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3. ACCOMPLISHMENTS:  

What were the major goals of the project? 

1. INTRODUCTION:  

Patients with acquired AA show aberrant activation of T effector (Teff) cells and naturally occurring 

regulatory T cells (nTregs) that are frequently dysfunctional. Immunosuppressive therapies that use 

Tregs, rely on isolating and expanding rare populations of nTregs from the circulating blood. nTregs 

with in vitro suppressive functions have been successfully expanded from AA patients. However, the 

extremely low numbers of circulating nTregs, coupled with the long process (up to several months) 

of expanding these cells in culture, underscores the practical  challenges of this approach for AA 

patients. We have developed a means of using synthetic cell-penetrating peptide mimics (CPPM) to 
deliver functional antibodies into human CD4 T cells. Delivering anti-pPKCθ into CD4 T cells 

generates iTregs (anti-pPKCθ-iTregs) with superior in vitro and in vivo suppressive functions and, in 

proof-of-concept experiments, provide a significant survival benefit in a humanized mouse model of 

AA, when given at the time of BMF induction. We will investigate CPPM-antibody delivery as a 

therapeutic option to generate AA patient-derived iTregs, ex vivo. We will use a humanized mouse 

model of AA, optimized in our lab, to test the hypothesis that combined delivery of anti-pPKCθ and 

anti-PCMT1 will generate iTregs with a “locked” phenotype, refractory to the inhibitory actions of 

CsA in vitro and in vivo, and ask whether administering autologous anti-pPKCθ+anti-PCMT1-

iTregs attenuates disease in a patient “avatar” model of AA.

2. KEYWORDS:  

Aplastic anemia; immune-mediated bone marrow failure; intracellular antibody delivery; CPPM; 

ex vivo-generated iTregs; PKC; PCMT1; cell-based therapy 
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What was accomplished under these goals? 

dfjkhg 

Specific Aim 1  

Determine how inhibiting pPKC, PCMT1, or 

both, using CPPM:antibody delivery 

influences ex vivo iTreg differentiation 

Time 

line 

Site 1 Site 2 

Major Task 1 

Generate and characterize iTregs 

differentiated ex vivo under various conditions 

of CPPM:antibody delivery, with or without 

the addition of CsA or Rapamycin 

Subtask 1 

   HRPO approval for use of commercially 

available   

   healthy donor PBMCs 

1-4 Dr. Minter 

100% 

COMPLETED 

Subtask 2 

  Local IACUC approval 

1-3 Dr. Minter 

100% 

COMPLETED 

Subtask 3 

 ACURO protocol approval 

4-6 Dr. Minter 

100% 

COMPLETED 

Subtask 4 

Produce synthetic cell penetrating peptide 

mimics 

(CPPMs) 

1-18

Dr. Tew 

ONGOING 

(75% 

COMPLETE) 

Subtask 5 

   Complex CPPMs with:  

   IgG, anti-pPKC, anti-PCMT1 
1-18

Dr. Tew 

ONGOING 

(75% 

COMPLETE) 

Subtask 6 

   Differentiate iTregs in the presence of: 

   CPPM:IgG, CPPM:anti-pPKC, CPPM:anti-  

   PCMT1 

3-9

Dr. Minter 

100% 

COMPLETED 

Subtask 7 

   Characterize iTregs differentiated in the 

presence of: 

   CPPM:IgG, CPPM:anti-pPKC, CPPM:anti- 

   PCMT1 

 (phenotype; suppression assays; FOXP3  

    methylation) 

3-9

Dr. Minter 

ONGOING 

90% 

COMPLETE 

Subtask 8 

 Characterize iTregs differentiated in the 

presence of: 

   CPPM:IgG, CPPM:anti-pPKC, CPPM:anti-  

   PCMT1 with CsA or Rapamycin added 

 (phenotype; suppression assays; FOXP3 

    methylation) 

3-12

Dr. Minter 

ONGOING 

50% 

COMPLETE 
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1. Major activities:

a) Obtaining DOD HRPO, DOD ACURO, and University of Massachusetts Amherst IACUC

approval for protocols involving the use of human PBMCs and research animals.

b) Confirming continuity of data acquisition by new personnel which included troubleshooting

experiments, providing additional training to personnel, titrating reagents.

b) Synthesizing cell penetrating peptide mimics (CPPMs) for use in antibody delivery experiments.

d) Evaluating the effects of differentiating iTregs in the presence of CPPM-IgG, CPPM-anti-

pPKC, CPPM-anti-PCMT1, combined CPPM-anti-pPKC+CPPM-anti-PCMT1

e) Evaluating the suppressive capacity of iTregs differentiated in the presence of CPPM-IgG,

CPPM-anti-pPKC, CPPM-anti-PCMT1, combined CPPM-anti-pPKC+CPPM-anti-PCMT1

f) Evaluating the effects of differentiating iTregs in the presence of CPPM-IgG, CPPM-anti-

pPKC, CPPM-anti-PCMT1, combined CPPM-anti-pPKC+CPPM-anti-PCMT1, when exposed to

low (40 ng/ml) and high (400 ng/ml) doses of cyclosporine A.

2. Specific objectives:

a) Acquire all pertinent agency approval.

b) Use CPPMs to deliver anti-pPKC, anti-PCMT1, and combined anti-pPKC-anti-PCMT1 to

iTregs to determine if there are differences in iTreg differentiation, based on antibody target or

combination antibody delivery, compared to delivering irrelevant IgG.

c) Use CPPMs to deliver anti-pPKC, anti-PCMT1, and combined anti-pPKC-anti-PCMT1 to

iTregs to determine if there are differences in iTreg suppressive function, based on antibody target

or combination antibody delivery, compared to delivering irrelevant IgG.

d) Use CPPMs to deliver anti-pPKC, anti-PCMT1, and combined anti-pPKC-anti-PCMT1 to

iTregs to in the presence of cyclosporine or rapamycin, to determine how these immunosuppressive

drugs affect iTreg differentiation in vitro, compared to delivering irrelevant IgG.

3. Significant Results (See Appendix A for data, methodologies, and discussion):

a) CPPMs were synthesized and purified. Newly synthesized CPPMs provided reproducible

antibody delivery and were utilized for in vitro iTreg differentiation experiments (Figure 1).

b) Differentiating CD4 T cells with anti-pPKC, anti-PCMT1, and combination anti-pPKC+anti-

PCMT1 generates higher percentages of CD4+CD25+CD127-FOXP3+ iTregs and greater

FOXP3+ expression than those differentiated with an irrelevant IgG (Figure 2).

c) Differentiating CD4 T cells with anti-pPKC, anti-PCMT1, and combination anti-pPKC+anti-

PCMT1 increases their suppressive capacity, compared to those differentiated with an irrelevant

IgG (Figure 3).

d) Preliminary data show low dose (40ng/ml) CsA exposure enhances iTreg differentiation. Using

CPPM to deliver anti-pPKC or antiPCMT1 protects FOXP3 expression in iTregs exposed to high

doses of (400 ng/ml) CsA (Figure 4).

4. Other Achievements:

a) Completed acquisition of final data sets.

b) Wrote, submitted, revised, and published two manuscripts in a high impact, translational journal

(Molecular Therapy, impact factor 8.402). Funding from this grant was acknowledged in both

articles (Appendices C, D, E).
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What opportunities for training and professional development has the project provided?    

 

How were the results disseminated to communities of interest?    

 

 

 

Nothing to report. 

Data collection for two manuscripts were completed, manuscripts were finalized and submitted for peer 

review, manuscripts were accepted and published in the journal, Molecular Therapy (Ozay et al., Mol. 

Therapy, May 2020; Ozay et al., Mol. Therapy, June, 2020). 

Plans are in place to: 

1. Complete in vitro characterization of iTregs differentiated with CPPM:anti-pPCK, CPPM:anti-

PCMT1, CPPM:anti-pPKC+anti-PCMT1 (acquire final data sets for suppression assays and FOXP3

promoter methylation).

2. Train additional personnel to assist in the completion of remaining in vivo experiments.

3. Characterize patient iTregs differentiated in the presence of CPPM:anti-pPCK, CPPM:anti-PCMT1,

or CPPM:anti-pPKC+anti-PCMT1.

4. Perform in vivo therapeutic experiments using a humanized model of bone marrow failure.

5. Create avatar mice and treat with patient iTregs.
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What was the impact on the development of the principal discipline(s) of the project?    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

What was the impact on other disciplines?    

 

 

 

 

 

 

 

 

 

 

 

 

With funding from this grant, we extended preliminary studies and acquired final data sets that describe 

the therapeutic potential of converting circulating blood cells, easily obtained from the peripheral blood, 

into suppressive cells that can control the inflammation associated with immune-mediated bone marrow 

failure. We documented how we can convert these cells, using a new technology for transporting a 

neutralizing antibody across the cell membrane, then culturing the cells in a manner that induces them to 

adopt suppressive functions. We further described how our approach changes the location of several 

surface-bound and intracellular proteins, which we believe lies at the heart of their increased suppressive 

capacity. We used an animal model of acute graft-versus-host disease, which causes bone marrow failure, 

to further demonstrate the efficacy of using these cells to reduce disease severity and increase survival in 

proof-of-concept experiments. Funding from this grant also allowed us to perform mechanistic studies 

that provided additional insight as how cells are changed in an epigenetic fashion, following intracellular 

antibody delivery. We identified a kinase, Protein Kinase C theta, and a protein repair methyltransferase, 

PCMT1, as being key regulators of cellular genetic stability, by influencing the degree to which the 

promoter of FOXP3, the master transcriptional regulator of regulatory T cells, is methylated. Collectively, 

funding through this grant has enabled us to optimize and describe the mechanism of action of a potential 

highly suppressive cell-based therapy that may prove useful in the treatment of immune-mediated bone 

marrow failure diseases. 

While we feel the progress made during our first year of funding will be beneficial to the field of immune-

mediated bone marrow failure directly, we also feel our findings have the potential to indirectly benefit 

patients with immune-mediated bone marrow failure for whom a bone marrow/hematopoietic stem cell 

transplant is a curative treatment. However, this procedure frequently leads to an adverse condition known 

as graft-versus-host disease, in which donor immune cells that are present in the bone 

marrow/hematopoietic stem cell graft expand and attack the recipient’s (host) tissues and organs. Our data 

suggest that using our new technology for transporting a neutralizing antibody across the cell membrane, 

then culturing donor cells in a manner that induces them to adopt suppressive functions, has the potential to 

greatly reduce or prevent destructive graft-versus-host responses, when these cells are given at the same 

time as a bone marrow/hematopoietic stem cell transplant. Furthermore, we predict that using our approach 

to generate ex vivo immune-suppressive regulatory T cells may provide therapeutic relief to other 

autoimmune diseases such as inflammatory bowel disease, rheumatoid arthritis, or multiple sclerosis. 

4. IMPACT: 
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What was the impact on technology transfer?    

What was the impact on society beyond science and technology? 

 

5. CHANGES/PROBLEMS:  

Changes in approach and reasons for change  

 

Actual or anticipated problems or delays and actions or plans to resolve them 

 

 

 

 

Nothing to report. 

We have published two peer-reviewed manuscripts disseminating results of work performed during this 

reporting period. 

There are no significant changes in the proposal to report. 

Actual problems: 

Two unexpected issues were encountered during the first year of funding for this DOD grant that delayed 

reaching some experimental goals laid out in the SOW: i) unforeseen technical difficulties that required 

extensive troubleshooting and re-optimizing experimental protocols; and ii) a major disruption to 

research progress caused by the Covid-19 pandemic. At this time, these issues have been fully resolved 

and research progress is gaining momentum. 
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Changes that had a significant impact on expenditures 

 

 

 

Significant changes in use or care of human subjects, vertebrate animals, biohazards, and/or 

select agents 

Significant changes in use or care of human subjects 

 

Significant changes in use or care of vertebrate animals 

 

Changes that negatively impacted expenditures: 

1. Summer salary to pay for 1 graduate student ($9,099) was incurred during this reporting period. The

graduate student assisted in trouble shooting differentiation, proliferation, and suppression assays.

Nothing to report. IACUC protocol (#1867) was approved on January 3, 2019. 

Nothing to report. 

Actions to resolve them: 

1. We provided additional training to new personnel to facilitate “hand-off” of established

protocols.

2. We have been successful in trouble shooting the differentiation protocols to identify the

source of technical difficulties.

3. We have titrated vital cell dyes to prevent toxicity after cell-loading.

4. We have optimized hPBMC stimulation.

5. We are assessing individual hPBMC donor responses to stimulation to optimize

suppression assays.

6. We will reserve samples of specific hPBMC lot numbers to maintain continuity of

results.
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Significant changes in use of biohazards and/or select agents 

 

6. PRODUCTS:  

• Publications, conference papers, and presentations

Journal publications.   

Books or other non-periodical, one-time publications. 

Nothing to report. 

PUBLISHED: 

1. E. Ilker Ozay, Sudarvili Shanthalingam, Heather L. Sherman, Joe A. Torres, Barbara

A. Osborne, Gregory N. Tew, Lisa M. Minter. Cell-penetrating anti-Protein Kinase C

theta antibodies act intracellularly to generate stable, highly suppressive regulatory T

cells. Molecular Therapy (2020). https://doi.org/1016/j.mthe.2020.05.020.

Acknowledgement of federal support: YES 

2. E. Ilker Ozay, Sudarvili Shanthalingam, Joe A. Torres, Barbara A. Osborne,

Gregory N. Tew, Lisa M. Minter. (2020) Protein Kinase C theta modulates PCMT1

through hnRNPL to regulate FOXP3 stability in regulatory T cells. Molecular Therapy

(2020). https://doi.org/10.1016/j.ymthe.2020.06.012

Acknowledgement of federal support: YES 
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Other publications, conference papers and presentations. 

• Website(s) or other Internet site(s)

 

• Technologies or techniques

 

• Inventions, patent applications, and/or licenses

 

 

• Other Products

 

Nothing to report. 

Nothing to report. 

Nothing to report. 

Nothing to report. 

Nothing to report. 
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7. PARTICIPANTS & OTHER COLLABORATING ORGANIZATIONS

What individuals have worked on the project?

Nothing to report. 
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Name:   Lisa M. Minter  

Project Role:  Principal Investigator 

Researcher Identifier (ORCID ID) 0000-0002-1728-6389 

Nearest person month worked:  2 (summer) 

Contribution to Project: Dr. Minter analyzed final data sets, wrote two 

manuscripts that were peer reviewed and published, 

oversees current experimental plan, execution, data 

acquisition, analysis, and troubleshooting. 

Name:   Gregory N. Tew  

Project Role:  Co-Principal Investigator 

Researcher Identifier (ORCID ID) 0000-0003-3277-7925 

Nearest person month worked: 1 (summer) 

Contribution to Project: Dr. Tew provided critical input on the two published 

manuscripts and supervised synthesis of cell-penetrating 

peptide mimic polymers used for antibody delivery. 

Name:   Sudarvili Shanthalingam  

Project Role:   (Senior Research Fellow) 

Researcher Identifier (ORCID ID) N/A 

Nearest person month worked: 12 months 

Contribution to Project: Dr. Shanthalingam assisted in the collection of final data 

sets needed for manuscripts, provided critical input on 

manuscripts, performed in vitro differentiation 

experiments, aided in trouble shooting proliferation and 

suppression assays. 

Name:   Christopher Hango 

Project Role:  Graduate Student Research Assistant 

Researcher Identifier (ORCID ID) 0000-0002-4066-9548 

Nearest person month worked: 5 months 

Contribution to Project: Mr. Hango assisted in the synthesis of cell-penetrating 

peptide mimic polymers used for antibody delivery. 

Name:   Heather Sherman  

Project Role:  Graduate Student Research Assistant 

Researcher Identifier (ORCID ID) 0000-0002-8303-426X 

Nearest person month worked: 2 months 

Contribution to Project: Ms. Sherman assisted in troubleshooting the 

differentiation, proliferation and suppression assays. 
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Has there been a change in the active other support of the PD/PI(s) or senior/key 

personnel since the last reporting period?  

 

 

 

 

 

What other organizations were involved as partners?    

 

The PI is listed as a co-PI on a second, recently funded DOD grant (CDMRP Log Number: PR190722, 

PI TEW) to explore the use of ex vivo-generated iTregs as a cell-based treatment for Irritable Bowel 

Disease. The PI will decrease compensation from the current DOD BMF grant from 1.8 mo summer 

salary to 1.5 mo summer salary, to comply with University of Massachusetts Amherst summer salary 

policy, but the PI will not decrease actual effort on the current funded project. 

Nothing to report. 
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Figure 1. Cell penetrating peptide mimics can be synthesized and purified.
(A) Synthesis of Boc-protected block copolymer Cell penetrating peptide mimics (CPPMs). i) Dichloro-di(3-
bromopyridino)-N,N’-Dimesitylenoimidazolino-Ru=CHPh (G3) catalyst, CH2Cl2,, RT, 10 min; ii) dG, CH2Cl2, RT, 90 min;
iii) Ethyl vinyl ether, RT, overnight. (B) Deprotection of boc-protected block copolymers to yield CPPMs. i) TFA/CH2Cl2
(1:1), RT, overnight. CPPMs further purified by dialysis using membranes with molecular weight cut-off: 100-500
g/mol.

Methodology:
General Block Copolymer Synthesis: 5, 10, 13, 20, or 40 equivalents of hydrophobic monomers; 5, 7, 10, 20, or 40
equivalents of diguanidine monomer; and one equivalent of G3 catalyst were each dissolved in 1.5 mL of dry CH2Cl2 in
separate schlenk flasks. The catalyst flask also contained a small stir bar. Three freeze-pump-thaw cycles were used to
remove air. Following the third thaw step, the flasks containing monomers were kept under nitrogen while the
catalyst flask remained under vacuum. Monomer was then cannulated into the vigorously stirring catalyst solution at
RT. After 10 min, a small aliquot (0.05 mL) was removed from the solution for analysis and then diguanidine monomer
was cannulated into the vigorously stirring polymerization solution at RT reaction. After 1.5 hr, the polymerizations
were quenched with 3 mL of ethyl vinyl ether and allowed to stir overnight at RT. The solutions were then transferred
to 20 mL scintillation vials and concentrated using rotary evaporation. Polymers were then dissolved in a minimal
amount of THF and added drop-wise to 100 mL of cold, stirring pentanes to precipitate the polymers. After 5-10
minutes of stirring, polymers were isolated using vacuum filtration with fine sinter funnels. Polymers were dried under
vacuum at RT overnight.
Boc-group Deprotection: Polymers were dissolved in 2 mL of CH2Cl2 and allowed to stir. 2 mL of TFA was then added
drop-wise to the solution and allowed to stir overnight at RT. Excess TFA was removed by azeotropic distillation with
MeOH. During this process, 5-7 mL of MeOH was added and then the sample was concentrated using rotary
evaporation. This process was repeated 7-9 times to ensure complete TFA removal. Following this, samples were
dissolved in a water/MeOH mixture, transferred to Biotech CE dialysis tubing membranes with a MWCO 100-500
g/mol and dialyzed against RO water until the conductivity of the water remained < 0.2 μS (2-3 days on dialysis).
Polymers were then aqueous filtered and isolated from water by lyophilization.

Figure 1

2
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Methodology:
Human PBMCs were thawed, plated in media, and rested overnight at 37C. On the next day CD4 T cells were
positively isolated using anti-CD4 magnetic beads. CPPM was complexed for 30 minutes at RT with antibodies (anti-
pPKCq, anti-PCMT1, or both), or with isotype control Rabbit IgG, at a molar ratio of 40:1 (1mM P13D5 CPPM + 25nM
antibody). CPPM:antibody complexes (100ml) were added drop-wise to CD4 T cells (1x10^6/900ml media) and
incubated for 4 hours at 37C, after which cells were washed twice with ice cold heparin (20U/ml) to remove
surface-bound CPPM:antibody complexes. CD4 T cells (1x10^6/ml media) were plated in iTreg differentiation
media in single wells of a 12-well plate that had been pre-coated with anti-human CD3 (5mg/ml) plus anti-human
CD28 (2.5mg/ml). Cells were split 1:1 on day 4 and fresh iTreg media was added to plates. iTregs were harvested on
day 5, day 6, or day 7 of culture and analyzed by flow cytometry. Zombie-BV421 was used for live/dead staining;
iTreg cells were stained for CD4 (FITC), CD25 (PECy7), CD127 (AF700) and FoxP3 (PE). Compensation was set using
fluorescent beads and negative gates were set using a Fluorescence Minus One (FMO) approach.

Figure 2

Figure 2. CD4 T cells differentiated in the presence of CPPM:antibodies generate highly suppressive iTregs
Human CD4 T cells were isolated from Peripheral Blood Mononuclear Cells (PBMCs) obtained form healthy donors.
Cells were pre-incubated with CPPM:IgG (green tracings), CPPM:anti-pPKCq (red tracings); CPPM:anti-PCMT1 (blue
tracings), or both CPPM:anti-pPKCq and anti-PCMT1 (purple tracings). Cells were cultured for (A) five, (B) six, or (C)
seven days before staining and analyzing by flow cytometry. Data for day 6 and day 7 cultures are are presented
graphically as (D) percent CD4+CD25+CD127-FOXP3+ cells (left panel) and FOXP3 median fluorescent intensity
(MFI; right panel). Data are representative of two independent replicates that showed similar results.
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Figure 3
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Methodology:
iTreg differentiation: Human PBMCs were thawed, plated in media, and rested overnight at 37C. On the next day
CD4 T cells were positively isolated using anti-CD4 magnetic beads. CPPM was complexed for 30 minutes at RT with
antibodies (anti-pPKCq, anti-PCMT1, or both), or with isotype control Rabbit IgG, at a molar ratio of 40:1 (1mM
P13D5 CPPM + 25nM antibody). CPPM:antibody complexes (100ml) were added drop-wise to CD4 T cells
(1x106/900ml media) and incubated for 4 hours at 37C, after which cells were washed twice with ice cold heparin
(20U/ml) to remove surface-bound CPPM:antibody complexes. CD4 T cells (1x106/ml media) were plated in iTreg
differentiation media in single wells of a 12-well plate that had been pre-coated with anti-human CD3 (5mg/ml) plus
anti-human CD28 (2.5mg/ml). Cells were split 1:1 on day 4 and fresh iTreg media was added to plates. iTregs were
harvested on day 7 of culture. A small sample was analyzed by flow cytometry to confirm iTreg differentiation.
Zombie-BV421 was used for live/dead staining; iTreg cells were stained for CD4 (FITC), CD25 (PECy7), CD127
(AF700) and FoxP3 (PE). Compensation was set using fluorescent beads and negative gates were set using a
Fluorescence Minus One (FMO) approach.

Suppression Assay: Human PBMCs (responder cells) were thawed and rested for 1 hour at 37C. Cells were
stimulated with soluble anti-human CD3 (5mg/ml) plus anti-human CD28 (2.5 mg/ml) at 4C for 30 minutes.
Antibodies were cross-linked by incubating cells with anti-mouse IgG (5mg/ml) at RT for 30 minutes. Cells were
washed once in cold PBS and labeled for 37C for 20 minutes with CytoTell UltraGreen cell tracker dye (1x106 cells
were stained 1:1500 in 1500ml of PBS). Cells were washed twice with cold PBS and counted. iTregs, differentiated
as described above, were labeled for 20 minutes at 37C with CytoTell Red 650 cell tracker dye (1x106 cells were
stained 1:2000 in 2000ml of PBS). Cells were washed Cells were washed twice with cold PBS and counted.
Responder cells were added to wells of a 48-well plate; then iTregs were added at the following ratios:

1:1 = 1.25 x105 : 1.25 x105

1:25 = 0.10 x105 : 2.5 x105

A proliferation control well was set up containing 2.5x105 cells, but no iTregs; 30U/ml IL-2 was addd to all wells at
time of plating. After 6 and 7 days of co-culture, cells were harvested and cell proliferation was measured by flow
cytometry as determined by loss of UltraGreen fluorescence. Persent suppression was calculated as follows:

100 – Percent proliferation in treated sample x 100
Percent proliferation in untreated control

Figure 3

Figure 3. CD4 T cells differentiated in the presence of CPPM:antibodies generate highly suppressive iTregs
Human CD4 T cells were isolated from Peripheral Blood Mononuclear Cells (PBMCs) obtained form healthy
donors. Cells were pre-incubated with CPPM:IgG), CPPM:anti-pPKCq, CPPM:anti-PCMT1, or both CPPM:anti-
pPKCq and anti-PCMT1. iTregs were cultured for seven days, labeled with Red650 cell tracker dye, then mixed
with (responder) PBMCs that were stimulated with soluble anti-human CD3 plus anti-human CD28, cross-linked
with anti-mouse IgG, and labeled with UltraGreen cell tracker dye. Cells were mixed at ratios of 1:1 and 1:25
iTreg:Responder cells, respectively, and co-cultured for (A) 6 or (B) 7 days. At the indicated timepoints cells were
harvested and Ultragreen fluorescence was measured by flow cytometry. Percent of highly proliferated cells are
indicated by inserts in the flow cytometry histograms.(C) Percent suppression was calculated and is presented
graphically for co-cultures of cells mixed at ratios of 1:1 and 1:25 iTreg:Responder cells, respectively. Data are
representative of at two independent replicates that showed similar results.
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Methodology:
Human PBMCs were thawed, plated in media, and rested overnight at 37C. On the next day CD4 T cells were
positively isolated using anti-CD4 magnetic beads. CPPM was complexed for 30 minutes at RT with antibodies (anti-
pPKCq, anti-PCMT1, or both), or with isotype control Rabbit IgG, at a molar ratio of 40:1 (1mM P13D5 CPPM + 25nM
antibody). CPPM:antibody complexes (100ml) were added drop-wise to CD4 T cells (1x106/900ml media) and
incubated for 4 hours at 37C, after which cells were washed twice with ice cold heparin (20U/ml) to remove
surface-bound CPPM:antibody complexes. CD4 T cells (1x106/ml media) were plated in iTreg differentiation media
containing DMSO (1ml/ml as vehicle control), 40ng/ml cyclosporine A, or 400ng/ml cyclosporine A in single wells of
a 12-well plate that had been pre-coated with anti-human CD3 (5mg/ml) plus anti-human CD28 (2.5mg/ml). Cells
were split 1:1 on day 4 and fresh iTreg media with DMSO, 40 ng/ml cyclosporine A, or 400ng/ml cyclosporine A
was added to plates. iTregs were harvested on day 7 of culture and analyzed by flow cytometry. Zombie-BV421 was
used for live/dead staining; iTreg cells were stained for CD4 (FITC), CD25 (PECy7), CD127 (AF700) and FoxP3 (PE).
Compensation was set using fluorescent beads and negative gates were set using a Fluorescence Minus One (FMO)
approach.

Figure 4

Figure 4. Low dose cyclosporine A enhances iTreg differentiation, while CPPM:antibody delivery protects FOXP3
expression in iTregs exposed to high dose cyclosporine A.
(A) Human CD4 T cells were isolated from Peripheral Blood Mononuclear Cells (PBMCs) obtained form healthy
donors. Cells were pre-incubated with CPPM:IgG (green tracings), CPPM:anti-pPKCq (red tracings), or CPPM:anti-
PCMT1 (blue tracings). Cells were cultured 7 days in iTreg differentiation media to which DMSO (1ml/ml; top row),
low dose cyclosporine A (40ng/ml; middle row) or high dose cyclosporine A (400ng/ml; bottom row) was added.
On day 4 cells were split 1:1 and fresh iTreg media containing DMSO or cyclosporine A, as described, was added.
After 7 days, cells were harvested, stained, and analyzed by flow cytometry. Percent CD4+CD25+CD127-FOXP3+
cells (panel inserts) are shown. (B) Data are represented graphically as percent CD4+CD25+CD127-FOXP3+ cells
cultured under various treatment condition (upper left-hand graph); as FOXP3 median fluorescent intensity (MFI)
of cells cultured under various treatment condition (upper right-hand graph); and as total FOXP3 expressed in AU
and calculated by multiplying %FOXP3+ x MFI (lower center graph) for cells cultured under various treatment
conditions. Data are representative of two independent replicates that showed similar results.
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Discussion of stated goals not met

Two unexpected issues were encountered during the first year of funding for this DOD grant that delayed

reaching some experimental goals laid out in the SOW: i) unforeseen technical difficulties that required

extensive troubleshooting and re-optimizing experimental protocols; and ii) a major disruption to

research progress caused by the Covid-19 pandemic. At this time, these issues have been fully resolved

and research progress is gaining momentum.

Regarding the first issue, in the hand off of our experimental protocols to new personnel, we

encountered some unanticipated reproducibility issues. To address these, we provided additional

training for new personnel, re-titrated experimental reagents, and re-optimized experimental conditions.

As a result, we now have robust protocols that are producing compelling and reproducible data.

Specifically, we have increased the length of time we are differentiating human iTregs, and find that

culturing human CD4 T cells for 7 days under iTreg polarizing conditions shows that CPPM:anti-PCMT1-

treated iTregs exhibit the highest level of FOXP3 expression (Figure 2), show the greatest suppressive

capacity, especially at a 1:1 ratio of iTregs:responder cells (Figure 3), and provide a high level of FOXP3

protection when iTregs are differentiated in the presence of high levels (400ng/ml) of cyclosporine A

(Figure 4). Given that many patients with aplastic anemia receive cyclosporine A as an

immunosuppressive therapy, this is an important preliminary observation.

No doubt, having to re-optimize our protocols caused a delay in our research progress; however, we also

lost considerable time due to the Covid-19 pandemic. Our university halted all laboratory research from

mid-March through July, effectively shuttering our lab for 4-plus months – a full one third of research

time during our first year of funding! This set-back, which was completely beyond our control, had the

greatest impact on our ability to complete our data sets once all experimental optimizing had been

implemented. Thus, we have for Major Task 1, subtask 7 is approximately 90% completed, while subtask

8 is approximately 50% completed. Due to the convergence of unexpected issues, we had to delay

beginning Major Task 3, subtask 2 - which requires the use of archived patient samples. Due to their

precious nature, we did not want to use these samples experimentally before all protocols were fully

optimized.

Barring any future lab shutdowns due to the present surge in Covid-19 infections we expect to be able to

complete our data sets and catch up quickly with the timeline laid out in our SOW.
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Ex Vivo-Generated Autologous iTregs as a Cell-Based Therapy 

for Acquired Aplastic Anemia
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Study/Product Aim(s)
• Produce synthetic cell penetrating peptide mimics (CPPM)
• Complex CPPMs with: IgG, anti-pPKCq, anti-PCMT1
• Differentiate iTregs in the presence of:  CPPM:IgG, CPPM:anti-pPKCq, CPPM:anti-
PCMT1, and combination of CPPM:anti-pPKCq + CPPM:anti-PCMT1
• Characterize iTregs differentiated in the presence of: CPPM:IgG, CPPM:anti-
pPKCq, CPPM:anti-PCMT1 (phenotype; suppression assays; FOXP3 methylation)
• Characterize iTregs differentiated in the presence of: CPPM:IgG, CPPM:anti-
pPKCq, CPPM:anti-PCMT1 with CsA or Rapamycin added (phenotype suppression assays; 
FOXP3 methylation)

Approach
CPPM synthesis: Dichloro-di(3-bromopyridino)-N,N’-Dimesitylenoimidazolino-Ru=CHPh
(G3) catalyst, CH2Cl2,, RT, 10 min; ii) dG, CH2Cl2, RT, 90 min; iii) Ethyl vinyl ether, RT,
overnight. Deprotection to yield CPPMs: I) TFA/CH2Cl2 (1:1), RT, overnight, then dialysis-
purified using membranes with molecular weight cut-off:100-500 g/mol.

Human CD4 T cells isolated from PBMCs were differentiated into iTregs for 5-7 days
following addition of different CPPM:antibody combinations, or IgG as control, then
characterized by flow cytometry. In some experiments, iTreg cells were exposed to Csa
or loaded with a red fluorescent tracking dye, then mixed with stimulated human PBMCs
(loaded with a fluorescent green tracking dye) to evaluate suppressive capabilities.

Goals/Milestones 

CY 2019/CY 2020 Goals – In vitro testing and characterization studies

Completed

 Obtain necessary IACUC and ACURO approval

 Synthesize Cell Penetrating Peptide Mimics

 Submit research proposal to NMDP for approval of sample release

 Differentiate iTregs with CPPM:antibodies

Ongoing (>75% complete)

 Functional assays for iTregs differentiated with CPPM:antibodies

 Characterize iTregs differentiated with CsA or Rapamycin

Comments/Challenges/Issues/Concerns

• Mandatory 4-month, full-lab shut down due to the pandemic

• Pandemic caused major disruption in research progress including a

• significant delay in shipping of patient samples 

• Differentiation and suppression assays required some optimization.

Budget Expenditure to Date

Projected Expenditure: Y1 = $159,953.00

Actual Expenditure: Y1 = $192,447.11 (10% over Y1 budgeted expenditures)Updated: (8/31/2020 – revised 11/30/2020)

Timeline and Cost

Activities                       CY   2019    2020    2021

Major Task 1 (sub tasks 1-3)

Estimated Budget ($K) $80K     $160K   $85K

Accomplishments: (A) Cell Penetrating Peptide Mimics (CPPMs) were synthesized as bloc-
co-polymers comprised of a 13-phenyl, 5-di-guanidinium backbone. (B) CPPM-antibody
delivery into human CD4 T cells increases the percent of CD4+CD25+DC127-FOXP3+ iTregs.
(C). Low dose (40ng/ml) CsA treatment enhances iTreg differentiation, while CPPM:antibody
treatment protects FOXP3 expression in iTregs exposed to high doses (400ng/ml) of CsA.

Major Task 1 (sub tasks 4-5)
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Original Article
Cell-Penetrating Anti-Protein Kinase C Theta
Antibodies Act Intracellularly to Generate
Stable, Highly Suppressive Regulatory T Cells
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Regulatory T cells maintain immunological tolerance and
dampen inflammatory responses. Administering regulatory
T cells can prevent the immune-mediated tissue destruction
of graft-versus-host disease, which frequently accompanies he-
matopoietic stem cell transfer. Neutralizing the T cell-specific
kinase, protein kinase C theta, which promotes T cell effector
functions and represses regulatory T cell differentiation, aug-
ments regulatory T cell immunosuppression and stability.
We used a synthetic, cell-penetrating peptide mimic to deliver
antibodies recognizing protein kinase C theta into primary hu-
man CD4 T cells. When differentiated ex vivo into induced reg-
ulatory T cells, treated cells expressed elevated levels of the reg-
ulatory T cell transcriptional regulator forkhead box P3, the
surface-bound immune checkpoint receptor programmed
death receptor-1, and pro-inflammatory interferon gamma,
previously ascribed to a specific population of stable, highly
suppressive human induced regulatory T cells. The in vitro sup-
pressive capacity of these induced regulatory T cells was 10-fold
greater than that of T cells differentiated without antibody de-
livery. When administered at the time of graft-versus-host dis-
ease induction, using a humanized mouse model, antibody-
treated regulatory T cells were superior to non-treated T cells
in attenuating lethal outcomes. This antibody delivery
approach may overcome obstacles currently encountered using
patient-derived regulatory T cells as a cell-based therapy for im-
mune modulation.
Received 8 January 2020; accepted 19 May 2020;
https://doi.org/10.1016/j.ymthe.2020.05.020.
4Present address: SQZ Biotechnologies, 200 Arsenal Yards Boulevard, Watertown,
MA 02472, USA

Correspondence: Lisa M. Minter, Department of Veterinary and Animal Sciences,
University of Massachusetts Amherst, 661 North Pleasant Street, 427K ISB, Am-
herst, MA 01003, USA.
E-mail: lminter@vasci.umass.edu
INTRODUCTION
Naive CD4 T cells differentiate into unique T helper (Th) subsets
in response to specific signals generated in peripheral tissues.
Regulatory T cells (Tregs) are a subset of differentiated Th cells that
function to mitigate immune responses and maintain immunological
tolerance.1 In humans, Tregs are characterized in vivo as
CD4+CD25+CD127�FOXP3+ cells, and are consistently suppressive
across species and in multiple disease models.2–8 Treg function is crit-
ical for attenuating autoimmune responses, controlling tumor and mi-
crobial immunity, preventing graft rejection in mice and humans, and
Molecular Therapy Vol. 28 No 8 Aug
suppressing the immune-mediated tissue destruction of graft-versus-
host disease (GvHD), which frequently accompanies hematopoietic
stem cell transplantation (HSCT).9–13 In autoimmune conditions,
Treg function can be negatively regulated by the inflammatory cytokine
milieu.14 Appropriate migration to secondary lymphoid organs and
subsequent expansion are necessary prior to Treg trafficking to sites
of inflammation where they exert their suppressive functions in vivo.15

The immunological synapse (IS) is a supramolecular signaling com-
plex that coalesces in an ordered fashion at the contact point between
naive T cells and antigen-loaded dendritic cells (DCs). Following
stimulation through the T cell receptor (TCR), the T cell-specific ki-
nase protein kinase C theta (PKCq) is phosphorylated at threonine
538 and translocates to the centermost region of the IS. Here, it links
activation signals from the TCR with costimulatory signals provided
by CD28, culminating in transcription of immune-responsive
genes.16–18 Interestingly, PKCq is the only PKC isoform recruited
to the center of the IS. However, unlike in effector T cells, in Tregs
PKCq is sequestered away from the central domain of the IS.19,20

Through this differential positioning in the IS, PKCq promotes
activation of effector T cell functions at the expense of Treg
programs.21–23 Inhibiting the actions of PKCq with small-molecule
inhibitors or using small interfering RNA (siRNA) approaches en-
hances the suppressive capacity of Tregs, restores impaired function
of Tregs from rheumatoid arthritis patients, and blocks the autoim-
mune response in a mouse model of colitis.24 Therefore, attenuating
PKCq activity in Tregs may be a valuable component in Treg adoptive
immunotherapy when used to treat autoimmune conditions or
GvHD.25
ust 2020 ª 2020 The American Society of Gene and Cell Therapy. 1
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Initial evidence shows that PKCq is required in fully functional
mature, but not immature, T cell responses by bridging stimuli
received through the TCR to downstream gene transcription,
including those generated by nuclear factor-kB (NF-kB), nuclear fac-
tor of activated T cells (NFAT), and activator protein 1 (AP1) tran-
scriptional regulators.18,26 More recent work demonstrated that im-
mune cells from PKCq-deficient mice, transplanted together with
T cell-depleted bone marrow (BM) stem cells from wild-type mice,
did not induce GvHD in recipients. This is in contrast to the majority
of recipient mice that died from GvHD when wild-type immune cells
were transferred together with BM stem cells.27 PKCq-deficient im-
mune cells did not confer GvHD. They did, however, retain their abil-
ity to protect recipient mice from bacterial and viral infections, as well
as mediate immune depletion of residual leukemia cells. These and
follow-up studies reinforce the notion that inhibiting PKCq activity
during BM transplantation may constitute a beneficial approach to
limiting the severity of GvHD, while maintaining important anti-tu-
mor surveillance.

Effectively and specifically blocking PKCq function is challenging, due
to the high structural homology it shares with eight, more broadly ex-
pressed family members. As a result, many existing small-molecule
PKCq inhibitors have toxic or off-target effects and show suboptimal
penetration into T cells.28 In contrast, using antibodies to modulate
cell surface receptor function, either positively or negatively, is now a
widely accepted immunotherapeutic approach. However, because of
its intracellular residence PKCq is not a suitable candidate for anti-
body-targeting strategies. Recently, we developed and reported on a
successful and highly specific strategy for routine and effective intracel-
lular antibody delivery using cell-penetrating peptidemimics (CPPMs)
and demonstrated its powerful application by targeting a phosphory-
lated threonine residue (Thr538) of activated PKCq (phosphorylated
PKCq [pPKCq]) in the context of T cell immunomodulation.29Manip-
ulating primary T cells ex vivo using intracellular anti-pPKCq delivery
constrainedpPKCq in the cytosol and reduced the capacity of these cells
to adopt a pro-inflammatory Th type 1 (Th1) cell fate.29

Naive CD4 T cells can be induced to differentiate ex vivo into Tregs
(iTregs). In an allogeneic mouse model of BM transplantation, adop-
tively transferring iTregs provided beneficial relief from disease by
suppressing immune-mediated, acute GvHD.30 This approach has
now entered the clinic where cellular immunotherapy using adop-
tively transferred iTregs is recognized as a feasible and efficacious op-
tion to treat immune-mediated conditions.9 The first in-human trial
of adoptive iTreg therapy delivered encouraging outcomes for pre-
venting GvHD associated with allogeneic HSCT, and it offers great
promise for treating immune-mediated diseases and allograft rejec-
tion.30–32

Herein, we report that ex vivo CPPM delivery of an antibody specific
for pPKCq enhances the differentiation and expansion of iTregs in
culture. Moreover, anti-pPKCq-treated iTregs exhibited increased
suppressive properties in vitro, as characterized by increased surface
expression of the co-inhibitory receptor programmed cell death 1
2 Molecular Therapy Vol. 28 No 8 August 2020
(PD-1). Anti-pPKCq iTregs could be detected in vivo up to 17 days
after their administration into recipient mice and, compared to con-
trol iTregs, were highly efficacious in preventing GvHD in a human-
ized mouse model. Therefore, CPPM delivery of anti-pPKCq into hu-
man CD4 T cells represents an approach that overcomes obstacles
associated with ex vivo expansion and sustained in vivo stability,
and it provides a powerful, reproducible, and effective means of
generating iTregs for therapeutic application.

RESULTS
Intracellular Anti-pPKCq Delivery Prevents Nuclear

Accumulation of pPKCq in iTregs

In fully activated CD4 T cells, PKCq is phosphorylated on Thr538 by
germinal center kinase-like kinase (GLK) downstream of co-stimula-
tory signals provided by CD28 engagement on the cell surface.33 This
activated form of PKCq is important for negatively regulating Treg
function, and it may mediate these effects through an AKT/Foxo1/3
pathway.34 Additionally, PKCq in Tregs is sequestered away from
the IS, suggesting that Thr538 both phosphorylation and recruitment
to the IS may be important for PKCq to exert its inhibitory actions on
iTreg formation. We previously demonstrated we could utilize a syn-
thetic CPPM to achieve highly efficient intracellular antibody delivery
into human primary T cells ex vivo.29 Non-covalently complexing the
CPPM, comprised of 13 U of phenyl-containing moiety and 5 U of
diguanidine moiety, with anti-pPKCq reduced nuclear translocation
of pPKCq, attenuated downstream signaling and compromised Th1
differentiation.29 In the present study, we predicted that delivering
anti-pPKCq prior to iTreg polarization would similarly alter pPKCq
function to enhance iTreg differentiation. To confirm intracellular
antibody uptake, we isolated CD4 T cells from human peripheral
blood mononuclear cells (hPBMCs) and incubated them with
CPPM-immunoglobulin G (IgG) only or CPPM-anti-pPKCq, fol-
lowed by staining with a fluorescently conjugated secondary anti-
body. We found that the delivery efficiency of CPPM-anti-pPKCq
(or CPPM-anti-rabbit IgG as a non-specific control) into CD4
T cells was approximately 90%, with high intracellular delivery de-
tected for both antibodies (Figure S1A). Incubating CD4 T cells
with CPPM alone, or with uncomplexed anti-pPKCq, showed no
detectable uptake of anti-pPKCq (Figure S1A). We subsequently
incubated CD4 T cells with anti-pPKCq only, CPPM only, CPPM-
anti-IgG only, DMSO only (as a vehicle control for CPPM-antibody
complexing), or CPPM-anti-pPKCq and then differentiated the cells
into iTregs over 5 days of culture using commercially available iTreg-
polarizing reagents (Figure 1A).We deviated from themanufacturer’s
directions, which suggested stimulating cells only with anti-CD3, by
also cross-linking the CD28 receptor to provide the co-stimulatory
signals needed to phosphorylate PKCq on Thr538 and, thus, generate
the target epitope recognized by anti-pPKCq. At the end of the 5-day
differentiation period, the percent of CD4+CD25+FOXP3+ iTregs was
greater than 90% regardless of pre-treatment conditions (Figure S1B).
Human CD4 T cells did not tolerate CPPM-IgG delivery well,
showing increased levels of cell death by the end of the differentiation
period. Therefore, based on the nearly identical staining
patterns of CD25, CD127, and FOXP3 exhibited by DMSO-treated
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(DMSO-iTregs) and CPPM-anti-pPKCq-treated (anti-pPKCq-
iTregs) iTregs (Figure S1C), we chose these two populations to further
compare differences in iTreg functions in vitro and in vivo.

We used flow cytometry to quantify total pPKCq in stimulated
DMSO- and anti-pPKCq-treated conventional T cells (Tconvs) and
in iTregs. We observed similar percentages of pPKCq-positive cells
in Tconv and iTreg populations (Figure 1B). However, when we as-
sessed the abundance of pPKCq on a per cell basis, as measured by
median fluorescence intensity (MFI; Figure 1C), we found that
anti-pPKCq-iTregs expressed lower levels of pPKCq, compared to
DMSO-iTregs. Although it did not differ significantly in iTregs,
regardless of pre-treatment, PRKCQ gene expression was significantly
reduced in anti-pPKCq-Tconvs (Figure 1D). These data are consis-
tent with a previous report in which we describe that anti-pPKCq de-
livery into T cells, prior to their in vitro differentiation into Th1 cells,
diminishes PKCq activity, including driving its own expression.29

PKCq can function both in the nucleus and the cytosol;35 therefore,
we further quantified PKCq cytoplasmic and nuclear distribution in
Tconvs and iTregs. We detected strong cytosolic expression of the
82-kDa protein, as expected, in Tconvs and in DMSO-iTregs. Consis-
tent with the flow cytometric assessment of pPKCq, there was much
less of this isoform in the cytosol of anti-PKCq-iTregs (Figure 1E).
We next used imaging flow cytometry to quantify the abundance of
pPKCq in the nucleus of iTregs. Nuclear pPKCq protein was signifi-
cantly reduced in anti-pPKCq-iTregs, compared to DMSO-iTregs
(Figure 1F). Collectively, these data demonstrate that CPPM-medi-
ated delivery of anti-pPKCq into CD4 T cells alters the cellular distri-
bution of pPKCq within ex vivo-differentiated iTregs.

Ex Vivo CPPM-Anti-pPKCq Delivery Generates a Unique

Population of CD4+CD25highFOXP3high iTregs That also

Produces Interferon g (IFNg)

Reduced nuclear accumulation of PKCq in anti-pPKCq-iTregs is
consistent with the reported nuclear role for PKCq in pro-inflamma-
tory gene regulation in human CD4 T cells.35 In complementary
studies, Zanin-Zhorov et al.21 provided compelling evidence that using
a small-molecule inhibitor to block PKCq activity in CD4 T cells
enhanced their regulatory phenotype. However, cell toxicity and off-
target effects constitute twomajor obstacles to using small-molecule in-
hibitors to intervene in signaling pathways. We predicted that inhibit-
ing the actions of PKCq using anti-pPKCq, delivered ex vivo into the
cytosol of humanCD4T cells, would enhance the ex vivodifferentiation
of functional, stable iTregs. High surface expression of CD25, the high-
affinity subunit of the interleukin 2 (IL-2) receptor, is a hallmark of
Figure 1. Intracellular Anti-pPKCq Delivery Prevents Nuclear Accumulation of

(A) Schematic of in vitro iTreg differentiation protocol in the presence of cell-penetrating

fluorescent intensity (MFI) (C) of pPKCq expression, with representative histogram o

conventional T cells (Tconvs) and iTreg-differentiated cells. (D) Quantification of PRKC

immunoblot of cytosolic and nuclear distribution of total PKCq in non-differentiated an

distribution of pPKCq-expressing cells, quantification of nuclear similarity scores for p

AMNIS imaging flow cytometry analysis of 1,000 iTregs differentiated without or with CP

*p < 0.05, **p < 0.01, by unpaired, two-tailed Student’s t test.
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Tregs. More than 90% of differentiated iTregs exhibited high surface
CD25, including those treated with CPPM-anti-pPKCq (Figure 2A).
On a per cell basis, the concentration of surface CD25 on anti-
pPKCq-iTregs was increased more than that expressed on DMSO-
iTregs or onTconvs (Figure 2B).We further stratified iTregs phenotyp-
ically using flow cytometry to quantify the percent of CD4+CD25high

cells that also expressed the signature iTreg master transcriptional
regulator, FOXP3. When we applied this gating strategy, we found
anti-pPKCq delivery enhanced the percentage of FOXP3-expressing
CD4+CD25high cells following iTreg polarization (Figures 2C and
2D). In comparison, nearly 50% of CD4+CD25high DMSO-iTregs re-
mained FOXP3� (Figure 2D). We also assessed whether FOXP3 abun-
dance varied between treatments. In parallel to increased CD25 expres-
sion on anti-pPKCq-iTregs, we observed significantly more FOXP3
protein in anti-pPKCq-iTregs, compared toDMSO-iTregs (Figure 2E).
This was notable, because FOXP3 gene expression in iTregs did not
differ between the treatments (Figure 2F) and suggests that anti-pPKCq
treatment may act to increase the stability of FOXP3.

Co-inhibitory receptor-ligand engagement increases cell-cell contact
time and leads to decreased cytokine production by effector T cells.36

However, these receptors are effective in cell-cell suppression only
when they are expressed on the cell surface.37–39 For instance, freshly
isolated, naturally occurring (n)Tregs retain PD-1 in intracellular com-
partments anduponTCRsignalingwill translocate PD-1 to the cell sur-
face and, subsequently, becomemore suppressive.39Wedetectedhigher
levels of PDCD1, as well as higher surface PD-1 expression, in anti-
pPKCq-iTregs (Figure 2G).Of note, we observed that ex vivo-generated
anti-pPKCq-iTregs also expressed increased amounts of IFNG tran-
scripts and produced more IFNg than did DMSO-iTregs (Figure 2H),
which is consistentwithunique populationsof highly suppressive Tregs
previously described.40,41 These results demonstrate that when periph-
eral CD4 T cells are activated ex vivo, using methods that mimic phys-
iological activation and co-stimulatory signals, and then culturedwith a
defined polarizing cocktail, these cells can be successfully differentiated
into iTregs. However, delivering anti-pPKCq across the cell membrane
prior to differentiating CD4 T cells generated a greater percentage of
CD4+CD25highFOXP3high iTregs, increased the concentration of
FOXP3 and surface PD-1 expressed by these iTregs, and induced
IFNg production.

Anti-pPKCq-iTregs Exhibit Superior Suppressive Capabilities

In Vitro

Tregs function to suppress the activation of nearby T cells, through
mechanisms that are both direct, i.e., cell-cell contact, and indirect,
pPKCq in iTregs

anti-pPKCq (CPPM-anti-pPKCq). (B and C) Percent pPKCq+ cells (B) and median

f pPKCq-positive cells following CPPM-anti-pPKCq delivery in non-differentiated

Q expression in non-differentiated and iTreg-differentiated cells. (E) Representative

d iTregs without or with CPPM-anti-pPKCq delivery. (F) Nuclear localization score

PKCq, and representative image showing nuclear pPKCq in iTregs determined by

PM-anti-pPKCq. Data represent the mean ± SEM three independent experiments.
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i.e., release of anti-inflammatory cytokines.42 Tregs that are defined
by the CD4+CD25highFOXP3high phenotype, and which were
increased in the iTreg population following anti-pPKCq delivery,
are presumed to possess potent suppressive capabilities. However,
an iTreg phenotype alone does not demonstrate functional suppres-
sion. Therefore, we utilized a standard in vitro suppression assay to
determine whether anti-pPKCq delivery generated iTregs with supe-
rior suppressive activity, compared to their DMSO-iTreg counter-
parts. We activated hPBMCs, mimicking physiological conditions
by stimulating them with soluble anti-CD3 and anti-CD28. We
labeled these responder T cells (Tresps) with the vital dye UltraGreen
and mixed them in culture at three different ratios with ex vivo-differ-
entiated suppressor iTregs (Tsupps). We used a second vital dye,
Red650, which emits fluorescence at a longer wavelength, to label
the Tsupps (Figure 3A). We used flow cytometry to track the prolifer-
ative responses of Tresps and Tsupps at the end of the 4-day suppres-
sion assay. When we cultured anti-pPKCq-iTregs with responder
cells at a 1:10 ratio, and the suppression we observed was as strong
as when DMSO-treated iTregs were mixed with responder cells at a
1:1 ratio, suggesting that anti-pPKCq-iTregs potently suppress
T cell proliferation in standard suppression assays (Figure 3B).
Furthermore, anti-pPKCq-iTregs proliferated in culture more exten-
sively than did DMSO-iTregs, as indicated by the loss of Red650 fluo-
rescence (Figure 3C). This was also reflected in the overall percentages
of iTregs at the end of the co-culture period, when we detected signif-
icantly higher percentages of CD4+CD25highFOXP3high cells in co-
cultures containing anti-pPKCq-iTregs compared to those with
DMSO-iTregs (Figure 3D).

Following activation, both CD4+CD25� Tconvs and CD4+CD25+

iTregs increase expression of FOXP3. However, FOXP3 in Tconvs re-
mains mostly in the cytosol, whereas in iTregs, FOXP3 is localized
primarily to the nucleus.43 Furthermore, when a mutant, nuclear-
translocating form of FOXP3 was expressed in Jurkat T cells, it en-
dowed these transfected cells with suppressive capabilities.43 To ask
whether there were differences in the cellular distribution of
FOXP3 in DMSO-Tregs and anti-pPKCq-iTregs, we again used imag-
ing flow cytometry to assess FOXP3 localization. As indicated by the
increased positive nuclear similarity score, we detected significantly
more nuclear FOXP3 in anti-pPKCq-iTregs than in DMSO-iTregs,
consistent with their enhanced suppressive capacity (Figure 3E).
PD-1 expression in Tregs has been associated with increased
FOXP3 stability,42 and IFNg signaling upregulates the co-inhibitory
ligand for PD-1, PD-L1, on activated T cells.42 Thus, it is likely that
anti-pPKCq delivery modulates several key iTreg signaling pathways
to convey superior in vitro suppression.
Figure 2. Ex Vivo CPPM-Anti-pPKCq Delivery Generates a Unique Population o

(A and B) Percentage of total CD4+CD25+ T cells (A) and MFI and representative histo

iTreg-differentiated cells (B). (C) Representative FACS clouds showing percent of CD25+

within the CD4+CD25+ T cell gate. (E) Fold increase in FOXP3 MFI and representative h

shown relative to untreated, non-differentiated T cells. (G and H) Gene expression, perce

iTregs differentiated without or with CPPM-anti-pPKCq are shown. Data represent the

two-tailed Student’s t test.
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Adoptively Transferring Anti-pPKCq-iTregs Attenuates Disease

and Prolongs Survival in a Humanized Mouse Model of GvHD

Using Treg adoptive immunotherapy in mouse models of GvHD rep-
resents a viable strategy for understanding T cell biology, as well as
Treg-mediated suppression.44 iTreg abundance correlated with attenu-
ated GvHD severity and increased long-term graft tolerance, without
the need for drug-induced immunosuppression.32,45 Therefore, we as-
sessed the translational potential of anti-pPKCq-iTregs using a pre-
clinical mouse model of acute GvHD.29 In this humanized mouse
model, PBMCs (graft) are transferred, via the tail vein, into lightly irra-
diated recipient (host) NOD-scid IL2rgnull (NSG) mice. The BM is the
target of immune-mediated destruction, with symptoms peaking
approximately 17 days after PBMCs are transferred. This model is uni-
formly fatal, and mice succumb to lethal BM failure approximately
3 weeks after disease induction.29 To test the translational potential
of administering anti-pPKCq-treated iTregs as a cell-based prophylaxis
for GvHD, we differentiated iTregs from a single donor ex vivowithout
or with anti-pPKCq delivery. We used PBMCs from the same donor to
induce GvHD in host mice (Figure 4A). Our rationale for this approach
stems from the understanding that immune-competent T cells residing
in the graft are activated and expand in the host as the result of condi-
tioning regimens that produce a pro-inflammatory setting. We
reasoned that if peripheral blood CD4 T cells from the donor were
differentiated into iTregs ex vivo, before administering to the host at
the time of BM transplantation, they would prevent expansion of allor-
eactive T cells in the host and attenuate acute GvHD. To test this hy-
pothesis, we transferred ex vivo-differentiated iTregs, together with dis-
ease-inducing PBMCs, at a ratio of 1:3 into NSG mice. We chose this
“responder/suppressor” ratio guided by our in vitro suppression results
(Figure 3). On day 17, we analyzed BM, peripheral blood, and spleens
of diseased animals to evaluate the efficacy of iTreg treatment.

To confirm equivalent disease induction across all of the cohorts, we
evaluated the extent to which the transferred PBMCs expanded in vivo.
We collected samples from the peripheral blood and spleens frommice
with GvHD that received no iTregs, that received DMSO-iTregs, or
that received anti-pPKCq-iTregs, and evaluated the percentage of cells
that expressed the human leukocyte antigen CD45 as a measure of
cellular expansion after transfer. The percentages of human CD45+

cells detected in the peripheral blood and spleens of GvHD mice did
not differ greatly, regardless of whether they also received iTregs, and
the overall cellularity of the spleens also appeared similar when stained
with hematoxylin and eosin (Figures S2A and S2B), indicating compa-
rable disease induction across all treatment cohorts. When we refined
our analyses of cells by subsets and noted fewer circulating CD4 T cells
in mice treated with anti-pPKCq-iTregs, but otherwise there were no
f CD4+CD25highFOXP3high iTregs That Also Produce IFNg

grams of CD25 expression within CD4+CD25+ T cell gate of non-differentiated and

FOXP3+ cells within CD4+CD25+ T cell gate. (D) Percent FOXP3+ and FOXP3� cells

istogram in non-differentiated and iTreg-differentiated cells. (F) FOXP3 expression,

nt positive, MFI, and representative histograms of (G) PD-1- and (H) IFNg-expressing

mean ± SEM of three independent experiments. *p < 0.05, **p < 0.01, by unpaired,



(legend on next page)

www.moleculartherapy.org

Molecular Therapy Vol. 28 No 8 August 2020 7

Please cite this article in press as: Ozay et al., Cell-Penetrating Anti-Protein Kinase C Theta Antibodies Act Intracellularly to Generate Stable, Highly Sup-
pressive Regulatory T Cells, Molecular Therapy (2020), https://doi.org/10.1016/j.ymthe.2020.05.020

http://www.moleculartherapy.org


Molecular Therapy

Please cite this article in press as: Ozay et al., Cell-Penetrating Anti-Protein Kinase C Theta Antibodies Act Intracellularly to Generate Stable, Highly Sup-
pressive Regulatory T Cells, Molecular Therapy (2020), https://doi.org/10.1016/j.ymthe.2020.05.020
significant differences in the percentages of human CD4 or CD8 T cells
between treated or untreated animals (Figure S2C).

Hematopoiesis in the BM gives rise to circulating white and red blood
cells. Pancytopenia is a hallmark of the GvH-mediated BM failure that
accompanies this model. Transferring DMSO-iTregs when GvHD
was induced afforded discernable protection to circulating white and
red blood cells, and this protection was significantly enhanced in mice
that received anti-pPKCq-iTregs (Figure 4B). Similarly, when we evalu-
ated BM cellularity, either by counting nucleated cells in the BM or by
histological assessment (Figure 4C), it was evident that administering
anti-pPKCq-iTregs at the timeof disease inductionprovided robust pro-
tection of the BMcompartment. This was likely due to differences in the
percentages, as well as in absolute numbers, of PBMCs that had infil-
trated the BM by day 17 (Figure 4D). However, the distribution of
T cells recruited to the BMby this timewas similar inmice that received
iTregs, regardless of how these cells were differentiated prior to infusion
(Figure 4E). These results led us to conclude that treatingmicewith anti-
pPKCq-iTregs may alter the kinetics of T cell migration into the BM,
rather than the percentages of BM-infiltrating CD4 and CD8 T cells.

We next evaluated whether administering iTregs attenuated disease
severity in a humanized mouse model of GvHD. Treating diseased
mice with DMSO-iTregs reduced their cumulative GvHD clinical
score, and nearly doubled their median survival time, compared to un-
treated mice with GvHD (38 days versus 21 days, respectively; Figures
4F and 4G).More remarkable was the impact onGvHD that co-admin-
istering anti-pPKCq-iTregs had in this model. As a cohort, mice that
received anti-pPKCq-iTregs had less severe symptoms of disease, as
compared tomice that received DMSO-iTregs or no treatment, respec-
tively (Figure 4F). Predictably, mice that exhibited less severe symp-
toms also lived longer. The median length of survival for mice treated
with anti-pPKCq-iTregs was twice that of DMSO-iTreg-treated mice,
and nearly 4-fold that of untreated mice (78 days versus 38 days versus
21 days, respectively; Figure 4G). Quite unexpectedly, one of the five
mice treated with anti-pPKCq-iTregs exhibited full rescue from lethal
GvHD, surviving a full 100 days after disease induction. Overall, these
in vivo results demonstrated that anti-pPKCq-iTregs were highly effi-
cacious as a cell-based therapy in a humanized mouse model of
GvHD, when infused at the time of disease induction.

Ex Vivo-Generated Anti-pPKCq-iTregs Exhibit a Stable, Unique

FOXP3highPD-1+IFNghigh Phenotype In Vivo

In this pre-clinical model of GvHD, BM destruction is mediated by
Th1 responses resulting from an imbalanced Th1/Th2 response.29
Figure 3. Anti-pPKCq iTregs Exhibit Superior Suppressive Capabilities In Vitro

(A) Experimental setup for in vitro suppression assay with UltraGreen-labeled responder

of suppression efficiency of suppressor iTregs and representative histograms of prolifera

4 of suppression assay. (C) Flow cytometric analysis of proliferating Red650-labeled

Representative FACS plots of CD25+FOXP3+ Red650-labled iTregs. (E) Nuclear loc

localization similarity scores for FOXP3, and representative image showing nuclear FOX

differentiated without or with CPPM-anti-pPKCq. Data represent themean ±SEMof thre

test.
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When we measured circulating cytokines in mice treated with anti-
pPKCq-iTregs, we detected significantly increased IL-2 and IL-10,
both of which enhance the immunosuppressive functions of Tregs
in vivo. Signature Th2 cytokines, IL-4 and IL-13, which can coun-
teract Th1 responses, were also increased in the plasma of anti-
pPKCq-iTreg-treated mice (Figure 5A), suggesting that anti-
pPKCq-iTregs alter Th cell responses in vivo.

Administering anti-pPKCq-iTregs proved superior in reducing the
severity of GvHD and extending survival in the humanized mouse
model. Accumulating evidence suggests that in vitro-expanded Tregs
have unstable FOXP3 expression and may lose their suppressive
properties when encountering proinflammatory conditions, such as
those that characterize the GvHD milieu in vivo.46 Therefore, we
sought to better evaluate the in vivo stability of anti-pPKCq-iTregs,
compared to iTregs generated without anti-pPKCq delivery.We iden-
tified iTregs based on CD4, CD25, and FOXP3 expression, as
described previously,32,45 and used magnetic beads to sort iTreg
(CD4+CD127�CD25+) populations recovered from the BM, periph-
eral blood, and spleens of iTreg-treated mice on day 17 after GvHD
induction. We noted significantly higher percentages, as well as total
numbers, of CD4+CD25+FOXP3+ iTregs in the BM of mice that
received anti-pPKCq-iTregs, compared to animals that received
DMSO-iTregs (Figures 5B and 5C). The percentage of FOXP3high

cells among BM-infiltrating iTregs was also significantly greater in
mice that received anti-pPKCq-iTregs (Figure 5D). Furthermore,
FOXP3 expression in anti-pPKCq-iTregs isolated from the BM was
greater than its expression in DMSO-iTregs, although it did not reach
significance (Figure 5D). The percentages of iTregs in peripheral
blood and spleen did not differ greatly between treatments (Figures
S3A and S4A). However, the FOXP3high iTreg population was consis-
tently and significantly greater in peripheral blood and spleens of
anti-pPKCq-iTreg-treated mice (Figures S3B and S4B). When we
further analyzed the CD4+CD25+FOXP3+ iTreg population recov-
ered from the BM of mice treated with anti-pPKCq-iTregs, we found
a significantly lower percentage of cells that stained positively for
pPKCq, compared to mice treated with DMSO-iTregs (Figure 5E).
In addition, pPKCqlow iTregs were significantly higher in peripheral
blood, but not in spleen, of anti-pPKCq-iTreg-treated mice
(Figures S3C and S4C). Consistent with decreased percentages
of pPKCq-expressing Tregs in the BM, we also noted that
BM-infiltrating anti-pPKCq-iTregs tended to express less total
pPKCq, as indicated by a higher percentage of pPKCqlow iTregs, as
well as less nuclear pPKCq, than did DMSO-iTregs, although these
data did not reach statistical significance (Figures 5E and 5F). We
cells and Red650-labeled suppressor cells mixed in three different ratios. (B) Percent

ting, UltraGreen-labeled responder cells (indicted by gates and percentages) on day

iTregs (indicated by gates and percentages) on day 4 of suppression assay (D)

alization score distribution of FOXP3-expressing iTregs, quantification of nuclear

P3 in iTregs determined by AMNIS imaging flow cytometry analysis of 1,000 iTregs

e independent experiments. *p < 0.05, **p < 0.01, by unpaired, two-tailed Student’s t
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did not observe differences in pPKCq nuclear localization among
iTregs circulating in the peripheral blood or that had trafficked to
the spleen (Figures S3D and S4D).

One means by which iTregs can suppress activated T cells is through
cell contact-dependent mechanisms, specifically by upregulating the
immune-inhibitory receptor PD-1, which will engage its cognate
ligand, PD-L1, on activated T cells.47 Percentages of PD-1-expressing
iTregs in BM were similar in mice regardless of iTreg treatment (Fig-
ure 5G). Both the percentage of PD-1high-expressing iTregs, as well as
total intracellular and surface-expressed PD-1 (MFI), trended higher
in anti-pPKCq-iTregs, and we could detect a population of PD-1high-
expressing anti-pPKCq-iTregs that was not present within the
DMSO-iTreg population (Figure 5G). We did not observe differences
in PD-1high iTregs isolated from peripheral blood or spleen of mice
from either cohort (Figures S3E and S4E).

We also investigated changes in gene expression in iTregs. Specifically,
there were significantly higher levels ofPDCD1 and IFNG transcripts in
anti-pPKCq-iTregs isolated from the BM, compared to DMSO-iTregs
(Figures 5H and 5I, respectively). These findings led us to evaluate
plasma levels of IFNg in iTreg-treated mice. In contrast to DMSO-
iTreg-treated mice, we measured significantly greater levels of circu-
lating IFNg in mice that received anti-pPKCq-iTregs (Figure 5J).
This contrasted with splenic iTregs, which showed no difference in
PDCD1 and significantly lower IFNG mRNA levels (Figures S4F and
S4G). Altogether, these results indicate that compared to DMSO-
iTregs, and even up to 17 days after in vivo administration,
anti-pPKCq-iTregs display an increased ability to traffic to sites of
inflammation (here the BM) and express high levels of PD-1, and
they can produce large quantities of IFNg, suggesting that the combi-
nation of these unique characteristics contributes to reducing disease
severity.
Ex Vivo-Generated Anti-pPKCq-iTregs Show Increased PD-1

Co-localization with PKCq and NFATc1

Consistent with reports in the literature, we observed increased surface
PD-1 on anti-pPKCq-iTregs, compared to DMSO-iTregs, and this
correlated with their higher expression of PDCD1 (Figure 2G). Anti-
pPKCq-iTregs also expressed more IFNg than did DMSO-iTregs
(Figure 2H). Therefore, we sought to further characterize DMSO-
iTregs and anti-pPKCq-iTregs to increase our understanding of their
functional differences.We used imaging flow cytometry to ask whether
surface PD-1 association with other signaling proteins differed between
DMSO-iTregs and anti-pPKCq-iTregs differentiated ex vivo. We
detected higher PD-1-pPKCq co-localization in anti-pPKCq-iTregs
Figure 4. Adoptively Transferring Anti-pPKCq-iTregs Attenuates Disease and P

(A) Schematic representation of adoptive transfer of ex vivo-differentiated iTregs used in

red blood cells (RBCs) (B), and bone marrow (BM) cellularity (C), with hematoxylin and eo

GvHD induction. Scale bars, 200 mm. (D and E) Percent (left) and absolute number (right

untreated and iTreg-treated mice harvested 17 days after GvHD-induction. (F and G) Cli

mice; n = 5 mice per group. Data were pooled from and represent the mean ± SEM

determine survival benefit. *p < 0.05, **p < 0.01, *** p < 0.001, by unpaired, two-tailed
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(Figure 6A), even though pPKCq is significantly reduced in these cells
(Figure 2), suggesting that the much of the pPKCq that is expressed in
anti-pPKCq-iTregs may be associated with surface PD-1. Downstream
ofCD28 signaling,NFATc1 is dephosphorylated on specific residues by
the calcium-dependent phosphatase calcineurin,mediated by the enzy-
matic activity of the calcineurin B (CnB) subunit.48 Dephosphorylating
NFATc1 unmasks a nuclear localization signal that allows its nuclear
import. Once in the nucleus, NFATc1 differentially associates with
various transcription partners to regulate context-specific gene expres-
sion, including IFNG, FOXP3, and PDCD1.49–51 Compared to DMSO-
iTregs, we found that PD-1 colocalized withNFATc1 to amuch greater
extent in anti-pPKCq-iTregs (Figure 6B). As a result, nuclear NFATc1
levels were significantly reduced in anti-pPKCq-iTregs, although
NFATc1 cytosolic levels were comparable regardless of iTreg treatment
(Figure 6C). As with NFATc1, cytosolic CnB levels were comparable in
DMSO-iTregs and anti-pPKCq-iTregs, but DMSO-iTregs expressed
significantly more nuclear CnB (Figure 6D). We determined that
CnB functioned similarly in DMSO-iTregs and anti-pPKCq-iTregs,
since treating either with the CnB inhibitor, tacrolimus, equivalently
reduced nuclear NFATc1 localization and concomitantly increased
its cytosolic levels (Figure 6C).We also noted that tacrolimus treatment
decreased the amount of nuclear CnB in DMSO-iTregs suggesting,
perhaps, that NFATc1 and CnB are both imported into the nucleus
of DMSO-iTregs (Figure 6D). This does not appear to be the case in
anti-pPKCq-iTregs, and it is possible that the increased association of
NFATc1withPD-1 in these cellsmakes it less accessible todephosphor-
ylation by CnB. Nuclear CnB has not been previously reported in
T cells, and additional investigation is needed to determine whether
CnB acts similarly in the nucleus to maintain a pool of dephosphory-
lated and, therefore, nuclear-resident NFATc1 in DMSO-iTregs.
NFATc1 and CnB Subcellular Localization in iTregs Is

Associated with Signaling through IFNg and PD-1

We next investigated whether NFATc1 or CnB localization was
linked to PD-1 or IFNg signaling in ex vivo-generated iTregs. During
differentiation, we treated DMSO-iTregs and anti-pPKCq-iTregs
with antibodies to neutralize either IFNg- or PD-1-initiated signaling,
then used imaging flow cytometry to ask how modulating these cell-
extrinsic signals affected NFATc1 and CnB localization. In DMSO-
iTregs, both anti-IFNg and anti-PD-1 treatment reduced nuclear
NFATc1, while nuclear CnB was reduced following anti-IFNg treat-
ment only (Figures 7A and 7C). In stark contrast, in anti-pPKCq-
treated iTregs, only anti-IFNg treatment increased nuclear NFATc1,
while higher amounts of nuclear CnB were detected following anti-
IFNg or anti-PD-1 treatment (Figures 7B and 7D). These results
clearly indicate that signaling downstream of PD-1 and IFNg
rolongs Survival in a Humanized Mouse Model of GvHD

a humanized mouse model of GvHD. (B and C) Circulating white blood cells (WBCs),

sin staining of sterna from untreated and iTreg-treated mice harvested 17 days after

) of human CD45+ cells (D), and percent of human CD4 and CD8 T cells (E) in BM of

nical scores (F) and Kaplan-Meier survival curves (G) for untreated and iTreg-treated

of three independent experiments. Kaplan-Meier statistical analysis was used to

Student’s t test.
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converges at the level of NFATc1 and CnB subcellular localization in
iTregs, and this is further modulated when iTregs are treated with
anti-pPKCq during ex vivo differentiation.

DISCUSSION
In this study, we demonstrate that targeting pPKCq using a cell-pene-
trating antibody enhanced ex vivo iTreg differentiation and expan-
sion. Anti-pPKCq-treated iTregs showed increased expression of
FOXP3, the co-inhibitory receptor PD-1, and IFNg. iTregs differen-
tiated in the presence of anti-pPKCq displayed a stable phenotype
in vivo when examined 17 days after transfer into mice, using a hu-
manized mouse model of GvHD, and were highly efficacious in atten-
uating symptoms and prolonging survival.

Cell-based therapies are being actively investigated within the devel-
oping field of personalized medicine, the use of which can minimize
side effects and provide long-termmanagement of immunological dis-
eases.44,52 T cells are highly specific, adaptable, “smart” therapeutic
agents that selectively target tissues by tuning their activities in response
to inflammatory microenvironments. Freshly isolated Tregs, adminis-
tered together with BM allograft, can ameliorate GvHD and enhance
HST engraftment.53,54 Following in vivo administration, Tregs can
exert their suppressive function by inhibiting effector T cell activation
and altering cytokine production and migration. Tregs can downregu-
late DCmaturation in a cell contact-dependent manner, inhibit mono-
cyte and macrophage survival through Fas-FasL signaling, and
constrain neutrophil activity by promoting their apoptosis.55–58 Recent
studies showed that, rather than isolating nTregs from patients and ex-
panding them in culture, ex vivo conversion ofCD4+CD25�T cells into
iTregs by culturing them with polarizing factors such as transforming
growth factor b (TGF-b), IL-2, all-trans retinoic acid, DNA methyl-
transferase (DNMT) inhibitors, histone deacetylase (HDAC) inhibi-
tors, butyrate, and/or rapamycin conveys greater immunosuppressive
functions, making iTregs more attractive for immunotherapy.59,60 In
our study, we found that intracellular anti-PKCq delivery, coupled
with a standard differentiation protocol and anti-CD3 plus anti-
CD28 stimulation, enhanced ex vivo iTreg differentiation. This strategy
appears to be highly efficient for ex vivo iTreg generation, since anti-
PKCq-treated iTregs expressed higher levels of nuclear FOXP3, surface
PD-1, and IFNg, compared to DMSO-treated iTregs.

Additional obstacles to successful Treg-based immunotherapy
involve maintaining Treg stability and reducing plasticity by sustain-
Figure 5. Ex Vivo Generated Anti-pPKCq-iTregs Exhibit a Stable, Unique FOXP

(A) Plasma cytokine levels from control, untreated, and iTreg-treated mice 17 days

total CD4+CD127�/lowCD25+FOXP3+ iTregs (C) recovered from BM 17 days after G

CD4+CD127�/lowCD25+FOXP3high iTregs recovered fromBM17days after GvHD induct

CD4+CD127�/lowCD25+FOXP3high iTregs recovered from BM 17 days after GvHD in

of nuclear similarity scores for pPKCq, and representative image showing nuclear p

CD4+CD127�/lowCD25+FOXP3+ iTregs recovered from BM 17 days after GvHD ind

CD4+CD25+FOXP3+ iTregs recovered from BM 17 days after GvHD-induction. (H and I

iTregs recovered from BM 17 days after GvHD induction. (J) Plasma IFNg levels from c

pooled from fourmice/treatment and represent themean±SEMof three independent exp
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ing FOXP3 expression, as well as proper trafficking to target organs,
following adoptive transfer in vivo.1,61,62 In our study, we utilized a
humanized mouse model of GvHD that targets the BM for im-
mune-mediated destruction. Our results demonstrated that mice
treated with anti-pPKCq-iTregs had significantly more FOXP3high-
expressing iTregs in the BM and experienced a greater reduction in
the severity of GvHD, compared to mice treated with DMSO-iTregs.
Furthermore, anti-pPKCq-iTregs recovered from the BM of treated
mice displayed an immunophenotype very similar to ex vivo-differen-
tiated anti-pPKCq-iTregs, suggesting these cells remain stable in vivo,
even several weeks after transfer.

PKCq has been implicated as a driver protein of aberrant T cell acti-
vation in the context of GvHD progression.27,29 PKCq is phosphory-
lated on Thr538 to complete its activation and facilitate its transloca-
tion both to the IS and to the nucleus.19,35,63 Studies suggest that
inhibiting PKCq may constitute an effective therapy for T cell-medi-
ated diseases,22,25,26,64 and inhibiting PKCq function in Tregs
enhances their suppressive function both in vitro and in vivo.21,23

However, these studies utilized small-molecule inhibitors that lacked
the ability to specifically target PKCq actions, potentially affecting
closely related PKC family members, such as PKCa and PKCd.
Considering the greater specificity of antibody binding, we showed
that we could modify PKCq function in iTregs, using a highly specific
cell-penetrating antibody-delivery strategy.

Molecular mechanisms that link reduced PKCq signaling with tran-
scriptional changes, as well as co-inhibitory receptor expression on
the cell surface, remain to be fully elucidated. We observed near com-
plete loss of nuclear pPKCq and significantly reduced cytosolic anti-
pPKCq-iTregs. Studies suggest that PKCq can be found in close prox-
imity to PD-1 in the cytosol.65,66 Indeed, PKCq-PD1 co-localization
was increased in anti-pPKCq-iTregs, compared to DMSO-iTregs,
potentially stabilizing PD-1 and enhancing iTreg PD-1-PD-L1-medi-
ated suppression, which has been shown to be an important mecha-
nism by which Tregs negatively regulate the immune response.67

Interestingly, anti-pPKCq-iTregs exhibited high IFNg expression
both in vitro and in vivo. The actions of IFNg in immune responses
and inflammatory processes are paradoxical. IFNg can facilitate Th1
differentiation and T cell migration to sites of inflammation and
initiate proinflammatory signaling events. However, IFNg-producing
Th1 cells can also trigger the immune system to initiate control
3highPD-1+IFNghigh Phenotype In Vivo

after GvHD induction. (B and C) Percent and representative FACS plots (B) and

vHD induction. (D) Percent, representative histograms, and FOXP3 expression in

ion. (E) Percent pPKCq+ and pPKCqlow cells with representative histogramswithin the

duction. (F) Nuclear localization score of pPKCq-expressing cells, quantification

PKCq in iTregs determined by AMNIS imaging flow cytometry analysis of 1,000

uction. (G) Percent PD-1+ and PD-1high cells, with representative histograms of

) qPCR analysis of (H) PDCD1 and (I) IFNG gene expression in CD4+CD25+CD127�

ontrol, untreated, and iTreg-treated mice 17 days after GvHD induction. Data were

eriments. *p < 0.05, **p < 0.01, ***p < 0.001, by unpaired, two-tailed Student’s t test.



Figure 6. Ex Vivo Generated Anti-pPKCq-iTregs Show Increased PD-1 Co-localization with PKCq and NFATc1

(A and B) Percent of co-localized events, representative images, co-localization score distributions, and quantification of co-localization similarity scores for (A) PD-1-PKCq

and (B) PD-1-NFATc1 co-localization as determined by AMNIS imaging flow cytometry analysis of 1,000 iTregs differentiated without or with CPPM-anti-pPKCq. (C and D)

Percent of cells positive for nuclear and cytosolic (C) NFATc1 and (D) calcineurin B, together with representative nuclear localization score distributions, quantification of

(legend continued on next page)
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mechanisms.68 T cells require three signals for full activation: signal 1
is received through the TCR, signal 2 is a co-stimulatory signal (i.e.,
though the CD28 co-receptor), while signal 3 is mediated by cytokine
receptors.69 When naive T cells encounter elevated IFNg, in the
absence of signaling through the TCR and CD28, activation of mul-
tiple cellular and molecular events leads to peripheral conversion of
CD4+CD25� T cells to CD4+CD25+ Tregs, to regulate overt inflam-
mation and suppress autoimmune responses.68 It has been argued
that the source of IFNg is critical to driving either pro-inflammatory
or anti-inflammatory responses in GvHD.70,71 However, functional
consequences of IFNg production by Tregs in GvHD remain unex-
plored. It has been suggested that IFNg produced by Tregs is advan-
tageous in preventing allogeneic skin graft rejection.40,41 Moreover,
allogeneic donor FOXP3-expressing Tregs appeared to express
IFNg upon bone marrow transplantation (BMT) and prevented the
development of lethal GvHD.53,54 However, donor Tregs treated
with neutralizing anti-IFNg monoclonal antibody or Tregs from
IFNg-knockout donor mice failed to prevent the lethal GvHD.40,70

Furthermore, STAT1, an important mediator in IFNg signaling,
was found to be critical to the induction of CD4+CD25+ Tregs.72

Anti-pPKCq delivery into iTregs leads to increased IFNg. This
finding is consistent with recent studies that showed perturbing the
CARMA1-Bcl10-MALT-1 (CBM) complex in Tregs generates
IFNg-producing Tregs.73,74 We previously showed that PKCq inter-
acts with the CBM complex.75 Furthermore, delivering anti-pPKCq
into CD4 T cells prior to in vitro Th1 polarization reduces phosphor-
ylation of the PKCq substrate, CARMA1.29 Thus, it is possible that in
anti-pPKCq-iTregs, we are similarly perturbing the CBM complex,
leading to increased IFNg production by these cells. Additional
studies are needed to fully elucidate the mechanism driving this phe-
nomenon. Anti-pPKCq-iTregs produced significantly more IFNg
in vitro and in vivo, resulting in higher levels of IFNg in the plasma
from the mice that received anti-pPKCq-iTregs. These findings,
coupled with the presence of more CD4+CD25+FOXP3+ iTregs in
the BM of anti-pPKCq-iTreg-treated mice, led us to conclude that
IFNg may act as both an extrinsic and intrinsic factor to promote
iTreg differentiation and enhance their suppressive function in this
humanized mouse model of GvHD.

The transcription factor NFATc1 functions to link extracellular stim-
uli to gene transcription, through its association with other transcrip-
tional partners, including but not limited to AP-1, NF-kB, and the
various Th master transcriptional regulators. Through selective
pairing, NFATc1 can regulate both pro-inflammatory, i.e., cytokine
production, and anti-inflammatory, i.e., PD-1 expression, genetic
programs.49,51 To generate anti-pPKCq-iTregs, we provided co-stim-
ulation though CD28 in the context of iTreg differentiation, together
with anti-pPKCq delivery. Therefore, it is entirely possible that we
have altered NFATc1 availability for binding to its nuclear partners,
thus generating unique regulation of iTreg genes, including regulation
nuclear localization similarity scores, and representative images, as determined by AM

CPPM-anti-pPKCq, and without or with tacrolimus added during differentiation. Data re

***p < 0.001, by unpaired, two-tailed Student’s t test.
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of FOXP3, PD-1, and IFNg. Our data showing increased co-localiza-
tion between NFATc1 and PD-1 in anti-pPKq-iTregs supports this
notion, in that its increased association with PD-1may physically pre-
vent CnB from accessing and dephosphorylating NFATc1, thus
impeding its nuclear translocation. However, additional studies are
needed to confirm this model.

Dephosphorylation by CnB is necessary to facilitate NFATc1 nu-
clear translocation.76 Once in the nucleus it may be re-phosphory-
lated by one of several kinases, including GSK3b and casein kinase
1/2, promoting its export to the cytosol.77 Compared to anti-
pPKCq-iTregs, DMSO-iTregs expressed higher amounts of nuclear
NFATc1, and of nuclear CnB as well. This raises the intriguing pos-
sibility that a pool of nuclear CnB may function to keep NFATc1
dephosphorylated and, thus, nuclear-resident, in DMSO-iTregs.
Reduced PKCq activity is known to enhance GSK3b function.78

Thus, it is equally intriguing to speculate that GSK3b may be acting
to re-phosphorylate nuclear NFATc1 in anti-pPKCq-iTregs to facil-
itate its nuclear export, accounting for the reduced amount of nu-
clear NFATc1 expressed in these cells. Further investigation would
be required to determine whether this is, indeed, a mechanism that
supports our observations.

Our results, together with supporting evidence from the literature,
demonstrate that modulating PKCq function in iTregs reprograms
their cell fate and enhances their immunosuppressive capacity both
in vitro and in vivo. Intracellular anti-pPKCq delivery using cell-pene-
trating peptide mimics is a promising strategy to fine-tune iTreg dif-
ferentiation to favor generating and expanding a unique and highly
suppressive population, characterized by increased expression of
FOXP3, PD-1, and IFNg. More importantly, using a humanized
model of GvHD, we show that adoptively transferring anti-pPKCq-
iTregs into mice is highly efficacious in attenuating the severity of
GvHD in vivo when transferred at the time of disease induction. In
humans, this would correlate to giving anti-pPKCq-iTregs at the
time of HSCT, with the prediction that the transferred iTregs would
effectively suppress the rapidly expanding donor T cell population
within the stem cell graft. Our data suggest that anti-pPKCq-iTregs,
generated from PBMCs of the stem cell donor, may have prophylactic
value when given to recipients at the time of HSCT. However, note
that all animal models have limitations, and extrapolating results
from murine models to humans must be done with care. Further
study is needed to answer remaining questions regarding optimal
ex vivo differentiation conditions, optimal concentration and timing
of doses, and the potential need for adjuvant immunosuppressive
therapy that will enhance and not counteract iTreg administration.
Nonetheless, our study constitutes a compelling argument to further
explore the use of CPPM-antibody delivery as a means of program-
ming immune cells ex vivo to generate readily available, stable, effica-
cious, and personalized cell-based therapeutics.
NIS imaging flow cytometry analysis of 1,000 iTregs differentiated without or with

present the mean ± SEM of three independent experiments. *p < 0.05, **p < 0.01,
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MATERIALS AND METHODS
Animals

All animal studies were approved by, and conducted under oversight
of, the Institutional Animal Care and Use Committee of the Univer-
sity of Massachusetts, Amherst. Seven-week-old female NOD.Cg-
Prkdcscid Il2rgtm1Wjl/SzJ (NSG) mice were purchased from The Jack-
son Laboratories (Bar Harbor, ME, USA). Mice were rested 1 week
prior to use, housed under pathogen-free conditions in micro-isolator
cages, and received acidified water (pH 3.0) supplemented with
trimethoprim + sulfamethoxazole throughout the duration of the
experimental procedures.

Antibodies and Reagents

Antibodies used in this study were as follows: CD3ε (clone UCHT1),
CD28 (clone CD28.2), CD4 (clone RPA-T4), CD8 (clone RPA-T8),
CD25 (clone BC96), CD25 (clone BC96), CD25 (clone BC96),
CD45RA (clone HI100), CD45RO (clone UCHL1), CD127 (clone
A019D5), CD127 (clone A019D5), PD-1 (clone EH12.2H7), and
NFATc1 (clone7A6), all from BioLegend (San Diego, CA, USA);
CD4/CD8 cocktail (clones RPA-T4 and RPA-T8) and human
CD45 (clone 2D1) from eBioscience (Santa Clara, CA, USA); mouse
CD45 (clone 30-F11) and IFNg (clone B27) from BD Biosciences
(Billerica, MA, USA); histone H3 (clone 96C10), pPKCq (Thr538),
and total PKCq (clone E1I7Y) from Cell Signaling Technology (Dan-
vers, MA, USA); anti-PP2B-B1/2 (CnB; clone D-1) from Santa Cruz
Biotechnology (Santa Cruz, CA, USA); a-Tubulin (clone B-5-1-2)
from Sigma-Aldrich (St. Louis, MO, USA); and pPKCq (Thr538;
clone F4H4L1) and F(ab0)2-goat anti-rabbit IgG (H+L) secondary
antibody (Qdot625, polyclonal) from Life Technologies (Carlsbad,
CA, USA). For nuclear staining, DRAQ5TM was obtained from
Thermo Fisher Scientific (Waltham, MA, USA). Live/dead staining
was performed utilizing either Zombie Aqua or Zombie Violet fixable
viability kit (BioLegend). For in vitro suppression assay, cells were
tracked using labeling with CytoTell UltraGreen or CytoTell
Red650 (AAT Bioquest, Sunnyvale, CA, USA). Tacrolimus was ob-
tained from Thermo Fisher Scientific (Agawam, MA, USA).

Human iTreg Differentiation Coupled with Intracellular CPPM-

Anti-pPKCq Delivery

1 mM CPPM (P13D5) and 25 nM of anti-pPKCq (Thr538, clone
F4H4L1) were complexed in PBS (phosphate-buffered saline,
pH 7.2) at a 40:1 ratio (CPPM/anti-pPKCq) for 30 min at room tem-
perature (RT). CD4 T cells were isolated from human PBMCs
(STEMCELL Technologies, Vancouver, BC, Canada) using a
MojoSort human T cell isolation kit (BioLegend). Isolated human
CD4 T cells were treated with the CPPM-antibody complex for 4 h
at 37�C or DMSO as vehicle control. Cells were harvested and washed
Figure 7. NFATc1 and Calcineurin B Subcellular Localization in iTregs Is Assoc

(A–D) Percent of cells positive for nuclear and cytosolic (A and B) NFATc1 and (C and D

quantification of nuclear localization similarity scores, and representative images, as de

without or with CPPM-anti-pPKCq. (A and C) DMSO-iTregs and (A–D) anti-pPKCq-iTregs

represent the mean ± SEM of three independent experiments. *p < 0.05, **p < 0.01, *
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with PBS, then washed twice with 20 U/mL heparin in PBS for 5 min
on ice to remove cell surface-bound complexes. For iTreg differenti-
ation, a CellXVivo human Treg differentiation kit (R&D Systems,
Minneapolis, MN, USA) was used and iTreg differentiation media
were prepared using X-VIVO 15 chemically defined, serum-free he-
matopoietic cell medium according to the manufacturer’s instruc-
tions. Treated cell pellets were resuspended in iTreg differentiation
media and seeded onto wells of a 12-well tissue culture plate pre-
coated with 5 mg/mL anti-CD3ε plus 2.5 mg/mL anti-CD28, and stim-
ulated for 5 days at 37�C.

Immunoblotting

iTregs were harvested on day 5 of differentiation. Nuclear and cyto-
solic extracts were prepared using NE-PER nuclear and cytosolic
extraction kit (Thermo Scientific). 1� SDS Laemmli buffer was added
to samples, which were separated on 8% gels using SDS-PAGE. Blots
were probed with anti-pPKCq (Thr538) and anti-total PKCq, then re-
probed using anti-a-tubulin and anti-histone H3 as cytosolic and nu-
clear loading controls, respectively.

Protein Subcellular Localization Using AMNIS Imaging Flow

Cytometry

For ex vivo analysis, iTregs were harvested on day 5 of differentiation.
For in vivo analysis, BM, spleen, and peripheral blood were collected
on day 17 and single-cell suspensions were prepared from each sam-
ple. Cells were surface stained for CD4 and CD25. Each sample was
then fixed and permeabilized according to the manufacturer’s direc-
tions using the Foxp3 staining buffer kit (BD Biosciences) and stained
for FOXP3, NFATc1, CnB, and pPKCq (Thr538) followed by
Qdot625-labeled secondary antibody. Nuclei were stained using the
cell-permeable DRAQ5 fluorescent probe (Thermo Fisher Scientific).
Cells were visualized and quantified using an ImageStreamX Mk II
imaging flow cytometer (EMD Millipore, Billerica, MA, USA). Sub-
cellular localization and nuclear similarity scores for FOXP3, pPKCq
(Thr538), NFATc1, and CnB proteins were determined using the nu-
clear localization wizard and the IDEAS software following masking
of nuclear and non-nuclear regions to quantify proteins localized out
of and within the nucleus, respectively.

In Vitro Suppression Assay

On day 0, human CD4 T cells were plated onto anti-CD3+anti-CD28-
coated wells and differentiated for 5 days in iTreg differentiation
media. On day 5, iTregs (suppressors) were loaded with the cell
tracker dye Red650 (allophycocyanin [APC] fluorescence). Total
hPBMCs (responders) were thawed and stimulated with soluble
anti-CD3+anti-CD28 and crosslinked using mouse IgG. Responder
cells were then loaded with a different cell tracker dye, UltraGreen
iated with Signaling through IFNg and PD-1

) calcineurin B, together with representative nuclear localization score distributions,

termined by AMNIS imaging flow cytometry analysis of 1,000 iTregs differentiated

were treated with or without anti-IFNg or anti-PD-1 during iTreg differentiation. Data

**p < 0.001, by unpaired, two-tailed Student’s t test.
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(fluorescein isothiocyanate [FITC] fluorescence). Responder cells
were seeded onto tissue culture plates and suppressors were added
to responders at the indicated ratio. Cells were co-cultured for
4 days and proliferation of responder and suppressor cells was deter-
mined. Percent suppression was calculated as follows: Suppression
(%) = 100% � FITC-negative cells (%).

Surface versus Intracellular Expression of Co-inhibitory

Receptors

iTregs were harvested on day 5 of differentiation. Cells were stained
with Zombie Aqua viability dye. For surface-only expression, cells
were directly stained using PD-1. For surface+intracellular expres-
sion, cells were surface stained, then fixed and permeabilized accord-
ing to the manufacturer’s directions using the Foxp3 staining buffer
kit, followed by staining with anti-PD-1. Samples were acquired using
a BD LSRFortessa flow cytometer (Becton Dickinson) and MFIs were
calculated. For intracellular-only expression, MFI of surface staining
was subtracted from MFI of surface+intracellular staining.

Quantitative Real-Time PCR

Total RNAwas isolated from samples using a Quick-RNA isolation kit
(Zymo Research, Irvine, CA, USA) according to the manufacturer’s
protocol. 1 mg of total RNA was reverse-transcribed to cDNA using
dNTP (20-deoxynucleoside 50-triphosphate) (New England Biolabs,
Ipswich, MA, USA), Moloney murine leukemia virus (M-MuLV)
reverse transcription buffer (New England Biolabs), oligo(dT) (Prom-
ega, Madison, WI, USA), RNase inhibitor (Promega), and M-MuLV
reverse transcriptase (New England Biolabs) on a Mastercycler
gradient thermal cycler (Eppendorf, Hamburg, Germany). Quantita-
tive real-time PCR primers used in this study are listed in Table S1.
Quantitative real-time PCR was performed in duplicate with 2�
SYBR Green qPCR master mix (BioTool, Houston, TX, USA) using
the RealPlex2 system (Eppendorf). Quantitative real-time PCR condi-
tions were as follows: 95�C for 1 min, 95�C for 25 s, 62�C for 25 s (40
cycles), 95�C for 1 min, 62�C for 1 min, and 95�C for 30 s. Relative
gene expression was determined using the DDCt method. The results
are presented as fold gene expression normalized to the housekeeping
gene b-actin and relative to Tconv+DMSO samples for ex vivo exper-
iments and relative to naive+DMSO for in vivo experiments.

In Vivo Suppression Analysis Using Adoptive Transfer of iTregs

in a Humanized GvHD Model

CD4 T cells were isolated from healthy donor hPBMCs, subsequently
treated with the CPPM-anti-pPKCq complex, and differentiated for
5 days into iTregs, as described. On day 4, total hPBMCs from the
same donor were thawed and rested overnight in fresh RPMI 1640
complete media (10% fetal bovine serum, 100 U/mL penicillin-strep-
tomycin, 1 mM sodium pyruvate, 2 mM L-glutamine) at 37�C in 5%
CO2 incubator. On day 5, NOD.Cg-Prkdcscid Il2rgtm1WjI/SzJ (NSG)
mice were conditioned with 2 Gy of total body irradiation using a
137Cs source and then rested for 4–6 h. 10� 106 hPBMCs were mixed
with 3.3 � 106 iTregs and adoptively transferred into irradiated NSG
mice via the tail vein. Body weight and disease symptoms were
observed daily. On day 17, some animals were sacrificed for tissue
analysis. After CO2 asphyxiation, peripheral blood was obtained us-
ing cardiac puncture. Sterna and spleens were collected for histology.
BM cells were recovered from the tibias and femurs of both legs by
flushing the bones with complete RPMI 1640 media. Splenocytes
were isolated by manipulation through a 40-mm filter. Red blood cells
were lysed in ACK lysis buffer, and the remaining white blood cells
were enumerated using trypan blue exclusion. White and red cell
counts were performed using a scil Vet abc hematology analyzer
(scil Animal Care, Gurnee, IL, USA). BM, spleen, and peripheral
blood were assessed for percent engraftment of hPBMCs [% positive
human CD45/(% positive human CD45 cells + % positive mouse
CD45 cells)] and infiltration of human CD4 and CD8 T cells. Human
CD4 T cells were also analyzed for CD25, CD127, FOXP3, PD-1, and
pPKCq (Thr538) expression.

GvHD Clinical Scoring

GvHD severity was assessed using a standardized scoring system, as
previously described,36 which included five different criteria (weight
loss, posture, activity, fur texture, and skin integrity). Mice were
weighed, evaluated daily, and graded from 0 (least severe) to 2 (most
severe) for each criterion, beginning day 12 after disease induction.
Daily clinical scores were generated by adding the grades for the five
criteria. When a clinical score of 8 was reached, mice were removed
from the study and humanely euthanized. The day animals were
from the study was recorded as the day of lethal GvHD induction.

Magnetic Sorting of In Vivo iTregs for mRNA Analysis

BM and spleens were collected from NSG mice 17 days after GvHD
induction. BM cells were recovered from the tibias and femurs. Sple-
nocytes were isolated by manipulation through a 40-mm filter. Red
blood cells were lysed in ACK lysis buffer, and the remaining white
blood cells were enumerated using trypan blue exclusion. Cells
were incubated with human CD4 T lymphocyte enrichment cocktail
(BD Biosciences) followed by incubation with BD IMag streptavidin
particles plus (BD Biosciences) to deplete the non-CD4 T cell fraction.
Biotinylated anti-CD127 antibody and biotinylated anti-CD25 anti-
body, followed by an incubation with BD IMag streptavidin particles
plus, were applied sequentially to obtain the iTreg fraction
(CD127�CD25+) and naive T cell fraction (CD127+CD25�). Total
RNA was obtained from isolated cells as described.

Histology

Sterna and spleens harvested on day 17 were fixed overnight in 10%
neutral buffered formalin (NBF) (VWR, Radnor, PA, USA), decalci-
fied 48 h (Cal-Rite; Richard Allen Scientific, San Diego, CA, USA),
preserved in 70% ethanol at 4�C until processed, paraffin embedded,
sectioned, and stained with hematoxylin and eosin.

LEGENDPlex Bead-Based Immunoassay

Peripheral blood for cytokine analysis was obtained in heparin-coated
syringes from animals via cardiac puncture, immediately after hu-
mane euthanasia on day 17. The LEGENDPlex Human Th1/Th2
panel (8-plex; BioLegend) was used to determine the level of IFNg,
IL-2, IL-4, and IL-10. Data were acquired using a BD LSRFortessa
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flow cytometer and analyzed using LEGENDPlex software, version
7.0 (BioLegend).

Statistical Analysis

The results shown are the mean ± SEM; all ex vivo experimental rep-
licates were repeated at least three times. All in vivo experimental rep-
licates were repeated in three separate experiments. An unpaired,
two-tailed Student’s t test using Prism 5 (GraphPad, San Diego,
CA, USA) was used for statistical comparison of two groups, with
Welch’s correction applied when variances were significantly
different. Survival benefit was determined using Kaplan-Meier anal-
ysis with an applied log rank test. p values of %0.05 were considered
significantly different.
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Figure S1. Assessment of intracellular antibody delivery and determination of experimental 

controls for ex vivo-generated iTregs. To verify that only antibody complexed to synthetic cell-

penetrating peptide mimics are delivered across the cell membrane, CD4 T cells were isolated and 

pre-treated for four hours with phosphate buffered saline (PBS), anti-pPKC only, CPPMs only, 

secondary antibody only, CPPM complexed to anti-rabbit IgG, or CPPM complexed to anti-

pPKC, prior to in vitro differentiation into iTregs. At the end of the differentiation period, cells 

were permeabilized and stained with an anti-rabbit secondary antibody conjugated to Qdot 625. 

Flow cytometry was used to (A) determine percent of cells taking up CPPM-complexed antibody 

(left panel) and the extent to which CPPM-complexed antibody was delivered on a per cell basis 

(middle panel), as indicated by median fluorescent intensity of the bound Qdot-labeled secondary 

antibody. A representative histogram is shown in the far-right panel. In separate experiments, CD4 

T cells were isolated and pre-treated for four hours with anti-pPKC only, CPPM only, CPPM 

complexed to anti-rabbit IgG, dimethyl sulfoxide only (DMSO), or CPPM complexed to anti-

pPKC, prior to in vitro differentiation into iTregs. (B) The percent of iTreg cells successfully 

differentiated after the various pre-treatments was determined by flow cytometry following 

intracellular staining with anti-CD25 and anti-FOXP3. Representative histograms of CD25 and 

FOXP3 expression are shown in panels that correspond to the various pretreatment conditions; 

representative histograms showing CD127+ cells within the CD25+FOXP3+ populations are 

shown below individual panels. Only the DMSO-treated cells showed a similar expression pattern 

of CD25 and FOXP3, and, thus was used as the control for CPPM-anti-pPKC experiments 

throughout this study. Data represent mean ± SEM of three independent experiments. Unpaired, 

two-tailed Student’s t test was used for analysis; *p < 0.05, ***p < 0.001. 

 



 

 

 

 

 

 

 

 



Supplemental Figure 2. Assessment of hPBMC distribution in peripheral blood and spleens 

on day +17 from a humanized mouse model of GvHD. GvHD was induced in mice and cohorts 

were left untreated (GvHD+no iTregs) or treated with iTregs generated in the presence of DMSO 

(GvHD+DMSO iTregs) or after CPPM-anti-pPKC delivery (GvHD+anti-pPKC-iTregs). (A) 

Aggregated data showing the percentages of hPBMCs in peripheral blood and spleen, together 

with representative flow cytometry dot plots. (B) Representative micrographs of spleens harvested 

17 days after GvHD-induction and stained with hematoxylin and eosin. (C) Aggregated data 

showing percentages of human CD4 and CD8 T cells recovered from peripheral blood and spleen, 

together with representative flow cytometry dot plots. 5 mice were used per group. Pooled data 

represent the mean ± SEM of three independent experiments. Unpaired, two-tailed Student’s t test 

was used for analysis; *p < 0.05, **p < 0.01. 
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Figure S3. Immunophenotyping of iTregs recovered from peripheral blood on day +17 from 

a humanized mouse model of GvHD. GvHD was induced in mice and cohorts were treated with 

iTregs generated in the presence of DMSO (GvHD+DMSO-iTregs) or after CPPM-anti-pPKC 

delivery (GvHD+anti-pPKC-iTregs). (A) Aggregated data showing percent of 

CD4+CD25+FOXP3+ iTregs recovered from peripheral blood, together with representative dot 

plots showing CD25 and FOXP3 expression, in DMSO-iTregs and anti-pPKC-iTregs recovered 

from the peripheral blood of diseased mice 17 days after GvHD-induction. (B) Aggregated data 

and representative histogram of FOXP3high-iTregs in the peripheral blood of DMSO- or anti-

pPKC-iTreg-treated mice 17 days after GvHD-induction. (C) Aggregated data and representative 

histogram of pPKClow-iTregs in the peripheral blood of DMSO- or anti-pPKC-iTreg-treated 

mice 17 days after GvHD-induction. (D) Nuclear localization score histograms, aggregated data 

and representative images of nuclear pPKC-positive CD4+CD25+FOXP3+ iTregs in the 

peripheral blood of DMSO- or anti-pPKC-iTreg-treated mice 17 days after GvHD-induction. (E) 

Aggregated data and representative histogram of PD1high-iTregs in the peripheral blood of DMSO- 

or anti-pPKC-iTreg-treated mice 17 days after GvHD-induction. 3-5 mice were used per group. 

Pooled data represent the mean ± SEM of three independent experiments. Unpaired, two-tailed 

Student’s t test was used for analysis; *p < 0.05. 

 

 

 

 

 

 

 



 



Figure S4. Immunophenotyping of iTregs recovered from spleens on day +17 from a 

humanized mouse model of GvHD. GvHD was induced in mice and cohorts were treated with 

iTregs generated in the presence of DMSO (GvHD+DMSO-iTregs) or after CPPM-anti-pPKC 

delivery (GvHD+anti-pPKC-iTregs). (A) Aggregated data showing percent of 

CD4+CD25+FOXP3+ iTregs recovered from spleens, together with representative dot plots 

showing CD25 and FOXP3 expression in DMSO-iTregs and anti-pPKC-iTregs recovered from 

the spleens of diseased mice 17 days after GvHD-induction. (B) Aggregated data and 

representative histogram of FOXP3high-iTregs recovered from spleens of DMSO- or anti-pPKC-

iTreg-treated mice 17 days after GvHD-induction. (C) Aggregated data and representative 

histogram of pPKClow-iTregs recovered from spleens of DMSO- or anti-pPKC-iTreg-treated 

mice 17 days after GvHD-induction. (D) Nuclear localization score histograms, aggregated data 

and representative images of nuclear pPKC-positive CD4+CD25+FOXP3+ iTregs recovered 

from spleens of DMSO- or anti-pPKC-iTreg-treated mice 17 days after GvHD-induction. (E) 

Aggregated data and representative histogram of PD-1high-iTregs recovered from spleens of 

DMSO- or anti-pPKC-iTreg-treated mice 17 days after GvHD-induction. (F) PDCD1, and (G) 

IFNG gene expression in CD4+CD25+ (iTreg) cells recovered from the spleens of DMSO- or anti-

pPKC-iTreg-treated mice 17 days after GvHD-induction. 3-5 mice were used per group. Pooled 

data represent the mean  SEM of three independent experiments. Unpaired, two-tailed Student’s 

t test was used for analysis; *p < 0.05, **p < 0.01. 
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T cell receptor signaling, together with cytokine-induced sig-
nals, can differentially regulate RNA processing to influence
T helper versus regulatory T cell fate. Protein kinase C family
members have been shown to function in alternative splicing
and RNA processing in various cell types. T cell-specific protein
kinase C theta, a molecular regulator of T cell receptor down-
stream signaling, has been shown to phosphorylate splicing fac-
tors and affect post-transcriptional control of T cell gene
expression. In this study, we explored how using a synthetic
cell-penetrating peptide mimic for intracellular anti-protein
kinase C theta delivery fine-tunes differentiation of induced
regulatory T cells through its differential effects on RNA pro-
cessing. We identified protein kinase C theta signaling as a crit-
ical modulator of two key RNA regulatory factors, heteroge-
neous nuclear ribonucleoprotein L (hnRNPL) and protein-L-
isoaspartate O-methyltransferase-1 (PCMT1), and loss of pro-
tein kinase C theta function initiated a “switch” in post-tran-
scriptional organization in induced regulatory T cells. More
interestingly, we discovered that protein-L-isoaspartate O-
methyltransferase-1 acts as an instability factor in induced reg-
ulatory T cells, by methylating the forkhead box P3 (FOXP3)
promoter. Targeting protein-L-isoaspartate O-methyltransfer-
ase-1 using a cell-penetrating antibody revealed an efficient
means of modulating RNA processing to confer a stable regu-
latory T cell phenotype.
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INTRODUCTION
Immunological signals emanating from the T cell receptor (TCR)
culminate in translation of mRNA in immune cells. Depending on
the input, alterations in this process can be mediated by RNA binding
protein (RBP) assemblies to coordinate downstream biological out-
comes, such as T cell activation, tolerance, and plasticity. Modifica-
tions in RBP-mediated post-transcriptional regulation can influence
cellular reactivity during inflammatory responses and autoimmu-
nity.1 RBPs include two main classes of proteins: heterogeneous nu-
clear ribonucleoproteins (hnRNPs) that bind to splicing silencers,
and serine-arginine-rich (SR) proteins that bind to splicing en-
Molecular Therapy Vol. 28 No 10 Octo
hancers.2–4 Initially discovered as spliceosome components regu-
lating alternative splicing, these proteins are involved in numerous
other cellular processes such as transcription, chromatin dynamics,
mRNA stability, mRNA nuclear export, and translation.5,6 These
multifunctional RBPs remain bound to mRNA, facilitating nucleation
of other regulatory proteins that aid in mRNA export to the cyto-
plasm and subsequent translation.4,7,8 By necessity, these proteins
are tightly regulated, including by phosphorylation in response to
extracellular stimuli, which can alter their activity and subcellular
localization.9–12

TCR-mediated signaling pathways effect multiple changes in cell
morphology and function through alternative splicing and by orches-
trating interactions between positively and negatively regulating RBPs
and 30 untranslated regions (UTRs).1–3,6 Many immunological effec-
tors, including cytokines and chemokines, harbor 30 UTR regulatory
elements that enable fine-tuning of immunological responses based
on cellular requirements.13–15 Alternative splicing and RNA process-
ing can be regulated in a tissue- and cell-specific fashion, downstream
of environmental cues.16–18 However, our full understanding of the
molecular mechanisms that convey differences in post-transcrip-
tional regulation remain incomplete.

For example, alternative splicing of the leukocyte surface protein pro-
tein tyrosine phosphatase receptor type C (encoded by PTPRC) and
commonly referred to as CD45 represents one well-characterized
example of how external stimuli result in changes in expression of
alternatively spliced proteins.19–21 Protein kinase C (PKC) and Ras
signaling induce exon skipping within PTPRC, generating alternate
ber 2020 ª 2020 The American Society of Gene and Cell Therapy. 1
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forms of CD45 that concomitantly exhibit reduced phosphatase activ-
ity.19,22,23 Different CD45 isoforms are generated by multi-protein
complexes of RBPs, including hnRNPL.24 Studies using immune cells
have focused on hnRNPL as a critical nuclear RBP, with four RNA
recognition motifs and capable of mediating basal splicing, mRNA
stability, and nuclear export.25–28 hnRNPL binds to CA-repeat motifs
and CA-rich elements, thereby repressing exon skipping.26,29 T cell
activation can induce post-translational modifications of hnRNPL
to increase its silencing activity.30,31 Because hnRNPL activity is
higher in resting cells, these cells express primarily the longer CD45
isoforms, CD45RA and or CD45RB. In activated and memory
T cells, in which hnRNPL activity is low, increased levels of the short-
est isoform, CD45RO, predominate.21 CD45 isoform expression in
regulatory T cells (Tregs) has also been associated with FOXP3 stabil-
ity and Treg suppressive capacity, as well as with Treg homing
in vivo.32 Furthermore, differential splicing and mRNA processing
regulated by TCR and hnRNPL are key drivers of T helper versus
Treg fate choice. hnRNPL knockdown suppressed Treg induction,
suggesting that hnRNPL, as an mRNA regulatory protein, is critical
to maintaining the integrity of Treg differentiation programs.33

Tregs function to control immune responses and maintain self-toler-
ance within the immune system.34,35 Demethylation of the Treg-spe-
cific demethylated region (TSDR), located within the intronic
sequence of the FOXP3 promoter, is a prerequisite for stable
FOXP3 expression and Treg suppressive function.36–38 Our previous
studies demonstrated that we could modulate T cell fate by delivering
a cell-penetrating antibody directed against phosphorylated PKCq
(pPKCq), and intracellular anti-pPKCq delivery into human CD4
T cells prior to in vitro iTreg differentiation generated highly stable
induced Tregs (iTregs) with a unique phenotype.39 Inhibiting PKCq
function by constraining its intracellular movement in iTregs resulted
in superior suppressive capacity and correlated with unusual tran-
scriptional changes, both in vitro and in vivo. This led us to investigate
how these transcriptional changes were regulated by PKCq during
iTreg differentiation. An interesting, potential link between PKCq
and transcriptional diversity has been explored in T cells.40–42

PKCq directly phosphorylates the splicing factor SC35 within its
RNA recognition motif and SR domain.40,43 PKCq and SC35 colocal-
ize with RNA polymerase II, as well as with active histone marks, to
enhance transcriptional elongation.40 Moreover, SC35 binds to
exonic splicing enhancers and coordinates alternative splicing, RNA
stability, mRNA export, and translation.44–47 Intriguingly, a FOXP3
stabilizing protein, TIP60, was shown to promote SC35 degradation
via acetylation at lysine residue 52, in close proximity to PKCq phos-
phorylation sites, suggesting that PKCq may act to regulate splicing
factors in the context of Treg suppressive function.48,49 Given that
PKCq phosphorylates SC35 and controls epigenetic and transcrip-
tional regulation in T cells, we hypothesized that PKCq may regulate
alternative splicing and, furthermore, RNA processing during iTreg
differentiation.

In this study, we show that intracellular anti-pPKCq delivery into
CD4 T cells prior to iTreg differentiation effectively “switches” alter-
2 Molecular Therapy Vol. 28 No 10 October 2020
native splicing and RNA processing programs to favor stable over
plastic iTreg phenotypes. PKCq critically modulates two key RNA
regulatory factors, hnRNPL and protein-L-isoaspartate O-methyl-
transferase-1 (PCMT1), thereby reprogramming mRNA splicing, sta-
bility, nuclear export, and translational control. More interestingly,
we demonstrate that PCMT1 acts as a Treg instability factor by meth-
ylating the FOXP3 promoter. Targeting PCMT1 using a cell-pene-
trating antibody revealed an efficient means for modulating RNA
processing to confer stable Treg function.

RESULTS
Ex Vivo Anti-pPKCq Delivery into iTregs Modulates Splicing

Regulatory Proteins and RNA Processing

PKCq has been described as a negative regulator of Treg differentia-
tion. It has also been linked to the splicing machinery in CD4 T cells,
through its demonstrated phosphorylation of the splicing regulator
SC35.40 Therefore, we sought to determine whether PKCqmay affect
iTreg differentiation by modulating regulatory and splicing proteins.
We previously showed that we could modulate pPKCq activity,
ex vivo, using synthetic protein transduction domain mimics to effi-
ciently carry a functional antibody across the membrane of human
CD4 T cells.50 In this study, we utilized this same approach to probe
the function of PKCq during ex vivo iTreg differentiation. We
cultured human CD4 T cells with or without cell-penetrating peptide
mimics (CPPMs) complexed to anti-pPKCq in the presence of iTreg
polarizing or with DMSO only, to generate anti-pPKCq-iTregs or
DMSO-iTregs, respectively.39 For comparison, we also cultured
CD4 T cells with or without CPPM-anti-pPKCq for the same length
of time, but in the absence of iTreg polarizing conditions, to generate
anti-pPKCq-conventional T cells (Tconvs) and DMSO-Tconvs,
respectively. After 5 days of differentiation, we assessed the cytosolic
and nuclear distribution of phosphorylated (p)SC35 (Figure 1A). We
observed that pSC35 expression was abrogated in iTregs differenti-
ated in the presence of anti-pPKCq. This was not entirely unexpected,
as SC35 has been reported to be a substrate of PKCq,40 and loss of
pSC35 confirms that anti-pPKCq delivery attenuates PKCq activity.

Since the SC35 splicing regulator was affected by anti-pPKCq delivery
to iTregs, we questioned whether there were differences in alternative
splicing or 30 UTR processing in key iTreg molecules. Properly gener-
ating 30 UTRs is critical for mRNA stability, since 30 UTRs include
recognition motifs for RBPs that may stabilize or destabilize mRNA
through their influences on mRNA degradation and silencing. In
addition, shorter 30 UTR lengths have been associated with stable
mRNA production and increased protein translation in a signal-
dependent manner.51 Immune cells recruit specific RBPs to sites of
translation to form riboclusters. Arrangement of RBPs on the 30

UTR elements (AU-rich and CA-rich elements) in the riboclusters
determine whether mRNA will be translated or directed to
nonsense-mediated decay. CD45 splicing has been extensively stud-
ied in T cells and shown to be regulated by hnRNPL. Therefore, we
first examined CD45 splicing in iTregs, as a proof-of-concept target.
We noted that anti-pPKCq delivery increased RB and RO forms both
in iTregs and Tconvs, compared to untreated cells (Figures 1B and



Figure 1. Ex Vivo Anti-pPKCq Delivery into iTregs Modulates Splicing Regulatory Proteins and RNA Processing

(A) Cytoplasmic and nuclear distribution of pSC35 in anti-pPKCq-iTregs was analyzed by immunoblotting. Normalized densities for cytoplasmic pSC35 were quantified

relative to tubulin expression. (B) Alternative splicing of CD45 (PTPRC) was analyzed in iTregs using RT-PCR. Primers were designed to assess 30 UTR processing using RT-

PCR and covered sequences from the last exon to the polyadenylation site. (C–F) Results and cartoon representations are shown for (C) PDCD1, (D) FOXP3, (E) IFNG, and (F)

IFNGR1. Red frames indicate expected amplicon sizes for mature mRNA with its 30 UTR. Data represent the mean ± SEM of two or three independent experiments. An

unpaired, two-tailed Student’s t test was used for analysis. ***p < 0.001.
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S1A). In a companion study, we showed that anti-pPKCq-treated
iTregs displayed unique characteristics, including higher FOXP3,
PD1, and interferon (IFN)g expression.39 Given the fact that
FOXP3 and PD1 reportedly undergo alternative splicing,52–54 we
asked whether anti-pPKCq delivery affected mRNA processing of
these and other key iTreg genes. We analyzed the splicing patterns
and 30 UTR lengths of PDCD1, FOXP3, IFNG, and IFNGR1. Conven-
tional mRNAs for those genes consist of exons 1-2-3-4-5 (PDCD1),
exons 2-3-4-5 (FOXP3), 4 exons (IFNG), and 7 exons (IFNGR1).
We observed similar splicing patterns for all four genes in iTregs
Molecular Therapy Vol. 28 No 10 October 2020 3
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with or without anti-pPKCq treatment (Figures S1B–S1E). Anti-
pPKCq delivery into Tconvs produced similar spliced forms, except
for FOXP3 mRNA, which showed truncated sequences following
anti-pPKCq treatment (Figure S1C). Interestingly, anti-pPKCq deliv-
ery affected 30 UTR processing in a gene-specific manner. When we
evaluated these four genes in iTregs and Tconvs, we detected
PDCD1 mRNA variants with markedly shorter 30 UTR lengths
following anti-pPKCq treatment compared to DMSO-iTregs (Figures
1C and S1F), while FOXP3, IFNG, and IFNGR1 30 UTR lengths did
not change after antibody treatment (Figures 1D–1F and S1G–S1I).
Expression of a shorter 30 UTR sequence in PDCD1 is consistent
with increased expression of surface PD1 observed on iTregs differen-
tiated following anti-pPKCq delivery.39Collectively, these results sug-
gest that PKCqmodulates splicing regulators and RNA processing in
a cell- and gene-specific context.

Ex Vivo Treatment of iTregs Conveys Durable Tissue-, Cell-, and

Gene-Specific Modulation of RNA Processing In Vivo

We noted increased CD45RB and CD45RO expression in iTregs
differentiated following ex vivo anti-pPKCq delivery, in the absence
of robust differences in alternative splicing of PDCD1, FOXP3,
IFNG, or IFNGR1. However, in vivo, iTregs can behave differently
due to their differential trafficking and exposure to cytokines.
Furthermore, reports suggest that these influences and others may
prime Tregs for additional alternative splicing events in response
to external signals. We explored this possibility by analyzing the
expression of CD45 (PTPRC), PDCD1, FOXP3, IFNG, and IFNGR1
in iTregs isolated from the bone marrow (BM) and spleen of mice,
used in a humanized model of graft-versus-host disease (GvHD).39

In this pre-clinical model, lethal GvHD results from acute BM infil-
tration of destructive immune cells, approximately 3 weeks after hu-
man peripheral blood mononuclear cells are transferred into lightly
irradiated nonobese diabetic (NOD).Cg-Prkdcscid Il2rgtm1Wjl/SzJ
(NSG) mice. In our companion study, we determined that adminis-
tering anti-pPKCq-iTregs at the time of disease induction was highly
efficacious in preventing GvHD. We detected high numbers of anti-
pPKCq-iTregs in the BM at the peak day of the disease (day 17), and
these iTregs exhibited a unique and stable gene expression pattern.39

To determine whether alternate RNA processing leads to more sta-
ble mRNA variants in these iTregs, we adoptively transferred anti-
pPKCq-iTregs or DMSO-iTregs into humanized mice on the day
of GvHD induction and analyzed RNA processing in iTregs on
day 17, at the peak of disease. We used magnetic beads to purify cells
collected from BM and spleen based on CD4, CD25, and CD127
expression. In contrast with in vitro results, anti-pPKCq-iTregs iso-
lated from BM showed increased expression of the CD45RA/RB iso-
forms, compared to DMSO-iTregs, while iTregs isolated from
spleens had comparable expression of CD45 isoforms, regardless
of treatment during differentiation (Figure 2A). When we analyzed
naive T cells, we found that they expressed similar patterns of CD45
splice variants in both tissues, regardless of iTreg treatment (Fig-
ure S2A). These data suggested that ex vivo anti-pPKCq delivery
into iTregs alters CD45 splicing and is iTreg-specific. Moreover,
increased CD45RA/RB expression by anti-pPKCq-iTregs is consis-
4 Molecular Therapy Vol. 28 No 10 October 2020
tent with reports showing that this population of iTregs preferen-
tially migrates to the BM.32

When we further assessed iTregs recovered from the BM and spleens
of diseased mice, we found that, in anti-pPKCq-iTregs, both PDCD1
and FOXP3 displayed differences in mRNA expression. Whereas
PDCD1 transcripts were nearly undetectable in BM-infiltrating
DMSO-iTregs, anti-pPKCq-iTregs isolated from BM and spleen
showed robust expression of PDCD1 as well as extensive editing in
the 30 UTR length, suggesting that transcripts generated in these cells
may be more stable compared to DMSO-iTregs (Figure 2B). Quite
surprisingly, the expression level, as well as the expression pattern,
of FOXP3 splice variants in anti-pPKCq-iTregs recovered from the
BM also differed significantly from those of DMSO-iTregs. iTregs iso-
lated from spleens of diseased mice showed minimal variability in
FOXP3 isoform expression, regardless of how the iTregs were gener-
ated (Figure 2C). While we were unable to amplify FOXP3 30 UTR of
the expected size in BM-infiltrating iTregs, we did detect shorter 30

UTR variants only in BM-resident anti-pPKCq-iTregs, again suggest-
ing that unique 30 UTR editing also occurs in these cells (Figure 2C).
Naive T cells recovered from the BM and spleen of diseased mice
showed comparable expression patterns of PDCD1 and FOXP3 splice
variants and 30 UTR editing, with the exception of naive T cells iso-
lated from spleens of DMSO-iTreg-treated mice, which showed mul-
tiple short isoforms of FOXP3 (Figures S2B and S2C).

Consistent with the alterations in PDCD1 and FOXP3 that we
observed to be unique to BM-infiltrating anti-pPKCq-treated iTregs,
we also noted distinct and exclusive mRNA splicing and 30 UTR edit-
ing of IFNG and IFNGR1 in these cells as well (Figures 2D and 2E).
We could amplify IFNG and IFNGR1 splice variants and 30 UTR tran-
scripts of the expected amplicon sizes in anti-pPKCq-iTregs isolated
from BM, but not from BM-infiltrating DMSO-iTregs (Figures 2D
and 2E). We also noted some tissue-specific differences in the isoform
expression and 30 UTR length in these genes, amplified from naive
T cells recovered from BM and spleens of mice (Figures S2B–S2E).
Additionally, although we detected IFNG mRNA splice variants in
naive T cells from BM (Figure S2D), they were lacking IFNGR1
mRNA, due to differential 30 UTR editing (Figure S2E). This raises
the intriguing prospect that iTregs may exert a cell-extrinsic effect
on naive T cells that makes them refractory to the effects of IFNg
signaling, although further experimentation is needed to test this pos-
sibility. Altogether, these data suggest that alternative splicing and 30

UTR shortening of key iTreg genes were selectively modulated in
anti-pPKCq-iTregs, during in vivo immune responses, and these
occurred in a tissue-, cell-, and gene-specific fashion.

In iTregs, PCMT1 Is Regulated through Post-translational and

Post-transcriptional Processes

The protein repair enzyme, PCMT1, repairs damaged proteins by
methylating the carboxyl group of L-isoaspartate or D-aspartyl resi-
dues.55 PCMT1 can also regulate critical cellular processes such as
RNA maturation, stability, export, histone homeostasis, and post-
translational control.56–59 PCMT1 shares similarities with two other



Figure 2. Ex Vivo Treatment of iTregs Conveys Durable Tissue-, Cell-, and Gene-Specific Modulation of RNA Processing In Vivo

hPBMCs were transferred on day 0 together with anti-pPKCq-iTregs (or DMSO-iTregs) at a ratio of 3:1. On day 17, tissues were harvested and iTregs were isolated based on

CD4+, CD25+, CD127� expression, using magnetic beads. Total RNA was extracted from ex vivo-treated iTregs recovered from BM and spleen on day 17. (A–E) RT-PCR

was used to evaluate alternatively spliced (A) CD45 (PTPRC), and alternative splicing and 30 UTR processing of (B) PDCD1, (C) FOXP3, (D) IFNG, and (E) IFNGR1. Red frames

indicate the expected amplicon size, and the cartoon representation for expected amplicon size is shown for each gene. Data are representative of three independent

experiments from five mice per condition.
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Figure 3. In iTregs, PCMT1 Is Regulated through Post-translational and Post-transcriptional Processes

(A) PCMT1 protein in cytosolic and nuclear extracts was detected using immunoblotting, and band intensity was quantified relative to tubulin and histone H3 expression,

respectively, using ImageJ software. (B) l-Phosphatase treatment was used to confirm PCMT1 phosphorylation. pSTAT1 was used as a phosphorylation control. Total

(legend continued on next page)

Molecular Therapy

6 Molecular Therapy Vol. 28 No 10 October 2020

Please cite this article in press as: Ozay et al., Protein Kinase C Theta Modulates PCMT1 through hnRNPL to Regulate FOXP3 Stability in Regulatory T Cells,
Molecular Therapy (2020), https://doi.org/10.1016/j.ymthe.2020.06.012



www.moleculartherapy.org

Please cite this article in press as: Ozay et al., Protein Kinase C Theta Modulates PCMT1 through hnRNPL to Regulate FOXP3 Stability in Regulatory T Cells,
Molecular Therapy (2020), https://doi.org/10.1016/j.ymthe.2020.06.012
methyltransferases shown to methylate proteins and RNA: S-adeno-
sylmethionine-dependent protein arginine methyltransferase
(PRMT) and PRIP-interacting protein with methyltransferase
domain (PIMT), respectively. Therefore, we investigated PCMT1
regulation in the context of iTreg differentiation with and without
anti-pPKCq delivery.

PCMT1 was expressed at high levels in the cytosol but we could also
detect low levels in the nucleus of DMSO-iTregs (Figure 3A).
Following anti-pPKCq delivery, cytosolic and nuclear PCMT1 levels
were significantly diminished, as was gene expression (Figure 3A).
We also noted decreased cytosolic PCMT1 expression and altered
splice variants in anti-pPKCq-Tconvs (Figures S3A–S3C). Interest-
ingly, we detected two separate PCMT1 bands in the nuclear lysates
only of anti-pPKCq-iTregs, raising the possibility that nuclear
PCMT1 in these cells is a phosphorylated species (Figure 3A). We
generated additional cytosolic and nuclear samples and treated half
of each sample with l-phosphatase, to determine whether the upper
band represented phosphorylated PCMT1. We detected significantly
higher pSTAT1 (Y701) levels in anti-pPKCq-iTregs (Figure 3B),
consistent with reports of elevated pSTAT1 in highly suppressive
iTregs. Therefore, we also included pSTAT1 (Y701) as an internal
control. As expected, pSTAT1 was not detected following phospha-
tase treatment (Figure 3B). Similarly, the upper band of nuclear
PCMT1 was undetectable in nuclear lysates following phosphatase
treatment (Figures 3A and 3B). These results suggest that one means
by which pPKCq may negatively regulate iTreg differentiation is by
suppressing PCMT1 phosphorylation, which may further impact its
nuclear function.

Having detected differences in RNA splice variants in anti-pPKCq-
iTregs, in vitro and in vivo (Figures 1 and 2, respectively), we next
asked whether anti-pPKCq delivery affected RNA processing of
PCMT1 in iTregs, as well. Conventional PCMT1 mRNA has seven
exons with a 30 UTR that contains approximately 700 bp. In anti-
pPKCq-iTregs, we observed evidence of exon skipping in PCMT1
transcripts, detecting shorter mRNA variants together with longer-
than-expected 30 UTRs (Figure 3C). We were also interested in
whether anti-pPKCq treatment conveyed durable differences in
iTregs recovered from the BM and spleens of mice in our humanized
model of GvHD. Strikingly, we detected markedly different splice var-
iants of PCMT1, as well as shorter 30 UTR lengths, in anti-pPKCq-
iTregs isolated from BM, while iTregs in the spleen displayed similar
patterns of PCMT1 processing, regardless of prior treatment (Fig-
ure 3D). We did not detect significantly diminished PCMT1 in
anti-pPKCq-iTregs recovered from the BM; however, PCMT1 expres-
sion was significantly downregulated in anti-pPKCq iTregs found in
the spleen (Figure 3E). Naive T cells showed comparable levels of
PCMT1 in the BM, but significantly reduced transcripts in the spleen,
STAT1 and pSTAT1 (Y701) were quantified using ImageJ software. (C) PCMT1 splicing a

splicing and 30 UTR length were analyzed using RT-PCR and PCMT1 gene expression

treated mice on day 17. Red frames indicate the expected amplicon sizes. Data represen

four mice per group were used. An unpaired, two-tailed Student’s t test was used for a
of mice treated with anti-pPKCq-iTregs, compared to mice that
received DMSO-iTregs (Figure S3D). Interestingly, the PCMT1
splicing pattern in naive T cells was reversed compared to in vivo-
recovered iTregs (Figure S3E). Altogether, these data demonstrate
that in iTregs, PKCq plays an important role in regulating the protein
methyltransferase, PCMT1, both post-translationally and post-
transcriptionally.

Ex Vivo Anti-PCMT1 Delivery Enhances iTreg Differentiation

We sought to further investigate how modulating PCMT1 affected
mRNA-RBP interactions in iTregs. To do this, we delivered anti-
PCMT1 into human CD4 T cells and then differentiated the cells,
ex vivo, toward an iTreg phenotype (anti-PCMT1-iTregs). We then
compared the phenotype of anti-PCMT1-iTregs to anti-PKCq-
iTregs. Interestingly, we observed a significant increase in the per-
centage of CD4+CD25+FOXP3+ iTregs generated following anti-
PCMT1 delivery, and which was comparable to the percentage of
CD4+CD25+FOXP3+ iTregs treated with anti-pPKCq (Figure 4A).
In addition, relative to DMSO-iTregs, FOXP3 expression was higher
in anti-pPKCq- and in anti-PCMT1-treated iTregs, with each treat-
ment producing a greater percentage of iTregs that were FOXP3hi,
compared to DMSO-iTregs (Figure 4B). We previously found that
anti-PKCq-iTregs expressed significantly more IFNg than did
DMSO-iTregs, a characteristic consistent with a unique population
of highly suppressive Tregs.39,60,61 Therefore, we also assessed IFNg
expression in anti-PCMT1 iTregs. Delivering either anti-pPKCq or
anti-PCMT1 into CD4 T cells increased the percentage of IFNghi-ex-
pressing iTregs and suggests that PKCq and PCMT1 operate within
the same pathway to regulate iTreg IFNg production (Figure 4C).

PCMT1 has been implicated in multiple RNA processing functions,
including regulating mRNA nuclear export to facilitate protein trans-
lation. We speculated that this is likely further mediated by its regu-
lation of, or interaction with, RBPs. Among these, hnRNPL has been
shown to be a key regulator of iTreg post-transcriptional regulation.
To explore the possible link between PCMT1 and hnRNPL, we first
asked whether anti-pPKCq treatment affected hnRNPL expression.
In anti-pPKCq-iTregs, hnRNPL cytosolic expression was increased,
while nuclear hnRNPL levels were diminished (Figure 4D). However,
in anti-PKCq-Tconvs, we observed decreased cytosolic and increased
nuclear hnRNPL (Figures S5A and S5B). These results suggested to us
that hnRNPL cellular localization not only contributes to iTreg differ-
entiation, but that its cytosolic versus nuclear accumulation is regu-
lated in a PKCq-dependent manner.

Our in vitro data suggested that PKCq and PCMT1may act within the
same signaling pathway to regulate FOXP3 and IFNg expression.
Therefore, we asked whether either of these pathways converge at
the level of hnRNPL association. To determine whether PKCq or
nd 30 UTR lengths were analyzed using RT-PCR in ex vivo-treated iTregs. (D) PCMT1

was quantified using qPCR in iTregs isolated from (E) BM and (F) spleen of iTreg-

t the mean ± SEM of two or three independent experiments. For in vivo experiments,

nalysis. **p < 0.01, ***p < 0.001.
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Figure 4. Ex Vivo Anti-PCMT1 Delivery Enhances iTreg Differentiation

(A) Percentages of CD4+CD25+FOXP3+ T cells with representative scatterplots following ex vivo treatment with cell-penetrating anti-pPKCq or anti-PCMT1 delivery. (B)

Percentage of FOXP3high iTregs and FOXP3 median fluorescent intensities (MFIs) together with their representative histograms of iTregs treated as in (A). (C) Percentage of

IFNg+ iTregs and fold increase in IFNgMFI, together with representative histograms, of iTregs treated as in (A). (D) Cytoplasmic and nuclear distributions of hnRNPL in anti-

pPKCq-iTregs were analyzed by immunoblotting. Normalized densities for cytoplasmic and nuclear hnRNPL were quantified relative to tubulin and histone H3 expression,

(legend continued on next page)
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PCMT1 physically interacts with hnRNPL, we immunoprecipitated
cytosolic and nuclear hnRNPL and examined the degree of PKCq-
and PCMT1-hnRNPL interaction in iTregs treated either with anti-
pPKCq or with anti-PCMT1. We observed that, in DMSO-iTregs,
hnRNPL and PKCq interactions appear equivalent in the cytosol
and the nucleus, while hnRNPL-PCMT1 interactions are reduced,
but detectable in the cytosol, and are more robust in the nucleus (Fig-
ure 4E). Nuclear association of PKCq or of PCMT1 with hnRNPL was
significantly diminished in iTregs following either anti-pPKCq or
anti-PCMT1 treatment. Cytosolic hnRNPL-PKCq association was
significantly reduced in anti-pPKCq-treated iTregs but increased in
anti-PCMT-iTregs. We found the opposite trend for hnRNPL-
PCMT1 interactions: cytosolic hnRNPL-PCMT1 binding increased
in anti-pPKCq-iTregs but was lower in anti-PCMT1-iTregs (Fig-
ure 4E). These data are consistent with a model whereby PKCq and
PCMT1 may interact with each other and compete for binding to
hnRNPL, which may act to shuttle both proteins into the nucleus.
Constraining either pPKCq or PCMT1 via intracellular antibody de-
livery may allow increased cytosolic association of the other protein
with hnRNPL (Figure 4E, upper two panels, left side). The fact that
both PKCq and PCMT1 are undetectable in nuclear extracts in
anti-pPKCq- and anti-PCMT1-iTregs supports the notion that these
two proteins interact in the cytosol, and delivering an antibody to one
protein effectively constrains nuclear translocation of both (Figure 4E,
upper two panels, right side). We noted that hnRNPL is also dimin-
ished in nuclear extracts from anti-pPKCq- and anti-PCMT1-iTregs,
further suggesting that constraining pPKCq or PCMT1 may also
impede hnRNPL nuclear shuttling, when bound to either of these
proteins in the cytosol (Figure 4E, third panel, right side). Altogether,
these results confirmed that both PKCq and PCMT1 interact with
hnRNPL, and that the cellular compartment in which these interac-
tions take place can be manipulated via anti-pPKCq or anti-
PCMT1 delivery into iTregs.

A major function of RBPs, such as hnRNPL, is to aid in mRNA export
prior to translation. Given the reduced nuclear interactions of
hnRNPL with PKCq and PCMT1 following antibody delivery, we
asked whether this also negatively affected the ability of hnRNPL to
bind PCMT1 mRNA. Using several bioinformatics tools, including
the Catalog of Inferred Sequence Binding Preferences of RNA binding
proteins (CISBP-RNA) database, we identified two CA-rich RNA
binding motifs recognized by hnRNPL (Figure 4F). CA-rich elements
within 30 UTR sequences serve as central hubs for further RNA pro-
cessing events, influencing RNA stability and nuclear export.62 In
general, incorrectly spliced mRNAs, such as those with retained in-
trons or aberrant exon skipping, can undergo either nuclear RNA
decay or nonsense-mediated RNA decay in the cytoplasm. Only
correctly spliced, stable mRNAs are properly exported and trans-
lated.63 To investigate whether hnRNPL-PCMT1 or hnRNPL-PKCq
respectively. (E) Cytosolic and nuclear association of hnRNPL with PKCq and PCMT1 in

binding motifs using the Catalog of Inferred Sequence Binding Preferences of RNA bind

the PCMT1 30 UTR and (H) hnRNPL association with cytosolic and nuclear PCMT1mRN

amplicon size. Data represent the mean ± SEM of two or three independent experiments
association is important for correctly spliced, stable mRNA export
in iTregs, we isolated cytoplasmic and nuclear RNA from iTregs fol-
lowed by RNA immunoprecipitation. We designed 30 UTR-specific
primers to amplify putative hnRNPL binding sites, including two pu-
tative hnRNPL binding sites within the 30 UTRofPCMT1 (Figure 4G).
We subsequently identified hnRNPL binding sites located within the
30 UTR of all of the key iTreg genes studied herein, namely FOXP3,
IFNG, IFNGR1, and PDCD1 (Figure S4). Strikingly, we found robust
hnRNPL-PCMT1mRNA association in the cytosol of DMSO-iTregs.
These interactions were markedly reduced in iTregs treated either
with anti-pPKCq or with anti-PCMT1 and were accompanied by a
concomitant increase in nuclear hnRNPL-PCMT1 association (Fig-
ure 4H). We detected hnRNPL-PDCD1 interactions, mainly in the
nucleus, of DMSO-iTregs, while anti-PCMT1-treated iTregs showed
slightly more hnRNPL-PDCD1 association in the cytosol (Fig-
ure S5C). Cytosolic hnRNPL-FOXP3 interactions remained intact
in anti-pPKCq-iTregs but were lost in anti-PCMT1-iTregs (Fig-
ure S5D). Nuclear export of stable IFNG and IFNGR1 mRNA was
not appreciably affected by anti-pPKCq or anti-PCMT1 delivery (Fig-
ures S5E and S5F). These results indicate that stable mRNA export of
PCMT1 is tightly regulated by hnRNPL through its association with
PCMT1 and PKCq. More importantly, both PKCq and PCMT1 can
regulate selective mRNA export of key iTreg genes in a gene-specific
manner.

PCMT1 Acts to Destabilize the iTreg Phenotype through Its

Effects on FOXP3 Methylation

In many aspects, delivering anti-PCMT1 into iTregs phenocopied
the results we obtained when we generated anti-pPKCq-iTregs.
This included producing equivalent populations of FOXP3hi and
IFNghi iTregs. Therefore, we asked whether PCMT1 directly reg-
ulates FOXP3 gene expression. Using chromatin immunoprecipita-
tion (ChIP), followed by qPCR, we determined that PCMT1 binds
directly to FOXP3 in iTregs. Moreover, anti-pPKCq and anti-
PCMT1 treatment dramatically reduced PCMT1-FOXP3 interac-
tions in iTregs (Figure 5A). These data suggest that fully functional
PKCq and PCMT1 are critical for PCMT1-FOXP3 association.
FOXP3 expression is tightly regulated by several transcription fac-
tors that bind the TSDR, following its demethylation. To date, a
highly demethylated TSDR is the most reliable marker for stable
FOXP3 expression. In most iTregs, the TSDR is methylated, lead-
ing to destabilized FOXP3 expression.64,65 This instability is
thought to result from reduced STAT5 binding within the
TSDR.66,67 We identified 15 CpG islands within the human
FOXP3 TSDR sequence, including two that flanked the proximal
STAT5 binding site, and two that overlapped with the distal
STAT5 binding site (Figure 5B). As a logical extension to our dis-
covery that PCMT1, a methlytransferase, directly binds to FOXP3,
we evaluated the level of TSDR methylation in DMSO-iTregs and
iTregs was determined using co-immunoprecipitation. (F) Predicted hnRNPL RNA

ing proteins (CISBP-RNA) database in humans. (G) Schematic of hnRNPL binding to

A in anti-pPKCq-iTregs and anti-PCMT1-iTregs. Red frames indicate the expected

. An unpaired, two-tailed Student’s t test was used for analysis. *p < 0.05, **p < 0.01.
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Figure 5. PCMT1 Acts to Destabilize the iTreg

Phenotype through Its Effects on FOXP3

Methylation

(A) Chromatin immunoprecipitation quantifying PCMT1

occupancy on the FOXP3 promoter in iTregs. (B) CpG

islands (indicated in bold type) and STAT5-binding sites

(underlined in blue) in the human FOXP3 TSDR. (C)

Bisulfite sequencing of 10 different clones per iTreg

treatment showing FOXP3 TSDR CpG islands. Percent-

ages of CpGs demethylated at sites #3, #4, #14, and #15

were quantified and are shown as pie charts. (D) Nuclear

localization of pSTAT5 (Tyr694) was quantified by imag-

ing flow cytometry using Amnis ImageStream analysis.

Representative cell frequency histograms, along with

representative images at �60 magnification, show anti-

pPKCq-iTregs with nuclear pSTAT5. The Amnis IDEAS

wizard, with nuclear masking applied, was used to

quantify nuclear localization of pSTAT5, based on simi-

larity score. Data represent mean ± SEM of two or three

independent experiments. An unpaired, two-tailed Stu-

dent’s t test was used for analysis. *p < 0.05, **p < 0.01.
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compared it with that of anti-pPKCq- and anti-PCMT1-treated
iTregs, using bisulfite sequencing of 10 individual clones isolated
from each of the three iTreg treatment conditions, as indicated
(Figure 5C). When we assessed the methylation of the four specific
CpGs flanking the STAT5 binding site, we observed that DMSO-
iTregs showed the lowest percentage (20%) of demethylation of
these CpGs in the clones analyzed. Interestingly, in anti-pPKCq-
iTregs, approximately 35% of these CpG sites within the TSDR
were demethylated. Following anti-PCMT1 treatment, however,
we found that of the clones tested, 75% of CpG sites that either
flanked or overlapped with STAT5 binding sites were demethy-
lated (Figure 5C), strongly suggesting that inhibiting PCMT1
may enhance the stability of FOXP3 expression by reducing
methylation of key CpG sites within the TSDR. We further spec-
ulated that increased demethylation of CpG islands surrounding
the STAT5 binding sites would increase nuclear retention of
pSTAT5. To examine this possibility, we used imaging flow cytom-
etry to evaluate levels of nuclear pSTAT5 in DMSO- and anti-
pPKCq-iTregs in vitro. Consistent with our prediction, anti-
pPKCq-iTregs exhibited significantly greater amounts of nuclear
pSTAT5, compared to iTregs differentiated in the presence of
DMSO (Figure 5D).
10 Molecular Therapy Vol. 28 No 10 October 2020
Overall, we provide strong evidence that PKCq
negatively regulates iTreg induction through its
modulation of two key components of RNA
processing, PCMT1 and hnRNPL, via multiple
cellular mechanisms. Furthermore, our data
suggest that this inhibitory pathway can be in-
terrupted in iTregs through the intracellular de-
livery either of anti-pPKCq or anti-PCMT1, to
modulate these mechanisms in favor of
enhancing iTreg suppressive functions. Finally,
we identified, for the first time, that the protein
repair methyltransferase, PCMT1, acts as a key iTreg instability factor
through its control of FOXP3 TSDR methylation.

DISCUSSION
A great deal has been learned about transcriptional regulation of im-
mune cell responses. A growing area of interest focuses on alternative
splicing and RNA processing in regulating T cell differentiation and
function following antigenic stimulation, as distinct protein isoforms
for many T cell genes have been identified.19,22,68–70 These processes
operate together with RBPs, transcription factors, and epigenetic
modifiers.6,69 Although numerous immune-related genes undergo
alternative splicing and RNA processing, differential isoform expres-
sion and RNA processing in Treg differentiation remain largely
unexplored.

Our studies provide an extensive analysis of altered RNA processing
in the context of iTreg differentiation and function, and we utilized
several approaches to investigate PKCq modulation of splicing regu-
lators, RNA splicing, stability, and nuclear export. We specifically tar-
geted pPKCq, using a cell-penetrating antibody, to probe post-tran-
scriptional RNA processing in iTregs. We discovered that PKCq
influenced RNA processing of several iTreg genes, including CD45
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(PTPRC), FOXP3, PDCD1, IFNG, and IFNGR1, in cell-specific and
tissue-specific contexts. Furthermore, splicing regulator analysis re-
vealed that two RNA regulatory proteins, hnRNPL and PCMT1,
were controlled by PKCq at multiple levels. We found that PKCq
regulated both the subcellular localization of hnRNPL and its binding
to mRNA. Additionally, we showed that PKCq regulated PCMT1
alternative splicing, stabilized PCMT1mRNA through its association
with hnRNPL, and enhanced its nuclear export prior to its translation
into stable protein. However, anti-pPKCq delivery into iTregs altered
the PCMT1 splicing pattern and destabilized and prevented the nu-
clear export of PCMT1mRNA, due to loss of PCMT1-hnRNPL bind-
ing. Utilizing our cell-penetrating peptide-intracellular antibody de-
livery strategy to target PCMT1, we identified a practical approach
to promote iTreg differentiation and function. We determined that
PCMT1 directly binds to the FOXP3 promoter and, more interest-
ingly, inhibiting PCMT1 increased FOXP3 TSDR demethylation,
thereby enhancing FOXP3 stability and iTreg maintenance. In
conjunction with our recent discovery that intracellular anti-pPKCq
delivery generates a unique, highly suppressive population of FOX-
P3hiPD1hiIFNghi iTregs,39 this study supports the notion that
PKCq negatively regulates iTreg differentiation and stability by
modulating key RNA processing regulators.

We observed elevated pSTAT1 (Y701) levels in anti-pPKCq-iTregs,
compared to DMSO-iTregs. Reduced pAKT, coupled with upregu-
lated pSTAT1, has previously been associated with enhanced IFNg
production by CD4+CD25+FOXP3+ Tregs in mice. Moreover, AKT
and STAT1 were found to function within the same pathway, with
both induced by IFNg, and served to control skin graft rejection
in vivo.60,61 IFNg produced by these Tregs also induced indoleamine
2,3-dioxygenase (IDO) production by antigen-presenting cells, to
further suppress immune cell activity.71 Anti-pPKCq-iTregs ex-
hibited higher IFNg expression and greater suppressive capacity,
both in vitro and in vivo, suggesting that this pathway may critically
contribute to the suppressive function of iTregs through autonomous
IFNg signaling. Anti-pPKCq-iTregs also express high levels of PD1,
which may also be related to this pathway. A downstream phospha-
tase of PD1 signaling, SHP-2, was shown to interact with cytosolic
STAT1, reducing its recruitment to the IFNg receptor (IFNgR),
and dampening Th1 function.72 Further studies investigating how
PD1 and IFNg signaling pathways might intersect downstream of
PKCq modulation in iTregs are needed to fully elucidate cellular
mechanisms that regulate suppressive function and Th1-Treg
plasticity.

Members of the PKC family can influence mRNA splicing in various
cell types and have been shown to phosphorylate SC35, which func-
tions in co-transcriptional regulation of alternative splicing.19,40,70 As
previously indicated, we found that PKCq regulated cytoplasmic
versus nuclear distribution of splicing regulators. Among these, we
focused on hnRNPL, as it was uniquely altered in iTregs following
PKCq inhibition. Unlike other splicing regulators we investigated,
only hnRNPL was sequestered in the cytosol after anti-pPKCq deliv-
ery. This correlated with increased exon skipping of CD45 (PTPRC),
as well as greater expression of CD45RO, which is consistent with
reduced levels of nuclear hnRNPL in anti-pPKCq-iTregs, compared
to DMSO-iTregs. Alternatively, we saw no differences in the splicing
patterns of FOXP3, PDCD1, IFNG, and IFNGR1 in iTregs, regardless
of treatment, suggesting that these genes may not be alternatively
spliced during in vitro differentiation. We did observe shorter 30

UTR lengths in PDCD1, indicating that anti-pPKCq-iTregs imple-
ment gene-specific 30 UTR processing, which may further stabilize
PD1 expression in vitro. Similar mechanisms may account for the
in vivo RNA dynamics we observed, in the context of immune
response and Treg differentiation. Anti-pPKCq-iTregs, which ex-
hibited elevated PD1 expression and superior suppressive function,
were long-lasting and accumulated in high numbers in the BM and
spleen of mice following adoptive iTreg transfer in a humanized
mouse model of GvHD.39 Studies have reported that Tregs can lose
FOXP3 expression and take on a proinflammatory phenotype in
several disease environments.73 However, we determined that only
anti-pPKCq-iTregs maintained their FOXP3 expression in the BM,
since we were unable to amplify stable mRNA in DMSO-iTregs. Of
note, we detected tissue-specific changes in the alternative splicing
patterns of FOXP3, PDCD1, IFNG, and IFNGR1 in anti-pPKCq-
iTregs. Moreover, only in anti-pPKCq-iTregs recovered from the
BM could we detect stable mRNA production. A host of immune cells
are available to act differentially on iTregs in vivo through direct and
indirect mechanisms. Thus, one potential explanation for the differ-
ences in alternative splicing patterns we observed in anti-pPKCq-
iTregs in vitro and in vivo may be attributed to the interactions of
iTregs with other cell types. Additional studies are needed to identify
these in vivo modulators.

Most strikingly, our data reveal an as-yet-undescribed contribution
of the protein methyltransferase PCMT1 to FOXP3 methylation,
and which we demonstrate is regulated by PKCq signaling. We
showed that PCMT1 expression was downregulated following
anti-pPKCq delivery. Additionally, in anti-pPKCq-iTregs, we
observed phosphorylated PCMT1 in the nucleus, suggesting that
post-translational control of PCMT1 is modulated downstream of
PKCq signaling. In the brain, PCMT1 reportedly regulates the phos-
phatidylinositol 3-kinase (PI3K)/AKT/mammalian target of rapa-
mycin (mTOR) signaling pathway, as increased AKT/GSK3b
signaling is seen in the hippocampus of Pcmt1 knockout mice.74,75

Additionally, GSK3b phosphorylation at serine 9, which inhibits
GSK3b function, was low in Pcmt1+/+ mice, indicating an abun-
dance of activated GSK3b, and this suggests that Pcmt1 and
GSK3b may function in a positive feedback loop.76 Considering
that PKCq and GSK3b work in opposition, it is interesting to spec-
ulate that GSK3b may phosphorylate PCMT1 to regulate its func-
tion when PKCq activity is inhibited in iTregs. Furthermore, the
AKT/GSK3b pathway is a critical signaling axis in iTreg differenti-
ation, since inhibiting mTOR promotes Treg induction.77 Collec-
tively, these studies suggest that inhibiting PCMT1 could promote
Treg induction, in agreement with the data we present in this
report; however, additional studies are needed to identify the up-
stream kinases responsible for phosphorylating PCMT1.
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Our results also indicate that PKCq can regulate PCMT1 post-tran-
scriptionally. Anti-pPKCq-iTregs displayed distinct PCMT1 splicing
patterns and less stable mRNA in vitro. Furthermore, and consistent
with our in vitro data, we observed a tissue- and cell-specific switch
in PCMT1 RNA processing in vivo as well. Based on these robust
post-translational and post-transcriptional modifications to
PCMT1, downstream of PKCq signaling, we delivered anti-
PCMT1 to iTregs to further investigate PCMT1 functions in iTreg
differentiation. As we predicted, anti-PCMT1 delivery also gener-
ated a higher percentage of iTregs, which showed high FOXP3
and IFNg expression in vitro. Moreover, we found that PCMT1
also interacted with hnRNPL. Both anti-pPKCq and anti-PCMT1
delivery reduced the interaction of these respective proteins with
hnRNPL in the nucleus and resulted in an inverse association of
these hnRNPL-interacting proteins in the cytosol: hnRNPL-PKCq
binding was diminished in the cytosol, while hnRNPL-PCMT1 in-
teractions increased following anti-pPKCq delivery. Conversely, in
anti-PCMT1-treated iTregs, cytosolic hnRNPL-PKCq binding
increased, while hnRNPL-PCMT1 interactions were attenuated.
Previous reports suggested that PCMT1 is part of an RNA nuclear
export complex and can associate with multiple RBPs.58 Consid-
ering PCMT1-hnRNPL interactions in the context of RNA export,
we found that PKCq regulates hnRNPL-RNA interactions in iTregs.
Interestingly, inhibiting PKCq or PCMT1 abrogated stable PCMT1
mRNA export to the cytoplasm, likely due to loss of hnRNPL-
PCMT1 binding, and suggests that PCMT1 may also regulate its
own mRNA export. Finally, we observed that PKCq and PCMT1
selectively regulated mRNA export and hnRNPL interactions with
FOXP3, PDCD1, IFNG, and IFNGR1 mRNA. It remains to be deter-
mined whether anti-pPKCq and anti-PCMT1 delivery differentially
influence translational control of these mRNAs in the cytosol of
iTregs.

Our parallel findings in anti-pPKCq- and anti-PCMT1-iTregs also re-
vealed the possibility that more stable iTregs resulted from epigenetic
modification of FOXP3, together with unique expression of IFNg.
Currently, the most reliable marker for determining Treg stability is
the methylation status of the FOXP3 TSDR.78 Other reports indicate
that IFNg-expressing Tregs exhibited a more stable Treg phenotype,
and this was associated with a more highly demethylated TSDR.79

Intriguingly, we observed direct binding of PCMT1 to FOXP3 in
iTregs, and this binding could be prevented by intracellular delivery
either of anti-pPKCq or anti-PCMT1. PCMT1 contains a domain
with global methyltransferase activity, and we further analyzed the
methylation status of the FOXP3 TSDR in anti-PCMT1-treated
iTregs. Strikingly, we observed significantly lower TSDR methylation
in anti-PCMT1-treated iTregs, and, more importantly, demethylated
CpGs overlapped with the STAT5 binding site, consistent with a
requirement for STAT5 binding for the maintenance of FOXP3
gene expression. A deeper analysis of the TSDR methylation pattern
in anti-PCMT1-treated iTregs revealed that the fourth CpG island
showed consistently high demethylation. We followed up this obser-
vation by running the PROMO algorithm to identify putative tran-
scription factor binding sites surrounding this CpG. We were
12 Molecular Therapy Vol. 28 No 10 October 2020
intrigued to find that the GATA-1 transcription factor binding site
spans this demethylated CpG, in close proximity to XBP1, TFIID,
and RXR-a binding sites.80,81 GATA-1 is considered a “Treg pheno-
type-locking” transcription factor able to enhance transcriptional ac-
tivity of FOXP3.82,83 Hence, our results reinforce the idea that target-
ing PCMT may be a beneficial strategy for maximizing iTreg stability
and suppressive function.

Collectively, our data reveal that the T cell-specific kinase PKCq and
the protein methyltransferase PCMT1 are intimately involved in con-
trolling iTreg differentiation, stability, and function in vitro and
in vivo. Furthermore, using synthetic CPPMs we could deliver func-
tional antibodies across the cell membrane of human CD4 T cells,
which allowed us to define and manipulate in vitro the cellular mech-
anisms that regulate iTreg differentiation. This approach shows great
promise as a tool for probing intracellular signaling pathways, as well
as for manipulating human immune cells ex vivo, in the context of
advancing cell-based therapies.
MATERIALS AND METHODS
Animals

All animal studies were approved by, and conducted under the over-
sight of, the Institutional Animal Care and Use Committee of the
University of Massachusetts Amherst. Seven-week old female NSG
mice were purchased from The Jackson Laboratory (Bar Harbor,
ME, USA). Mice were rested for 1 week prior to use, housed under
pathogen-free conditions in micro-isolator cages, and received acidi-
fied water (pH 3.0) supplemented with antibiotics (trimethoprim +
sulfamethoxazole) throughout the duration of the experimental
procedures.
Antibodies and Reagents

Immunoblotting antibodies used in this study were as follows: anti-
mouse pSC35 (clone SC35; Santa Cruz Biotechnology, Dallas, TX,
USA), anti-mouse hnRNPL (clone 4D11; Novus Biologicals, Littleton,
CO, USA), anti-rabbit PCMT1 (polyclonal; LifeSpan Biosciences, Se-
attle, WA), anti-mouse pSTAT1 (Y701; clone KIKSI0803; Thermo
Fisher Scientific, Waltham, MA, USA), anti-mouse STAT1 (clone
10C4B40; BioLegend, San Diego, CA, USA), anti-rabbit pAKT
(S473; polyclonal), anti-rabbit AKT (polyclonal), anti-mouse histone
H3 (clone 96C10; all from Cell Signaling Technology, Danvers, MA,
USA), and anti-mouse a-tubulin (clone B-5-1-2; Sigma, St. Louis,
MO, USA). Flow cytometry antibodies used in this study were anti-
CD4 (Brilliant Violet 711 [BV711]; clone RPA-T4), anti-CD25
(phycoerythrin [PE]-Cy7; clone BC96), anti-CD127 (Alexa Fluor
700 [AF700]; clone A019D5), anti-FOXP3 (Alexa Fluor 488
[AF488]; clone 150D; all from BioLegend), anti-IFNg (allophycocya-
nin [APC]; clone B27; BD Biosciences, Franklin Lakes, NJ, USA),
anti-rabbit PCMT1 (unconjugated, polyclonal; LifeSpan Biosciences),
and F(ab0)2-goat anti-rabbit IgG (H+L) secondary antibody (Qdot
625; polyclonal; Life Technologies, Carlsbad, CA, USA). Live/dead
staining was performed utilizing a Zombie Aqua fixable viability kit
(BioLegend).
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Human iTreg Differentiation following Intracellular Anti-pPKCq

or Anti-PCMT1 Delivery

1 mM synthetic CPPM and 25 nM anti-pPKCq (Thr538, clone
F4H4L1; Life Technologies) or 1 mM P13D5 and 25 nM anti-
PCMT1 (polyclonal; LifeSpan Biosciences) were complexed in PBS
(phosphate-buffered saline, pH 7.2) at a specific ratio (CPPM/anti-
body of 40:1). The CPPM/antibody complex was incubated for
30 min at room temperature (RT). Meanwhile, CD4 T cells were iso-
lated from human peripheral blood mononuclear cells (PBMCs)
(purchased from STEMCELL Technologies, Vancouver, BC, Canada)
using the MojoSort human T cell isolation kit (BioLegend). Isolated
human CD4 T cells were then treated with the CPPM/antibody com-
plex for 4 h at 37�C (some cells were treated with DMSO as vehicle
control). Cells were harvested and washed with PBS. Cells were thor-
oughly washed twice with 20 U/mL heparin in PBS for 5 min on ice to
remove residual complexes bound to the exterior of the cell mem-
brane. For iTreg differentiation, a CellXVivo human Treg differenti-
ation kit (R&D Systems, Minneapolis, MN, USA) was used and iTreg
differentiation medium was prepared using X-VIVO 15 chemically
defined, serum-free hematopoietic cell medium according to the
manufacturer’s instructions. Treated cell pellets were resuspended
in iTreg differentiation media (concentration) and seeded into wells
of a 12-well tissue culture plate precoated with 5 mg/mL anti-CD3ε
plus 2.5 mg/mL anti-CD28 and stimulated for 5 days at 37�C.

Immunoblotting

iTregs were harvested on day 5 of differentiation. Nuclear and cyto-
solic extracts were prepared by using an NE-PER nuclear and cyto-
solic extraction kit (Thermo Scientific). 1� sodium dodecyl sulfate
(SDS) Laemmli buffer was added into the samples for running on
8% SDS-PAGE for immunoblotting. The blots were probed for
RBPs for further analysis. Anti-a-tubulin was probed as a cytosolic
lysate loading control, and anti-histone H3 was probed as a nuclear
lysate loading control.

In Vivo RNA Analysis of iTregs in a Humanized GvHD Model

Total CD4 T cells were isolated from human PBMCs (hPBMCs)
collected from a healthy donor, treated with a CPPM/anti-pPKCq
complex, and then differentiated for 5 days into iTregs, as previously
described. On day 4, total hPBMCs from the same donor were thawed
and rested overnight in fresh RPMI 1640 complete media (10% fetal
bovine serum, 100 U/mL penicillin-streptomycin, 1 mM sodium py-
ruvate, 2 mM L-glutamine) at 37�C in a 5% CO2 incubator. On day 5,
NSG mice were conditioned with 2 Gy of total body irradiation using
a 137Cs source and then rested for 4–6 h. 10� 106 total hPBMCs were
mixed with 3.3� 106 iTregs and adoptively transferred into irradiated
NSG mice via the tail vein. Body weight and disease symptoms were
observed daily. On day 17, some animals were sacrificed for tissue
analysis. BM cells, recovered from the tibias and femurs, and spleno-
cytes were isolated bymanipulation through a 40-mm filter. Red blood
cells were lysed in ACK lysis buffer, and the remaining white blood
cells were enumerated using trypan blue exclusion. Afterward, cells
were incubated with human CD4 T lymphocyte enrichment cocktail
(BD Biosciences) followed by incubation with BD IMag streptavidin
particles plus (BD Biosciences) to deplete non-CD4 T cell fractions.
CD4 T cells were sequentially incubated with biotinylated anti-
CD127 antibody followed by incubation with BD IMag streptavidin
particles plus. The CD127� fraction was collected and further incu-
bated with biotinylated anti-CD25 antibody followed by incubation
with BD IMag streptavidin particles plus to obtain the CD25+ iTreg
fraction. The naive CD127+CD25� T cell fraction was also recovered.
Total RNA was isolated as described below.

qPCR

Total RNA was isolated using the Quick-RNA isolation kit (Zymo
Research, Irvine, CA, USA) according to the manufacturer’s protocol.
1 mg of total RNA was reverse transcribed to cDNA using 20-deoxy-
nucleoside 50-triphosphates (dNTPs) (New England Biolabs, Ipswich,
MA, USA), Moloney murine leukemia virus (M-MuLV) reverse tran-
scription buffer (New England Biolabs), oligo(dT) (Promega, Madi-
son, WI, USA), RNase inhibitor (Promega), and M-MuLV reverse
transcription (New England Biolabs) on aMastercycler gradient ther-
mal cycler (Eppendorf, Hamburg, Germany). Primers used for PCMT
amplification were forward primer (50-GCTGAAGAAGCCCCTT
ATGA-30) and reverse primer (50- TCTTCCTCCGGGCTTTA
ACT-30). qPCR was performed in duplicate with 2� SYBR Green
qPCR master mix (BioTool, Ely, UK) using the Mx3000P system
(Agilent Technologies, Santa Clara, CA, USA). qPCR conditions
were as follows: 95�C for 1 min, 95�C for 25 s, 62�C for 25 s (40 cy-
cles), 95�C for 1 min, 62�C for 1 min, and 95�C for 30 s. Relative gene
expression was determined using the DDCt method. The results are
presented as the fold expression of the gene of interest normalized
to the housekeeping gene b-actin (ACTB) for cells and relative to
the Tconv + DMSO sample for in vitro experiments and naive +
DMSO for in vivo experiments.

RT-PCR for Splicing and 30 UTR Analyses

Total RNA was isolated using the Quick-RNA isolation kit (Zymo
Research) according to the manufacturer’s protocol. 0.5 mg of total
RNA was reverse transcribed to cDNA using random hexamers (In-
tegrated DNA Technologies, Coralville, IA, USA) with M-MuLV
reverse transcriptase (New England Biolabs) on a Mastercycler
gradient thermal cycler (Eppendorf). Splicing primers (Table S1)
and 30 UTR primers (Table S2) were specifically designed for the
genes analyzed in this study. PCR (35 cycles) was performed using
Phusion high-fidelity DNA polymerase (New England Biolabs) fol-
lowed by resolution on 2% agarose gel. PCR conditions were as fol-
lows: initial denaturation at 98�C for 30 s, annealing at 98�C for 5
s, 52�C for 20 s, and 72�C for 1 min, and final extension at 72�C
for 5 min. Amplicons were imaged using the G:BOX gel documenta-
tion system (Syngene, Frederick, MD, USA).

l-Phosphatase Treatment

Cells were lysed in radioimmunoprecipitation assay (RIPA) buffer
(150 mM NaCl, 1% IGEPAL CA-630, 0.1% SDS, 50 mM Tris [pH
8.0], 0.5% sodium deoxycholate). Lysates were treated with 100 U
of l protein phosphatase (New England Biolabs) in the presence of
1 mM MnCl2 for 1 h at 30�C. 1� SDS Laemmli buffer was added
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into the samples and they were boiled for 5 min at 95�C. The samples
were run on 8% SDS-PAGE for immunoblotting.

hnRNPL Immunoprecipitation

iTregs were harvested after 5 days of differentiation and lysed in
immunoprecipitation lysis buffer (50 mM HEPES [pH 7.8],
250 mMNaCl, 1% Nonidet P-40 [NP-40], protease + phosphatase in-
hibitors). DynaBeads (protein G) were coupled with 3 mg of anti-
hnRNPL (4D11; Novus Biologicals, Littleton, CO, USA) in the pres-
ence of 1% BSA in PBS and incubated for 2 h at 4�C with rotation.
After the incubation, the antibody-coupled DynaBeads were washed
six times with 1 mL of immunoprecipitation wash buffer (Tris-HCl
[pH 8.0], 200 mM NaCl, 0.1% NP-40). Later, cell lysates were incu-
bated with antibody-coupled DynaBeads for 1 h at 4�C using a rota-
tor. Subsequently, beads were washed six times with 0.5 mL of immu-
noprecipitation wash buffer. 1� SDS Laemmli buffer was added into
the samples, and lysates were run on an 8% SDS-PAGE, followed by
immunoblotting with anti-hnRNPL, anti-PKCq, and anti-PCMT1.

RNA Immunoprecipitation

After harvesting on day 5 of differentiation, cells were lysed in RNA
immunoprecipitation lysis buffer (50 mM HEPES [pH 7.8], 250 mM
NaCl, 1% NP-40, 1� protease + phosphatase inhibitors, 100 U/mL
RNase inhibitor). DynaBeads (protein G) were coupled with 3 mg of
anti-hnRNPL (4D11; Novus Biologicals) or anti-IgG (control anti-
body) in the presence of 1% BSA in PBS and incubated for 2 h at
4�C with rotation. After the incubation, the antibody-coupled Dyna-
Beads were washed six times with 1 mL of immunoprecipitation wash
buffer (Tris-HCl [pH 8.0], 200 mM NaCl, 0.1% NP-40). Cell lysates
were incubated with antibody-coupled DynaBeads for 1 h at 4�C us-
ing a rotator. Subsequently, beads were washed six times with 0.5 mL
of immunoprecipitation wash buffer + 100 U/mL RNase inhibitor.
RNA was purified via a Quick-RNA isolation kit (Zymo Research) ac-
cording to the manufacturer’s protocol to further use on RT-PCR
experiments.

ChIP-qPCR

Cells were crosslinked with 1% formaldehyde, lysed in SDS lysis
buffer (1% SDS, 10 mM EDTA, and 50 mM Tris [pH 8.1]), and son-
icated with a Bioruptor sonicator (Diagenode, Denville, NJ, USA).
Cell lysates were incubated with 2 mg of anti-PCMT1 (LifeSpan Bio-
sciences, polyclonal) or normal rabbit immunoglobulin G (IgG)
(Santa Cruz Biotechnology) coupled to DynaBeads at 4�C for 2 h.
Protein-DNA complexes were recovered with DynaBeads, washed,
eluted with elution buffer (1% SDS, 0.1 M NaHCO3), and reverse
crosslinked overnight at 65�C. DNA was purified by proteinase K
digestion and extracted with phenol-chloroform extraction. Aqueous
phase was transferred into a fresh tube and the DNA was precipitated
with 3 M sodium acetate containing 2 mL of glycogen and 4 vol of
ethanol by keeping overnight at �20�C. Genes were amplified using
qPCR primers designed as follows: human FOXP3, forward (50-
TGACCAAGGCTTCATCTGTG-30), reverse (50-GAGGAACTCT
GGGAATGTGC-30); and human IFNG, forward (50-CTCTTGGC
TGTTACTGCCAGG-30), reverse (50-CTCCACACTCTTTTGGAT
14 Molecular Therapy Vol. 28 No 10 October 2020
GCT-30). qPCR was performed in duplicate with 2� SYBR Green
qPCR master mix (BioTool) using the Mx3000P system (Agilent
Technologies). qPCR conditions were as follows: 95�C for 1 min,
95�C for 25 s, 62�C for 25 s (40 cycles), 95�C for 1 min, 62�C for
1 min, and 95�C for 30 s. Relative gene expression was determined us-
ing theDDCtmethod. The results are presented as the fold expression
of the gene of interest normalized to the housekeeping gene ACTB for
cells and relative to the Tconv + DMSO sample.

Bioinformatics for RBP Motifs

Splice variants, intron-exon sequences, and 30 UTR sequences were
analyzed and obtained from Ensembl. RBP motifs for hnRNPL
were analyzed utilizing the CISBP-RNA database.84 30 UTR sequences
were analyzed for hnRNPL-binding sites using RBPmap.85

Bisulfite Sequencing

Sodium bisulfite modification of genomic DNA was carried out using
the EZ DNA Methylation-Direct kit (Zymo Research) according to
the manufacturer’s protocol. Bisulfite-treated DNA was PCR ampli-
fied using the following methylation-specific primers and ZymoTaq
DNA polymerase (Zymo Research): forward primer, 50-TGTTT
GGGGGTAGAGGATTT-30, reverse primer, 50-TATCACCCCACC
TAAACCAA-30. PCR conditions were as follows: initial denaturation
at 95�C for 10 min, 40 cycles of denaturation at 95�C for 30 s + an-
nealing at 55�C for 40 s + extension at 72�C for 1min, and final exten-
sion at 72�C for 7 min. Amplified DNA products were gel purified us-
ing a GeneJET gel extraction kit (Thermo Scientific) and cloned into
pMiniT 2.0 cloning vector using the NEB PCR cloning kit (New En-
gland Biolabs). Competent cells were transformed with the vector.
Ten individual positive bacterial colonies were selected, from which
recombinant plasmid DNA was purified and sequenced with Sanger
sequencing (Genewiz, South Plainfield, NJ, USA).

Statistical Analysis

The results shown are the mean ± SEM. All in vitro experimental rep-
licates were repeated at least three times. All in vivo experimental rep-
licates were repeated in three separate experiments. An unpaired,
two-tailed Student’s t test using Prism 5 (GraphPad, San Diego,
CA, USA) was used for statistical comparison of two groups, with
Welch’s correction applied when variances were significantly
different. Survival benefit was determined using Kaplan-Meier anal-
ysis with an applied log rank test. p values of%0.05 were considered
significantly different.
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Figure S1. Effects of anti-pPKCq delivery on alternative splicing in non-differentiated T

cells (Tconvs) in vitro. (A) Alternative splicing analysis of CD45 (PTPRC) in Tconvs using

RT-PCR. Schematic representations and splicing analysis of (B) PDCD1, (C) FOXP3, (D)

IFNG, and (E) IFNGR1 in Tconvs following anti-pPKCq delivery. Analysis of (F) PDCD1,

(G) FOXP3, (H) IFNG, and (I) IFNGR1 3’UTR in Tconv using RT-PCR. Red frames indicate

the expected amplicon sizes. Data shown are representative results of two or three

independent experiments.
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Figure S2. Effects of anti-pPKCq delivery on RNA processing in naïve T cells in vivo.

hPBMCs were transferred on Day 0 together with anti-pPKCq (or DMSO-) iTregs at a 3:1

ratio. On day +17, bone marrow and spleens were harvested, and naïve T cells were

separated using magnetic beads based on CD4+CD25-CD127+ expression, using magnetic

beads. Total RNA was extracted. RT-PCR was performed to evaluate alternative splicing and

3’UTR processing. (A) CD45 (PTPRC) alternative splicing in naïve T cells recovered from

bone marrow and spleen. Splice variants and 3’UTR lengths in naïve T cells from bone

marrow and spleen were analyzed using primers specific for (B) PDCD1 (C) FOXP3, (D)

IFNG, and (E) IFNGR1. Red frames indicate the expected amplicon sizes. Data shown are

representative results of two independent experiments, 5 mice per condition.
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Figure S3. PCMT1 splicing and 3’UTR analyses in Tconvs in vitro and in vivo. (A) PCMT1

protein expression in cytosolic or nuclear extracts were determined by immunoblotting. Band

intensities were quantified relative to tubulin or histone H3, respectively, using ImageJ

software. (B) PCMT1 gene expression in Tconvs was quantified by qPCR. (C) PCMT1 splicing

and 3’UTR length were analyzed in vitro. (D) PCMT1 gene expression in naïve T cells

recovered from bone marrow and spleens on day +17 from GVHD mice was quantified by

qPCR. (E) Analysis of PCMT1 splicing and 3’UTR length in naïve T cells recovered from

bone marrow and spleens on day +17 from GVHD mice was analyzed using RT-PCR. Red

frames indicate the expected amplicon sizes. Data represent mean  SEM of two or three

independent experiments. For in vivo experiments, 4 mice per group were used. Unpaired, two-

tailed Student’s t test was used for analysis; *p < 0.05; **p < 0.01; ***p < 0.001.
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CAACTTTGAAGTCTGATTTTCCTGGACAGTTTTCTGCTTTAATTTCATGAAAAGATTATGATCTCAGAAATTGTATCTTAGTTGGTATCAACCAAAT

GGAGTGACTTAGTGTACATGAAAGCGTAAAGAGGATGTGTGGCATTTTCACTTTTGGCTTGTAAAGTACAGACTTTTTTTTTTTTTTAAACA

AAAAAAGCATTGTAACTTATGAACCTTTACATCCAGATAGGTTACCAGTAACGGAACAGTATCCAGTACTCCTGGTTCCTAGGTGAGCAGGTGA

TGCCCCAGGGACCTTTGTAGCCACTTCACTTTTTTTCTTTTCTCTGCCTTGGTATAGCAT

PCMT1 3’UTR (663 bp)

AAGCAGTGGTCCAGGTGGAAGTGATTTTATCTTCTGCTCTTTCTTCTTCCACACATGCAAGGGATGAATTGTAAAAGCAACATCAGCTTGA

CCAGTATAAAATTACAGTGGATTGCTCATCTCAGTCCTCAAAGCTTTTTGAAAACCAACACCATCACAGCTTGTTTTGGACTTTGTTACACTGTTA

TTTTCAGCATGAAAATGTGTGTTTTTTTAGGGTTTCTGATTCTTCAAAGAGGCACAGAGCCAAATTGGTAGAGGAAGGATGCAAAGTATAAATTT

GTGTAATATTACTTTAACATGCCCATATTTTACTTGGAAATATTAAAAGAAAGGGTTCTGTAAAATGGAAAACTTAGTTTGTGAATTGATTTTGAG

GAGTGGTTTTTCTTTTCTTGGACACTTAATTCTGTTCTGATATTAATTTATCAGATTGCTTTTGTGCATTGGATAACACCACCATTCACAAGTTA

AGATTCTTGGTATTTGGATATCTGTTAGATGCTACTAAGAAAATAGAGATGAGCTTTCTTTTTAAAGCTTTTGATGTGGTGTCATAGAATAGCATG

TTGTAGATACAATCAGCTGCTTTGTTACCTTAAAACTAGGCATTTGTAAATATTAAACCATAAGATGGCAGGTGATGTCCTGTAAACACTCAGC

PDCD1 3’UTR (1298 bp)

TTTCCAGTGGCGAGAGAAGACCCCGGAGCCCCCCGTGCCCTGTGTCCCTGAGCAGACGGAGTATGCCACCATTGTCTTTCCTAGCGGAATGG

GCACCTCATCCCCCGCCCGCAGGGGCTCAGCTGACGGCCCTCGGAGTGCCCAGCCACTGAGGCCTGAGGATGGACACTGCTCTTGGCCCCT

CTGACCGGCTTCCTTGGCCACCAGTGTTCTGCAGACCCTCCACCATGAGCCCGGGTCAGCGCATTTCCTCAGGAGAAGCAGGCAGGGTGCAG

GCCATTGCAGGCCGTCCAGGGGCTGAGCTGCCTGGGGGCGACCGGGGCTCCAGCCTGCACCTGCACCAGGCACAGCCCCACCACAGGA

CTCATGTCTCAATGCCCACAGTGAGCCCAGGCAGCAGGTGTCACCGTCCCCTACAGGGAGGGCCAGATGCAGTCACTGCTTCAGGTCCTGCC

AGCACAGAGCTGCCTGCGTCCAGCTCCCTGAATCTCTGCTGCTGCTGCTGCTGCTGCTGCTGCTGCCTGCGGCCCGGGGCTGAAGGCGCCG

TGGCCCTGCCTGACGCCCCGGAGCCTCCTGCCTGAACTTGGGGGCTGGTTGGAGATGGCCTTGGAGCAGCCAAGGTGCCCCTGGCAGTGGC

ATCCCGAAACGCCCTGGACGCAGGGCCCAAGACTGGGCACAGGAGTGGGAGGTACATGGGGCTGGGGACTCCCCAGGAGTTATCTGCTCCC

TGCAGGCCTAGAGAAGTTTCAGGGAAGGTCAGAAGAGCTCCTGGCTGTGGTGGGCAGGGCAGGAAACCCCTCCACCTTTACACATGCCCAGG

CAGCACCTCAGGCCCTTTGTGGGGCAGGGAAGCTGAGGCAGTAAGCGGGCAGGCAGAGCTGGAGGCCTTTCAGGCCCAGCCAGCACTCTGG

CCTCCTGCCGCCGCATTCCACCCCAGCCCCTCACACCACTCGGGAGAGGGACATCCTACGGTCCCAAGGTCAGGAGGGCAGGGCTGGGGTT

GACTCAGGCCCCTCCCAGCTGTGGCCACCTGGGTGTTGGGAGGGCAGAAGTGCAGGCACCTAGGGCCCCCCATGTGCCCACCCTGGGAGCT

CTCCTTGGAACCCATTCCTGAAATTATTTAAAGGGGTTGGCCGGGCTCCCACCAGGGCCTGGGTGGGAAGGTACAGGCGTTCCCCCGGGGCC

TAGTACCCCCGCCGTGGCCTATCCACTCCTCACATCCACACACTGCACCCCCACTCCTGGGGCAGGGCCACCAGCATCCAGGCGGCCA

GCAGGCACCTGAGTGGCTGGGACAA

Figure S4



Figure S4. hnRNPL binding sites within 3’UTR sequences of iTreg-associated genes.

3’UTR sequences (red sequences) were determined using Ensembl. These sequences were

copied and run on RBPmap to define hnRNPL binding sites (bold in blue). Forward and

reverse primers were designed to amplify these regions using RT-PCR (Primers were designed

to bind black, bold sequences).
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Figure S5. Cytoplasmic and nuclear PCMT1 mRNA association with hnRNPL in anti-

pPKCq- or anti-PCMT1-iTregs. (A) hnRNPL expression in cytosolic and nuclear lysates

from Tconvs was determined by immunoblotting. Band intensities were quantified relative to

tubulin or histone H3, respectively, using ImageJ software. (B) Band intensities of PKCq and

PCMT1, bound to immunoprecipitated cytosolic or nuclear hnRNPL in iTregs, was quantified

using ImageJ software. hnRNPL association with cytosolic or nuclear (C) PDCD1, (D)

FOXP3, (E) IFNG, and (F) IFNGR1 mRNAs. Red frames indicate the expected amplicon

sizes. Data represent mean  SEM of two independent experiments. Unpaired, two-tailed

Student’s t test was used for analysis; *p < 0.05; **p < 0.01; ***p < 0.001.



Gene Forward Primer (5’-3’) Reverse Primer (5’-3’)

ACTB (Control) GTTGTCGACGACGAGCG GCACAGAGCCTCGCCTT

CD45 ATGCAGTTTCTTAGGGACACG CCAGAAGGGCTCAGAGTGGT

FOXP3 GCCCAACCCCAGGCCTGGCAAGC ATTTGGGAAGGTGCAGAGCAGT

IFNG CTCTTGGCTGTTACTGCCAGG TTCAAATATTGCAGGCAGGACAACC

IFNGR1 CCTTGTCATGCAGGGTGTGA CCGCTATCATCCACAAGTAGAT

PCMT1 CTGTACCTGCTCCGAGTGTG CCACCTGGACCACTGCTT

PDCD1 CCTGAGCAGTGGAGAAGG TCTTCTCTCGCCACTGGAAA

Gene Forward Primer (5’-3’) Reverse Primer (5’-3’)

ACTB (Control) GTTGTCGACGACGAGCG GCACAGAGCCTCGCCTT

FOXP3 GCTGGAGTTCCGCAAGAAAC TTTATTGGGGACGGTACTGTGGG

IFNG GGAGTCAGATGCTGTTTCGAGGTC TTTGGGTACAGTCACAGTTGT

IFNGR1 ATCTACTTGTGGATGATAGCGG ATGCTATACCAAGGCAGAGAA

PCMT1 AAGCAGTGGTCCAGGTGG GCTGAGTGTTTACAGGAC

PDCD1 TTTCCAGTGGCGAGAGAAGA TTGTCCCAGCCACTCAGGTG

Table S1. List of splicing primers used in this study

Table S2. List of 3’UTR primers used in this study
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