 1:1 with growth factor-depleted Matrigel) sub-
cutaneously into the right and left flanks of nude mice, respec-
tively. When tumors reached 10–15 mm in diameter (�1.5
weeks), mice received in situ subcutaneous injection with either
vehicle or ABC294640 (50 mg/kg of body weight), 5 days/week.
The mice were observed every 2–3 days and palpable tumors
were measured for additional 3 weeks. Our results indicated that
ABC294640 treatment significantly repressed tumor growth in
mice while the vehicle had no effects (Fig. 5A). After 3-week
treatment, the tumors isolated from ABC294640-treated mice
had significantly smaller size than those from vehicle-treated

mice (Fig. 5B). IHC analysis confirmed the increased expression
of LC3B, while the reduced expression of cellular proliferation
indicator, Ki67, within tumor tissues from representative
ABC294640-treated mice when compared with those from
vehicle-treated mice (Fig. 5C). We then compared the expression
of SphK2 and EGR1 within tumor tissues from representative
vehicle- or ABC294640-treated mice by using immunoblots. We
found that ABC294640 treatment reduced SphK2 while increas-
ing EGR1 expression in vivo (Fig. 5D).

Discussion
Our previous studies showed that targeting SphK2 by a novel

inhibitor, ABC294640, selectively induced the apoptosis of
KSHV-infected primary endothelial cells (pDMVEC; ref. 13). In
contrast, here we found that ABC294640 induced autophagic
death of KSHV stably infected immortalized TIVE-LTC instead of
apoptosis, implying different cellular response to ABC294640 by
these KSHV-infected endothelial cells. Notably, only TIVE-LTC
but not uninfected parental TIVE cells can form Kaposi sarcoma–
like tumor in immunodeficiency mice (15, 16). Therefore, future
work will focus on the mechanisms of cellular contents related to
different programmed cell death caused by ABC294640. In fact,

Figure 3.

Transcriptomic analysis of gene profile altered within TIVE-LTC exposed to ABC294640. A and B, The HumanHT-12 v4 Expression BeadChip was used to detect
gene profile altered within ABC294640 (60 mmol/L)-treated TIVE-LTC when compared with vehicle-treated cells. The transcriptional levels of selected 5 candidate
genes significantly upregulated or downregulated in microarray data were validated by using qRT-PCR, respectively. Error bars, SD from three independent
experiments. C and D, The enrichment analysis of gene profile altered by ABC294640 was performed using the MetaCore Software Modules of Gene
Ontology Processes and Process Networks.
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KSHV infection itself has been found connected to host cell
autophagy. Lee and colleagues have reported that KSHV-encoded
viral FLICE-like inhibitor protein (vFLIP) can suppress autophagy
by preventing Atg3 from binding and processing LC3 (31). As a
consequence, vFLIP expression effectively represses autophagic
death induced by the mTOR inhibitor, rapamycin (31). Another
recent study reveals that KSHV-encoded vCyclin and vFLIP pro-
teins can induce or block autophagy and oncogene-induced
senescence (OIS) process, respectively (32). In addition, KSHV
infection can activate STAT3, which correlates with a decreased of
autophagy in dendritic cells, as indicated by LC3B reduction and
p62 accumulation (33). Therefore, it will be interested to under-
stand which and how individual KSHV-encoded protein is
involved in ABC294640-induced autophagic death of TIVE-LTC.

In this study, we found that ABC294640 treatment mainly
increased LC3B and reduced p62 expression, but not Atg5, Atg12,
Beclin-1, through the upregulation of EGR1, while silencing of
Egr1 downregulated LC3B, Atg5, Atg12, which implying addi-
tional negative regulators or compensated mechanisms are

involved in the regulation of Atg5 and Atg12 expression from
ABC294640-treated TIVE-LTC cells. ABC294640 exhibits little or
no inhibitory activity for SphK1 at the concentrations up to
100 mmol/L (10) that exceeding those used in our in vitro studies,
so our current study only focuses on SphK2. However, it will
be interesting to investigate the role of SphK1 contributed to
KSHV-infected cell survival and/or ABC294640-induced cell
death in future study.

Our lipidomics analysis data indicated that ABC294640
treatment caused the accumulation of endogenous ceramide
and dh-ceramide species within TIVE-LTC. Interestingly, it has
been shown that exogenous ceramide stimulates autophagy in
the human colon cancer HT-29 cells by increasing the accu-
mulation of endogenous ceramides (34). Our recent data
demonstrate that some exogenous ceramide or dh-ceramide
species can induce significant apoptosis of KSHVþ PEL cells
and effectively suppresses PEL tumor progression in vivo (35).
However, it remains unknown how the components or mole-
cules of sphingolipid metabolism can regulate KSHV-infected

Figure 4.

EGR1 is required for ABC294640-induced autophagic cell death within TIVE-LTC. A, TIVE-LTC were incubated with indicated concentrations of ABC294640
(ABC) or vehicle for 24 hours, then protein expression was measured using immunoblots. B and C, TIVE-LTC were first transfected with either negative
control siRNA (n-siRNA) or Egr1-siRNA for 48 hours, then incubated with 60 mmol/L of ABC294640 for 24 hours. The gene transcripts and protein expression were
measured by using qRT-PCR and immunoblots. D, TIVE-LTC were first transfected with either n-siRNA or Egr1-siRNA, LC3B-siRNA, Atg5-siRNA, respectively,
for 48 hours, then incubated with 60 mmol/L of ABC294640 for additional 24 hours. Cell viability was measured using flow cytometry. Error bars, SD from
three independent experiments. � , P < 0.05; �� , P < 0.01.
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cell survival, apoptosis, or autophagy. Also, we think that
ABC294640-induced autophagic cell death for TIVE-LTC may
involve other sphingolipid metabolism–independent mechan-
isms (or at least indirectly). Our recent transcriptomic analysis
indicates that some exogenous ceramides upregulate a cluster of
tumor suppressor genes (TSG) from KSHV-infected tumor cells,
which are closely related to tumor cell survival or growth (36).
Actually, ABC294640 has been reported to cause autophagic
responses in A-498 kidney carcinoma, PC-3 prostate, and MDA-
MB-231 breast adenocarcinoma cells (12). In addition, the
involvement of MEK/ERK pathway in the antitumor activity of
ABC294640wasdemonstratedbydecreased levels ofphospho-Akt
and phospho-ERK in ABC294640-treated A-498 cells (12). Even
though theAktandERKpathways canactivate themTORsignaling,
which blocks autophagy (37), ABC294640 did not significantly
decreasephospho-mTORlevels. Therefore, theautophagy inA-498
cells induced by ABC294640 does not result from changes in the
phosphorylation status of mTOR (12). However, the activities of
these cell proliferation/survival–related signaling pathways have
not been examined within ABC294640-treated TIVE-LTC,
although we have observed the dose-dependent suppression of

ERK, Akt, andNFkB p65 phosphorylationwithin KSHVþ PEL cells
exposed to ABC294640 (13).

Anticancer chemotherapy is usually administered as a combi-
nation of different drugs by specific schedules to avoid quick
occurrence of drug resistance (16). Previous studies have shown
that ABC294640 combined with drugs that induce the unfolded
protein response, such as proteasome inhibitors (e.g.,MG-132) or
HSP90 inhibitors (e.g., geldanamycin), can have synergistically
cytotoxic to cancer cells (12). This is probably because some
misfolded proteins are degraded by autophagy (38). Some pro-
teasome inhibitors such as bortezomib have been found to
effectively inhibit growth and induce apoptosis in KSHVþ PEL
cells (39, 40). Other studies have reported that HSP90 inhibitors
are efficacious against KSHV-related malignancies including
Kaposi sarcoma and PEL (41, 42). Moreover, using PU-H71
(a purine-scaffold HSP90 inhibitor) affinity capture and proteo-
mics analysis, many apoptosis and/or autophagy-related proteins
are identified inHSP90 interactomewithinKSHVþPEL cells (43).
Therefore, it is interesting to test the synergistic effects of
ABC294640 combined with these drugs on KSHV-induced tumor
growth in vivo.

Figure 5.

Targeting SphK2 by ABC294640 significantly represses KSHV-induce tumor growth in vivo. A and B, TIVE-LTC (5 � 105 cells 1:1 with growth factor-depleted
Matrigel) were injected subcutaneously into the right and left flanks of nude mice (4 mice per group), respectively. When tumors reached 10–15 mm in diameter
(�1.5 weeks), mice received in situ subcutaneous injection with either vehicle or ABC294640 (50 mg/kg), 5 days/week. The mice were observed and
measured every 2–3 days for the size of palpable tumors for additional 3 weeks. At the end of experiment, the tumors were excised from the site of injection for
subsequent analysis. The number 1–4 represents differentmice from the samegroup. Error bars, SD fromoneof two independent experiments. � ,P<0.05; �� ,P<0.01.
C and D, Protein expression in tumor tissues from representative mice was measured using the IHC or immunoblots assays as described in Materials and Methods.
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ABSTRACT
Although effective antiretroviral therapy (ART) sup-

presses HIV viral replication, prevents AIDS-related

complications, and prolongs life, a proportion of

patients fails to restore the patients’ CD4+ T cell

number to the level of healthy individuals. Increased

mortality and morbidity have been observed in these

patients. In the current study, we have investigated the

role of auto-IgGs in CD4+ T cell apoptosis and recovery in

a cross-sectional study. All HIV+ subjects were on viral-

suppressive ART treatment with a different degree of

CD4+ T cell reconstitution. Total auto-IgG binding on CD4+

T cell surfaces and its associated apoptosis and CD4+

T cell recovery were analyzed by flow cytometry ex vivo.

Total IgGs from plasma were tested for their binding

capacities to CD4+ T cell surfaces and their mediation to

CD4+ T cell death through NK cell cytotoxicity in vitro. HIV+

subjects had increased surface binding of auto-IgGs on

CD4+ T cells compared with healthy controls, and IgG

binding was associated with elevated CD4+ T cell

apoptosis in HIV+ subjects but not in healthy controls.

Plasma IgGs from HIV+ subjects bound to CD4+ T cells

and induced cell apoptosis through NK cytotoxicity in

vitro. Soluble CD4 (sCD4) preincubation prevented

NK cell-mediated CD4+ T cell death. Our results sug-

gest that plasma autoantibodies may play a role in

some HIV+ patients with poor CD4+ T cell recovery

under viral-suppressive ART. J. Leukoc. Biol.

102: 000–000; 2017.

Introduction
The advent of ART has dramatically improved survival and
disease progression in HIV-infected individuals [1]. ART
treatment suppresses HIV viral replication, improves immune
function, restores peripheral CD4+ T cell counts, and decreases
morbidity and mortality [2–4]. However, long-term ART-treated
patients exhibit an increased risk of cardiovascular diseases,
cancer, osteoporosis, and other end-organ diseases [5]. In-
complete CD4+ T cell reconstitution is mainly accounting for
these aging-like complications.
The mechanisms of incomplete CD4+ T cell recovery in HIV

disease have been studied extensively, including direct viral
cytopathogenicity, lymphoid fibrosis and thymic insufficiency [6,
7], indirect effects of persistent T cell activation and apoptosis
[8–10], gut mucosal dysfunction, and elevated levels of microbial
translocation and inflammation [11, 12]. However, the exact
mechanism is not fully understood.
In the current study, we examined the potential role of auto-

IgG binding on CD4+ T cell surfaces in HIV+ subjects after long-
term, viral-suppressive ART treatment. We found that CD4+ T cell
apoptosis was elevated in HIV+ subjects compared with healthy
controls. The percentage of auto-IgG binding on CD4+ T cell
surfaces was inversely correlated with CD4+ T cell counts in HIV+

subjects. IgGs from plasma of HIV+ subjects induced CD4+ T cell
death through NK cytotoxicity (ADCC) in vitro. sCD4 protein
preincubation prevented IgG-mediated CD4+ T cell death. Our
results suggest that autoantibody-mediated CD4+ T cell death
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may reveal an important mechanism of incomplete immune recovery
in virologically suppressed HIV disease.

MATERIALS AND METHODS

Study subjects
Sixteen healthy controls and 26 HIV+ ART-treated, aviremic, HIV-infected
subjects were evaluated in a cross-sectional study. The clinical characteristics
are shown in Table 1. All HIV+ patients had been on ART treatment and had
undetectable plasma HIV-1 RNA (,50 copies/ml) for at least 2 yr. The clinical
characteristics of patients were shown in our previous study [13]. This study
was approved by the Institutional Review Board from the Medical University of
South Carolina.

Flow cytometry
The fluorochrome-labeled mAb used in this study included the following: anti-
human CD3 (OKT3), anti-human CD4 (RPA-T4), anti-human CD8 (RPA-T8),
anti-human CD27 (M-T271), anti-human CD45RA (HI100), annexin V (BD
Pharmingen; BD Biosciences, San Jose, CA, USA), Ghost Dye Red 780 (Tonbo
Biosciences, San Diego, CA, USA), and isotype control antibodies (BD
Pharmingen; BD Biosciences). Cells were collected by a BD FACSVerse flow
cytometer (BD Biosciences), and data were analyzed by FlowJo software
(version 10.0.8; Ashland, OR, USA).

CD4 surface-bound IgG ex vivo
Plasma was isolated by centrifugation of EDTA-contained blood, aliquoted,
and stored at 280°C. PBMCs were isolated over a Ficoll-Paque, and freshly
isolated PBMCs were used for annexin V assays (see Fig. 1). Thawed PBMC
samples were used for detecting surface-bound IgG on CD4+ T cells
(see Fig. 2B and C). Fluorescent-labeled antibodies were incubated with
PBMCs at 4°C for 30 min for surface staining, and the cells were washed and
stained with annexin V and then analyzed by flow cytometry immediately.

CD4 surface-bound IgG detection using plasmas in vitro
PBMCs from a healthy control donor were cultured with PHA (2 mg/ml) at
37°C for 24 h, and plasma from HIV+ subjects or healthy controls was
inactivated at 56°C for 30 min. Then, PHA-stimulated PBMCs (5 3 105 cells)
were treated with 2.5 ml plasma in 50 ml buffer at 4°C for 60 min. After
washing 33 with PBS, 50 ml aqua blue (Thermo Fisher Scientific, Waltham,
MA, USA) was used at 4°C for 20 min to exclude dead cells. Next, 50 ml
antibody cocktail containing anti CD3-PerCP (OKT3), CD4-BV421 (RPA-T4),
CD8-PE-Cy7 (RPA-T8), CD27-APC-Cy7 (M-T271), CD45RA-FITC (HI100),
IgM-APC (G20-127), and IgG-PE (G18-145) was surface stained at 4°C for
30 min. The cells were washed and analyzed by flow cytometry.

NK-mediated ADCC
CD4+ T cells and NK cells were isolated from aviremic, ART-treated HIV+

subjects or healthy controls for cytolysis and apoptosis assay. In brief, NK cells

were isolated from PBMC using an NK cell enrichment kit (Stemcell
Technologies, Vancouver, BC, Canada) and CD4+ T cells were isolated from
PBMC using a CD4 cell enrichment kit (Stemcell Technologies). The purities
of CD4+ T cells were above 93%, and the purities of NK cells were above 93%.

We pretreated CD4+ T cells with sCD4 (Progenics Pharmaceuticals, New
York, NY, USA) at a concentration of 25 mg/ml at 4°C for 60 min and stained
with anti-CD4 antibody eBioscience eFluor 670 (Thermo Fisher Scientific).
CD4+ T cells were pretreated with sCD3 (Abcam, Cambridge, MA, USA) at a
concentration of 25 mg/ml as Control 1. Anti-CD4 mAb (zanolimumab, 6G5)
was cultured with CD4+ T cells for 15 min and then treated with sCD4 (the
concentration of 6G5:sCD4 is 1:5) as Control 2. 6G5 (5 mg/ml), cultured with
CD4+ T cells without sCD4 or sCD3, was set as a positive control. Next, CD4+ T cells
were cultured with autologous NK cells at a 3:1 ratio in Corning 96-well, V-bottom
plates (Millipore-Sigma, St. Louis, MO, USA). The CD4+ T cell cultures, in the
absence of 6G5, sCD4, sCD3, and NK cells, were served as the additional negative
controls. After incubation, CaCl2 buffer and annexin V were added to the
medium, which contained a constant number of flow cytometry particles (5 3

104/ml; AccuCount blank particles, 5.3 mm; Spherotech, Lake Forest, IL, USA).
A constant number of particles (2.5 3 103) were counted during cytometry
acquisition to normalize the number of CD4+ T cells. The percentage of cytolysis
was calculated using the following formula: %cytolysis = [(number of CD4+ T cells
of negative control)2 (number of CD4+ T cells in the presence of anti-CD4 IgGs,
sCD4, or sCD3)]/(number of CD4+ T cells of negative control) 3 100. Cell
apoptosis was analyzed by annexin V binding.

Statistical analysis
All data were analyzed and graphed using GraphPad Prism 6.0 (GraphPad
Software, La Jolla, CA, USA) and SPSS (Version 23; IBM, Armonk, NY, USA).
Statistical significance between 2 groups was determined by the Mann-Whitney
U test (nonparametric) and the ANOVA test (paired test) for 3 or more
groups. Associations between pairs of continuous variables were analyzed by
Spearman correlation tests.

RESULTS

CD4+ T cells are highly apoptotic and depleted in
viral-suppressed, ART-treated HIV+ subjects ex vivo
The absolute count and frequency of CD4+ T cell subsets
were assessed by flow cytometry. Total CD4+ T cell, mCD4+

T cell (CD3+CD4+CD45RA2CD27+/2), and nCD4+ T cell
(CD3+CD4+CD45RA+CD27+) absolute counts were still not fully
recovered, even after long-term ART treatment in some HIV+

subjects compared with healthy control (Fig. 1A and B; P , 0.05).
T Cell apoptosis is an important immunologic parameter for HIV
disease progression [14]. In untreated HIV patients, T cells undergo
apoptosis, leading to an eventual T cell decline [15]. In this study,
we analyzed CD4+ T cell apoptosis using fresh blood samples.
Consistent with the decline of CD4+ T cell counts, CD4+ T cells,
including both nCD4+ and mCD4+ T cells from HIV+ subjects,

TABLE 1. Clinical characteristics

Characteristic Healthy control HIV+/ART treated P

Total no. of subjects 16 26
Sex, male/female 5/16 17/26 0.07
Age 38 (32–52) 43 (34–52) 0.99
CD4+ T cell counts 765 (523–936) 540 (366–720) 0.02
Nadir CD4+ T cell counts 294 (193–458)
Years of ART 9 (6–11)

CD4+ T cell counts (cells per microliter). Data are medians (interquartile ranges).
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experienced increased frequencies of T cell apoptosis compared
with those from healthy controls (Fig. 1C and D). These results
suggest that CD4+ T cells are not fully recovered, and their function
is not normal, even after long-term, viral-suppressive ART treatment.

Increased surface-bound IgG on CD4+ T cells is
associated with increased CD4+ T cell apoptosis in HIV+

subjects under viral-suppressed ART treatment
Increased surface binding of IgG on CD4+ T cells and elevated
levels of apoptotic IgG+CD4+ T cells have been reported in
HIV-infected patients with hemophilia, suggesting that attach-
ment of IgG to CD4+ T cells may be associated with cell apoptosis
[16]. To determine whether IgG-bound CD4+ T cells could be
detected in aviremic, ART-treated patients, we analyzed the
percentages of surface IgG binding on CD4+ T cells using anti-
total IgG antibodies. Notably, we observed increased frequencies
of IgG surface binding on both mCD4+ and nCD4+ T cells in
HIV+ subjects compared with healthy controls (Fig. 2B; P ,
0.05). Moreover, nCD4+ T cells had a higher frequency of IgG
surface binding compared with mCD4+ T cells in both healthy
controls and HIV+ subjects (Fig. 2B; P , 0.05).
Next, we chose samples with relatively higher frequencies of auto-

IgG binding on total CD4+ T cells (above 5 percentile in patients)
and tested annexin V binding. We found that apoptosis was elevated
in IgG+CD4+ T cells compared with IgG2CD4+ T cells (Fig. 2C).
Importantly, the percentage of IgG binding on CD4+ T cells was
inversely correlated with the absolute CD4+ T cell counts in HIV+

subjects (r = 20.476, P = 0.016) but not in healthy controls (r =
0.093, P = 0.74; Fig. 2D). These results suggest that auto-IgG binding
on CD4+ T cells may contribute to CD4+ T cell apoptosis and
depletion in ART-treated HIV disease in vivo.
Furthermore, to investigate the role of auto-IgGs from plasma of

HIV+ subjects in CD4+ T cell apoptosis and recovery, total IgGs
from plasma were tested for their binding abilities on CD4+ T cell
surfaces in vitro. Consistent with the amount of auto-IgGs on CD4+

T cell surfaces ex vivo, the amount of auto-IgGs bound to CD4+

T cells was increased significantly in plasma from ART-treated

Figure 2. Surface-bound IgG on CD4+ T cells and its association with cell apoptosis and recovery in HIV ex vivo. The percentages of IgG+ on CD4+

T cells and annexin V binding were analyzed by flow cytometry. (A) Representative dot plots showing the gating strategies were used to assess gating
strategies of anti-IgG antibody surface binding and cell apoptosis (annexin V) on mCD4+ T cells and nCD4+ T cells. (B) The median frequencies of surface-
bound IgG on mCD4+ T cells and nCD4+ T cells among healthy controls and HIV+ subjects ex vivo. (C) The median frequencies of annexin V binding on
IgG+ and IgG2 CD4+ T cell subsets in HIV+ subjects (50 percentile above the frequencies of auto-IgG binding on CD4+ T cells in patients). (D) The
correlations between surface-bound IgG and peripheral CD4+ T cell counts in HIV+ subjects and healthy controls. Mann-Whitney U test (nonparametric)
and Spearman correlation tests. SSC-A, Side-scatter-area; FSC-A, forward-scatter-area; FSC-H, forward-scatter-height; SSC-H, side-scatter-height.

Figure 1. The absolute CD4+ T cell counts and percentages of CD4+

T cell apoptosis ex vivo. The median absolute counts of total CD4+

T cells (A) and nCD4+ (CD3+CD4+CD45RA+CD27+), and mCD4+

(CD3+CD4+CD45RA2CD27+/2) T cells (B) in healthy controls and HIV+

subjects ex vivo. The median percentages of annexin V binding on total
CD4+ T cells (C) and nCD4+ and mCD4+ T cells (D) in healthy controls
and HIV+ subjects ex vivo. Mann-Whitney U test (nonparametric).

Luo et al. Auto-IgGs in HIV pathogenesis

www.jleukbio.org Volume 102, December 2017 Journal of Leukocyte Biology 3
 Vol.,  No. , pp:, November, 2017Journal of Leukocyte Biology. 128.23.162.77 to IP www.jleukbio.orgDownloaded from 

http://www.jleukbio.org
http://www.jleukbio.org/


HIV+ subjects compared with healthy controls (Fig. 3A). To
determine if the presence of auto-IgGs antibodies was represented
specifically on CD4+ T cells, we assayed auto-IgGs on CD8+ T cells.
Notably, plasma levels of IgG binding on anti-CD8+ T cells were
not significantly different between healthy controls and HIV+

subjects (Fig. 3B; P. 0.05). Moreover, the frequencies of auto-IgG
binding on CD8+ T cells were 0.936 0.47 vs. 1.356 0.94 in healthy
controls and HIV+ subjects separately (means 6 SD), which were
much lower than those on CD4+ T cells (3.34 6 1.11 vs. 4.45 6
1.84 in healthy controls and HIV+ subjects separately; Fig. 3A
and B).

NK cells purified from ART-treated HIV+ subjects
exhibit cytotoxicity to CD4+ T cells via
surface-bound auto-IgGs
To analyze further the potential impact of surface autoantibodies
on CD4+ T cells, we purified NK cells and CD4+ T cells from ART-
treated, HIV-infected subjects that had high amounts of autoan-
tibody on the CD4+ T cell surface (above 5 percentile; Fig. 3A) or
from healthy controls. Anti-CD4 IgGs (zanolimumab 6G5, a
human mAb) served as the positive control. Surprisingly, coculture
NK cells with autologous CD4+ T cells from HIV+ subjects resulted
in the increases of CD4+ T cell apoptosis and cytolysis compared
with cells from healthy controls (Fig. 4A and B).
To determine if the increased CD4 apoptosis is the result of

greater proportions of auto-IgG antibodies, NK activation, or CD4+

T cell susceptibility, we cultured NK cells and autologous CD4+

T cells with purified total IgGs (50 mg/ml); the cells were from low
auto-IgG HIV+ subjects or from healthy controls. Total IgGs were
isolated from plasma of high auto-IgG HIV+ patients or healthy
controls. Zanolimumab-6G5 antibody (5 mg/ml) was used a
positive control. The CD4+ T cells and NK cells from HIV+ subjects
were more sensitive than those from healthy controls in the
presence of patients’ IgGs (Fig. 4C and D; P = 0.0002). Notably,
there was no significant induction of CD4+ T cell cytolysis in
autologous NK cells and CD4+ T cells from healthy controls,
cultured with total IgG either from controls or from high auto-IgG
HIV+ subjects. There was also no significant induction of CD4+

T cell cytolysis in autologous NK cells and CD4+ T cells from HIV+

patients in the presence of total IgG from healthy controls (Fig.
4E). However, when autologous CD4+ T cells and NK cells from
HIV+ subjects were cultured with total IgG from high auto-IgG
HIV+ subjects, the induction of CD4+ T cell cytolysis was observed
(Fig. 4E). These results may suggest that NK activation, CD4+

T cell susceptibility, and concentration of autoantibodies are all
important for the induction of CD4+ T cell death.
To determine the antibody-binding specificity that mediated

CD4+ T cell death from HIV+ subjects and whether this process is
specific to CD4+ T cells, we assessed CD4+ T cell apoptosis and
cytolysis after treatment with sCD4. Our results showed that the
positive control anti-human mAb 6G5 mediated ADCC against
CD4+ T cells, and sCD4 completely inhibited this effect (Fig. 4F and
G). Furthermore, coculture of autologous NK cells and CD4+ T cells
from HIV+ subjects resulted in NK-mediated CD4+ T cell death, and
sCD4 significantly reduced this effect (Fig. 4F and G). Unlike sCD4,
sCD3 failed to protect the CD4+ T cells of HIV+ subjects from death
(Fig. 4F and G). These results implied that NK cell-mediated CD4+

T cell death in HIV disease is through CD4 binding.

DISCUSSION

In the current study, we found that elevated surface IgG binding
on CD4+ T cells was inversely correlated with peripheral CD4+

T cell counts in aviremic, ART-treated subjects, and autoanti-
bodies from plasma of HIV+ subjects induced CD4+ T cell death
through NK-mediated ADCC and CD4 surface binding. These
results suggest a possible role of these antibodies in incomplete
immune reconstitution in HIV disease.
Previous studies in SIV and HIV have shown inverse

correlations between plasma or serum autoantibody levels and
peripheral CD4+ T cell counts, suggesting that autoantibodies
against surface antigens on CD4+ T cells may play a role in
CD4+ T cell decline [16–19]. However, these studies only
investigated autoantibodies of diverse surface proteins on
CD4+ T cells in untreated HIV patients or animal models. In
the current study, we show clear evidence that even after long-
term, viral-suppressive ART treatment, autoantibodies that
bind onto CD4+ T cell surfaces are not only present but also
facilitate CD4+ T cell death by NK cell-mediated ADCC. The
different results between previous studies and ours can be a
result of different patient populations (ART-naı̈ve patients in
previous studies vs. aviremic, ART-treated patients in our
study). Although autoimmune diseases may present in the
stage of acute HIV infection, they mainly occur in the
immunologic reconstitution phase after ART [20, 21],
suggesting that B cells may produce pathologic autoantibodies
during immunologic recovery under ART.
The mechanism of NK cell-mediated ADCC against CD4+

T cells in vitro (Fig. 4E–G) may be a result of auto-IgG-activated
NK cytotoxicity against IgG+CD4+ T cells. In addition, the
inhibition effect of sCD4 indicates CD4-specific binding. There-
fore, the percentages of NK cell-induced CD4+ T cell death in
vitro were low from HIV+ subjects (Fig. 4E–G; interquartile
ranges, 2–5%); however, the long-term effect of NK cells in CD4+

T cell recovery can be significant in vivo.

Figure 3. Binding abilities of auto-IgGs from plasma to CD4+ T cell
surfaces in vitro. Total IgGs from plasmas of healthy controls and HIV+

subjects were cocultured with PBMCs from the same donor; surface
IgG binding was tested by flow cytometry. (A) The median frequencies
of IgG binding on nCD4+ and mCD4+ T cells of plasmas from healthy
controls or HIV+ subjects. (B) The median frequencies of IgG binding
on CD8+ T cells of plasmas from healthy controls or HIV+ subjects.
Mann-Whitney U test (nonparametric).
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Unlike HIV patients, healthy individuals have a low level of
autoantibody bound to the surface of CD4+ T cells, but their
cocultured NK cells did not induce cell death of autologous CD4+

T cells in vitro, suggesting a nonpathologic role of autoantibodies
in plasma of healthy controls [22]. In addition, CD4+ T cells from
HIV+ subjects may be more susceptible to NK-mediated
cytotoxicity compared with controls [23]. Consistently, our
recent study showed that NK cells are activated in HIV patients
with CD4+ T cell counts #350 cells/ml compared with healthy
individuals and that the percentages of activated NK cells were
inversely correlated with CD4+ T cell counts [24]. Notably, sCD4
but not sCD3 inhibited CD4+ T cell death induced by coculturing
with autologous NK cells and autoantibodies, indicating a CD4-
specific, autoantibody-mediated ADCC effect. However, whether
other autoantibodies against surface antigens on CD4+ T cells
also play a role in the ADCC needs to be explored further.
The source of the autoantibodies against CD4+ T cells still

needs to be addressed. Notably, in recent studies found in lymph
nodes and tissues, HIV still actively replicates, even in patients
with complete viral suppression under ART [25]. As a conse-
quence, HIV may lead to CD4+ T cell death directly or indirectly.
At the same time, the lower frequencies of macrophages and
impaired macrophage function in HIV-infected subjects [26]
failed to clear the apoptotic debris and immune complexes [27,
28], which may result in an increased level of self-antigens.
Furthermore, CD4 antigens from apoptotic CD4+ T cells or

released HIV protein-bound CD4 may accumulate in the lymph
nodes, providing the antigen stress for pathologic autoantibody
generation in HIV patients after ART treatment.
In summary, we found that autoantibodies from HIV patients

mediated ADCC against CD4+ T cells through NK cytotoxicity. This
may lead to incomplete CD4+ T cell reconstitution from ART.
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Lipids are essential for mammalian cells to maintain many physiological functions. Emerging
evidence has shown that cancer cells can develop specific alterations in lipid biosynthesis and
metabolism to facilitate their survival and various malignant behaviors. To date, the precise role of
cellular lipids and lipid metabolism in viral oncogenesis is still largely unclear with only a handful
of  literature  covering this  topic  to  implicate  lipid  metabolism in  oncogenic  virus associated
pathogenesis. In this review, we focus on the role of lipid biosynthesis and metabolism in the
pathogenesis of the Kaposi’s sarcoma-associated herpesvirus, a common causative factor for
cancers arising in the immunocompromised settings.

KEYWORDS      Kaposi’s sarcoma-associated herpesvirus (KSHV); herpesvirus; lipid metabolism

INTRODUCTION

Kaposi’s sarcoma-associated herpesvirus (KSHV, also
known as human herpes virus-8, HHV8) is the causative
agent for a number of cancers, including Kaposi’s
sarcoma (KS), primary effusion lymphoma (PEL) and
multicentric Castleman disease (MCD), all of which
arise preferentially in immunocompromised patients
(Chang et al., 1994; Cesarman et al., 1995; Soulier et al.,
1995). Currently, there are four KS isoforms: classic KS

affecting elderly men of the Mediterranean; endemic KS,
existing in some countries of Central and Eastern Africa;
iatrogenic KS, which usually develops in organ transplant
recipients with immunosuppression; and epidemic or
AIDS-KS, which typically presents with more aggressive
features (Mesri et al., 2010). Even though the combined
antiretroviral therapy (cART) helps to reduce the total
incidence of KS in the western world, KS is still the most
common AIDS-associated malignancy and a leading
cause of cancer-related morbidity and mortality in AIDS
patients (Bonnet et al., 2004). PEL is a B-cell malignancy
harboring KSHV which arises preferentially within the
pleural or peritoneal cavities of immunocompromised
patients (Cesarman et al., 1995). PEL is a rapidly
progressing malignancy with a median survival time of
approximately 6 months, even after the combinational
chemotherapy (Chen et al., 2007). KSHV-associated
MCD is a rare lymphoproliferative disorder that frequently
arises in HIV+ patients who have a suppressed HIV
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activity and a relatively preserved CD4 count (Wang et
al., 2016). Like other herpesviruses, KSHV establishes a
lifelong infection in the host utilizing two major distinct
phases: latent infection and lytic replication. During the
latent infection–the predominant phase in the majority of
infected cells–only a limited number of viral genes are
expressed. Provocation by a variety of stimuli induces
lytic replication, resulting in new virion assembly and
release of infectious viral particles (Schulz, 2006). Pre-
vious studies suggest that the oncogenic potential of
KSHV is largely dependent upon genes expressed during
the viral latency, however, recent data demonstrate that
the viral lytic reactivation is critical for infection of naïve
cell targets, maintenance of the KSHV reservoir, and
tumor development (Aluigi et al., 1996; Lebbe et al.,
1997; Grundhoff and Ganem, 2014;).

Lipids form a diverse group of water-insoluble mo-
lecules that include triacylglycerides, phosphoglycerides,
sterols and sphingolipids. Lipids are essential for mam-
malian cells to maintain their physiological functions.
For instance, fatty acids are the major building blocks for
the synthesis of triacylglycerides during the process of
energy storage. Phosphoglycerides, together with sterols
and sphingolipids are the major structural components of
cellular membranes. In addition, lipids as second mes-
sengers and hormones also play important roles in many
signal transduction pathways. For example, lipids in the
cellular membranes have been linked to the functions of
several signal transduction pathways, including immuno-
globulin E signaling (Sheets et al., 1999), T-cell antigen
receptor signaling (Janes et al., 2000), glial-cell-derived
neurotrophic factor (GDNF) signaling (Tansey et al.,
2000), Ras signaling (Roy et al., 1999) and Hedgehog
signaling (Porter et al., 1996). Accumulating evidence
has shown that cancer cells develop specific alterations
in different aspects of lipid metabolism to facilitate their
survival and various malignant behaviors. To date, there
are only a handful of studies describing how an oncogenic
virus such as KSHV can manipulate host cellular lipid
biosynthesis and metabolism to promote viral infection,
pathogenesis, and tumorigenesis. In the current review,
we summarize recent findings in this new area of KSHV
research.

ROLE OF LIPIDS IN THE PRIMARY AND
LATENT KSHV INFECTION

In cell culture, KSHV is able to infect various types of
human cells, such as B cells, endothelial cells, epithelial
cells, and fibroblasts (Dai et al., 2012; Fontana et al.,
2014; Kang and Myoung, 2017). Several membrane pro-
teins including heparin sulfate proteoglycan (HSPG),
DC-SIGN, integrin α3β1/αvβ3, EphA2 and xCT can
act as cellular receptors for KSHV infection in a cell

type-dependent manner (Birkmann et al., 2001; Akula et
al., 2002; Kaleeba and Berger, 2006; Rappocciolo et al.,
2006; Garrigues et al., 2008; Hahn et al., 2012). After
binding with these receptors, KSHV can induce the
phosphorylation of focal adhesion kinase (FAK) which
subsequently leads to the activation of Src, phosphatidy-
linositol 3-kinase (PI3-K), protein kinase C-ζ (PKC-ζ),
Rho-GTPases, mitogen-activated protein kinase kinase
(MEK), and extracellular signal regulated kinase 1/2
(ERK1/2) (Naranatt et al., 2003; Sharma-Walia et al.,
2004; 2005). Activation of these signaling cascades can
facilitate virus entry, its movement in the cytoplasm, and
the nuclear delivery of viral DNA. Many of these KSHV
induced signaling molecules are associated with lipid
rafts micro-domains in the membrane. Previously, Raghu
et al. reported that lipid rafts of endothelial cells play
critical roles in KSHV infection and gene expression
(Raghu et al., 2007). They found that disruption of lipid
rafts by methyl β-cyclo dextrin (MβCD) or nystatin
significantly inhibited the expression of viral latent gene,
Lana (Latency-associated nuclear antigen), and the lytic
gene, Rta (Replication and transcription activator). Lana
is the only viral protein consistently expressed in all KS-
associated malignancies (Dupin et al., 1999) and its
major function is to maintain the viral episome in the
latently-infected cells (Ballestas et al., 1999; Avey et al.,
2015). Rta is a key viral protein initially controlling virus
“latent to lytic” switch (Sun et al., 1998). The inhibition
of Lana and Rta expression was mainly achieved by
suppressing the KSHV-induced PI3-K and RhoA-
GTPases activation and reducing the co-localizations of
PI3-K and RhoA-GTPases with lipid rafts (Raghu et al.,
2007). Since disruption of lipid rafts did not affect
KSHV binding and viral DNA internalization, the
authors concluded that lipid rafts are mainly required for
KSHV-induced microtubule dynamics, virus movement
in the cytoplasm, nuclear delivery of viral DNA, and
viral gene expression (Raghu et al., 2007). A later study
from the same group indicates that at a very early time-
point during infection (~1 min post-infection), an adaptor
protein, c-Cbl, can induce the selective translocation of
KSHV into the lipid rafts along with the α3β1, αVβ3,
and x-CT receptors, leading to a productive infection
(Chakraborty et al., 2011). Knock-down of c-Cbl was
found to inhibit KSHV infection by preventing micro-
pinocytosis and selective virus-receptor translocation,
with KSHV being diverted toward a clathrin-lysosomal
noninfectious pathway.

One recent study has shown that KSHV infection can
activate several components of the lipoxygenase pathway,
including 5-lipoxygenase (5LO), leukotriene (LT) A4 hy-
lase (LTA4H), and leukotriene B4 (LTB4), a chemo-
tactic lipid mediator of the 5LO pathway (Sharma-Walia
et al., 2014). Interestingly, blocking the 5LO/LTB4
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cascade can inhibit the expression of KSHV-encoded lat-
ent protein Lana, the immunomodulatory protein K5, the viral
macrophage inflammatory protein 1 (MIP-1), and MIP-2
expression. Taken together, these results clearly indicate
that cellular lipids, lipid metabolism and related signal-
ing pathways are involved in KSHV primary infection and
subsequent latency establishment. Given its critical role in
KSHV infection cycle, the lipid pathway may represent a
promising “drug target” to manage KSHV infection.

ROLE OF LIPIDS IN KSHV REACTIVATION AND
LYTIC REPLICATION

Like latency, viral reactivation and lytic replication also
play important roles in KSHV oncogenesis. A recent
study has shown that reactivation can be induced by some
short-chain fatty acids (SCFAs) such as phenylbutyrate
through inhibiting histone deacetylase (HDAC) activities
(Gorres et al., 2014). Consistently, Yu et al. have found
that several SCFAs produced by periodontal pathogens
such as Porphyromonas gingivalis and Fusobacterium
nucleatum can also induce the KSHV lytic reactivation
by suppressing HDACs as well as two histone N-lysine
methyltransferases (HLMTs): enhancer of zeste homo-
log2 (EZH2) and suppressor of variegation 3–9 homo-
log1 (SUV39H1) (Yu et al., 2014). These findings in-
dicate that periodontal pathogens may create a unique mi-
croenvironment in the oral cavity, which in turns favors
KSHV replication and KS development. Indeed, oral
cavity involvement represents the initial manifestation of
KS in 20%–60% of HIV-associated cases (Flaitz et al.,
1997; Lager et al., 2003; Reichart 2003).

We recently reported that targeting sphingolipid meta-
bolism by either sphingosine kinase inhibitors or exogen-
ous ceramides can dramatically induce viral lytic genes
expression in KSHV-infected primary endothelial cells
or PEL cells (Qin et al., 2014; Dai et al., 2014, 2015).
Such induction is at least in part mediated by the sup-
pression of pro-latency viral microRNAs (e.g., miR-
K12-1 and miR-K12-11) as well as related signaling path-
ways (e.g., NF-κB) (Dai et al., 2014).

ROLE OF LIPIDS IN THE SURVIVAL OF KSHV-
INFECTED CELLS

Recent studies have shown that cellular lipids and lipid
metabolism can regulate the survival of KSHV-infected
primary and tumor cells. Having analyzed the metabolic
profiles of primary B cells and KSHV+ PEL cells, Bhatt
et al. found that KSHV+ PEL cells exhibit greater
aerobic glycolysis and fatty acid synthesis than primary
B cells (Bhatt et al., 2012). Meanwhile, the major lipid com-
ponents of eukaryotic cell walls (e.g., phosphatidylcholine
and phosphatidylethanolamine) are also more abundant

in PEL cells. The fatty acid synthase (FASN), a multi-
enzyme complex involved in the cellular lipids synthesis
(Kuhajda et al., 2000), is overexpressed in PEL cells.
Moreover, treatment of KSHV+ PEL cells with the FASN
inhibitor, C75, can reduce cell viability in a dose-dependent
manner (Bhatt et al., 2012).

Delgado et al. have utilized a metabolomic approach
to investigate the KSHV mediated global metabolic al-
terations in latently infected cells (Delgado et al., 2012).
They found that ~60 analyzed metabolites were altered
after latent infection. Among them, many long chain
fatty acids were affected due to the alteration of fatty
acid synthesis pathways. Previous studies have shown
that fatty acid synthesis is also required for the survival
of latently infected endothelial cells and inhibition of key
enzymes (e.g., acetyl-CoA carboxylase (Wang et al.,
2009) or FASN (Kuhajda et al., 2000)) in this pathway
led to apoptosis of infected cells. In contrast, addition of
palmitic acid (the fundamental fatty acid precursor) can
protect latently infected cells from the acetyl-CoA car-
boxylase inhibitor, 5-(Tetradecyloxy)-2-Furoic Acid
(TOFA)-induced cell death. The same group later repor-
ted that the KSHV latent infection also increases peroxi-
some biogenesis. Interestingly, the proteins involved in
peroxisomal lipid metabolism of very long chain fatty
acids, such as ABCD3 (a peroxisome-specific lipid trans-
porter) and ACOX1 (Acyl-CoA Oxidase 1, a peroxi-
somal enzyme), are required for the survival of latently
infected cells (Sychev et al., 2017).

Sphingolipid biosynthesis involves hydrolytic conver-
sion of ceramide to sphingosine. Subsequently, sphin-
gosine is phosphorylated by one of two sphingosine
kinase isoforms (SphK1 or SphK2) to generate bioactive
sphingosine-1-phosphate (S1P) (Ogretmen and Hannun,
2004) (Figure 1). The relative levels of ceramide and
S1P ultimately determine the fate of tumor cells, with ac-
cumulation of ceramides favoring apoptosis, and accu-
mulation of S1P favoring proliferation (Cuvillier et al., 1996;
Ogretmen and Hannun, 2004). SphK can be activated by
a variety of tumor-promoting cytokines and growth factors.
SphK activation is responsible for a rapid accumulation
of intracellular S1P and depletion of ceramide species
(Maceyka et al., 2002). S1P can subsequently bind to one
of five G protein-coupled S1P receptors (S1PR1-5) and
then activate diverse downstream signaling pathways
(Strub et al., 2010). Because of their pleiotropic roles,
bioactive sphingolipids have evolved as promising thera-
peutic targets for cancer treatment over the past two dec-
ades (Saddoughi et al., 2013). We have recently reported
that induction of intracellular ceramide using a novel
SphK2 inhibitor (ABC294640) or exogenous ceramide/
dihydro(dh)-ceramide species (e.g., C6-Cer or dhC16-
Cer) can effectively kill KSHV+ primary endothelial
cells or PEL tumor cells, but have little effect on KSHV
non-infected cell controls (e.g., naïve endothelial cells or
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B cells) (Qin et al., 2014; Dai et al., 2014, 2015). Fur-
ther, these compounds can also repress KSHV+ PEL tu-
mor progression in vivo and it is likely that this is medi-
ated through interfering with several cell survival/prolif-
eration-associated signaling pathways (e.g., MAPK/
ERK, Akt and NF-κB) and up-regulating viral lytic genes
and cellular tumor suppressor genes expression (Qin
et al., 2014; Dai et al., 2015; Cao et al., 2017). In addi-
tion, the KSHV mediated up-regulation of SphK2 (Dai et
al., 2014) may also help sensitize KSHV+ cells to sphin-
golipid targeted therapy.

LIPIDS AND KSHV- INDUCED
ANGIOGENESIS/TRANSFORMATION

One recent study revealed that neutral lipid (NL) content
is increased in KSHV-infected human umbilical vein
endothelial cells (HUVEC) (Angius et al., 2015). In
particular, triglyceride synthesis is boosted in the lytic
phase, whereas the cholesteryl ester synthesis rises in the
latent phase. Moreover, inhibition of cholesterol esteri-
fication significantly reduces neo-tubule formation mainly
in latently infected cells, indicating that a reprogramming
of cholesteryl ester metabolism is involved in KSHV-
mediated neo-angiogenesis and that it may also contribute

to the high metastatic potential of the derived-tumors.
It is believed that KSHV-encoded G protein-coupled

receptor (vGPCR) is a key molecule in the pathogenesis
of KS and that it plays a central role in promoting vascu-
lar endothelial growth factor-driven angiogenesis and
spindle cell proliferation (Montaner et al., 2003; Grisotto
et al., 2006; Wei et al., 2016). Several studies have
shown that 1 Alpha, 25-dihydroxyvitamin D3 [1 alpha,
25(OH)(2)D(3)] and its TX527 analog inhibit the growth
of vGPCR transformed endothelial cells in vitro and in
vivo. The inhibition effects are achieved through a com-
plex of mechanisms including an interaction with vitam-
in D receptor, down-regulation of the NF-κB pathway and up-
regulation of the pro-apoptotic protein, Bim (Gonzalez-
Pardo et al., 2010; 2012; 2013; Suares et al., 2015). Taken
together, these data indicate the importance of vitamin D
as a steroid signaling molecule in vGPCR-transformed
endothelial cell proliferation.

CONCLUSION

Our group and others have recently shown that cellular
lipids and lipid metabolism play important roles in KSHV-
infected cell survival, pathogenesis, and tumorigenesis
(summarized in Figure 2). Lipid research has become an

 

Figure 1. Targeting sphingolipid metabolism in KSHV-infected host cells. CerS, ceramide synthase; S1PP, S1P phos-
phatase; SphKs, sphingosine kinases; S1PRs, S1P receptors. ABC294640: A novel selective SPHK2 inhibitor; C6-Cer,
dhC16-Cer etc: exogenous short- or long-chain ceramides.
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exciting direction in the KSHV field. To date, it is still
largely unclear how this oncogenic virus manipulates
lipid biosynthesis and metabolism during de novo in-
fection and KSHV mediated tumor development. Clinically,
there are few data resulting from clinical trials testing the
effectiveness of lipids-targeted therapeutics for KSHV-
related malignancies. To the best of our knowledge,
there’s only one ongoing early phase trial for the evalua-
tion of ABC294640 in patients with refractory/relapsed
Diffuse Large B-cell Lymphoma (DLBCL) or Kaposi
Sarcoma (KS) directed by Dr. Suki Subbiah (NCT0222
9981). How to accelerate the “bench to bedside” transition
in this field is a key question needs to be addressed soon.

ACKNOWLEDGMENTS

This work was partially supported by grants from a DOD
Career Development Award (CA140437), the Louisiana
Clinical and Translational Science Center Pilot grants
(U54GM104940 from NIH), a LSU LIFT2 funding, a
NIH P20-GM121288-01 subproject, NIH RO1s (AI091526,
AI128864, AI101046, and AI106676) as well as awards
from the National Natural Science Foundation of China
(81472547, 81400164, 81672924 and 81772930). Funding
sources had no role in the study design, data collection/
analysis, decision to publish, and/or manuscript preparation.

COMPLIANCE WITH ETHICS GUIDELINES

The authors declare that they have no conflicts of interest.
This article does not contain any studies with human or
animal subjects performed by any of the authors.

REFERENCES

Akula SM, Pramod NP, Wang FZ, Chandran B. 2002. Integrin

alpha3beta1 (CD 49c/29) is a cellular receptor for Kaposi’s sar-
coma-associated herpesvirus (KSHV/HHV-8) entry into the tar-
get cells. Cell, 108: 407–419.

Aluigi MG, Albini A, Carlone S, Repetto L, De Marchi R, Icardi
A, Moro M, Noonan D, Benelli R. 1996. KSHV sequences in
biopsies and cultured spindle cells of epidemic, iatrogenic and
Mediterranean forms of Kaposi’s sarcoma. Res Virol, 147:
267–275.

Angius F, Uda S, Piras E, Spolitu S, Ingianni A, Batetta B, Pom-
pei R. 2015. Neutral lipid alterations in human herpesvirus 8-in-
fected HUVEC cells and their possible involvement in neo-an-
giogenesis. BMC Microbiol, 15: 74.

Avey D, Brewers B, Zhu F. 2015. Recent advances in the study of
Kaposi’s sarcoma-associated herpesvirus replication and patho-
genesis. Virol Sin, 30: 130–145.

Ballestas ME, Chatis PA, Kaye KM. 1999. Efficient persistence of
extrachromosomal KSHV DNA mediated by latency-associated
nuclear antigen. Science, 284: 641–644.

Bhatt AP, Jacobs SR, Freemerman AJ, Makowski L, Rathmell JC,
Dittmer DP, Damania B. 2012. Dysregulation of fatty acid syn-
thesis and glycolysis in non-Hodgkin lymphoma. Proc Natl
Acad Sci U S A, 109: 11818–11823.

Birkmann A, Mahr K, Ensser A, Yaguboglu S, Titgemeyer F,
Fleckenstein B, Neipel F. 2001. Cell surface heparan sulfate is a
receptor for human herpesvirus 8 and interacts with envelope
glycoprotein K8. 1. J Virol, 75: 11583–11593.

Bonnet F, Lewden C, May T, Heripret L, Jougla E, Bevilacqua S,
Costagliola D, Salmon D, Chene G, Morlat P. 2004. Malig-
nancy-related causes of death in human immunodeficiency vir-
us-infected patients in the era of highly active antiretroviral
therapy. Cancer, 101: 317–324.

Cao Y, Qiao J, Lin Z, Zabaleta J, Dai L, Qin Z. 2017. Up-regula-
tion of tumor suppressor genes by exogenous dhC16-Cer con-
tributes to its anti-cancer activity in primary effusion lymph-
oma. Oncotarget, 8: 15220–15229.

Cesarman E, Chang Y, Moore PS, Said JW, Knowles DM. 1995.
Kaposi’s sarcoma-associated herpesvirus-like DNA sequences
in AIDS-related body-cavity-based lymphomas. N Engl J Med,
332: 1186–1191.

Chakraborty S, ValiyaVeettil M, Sadagopan S, Paudel N, Chandran
B. 2011. c-Cbl-mediated selective virus-receptor translocations
into lipid rafts regulate productive Kaposi’s sarcoma-associated
herpesvirus infection in endothelial cells. J Virol, 85: 12410–
12430.

 

Lu Dai et al.
 

www.virosin.org OCTOBER 2017   VOLUME 32  ISSUE 5  373



Chang Y, Cesarman E, Pessin MS, Lee F, Culpepper J, Knowles
DM, Moore PS. 1994. Identification of herpesvirus-like DNA
sequences in AIDS-associated Kaposi’s sarcoma. Science, 266:
1865–1869.

Chen YB, Rahemtullah A, Hochberg E. 2007. Primary effusion
lymphoma. Oncologist, 12: 569–576.

Cuvillier O, Pirianov G, Kleuser B, Vanek PG, Coso OA, Gutkind
S, Spiegel S. 1996. Suppression of ceramide-mediated pro-
grammed cell death by sphingosine-1-phosphate. Nature, 381:
800–803.

Dai L, Plaisance-Bonstaff K, Voelkel-Johnson C, Smith CD,
Ogretmen B, Qin Z, Parsons C. 2014. Sphingosine kinase-2
maintains viral latency and survival for KSHV-infected en-
dothelial cells. PLoS One, 9: e102314.

Dai L, Qin Z, Defee M, Toole BP, Kirkwood KL, Parsons C.
2012. Kaposi sarcoma-associated herpesvirus (KSHV) induces
a functional tumor-associated phenotype for oral fibroblasts.
Cancer Lett, 318: 214–220.

Dai L, Trillo-Tinoco J, Bai A, Chen Y, Bielawski J, Del Valle L,
Smith CD, Ochoa AC, Qin Z, Parsons C. 2015. Ceramides pro-
mote apoptosis for virus-infected lymphoma cells through in-
duction of ceramide synthases and viral lytic gene expression.
Oncotarget, 6: 24246–24260.

Delgado T, Sanchez EL, Camarda R, Lagunoff M. 2012. Global
metabolic profiling of infection by an oncogenic virus: KSHV
induces and requires lipogenesis for survival of latent infection.
PLoS Pathog, 8: e1002866.

Dupin N, Fisher C, Kellam P, Ariad S, Tulliez M, Franck N, van
Marck E, Salmon D, Gorin I, Escande JP, Weiss RA, Alitalo K,
Boshoff C. 1999. Distribution of human herpesvirus-8 latently
infected cells in Kaposi’s sarcoma, multicentric Castleman’s
disease, and primary effusion lymphoma. Proc Natl Acad Sci U
S A, 96: 4546–4551.

Flaitz CM, Jin YT, Hicks MJ, Nichols CM, Wang YW, Su IJ.
1997. Kaposi’s sarcoma-associated herpesvirus-like DNA se-
quences (KSHV/HHV-8) in oral AIDS-Kaposi’s sarcoma: a
PCR and clinicopathologic study. Oral Surg Oral Med Oral
Pathol Oral Radiol Endod, 83: 259–264.

Fontana JM, Mygatt JG, Conant KL, Parsons CH, Kaleeba JA.
2014. Kaposi’s Sarcoma-Associated Herpesvirus Subversion of
the Anti-Inflammatory Response in Human Skin Cells Reveals
Correlates of Latency and Disease Pathogenesis. J Skin Cancer,
2014: 246076.

Garrigues HJ, Rubinchikova YE, Dipersio CM, Rose TM. 2008.
Integrin alphaVbeta3 Binds to the RGD motif of glycoprotein B
of Kaposi’s sarcoma-associated herpesvirus and functions as an
RGD-dependent entry receptor. J Virol, 82: 1570–1580.

Gonzalez-Pardo V, D’Elia N, Verstuyf A, Boland R, Russo de Bo-
land A. 2012. NFkappaB pathway is down-regulated by 1alpha,
25(OH)(2)-vitamin D(3) in endothelial cells transformed by Ka-
posi sarcoma-associated herpes virus G protein coupled recept-
or. Steroids, 77: 1025–1032.

Gonzalez-Pardo V, Martin D, Gutkind JS, Verstuyf A, Bouillon R,
de Boland AR, Boland RL. 2010. 1 Alpha, 25-dihydroxyvitam-
in D3 and its TX527 analog inhibit the growth of endothelial
cells transformed by Kaposi sarcoma-associated herpes virus G
protein-coupled receptor in vitro and in vivo. Endocrinology,
151: 23–31.

Gonzalez-Pardo V, Verstuyf A, Boland R, Russo de Boland A.
2013. Vitamin D analogue TX 527 down-regulates the NF-
kappaB pathway and controls the proliferation of endothelial
cells transformed by Kaposi sarcoma herpesvirus. Br J Phar-
macol, 169: 1635–1645.

Gorres KL, Daigle D, Mohanram S, Miller G. 2014. Activation

and repression of Epstein-Barr Virus and Kaposi’s sarcoma-as-
sociated herpesvirus lytic cycles by short- and medium-chain
fatty acids. J Virol, 88: 8028–8044.

Grisotto MG, Garin A, Martin AP, Jensen KK, Chan P, Sealfon
SC, Lira SA. 2006. The human herpesvirus 8 chemokine recept-
or vGPCR triggers autonomous proliferation of endothelial
cells. J Clin Invest, 116: 1264–1273.

Grundhoff A, Ganem D. 2004. Inefficient establishment of KSHV
latency suggests an additional role for continued lytic replica-
tion in Kaposi sarcoma pathogenesis. J Clin Invest, 113:
124–136.

Hahn AS, Kaufmann JK, Wies E, Naschberger E, Panteleev-Ivlev
J, Schmidt K, Holzer A, Schmidt M, Chen J, Konig S, Ensser A,
Myoung J, Brockmeyer NH, Sturzl M, Fleckenstein B, Neipel
F. 2012. The ephrin receptor tyrosine kinase A2 is a cellular re-
ceptor for Kaposi’s sarcoma-associated herpesvirus. Nat Med,
18: 961–966.

Janes PW, Ley SC, Magee AI, Kabouridis PS. 2000. The role of
lipid rafts in T cell antigen receptor (TCR) signalling. Semin
Immunol, 12: 23–34.

Kaleeba JA, Berger EA. 2006. Kaposi’s sarcoma-associated
herpesvirus fusion-entry receptor: cystine transporter xCT. Sci-
ence, 311: 1921–1924.

Kang S, Myoung J. 2017. Primary lymphocyte infection models
for KSHV and its putative tumorigenesis mechanisms in B cell
lymphomas. J Microbiol, 55: 319–329.

Kuhajda FP, Pizer ES, Li JN, Mani NS, Frehywot GL, Townsend
CA. 2000. Synthesis and antitumor activity of an inhibitor of
fatty acid synthase. Proc Natl Acad Sci U S A, 97: 3450–3454.

Lager I, Altini M, Coleman H, Ali H. 2003. Oral Kaposi’s sar-
coma: a clinicopathologic study from South Africa. Oral Surg
Oral Med Oral Pathol Oral Radiol Endod, 96: 701–710.

Lebbe C, de Cremoux P, Millot G, Podgorniak MP, Verola O,
Berger R, Morel P, Calvo F. 1997. Characterization of in vitro
culture of HIV-negative Kaposi’s sarcoma-derived cells. In
vitro responses to alfa interferon. Arch Dermatol Res, 289:
421–428.

Maceyka M, Payne SG, Milstien S, Spiegel S. 2002. Sphingosine
kinase, sphingosine-1-phosphate, and apoptosis. Biochim Bio-
phys Acta, 1585: 193–201.

Mesri EA, Cesarman E, Boshoff C. 2010. Kaposi’s sarcoma and
its associated herpesvirus. Nat Rev Cancer, 10: 707–719.

Montaner S, Sodhi A, Molinolo A, Bugge TH, Sawai ET, He Y, Li
Y, Ray PE, Gutkind JS. 2003. Endothelial infection with KSHV
genes in vivo reveals that vGPCR initiates Kaposi’s sar-
comagenesis and can promote the tumorigenic potential of viral
latent genes. Cancer Cell, 3: 23–36.

Naranatt PP, Akula SM, Zien CA, Krishnan HH, Chandran B.
2003. Kaposi’s sarcoma-associated herpesvirus induces the
phosphatidylinositol 3-kinase-PKC-zeta-MEK-ERK signaling
pathway in target cells early during infection: implications for
infectivity. J Virol, 77: 1524–1539.

Ogretmen B, Hannun YA. 2004. Biologically active sphingolipids
in cancer pathogenesis and treatment. Nat Rev Cancer, 4:
604–616.

Porter JA, Young KE, Beachy PA. 1996. Cholesterol modifica-
tion of hedgehog signaling proteins in animal development. Sci-
ence, 274: 255–259.

Qin Z, Dai L, Trillo-Tinoco J, Senkal C, Wang W, Reske T, Bon-
staff K, Del Valle L, Rodriguez P, Flemington E, Voelkel-John-
son C, Smith CD, Ogretmen B, Parsons C. 2014. Targeting
sphingosine kinase induces apoptosis and tumor regression for
KSHV-associated primary effusion lymphoma. Mol Cancer
Ther, 13: 154–164.

Lipid metabolism and KSHV pathogenesis
 

374  OCTOBER 2017   VOLUME 32   ISSUE 5  VIROLOGICA SINICA



Raghu H, Sharma-Walia N, Veettil MV, Sadagopan S, Caballero
A, Sivakumar R, Varga L, Bottero V, Chandran B. 2007. Lipid
rafts of primary endothelial cells are essential for Kaposi’s sar-
coma-associated herpesvirus/human herpesvirus 8-induced
phosphatidylinositol 3-kinase and RhoA-GTPases critical for
microtubule dynamics and nuclear delivery of viral DNA but
dispensable for binding and entry. J Virol, 81: 7941–7959.

Rappocciolo G, Jenkins FJ, Hensler HR, Piazza P, Jais M,
Borowski L, Watkins SC, Rinaldo CR, Jr. 2006. DC-SIGN is a
receptor for human herpesvirus 8 on dendritic cells and macro-
phages. J Immunol, 176: 1741–1749.

Reichart PA. 2003. Oral manifestations in HIV infection: fungal
and bacterial infections, Kaposi’s sarcoma. Med Microbiol Im-
munol, 192: 165–169.

Roy S, Luetterforst R, Harding A, Apolloni A, Etheridge M, Stang
E, Rolls B, Hancock JF, Parton RG. 1999. Dominant-negative
caveolin inhibits H-Ras function by disrupting cholesterol-rich
plasma membrane domains. Nat Cell Biol, 1: 98–105.

Saddoughi SA, Ogretmen B. 2013. Diverse functions of ceramide
in cancer cell death and proliferation. Adv Cancer Res, 117:
37–58.

Schulz TF. 2006. The pleiotropic effects of Kaposi’s sarcoma
herpesvirus. J Pathol, 208: 187–198.

Sharma-Walia N, Chandran K, Patel K, Veettil MV, Marginean A.
2014. The Kaposi’s sarcoma-associated herpesvirus (KSHV)-in-
duced 5-lipoxygenase-leukotriene B4 cascade plays key roles in
KSHV latency, monocyte recruitment, and lipogenesis. J Virol,
88: 2131–2156.

Sharma-Walia N, Krishnan HH, Naranatt PP, Zeng L, Smith MS,
Chandran B. 2005. ERK1/2 and MEK1/2 induced by Kaposi’s
sarcoma-associated herpesvirus (human herpesvirus 8) early
during infection of target cells are essential for expression of
viral genes and for establishment of infection. J Virol, 79:
10308–10329.

Sharma-Walia N, Naranatt PP, Krishnan HH, Zeng L, Chandran
B. 2004. Kaposi’s sarcoma-associated herpesvirus/human
herpesvirus 8 envelope glycoprotein gB induces the integrin-de-
pendent focal adhesion kinase-Src-phosphatidylinositol 3-
kinase-rho GTPase signal pathways and cytoskeletal rearrange-
ments. J Virol, 78: 4207–4223.

Sheets ED, Holowka D, Baird B. 1999. Critical role for cholester-
ol in Lyn-mediated tyrosine phosphorylation of FcepsilonRI and

their association with detergent-resistant membranes. J Cell
Biol, 145: 877–887.

Soulier J, Grollet L, Oksenhendler E, Cacoub P, Cazals-Hatem D,
Babinet P, d’Agay MF, Clauvel JP, Raphael M, Degos L, et al.
1995. Kaposi’s sarcoma-associated herpesvirus-like DNA se-
quences in multicentric Castleman’s disease. Blood, 86:
1276–1280.

Strub GM, Maceyka M, Hait NC, Milstien S, Spiegel S. 2010. Ex-
tracellular and intracellular actions of sphingosine-1-phosphate.
Adv Exp Med Biol, 688: 141–155.

Suares A, Russo de Boland A, Verstuyf A, Boland R, Gonzalez-
Pardo V. 2015. The proapoptotic protein Bim is up regulated by
1alpha, 25-dihydroxyvitamin D3 and its receptor agonist in en-
dothelial cells and transformed by viral GPCR associated to Ka-
posi sarcoma. Steroids, 102: 85–91.

Sun R, Lin SF, Gradoville L, Yuan Y, Zhu F, Miller G. 1998. A
viral gene that activates lytic cycle expression of Kaposi’s sar-
coma-associated herpesvirus. Proc Natl Acad Sci U S A, 95:
10866–10871.

Sychev ZE, Hu A, DiMaio TA, Gitter A, Camp ND, Noble WS,
Wolf-Yadlin A, Lagunoff M. 2017. Integrated systems biology
analysis of KSHV latent infection reveals viral induction and re-
liance on peroxisome mediated lipid metabolism. PLoS Pathog,
13: e1006256.

Tansey MG, Baloh RH, Milbrandt J, Johnson EM, Jr. 2000.
GFRalpha-mediated localization of RET to lipid rafts is re-
quired for effective downstream signaling, differentiation, and
neuronal survival. Neuron, 25: 611–623.

Wang C, Xu C, Sun M, Luo D, Liao DF, Cao D. 2009. Acetyl-
CoA carboxylase-alpha inhibitor TOFA induces human cancer
cell apoptosis. Biochem Biophys Res Commun, 385: 302–306.

Wang HW, Pittaluga S, Jaffe ES. 2016. Multicentric Castleman
disease: Where are we now?. Semin Diagn Pathol, 33: 294–306.

Wei F, Zhu Q, Ding L, Liang Q, Cai Q. 2016. Manipulation of the
host cell membrane by human γ-herpesviruses EBV and KSHV
for pathogenesis. Virol Sin, 31: 395–405.

Yu X, Shahir AM, Sha J, Feng Z, Eapen B, Nithianantham S, Das
B, Karn J, Weinberg A, Bissada NF, Ye F. 2014. Short-Chain
Fatty Acids from Periodontal Pathogens Suppress Histone
Deacetylases, EZH2, and SUV39H1 To Promote Kaposi’s Sar-
coma-Associated Herpesvirus Replication. J Virol, 88: 4466–
4479.

Lu Dai et al.
 

www.virosin.org OCTOBER 2017   VOLUME 32  ISSUE 5  375


	Cover
	SF298UnlimitedDistributionA_2014
	tableOfContents2014
	Annual report
	paper 1
	RESULTS
	Regulation of PEL growth and viral gene expression by P. aeruginosa QS signaling molecules. 
	Transcriptomic analysis of the host gene profile altered within PEL cell lines exposed to QS signaling molecules. 
	Regulation of PEL growth and viral gene expression by conditioned medium from P. aeruginosa PAO1 wt and QS mutants. 
	Regulation of PEL growth and viral gene expression by conditioned medium from P. aeruginosa clinical isolates. 

	DISCUSSION
	MATERIALS AND METHODS
	Cell culture, bacterial strains, and reagents. 
	Cell proliferation assays. 
	Microarray analysis. 
	Cell cycle analysis. 
	Cell apoptosis assays. 
	qRT-PCR. 
	Immunoblotting. 
	Statistical analysis. 
	Accession number(s). 

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

	paper 2
	Distinct systemic microbiome and microbial translocation are associated with plasma level of anti-CD4 autoantibody in HIV i ...
	Methods
	Study Design, Subjects, and Data Collection. 
	Inclusion and exclusion criteria. 
	ELISA for detection of anti-CD4 IgGs and anti-CD8 IgGs. 
	Plasma levels of LPS, soluble CD14 (sCD14), LPS binding protein (LBP). 
	Quantitative polymerase chain reaction (PCR) for measurement of bacterial 16S rDNA. 
	Plasma microbial DNA extraction, sequencing and data process. 
	Statistical Analysis. 
	Accession codes. 

	Results
	Plasma anti-CD4 IgG level but not anti-CD8 IgG level was increased in aviremic ART-treated HIV+ subjects compared to health ...
	Plasma microbial translocation was elevated in HIV+ subjects with high plasma anti-CD4 IgGs compared to healthy controls. 
	Distinct plasma microbial profiles in HIV+ subjects with high anti-CD4 IgGs compared to controls. 
	Reduced plasma microbial diversity was associated with increased plasma anti-CD4 antibodies in HIV-infected individuals. 

	Discussion
	Acknowledgements
	Figure 1 Plasma level of anti-CD4 IgG and its association with microbial translocation in HIV+ subjects.
	Figure 2 Circulating microbiome relative abundance analysis in healthy controls and HIV+ subjects.
	Figure 3 Reduced diversity was associated with increased plasma level of anti-CD4 autoantibody in HIV+ subjects.
	Figure 4 Nonmetric multidimensional scaling ordination (NMDS) plot of the OTUs with fitted vectors of clinical variables (A), and based on the abundance of bacterial phyla (B).
	Table 1 Demographic and clinical characteristics of the participants.


	paper 3
	Transactivation of human endogenous retrovirus K (HERV-K) by KSHV promotes Kaposi&#x02019;s sarcoma development
	Abstract
	Introduction
	Results
	KSHV de novo infection or encoded latent proteins transactivate HERV-K in�vitro and in�vivo
	Identification of cellular mechanisms for KSHV latent protein induction of HERV-K expression
	HERV-K transactivation is closely related to KSHV-induced primary endothelial cell invasiveness
	KSHV infection activates HERV-K-encoded oncogenic NP9 expression, which enhances viral pathogenesis in endothelial cells
	Targeting HERV-K NP9�significantly suppresses KSHV-induced tumorigenesis in�vivo

	Discussion
	Materials and methods
	Cell culture and reagents
	KSHV purification and infection
	Patients and ethics statement
	Plasma and PBMC preparation
	Immunoblotting and immunoprecipitation
	Plasmid transfection and RNA interference
	qRT-PCR
	Transwell invasion and soft agar assays
	KS-like nude mouse model
	Statistical analyses
	Compliance with ethical standards

	ACKNOWLEDGMENTS
	References


	paper 4
	paper 5
	paper 6
	paper 7
	paper 8


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings true
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 0
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 900
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ([Based on '[High Quality Print]'] Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides true
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        18
        18
        18
        18
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 18
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [792.000 1224.000]
>> setpagedevice




