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A SARS-CoV-2 NSP7 homolog
of a Treg epitope suppresses
CD4+ and CD8+ T cell
memory responses

S. M. Shahjahan Miah1†, Sandra Lelias1†, Andres H. Gutierrez1,
Mitchell McAllister1, Christine M. Boyle1, Lenny Moise1‡

and Anne S. De Groot1,2*

1EpiVax, Inc., Providence, RI, United States, 2Center for Vaccines and Immunology, University of
Georgia, Athens, GA, United States
Pathogens escape host defenses by T-cell epitope mutation or deletion (immune

escape) and by simulating the appearance of human T cell epitopes (immune

camouflage). We identified a highly conserved, human-like T cell epitope in non-

structural protein 7 (NSP7) of SARS-CoV-2, RNA-dependent RNA polymerase

(RdRp) hetero-tetramer complex. Remarkably, this T cell epitope has significant

homology to a T regulatory cell epitope (Tregitope) previously identified in the Fc

region of human immunoglobulin G (IgG) (Tregitope 289). We hypothesized that

the SARS-CoV-2 NSP7 epitope (NSP7-289) may induce suppressive responses by

engaging and activating pre-existing regulatory T cells. We therefore compared

NSP7-289 and IgG Tregitopes (289 and 289z, a shorter version of 289 that isolates

the shared NSP7 epitope) in vitro. Tregitope peptides 289, 289z and NSP7-289

bound tomultiple HLA-DRB1 alleles in vitro and suppressed CD4+ andCD8+ T cell

memory responses. Identification and in vitro validation of SARS-CoV-2 NSP7-289

provides further evidence of immune camouflage and suggests that pathogens

can use human-like epitopes to evade immune response and potentially enhance

host tolerance. Further exploration of the role of cross-conserved Tregs in human

immune responses to pathogens such as SARS-CoV-2 is warranted.

KEYWORDS
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1 Introduction

The COVID-19 pandemic caused by SARS-CoV-2 (severe acute respiratory syndrome

coronavirus 2) resulted in unprecedented loss of life and a worldwide economic crisis. The

global impact of the pandemic is highlighted by 689 million cases and 6.8 million deaths

which is likely to be underestimated (1). Vaccine and natural infection studies of SARS-

CoV-2 show that both antibody and T cell responses are critical to obtaining protective

immunity (2, 3). To better understand the T cell response to SARS-CoV-2, we screened for
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potential regulatory T cell epitopes (Tregitopes). Here, we report the

discovery of a Tregitope in non-structural protein 7 (NSP7-289) of

SARS-CoV-2.

Not all T cell epitopes that are found in human pathogens are

‘effector’, or inflammatory T cell epitopes. Some pathogens contain

Tregitopes that activate regulatory T cell responses in their human

hosts, which can suppress the host immune response (4). Key

features of Tregitopes are that they are HLA-DR-binding T cell

epitopes with T cell receptor (TCR)-facing amino acid residues that

are highly cross-conserved with immunoglobulin and other human

protein sequences. In 2013, we discovered that many human

pathogens contained Tregitopes (5, 6). The presences of

Tregitopes may allow viruses to reduce the potential for an

immune response to the viral antigen (7). This concept of

dissimulation by Treg known as immune camouflage (5–9), is

similar to the concept known as epitope mimicry that has been

reported previously (10, 11). Immune camouflage refers to the

presence of human-like tolerizing epitopes that may be integrated

into key antigens by pathogens (over the course of pathogen

evolution with human hosts) that enable the pathogens to escape

immune attack. Immune camouflage may help viruses avoid natural

immune defenses, and in the case where the viral epitope is

recognized by a Treg it may also lead to suppression of immune

response (12).

SARS-CoV-2 NSP7-289 is highly homologous (at T cell

receptor-facing residues) with a well-defined and validated

human immunoglobulin G (IgG) Tregitope, known as Tregitope

289. De Groot et al. in 2008 (13) identified IgG Tregitopes

(Tregitope 289 and 167) as highly conserved natural regulatory T

cell (nTregs) epitopes that engage and activate nTregs. The role of

IgG Tregitopes may be to reduce anti-idiotypic immune response,

as V(D)J recombination and somatic hypermutation lead to the

development of complementary-determining regions (CDRs) that

appear foreign to self.

Since NSP7 is a component of the RNA-dependent RNA

polymerase (RdRp) that is essential for viral replication and

survival, we hypothesize that NSP7-289 may modulate immune

response to the viral-encoded RNA replicase and contribute to T

cell suppression (7). In this study, we investigated NSP7-289

binding to HLA-DRB1 supertype alleles and its ability to suppress

effector T cells in vitro.
2 Materials and methods

2.1 NSP7 sequences

SARS-CoV-2 (taxid: 2697049), SARS-CoV (taxid: 694009),

MERS-CoV (taxid: 1335626), and human CoV (taxids: 11137,

443239, 277944, and 31631) NSP7 sequences isolated from

human hosts were obtained from GenBank at the National

Center for Biotechnology Information. SARS-CoV (DQ022305,

DQ071615, GU190215, KF367457, MG772933, MG772934,

MN996532) and MERS-CoV (EF065505 , EF065509)

representative sequences isolated from bat hosts were also

obtained from GenBank. NSP7 epitopes were compared across
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sequences obtained from isolates with fully sequenced alpha, beta,

and epsilon genomes isolated from January 2020 to January 2021;

gamma, delta, and lambda genomes isolated from January 2021 to

August 2021; and omicron genomes isolated from November 2021

to March 2023. SARS-CoV-2 Wuhan-Hu-1 (GenBank id:

MN908947) was selected as the reference strain.
2.2 T-cell epitope mapping

The SARS-CoV-2-NSP7 amino acid sequence was parsed into

overlapping 9-mer sequences. Each 9-mer was assessed for its

binding likelihood to a panel of nine HLA class II supertype

alleles (HLA-DRB1*01:01, *03:01, *04:01, *07:01, *08:01, *09:01,

*11:01, *13:01, and *15:01) using EpiMatrix version 1.3. Regions

with high density of promiscuous putative T-cell epitopes were

identified using ClustiMer. T-cell epitope clusters with scores ≥10

were selected for further analysis. This method is described in more

detail in our previous publication (14).
2.3 T-cell epitope conservation analysis

T-cell epitope clusters were screened with JanusMatrix to identify

epitopes cross-conserved with the human proteome as previously

described (15). Epitopes were considered cross-conserved if they had

identical TCR-facing residues (positions 2, 3, 5, 7, and 8) and were

restricted by the same HLA-DRB1 alleles. Cross-conserved epitopes

are more likely to engage cross-reactive T cells (16). For each T cell

epitope cluster, a JanusMatrix homology score was calculated as the

number of putative T cell epitopes in human proteins containing

identical TCR-facing residues and restricted by the same HLA alleles

as the epitopes predicted in the cluster, divided by the total number of

epitopes in the cluster. This score indicates the average depth of

coverage in the human proteome considering each T cell epitope in a

cluster. Regions of high T cell epitope density with JanusMatrix

homology scores above two were categorized as potentially either

tolerated or actively regulatory.

Individual 9-mer frames of the SARS-CoV-2-NSP7 that were

cross-conserved at TCR-facing residues with Tregitope 289 were

also evaluated for conservation with highly pathogenic human and

bat coronaviruses (SARS-CoV and MERS-CoV) and low-

pathogenicity common cold coronaviruses (OC43, HKU1, NL62,

and 229E).
2.4 Peptide synthesis

All peptides used in these studies (Tregitope FV621, 289, a

shorter version of 289 named “289z” and NSP7-289) were

synthesized by 21st Century Biochemicals (Marlborough, MA).

NSP7-289 was designed to include flanks on either side of

putative binding frame for stability of the HLA-DR:peptide

binding interaction. Two IgG-derived Tregitopes, 289 and 289z

were synthesized for the purpose of comparing them to the NSP7

peptide in the HLA binding and immunomodulation assays
frontiersin.org
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described below. The Tregitope 289 peptide has previously been

shown to induce bystander suppression to the tetanus toxoid (TT)

antigen in vitro (12), to reduce T effector responses to co-

administered antigens in vivo, and to expand Tregs in vitro and

in vivo as measured by decreased proliferation of Teff cells and

cytokine production (12, 13, 17, 18). Molecular weight accuracy was

verified by mass spectrometry and all peptides were determined to

be more than 90% pure by HPLC. Amino acid analysis was

performed on all peptide samples to normalize net peptide

content across assays.
2.5 HLA binding assays

NSP7-289 and control Tregitopes (289z, 289 and FV621) were

tested for in vitro binding to HLA-DRB1*01:01, *03:01, *04:01,

*07:01, *09:01, *11:01 and *15:01 alleles. HLA binding data for IgG

Fc derived Tregitope peptides have been previously reported (19)

and were repeated for comparison with NSP7-289. The HLA-DRB1

alleles selected for the HLA binding assays represent a wide array of

class II alleles; each HLA-DRB1 allele functions as a “supertype

allele” and shares similar binding peptide side-chain preferences for

their binding pockets for the broader group of alleles (20).

EpiVax adapted the HLA binding assay originally described by

Steere et al. (21) for in vitro validation studies. Peptides are

solubilized with DMSO (Sigma Aldrich) in a stock solution for

testing in a competition assay where the final DMSO concentration

is negligible (0.0015 to 2%). Briefly, non-biotinylated test peptides,

over a range of concentrations, are incubated with purified HLA-

DR molecules (Benaroya Research Institute, Seattle, Washington)

and a biotinylated, allele-specific competitor peptide of known

HLA-DR binding affinity at a fixed concentration for that given

labeled competitor peptide. A seven-point binding assay (0.1, 0.32,

1.0, 3.2, 10.2, 32.3 and 102.5 mM) was performed for each test

peptide (NSP7-289, Tregitopes 289 and 289z). The binding assays

were performed in triplicate for each of the concentrations. The

percent inhibition values for each experimental peptide across a

range of concentrations is used to calculate the IC50, the

concentration at which 50% of the labeled control peptide’s

specific binding is inhibited.
2.6 Human peripheral blood
mononuclear cells

The Rhode Island Blood Center (RIBC) in Providence, RI

provided leukocyte reduction filters from which PBMCs were

isolated. Convalescent COVID-19 patients were recruited by

Sanguine Biosciences (USA), a clinical service group that

identified, consented, and enrolled participants. Subjects provided

a written consent approved by the Institutional Review Board (IRB)

SAN-BB-01. Additional de-identified convalescent COVID-19

donor PBMC were obtained from Dr. Daniel Hoft at Saint Louis

University (Saint Louis University IRB Approval # 27790).

All samples were obtained in accordance with US Federal Policy

for the Protection of Human Subjects (45 CFR 46).
Frontiers in Immunology 03
Isolated PBMCs were then stored in liquid nitrogen until use for

the experiments and the list of the donors are provided in

Supplementary Tables 1 and 2. HLA class II haplotyping of donor

PBMCs was performed using the One Lambda Micro SSPTM High

Resolution HLA class II kit at the Hartford Hospital Transplant

Immunology Laboratory (Hartford, CT) or using Sanger

Sequencing-based HLA typing at the American Red Cross in

Dedham, MA.

PBMCs isolated from healthy donors and convalescent

COVID-19 donors were tested in the in vitro assays. The HLA

alleles possessed by individual donors included in this panel

represented HLA-DR alleles covering seven of the most prevalent

HLA supertypes. These supertypes represent families of HLA-DR

alleles that share similar binding preferences, covering >85% of the

alleles found in human populations (22, 23). PBMCs were thawed

and labeled with carboxyfluorescein succinimidyl ester (CFSE), and

all assays were performed in RPMI complete media as previously

described (12).
2.7 Tetanus toxoid bystander
suppression assay

The Tetanus Toxoid Bystander Suppression Assay (TTBSA),

which measures the inhibitory capacity of potential regulatory

peptides on the recall response of human CD4+ T cells to the TT

antigen, has been described in a previous publication (12). Since

tetanus vaccination is a routine immunization, most donors PBMCs

exhibit TT-specific memory T cells, which is required for

these assays.

Briefly, PBMCs were labeled with CFSE (eBioscience) cell

proliferation dye (2.5 mM) and then plated in RPMI complete

media and rested overnight. The following day, test Treg epitope

peptides (NSP7-289, Tregitopes 289 and 289z) were solubilized and

added to the culture medium at a range of concentrations (8, 16,

and 24 mg/mL) to demonstrate dose-dependent inhibitory capacity

on TT-induced CD4+ T cell proliferation. Treg epitope peptide

(FV621) was added as a positive control peptide at 24 mg/mL for the

experiment. TT (Astarte Biologics, cat no. 1002) was then added to

all wells at 0.5 mg/ml excluding media only (negative control) wells.

Cells were cultured for 6 days, harvested at day 7, stained, and

analyzed by flow cytometry.
2.8 CD8+ T cell recall response assay

To determine the effects of NSP7-289 on CD8+ T cell recall

responses, and demonstrate that both CD4+ and CD8+ T cells can

be suppressed by the Treg epitopes, PBMCs from healthy donors

were stimulated with 0.5 µg/ml of a mixture of MHC class I peptides

derived from cytomegalovirus, Epstein-Barr virus, and influenza

virus designated CEF (CEF peptide pool, Mabtech, cat no. 3615-1),

alone or with the of test peptides. In addition to NSP7-289,

additional known regulatory peptides (Tregitopes 289, 289z and

FV621) were included for comparison. PBMCs were cultured as

described above in the TTBSA. As described in previous studies
frontiersin.org
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(12), CEF-specific CD8+ T cell proliferation was measured in the

presence or absence of test peptides after six days of incubation by

flow cytometry analysis of CFSE dilution.
2.9 Antigen-specific CD4+ T cell recall
response assay

To assess the effects of NSP7-289 on CD4+ T cell recall responses

in COVID-19 convalescent donors, PBMCs from convalescent donors

were stimulated and cultured as described above in TTBSAwith 5.0 µg/

ml of CPI Positive Control Solution, a mixture of protein antigens from

the cytomegalovirus, influenza, and parainfluenza (ImmunoSpot, Cat#

CTL-CPI-001), alone or with the addition of test peptides. As described

previously (12), antigen-specific CD4+ T cell responses were measured

in the presence or absence of test peptides after six days of incubation,

cells were stained with surface markers and CD4+ T cell proliferation

analyzed by flow cytometry.
2.10 Flow cytometry and gating strategy

As previously described, cells were washed, stained with Live/

Dead aqua fixable stain and with surface receptor antibodies (12).

The CD3 (OKT3)-PECy7, CD4 (OKT4)-BV410, and CD8 (SK1)-

APC antibodies used in this assay were purchased from BioLegend

and the CFSE proliferation dye was purchased from eBiosciences.

Data acquisition was performed using the Attune NxT Cytometer

(Life Technologies) and analyzed with FlowJo software version 10.9

(Treestar, Inc). Viable lymphocyte populations were first identified

by a low forward scatter (FSC) and low side scatter (SSC) gate

followed by doublet exclusion by plotting the height and width

versus the area of side and forward scatter and dead cells were

gating out by Live-Dead staining.
Frontiers in Immunology 04
For analyzing proliferation of CD4+ and CD8+ T cell populations,

lymphocytes were first gated on either CD3+CD4+ or CD3+CD8+ cells

and their proliferation was evaluated by a decrease in the CFSE signal

typically seen in a proliferating population identified as CFSElow.
2.11 Statistical analysis

Prism software (GraphPad version 8.3) was utilized for the

statistical analysis. Unless otherwise indicated, the Welch’s t-test

(unpaired, two-tailed) was utilized to attain the significance of

differences between the antigen-only (e.g., TT, CEF, CPI)

stimulated cells to the antigen + test peptide treated cells (e.g., TT

+ Tregitope 289z). Differences were considered significant when p

< 0.05 (*), very significant when p < 0.01 (**), highly significant when

p < 0.0002 (***), and extremely significant when p < 0.0001 (****).
3 Results

When SARS-COV-2 emerged, our group used immunoinformatic

tools included in the iVAX toolkit (EpiMatrix, ClustiMer and

JanusMatrix, EpiVax, Providence RI (14)) to search for epitopes for

COVID-19 vaccine design. The identified epitopes were screened for

potential tolerogenic epitopes as a matter of routine (See iVAX

publication (14) for rationale). Surprisingly, we identified a

Tregitope-like sequence in the virus’ NSP7 protein, which is a close

homolog of the IgG Fc-derived Tregitope 289 (NSP7-289).

NSP7-289 is conserved with one of the promiscuous nine-mer

sequences known as an EpiBar in Tregitope 289 (289z sequence).

The Tregitope 289z sequence is located in the C-terminal region of

the extensively published Tregitope 289 from the IgG Fc domain

(see Figure 1B). NSP7-289 and Tregitope 289z have predicted HLA

binding epitopes and identical T cell receptor (TCR)-facing
BA

FIGURE 1

Cross-conservation of the NSP7 predicted T cell epitope with Tregitope 289. (A) NSP7 shown in the context of the RNA-dependent RNA polymerase
structure where it forms a complex with two NSP8s and one NSP12 (pdb id 7BV1) (24). NSP7 peptide residues are represented as purple spheres
(MVSLLSVLL) within the NSP7 ribbon structure. Graphic was adapted from structure of the nsp12-nsp7-nsp8 complex obtained from the PDB
(https://www.rcsb.org/ on Sept 5th, 2023). (B) Alignment of the human Tregitope peptide sequences Tregitope 289 and 289z to the NSP7-homolog
sequence. The TCR-facing residues in the HLA binding pocket (P2, P3, P5, P7 and P8) of Tregitope 289z are shown in red and are 100% conserved
with NSP7.
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residues. These amino acids face towards the T cell receptor, outside

the HLA binding cleft, and are accessible to the host’s TCR

repertoire. T cell receptors usually only interact with the surface-

facing amino acid side chains and may not ‘see’ differences in the

HLA-binding amino acid sequence, which is why similar binding

epitopes that have identical TCR-facing residues may stimulate the

same T cell clone (15, 25).

NSP7-289 was synthesized and evaluated in several in vitro

assays including an HLA binding assay and several T cell bystander

suppression assays that utilized different antigens (TT, CEF and

CPI). These assays confirmed the HLA-DR binding predictions and

demonstrated that NSP7-289 performed similar to other well

defined regulatory T cell epitopes.
3.1 Identification of NSP7-289: A SARS-
CoV-2 T cell epitope cluster homolog to
Tregitope 289

SARS-CoV-2 proteins from the reference Wuhan-Hu-1 strain were

screened for potential CD4+ T cell epitopes using EpiMatrix (26). For

each protein, T cell epitope clusters defined as regions with high HLA

class II T cell epitope density predicted to bind multiple HLA-DRB1

supertype alleles were identified. Each cluster was assessed for its

potential to induce regulatory T cell responses using JanusMatrix,

which screens for epitopes in the human proteome with identical

TCR-facing residues that are predicted to bind the same HLA-DRB1

alleles as those within a given epitope cluster (i.e., cross-conserved

epitopes). JanusMatrix human homology was assessed by calculating

the average depth of homology in the human proteome. Clusters with

significant human homology were those with scores above two.
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Based on the T cell epitope prediction and JanusMatrix analysis,

one cluster from SARS-CoV-2 NSP7 (50-62) (Table 1) was identified.

One 9-mer frame from the NSP7 cluster (F52: MVSLLSVLL) was

cross-conserved with the TCR-face of the C-terminal epitope within

Tregitope 289 (Tregitope 289z; Figure 1B). In addition, the NSP7

Tregitope homolog sequence was found to be conserved in >99.7% of

1,046,953 SARS-CoV-2-NSP7 sequences. This 9-mer frame was also

highly conserved (100% identity) among other beta coronaviruses,

including human and representative bat NSP7 sequences (Table 2).

NSP7 frame F53 (VSLLSVLLS) was also highly cross-conserved with

human epitopes (Table 1) and highly conserved among SARS-CoV-2

and human and bat SARS-CoV sequences (Table 2).

Figure 1A shows the protein ribbon model of the RdRp complex

of SARs-CoV-2 containing NSP12, NSP7 and two copies of NSP8.

NSP7 is important to the formation and functions of RdRp complex,

and studies have shown that mutations in NSP7may play a role in the

stabilization of the RdRp complex (27). The JanusMatrix cross-

conservation results for the NSP7 epitope to the human proteome

using Cytoscape (28) to create visualized TCR-Epitope Network,

illustrates how the source protein, NSP7 and the NSP7 epitopes are

mapped to TCR-matched epitopes in the human proteome database

and linked to multiple human proteins (Figure 2B).

JanusMatrix analysis reveals that three putative nine-mer frames

(F52, F53, and F54) within the NSP7 peptide (50–62) sequence are

cross-conserved at the TCR-face with 73 human proteins and their

corresponding human T cell epitopes (Figure 2A). The overall

JanusMatrix homology score for the NSP7 peptide is 11.0, whereas

homology scores above 2 in pathogenic sequences are likely to have a

higher degree of human-like epitopes (or humanness) and may be

tolerated and/or potentially induce regulatory T cells (Tregs) in

their host.
TABLE 1 T cell epitope and cross-conservation analysis of the NSP7 Tregitope 289 homolog.

Antigen
Cluster
address

Cluster
sequence

EpiMatrix
HLA-DRB1

hits
(predicted
epitopes)

HLA-DRB1 alleles
with EpiMatrix hits

EpiBars
EpiMatrix
cluster
score

JanusMatrix human
homology score

NSP7 50-62 (F50) EKMVSLLSVLLSM 16 9 2 31.97 11.0

52-60 (F52) MVSLLSVLL 9 9 1 21.11 6.89

53-61 (F53) VSLLSVLLS 6 6 1 11.83 16.17
TABLE 2 Conservation (100% identity) of NSP7 Tregitope 289 homolog in coronaviruses.

Coronavirus
SARS-
CoV-2
alpha

SARS-
CoV-2
beta

SARS-
CoV-2
gamma

SARS-
CoV-2
delta

SARS-
CoV-2
epsilon

SARS-
CoV-2
lambda

SARS-
CoV-2
omicron

hu
SARS-
CoV

hu
MERS-
CoV

hu
CoV-
HKU1

hu
CoV-
OC43

hu
CoV-
NL63

hu
CoV-
229E

bat
SARS-
CoV

bat
MERS-
CoV

Number of
sequences

18,337 2,322 59,684 339,829 1,980 4,185 620,616 155 364 1 171 38 6 7 2

Conservation
frame 52-60

99.89% 99.35% 99.78% 99.67% 100% 99.43% 99.85% 100% 0% 0% 0% 0% 0% 100% 0%

Conservation
frame 53-61

99.89% 99.35% 99.78% 99.68% 100% 99.43% 99.86% 100% 0% 0% 0% 0% 0% 100% 0%
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The 9-mer epitope in frame 52 [F52] was the primary focus of

this study, since this epitope is cross-conserved to three highly

prevalent human Immunoglobulin heavy chain proteins (IgG1,

IgG3 and IgG4), is predicted to bind to nine HLA-DRB1

supertypes impacting >90% of the global population, has the

highest binding potential as indicated by the EpiMatrix score

(Table 1) and is cross-conserved with a well-characterized

Tregitope 289 shown to have regulatory properties in both in vivo

and in vitro models (12, 18). Based on these characteristics we

hypothesized that the F52 epitope in NSP7 may exhibit regulatory T

cell activation properties similar to Tregitope 289, and thereby

engages immunosuppressive Tregs and potentially promote host

tolerization to other associated SARS-CoV-2 proteins (e.g.,

RdRp complex).
Frontiers in Immunology 06
3.2 NSP7-289 binds multiple HLA-DRB1
alleles

Peptide presentation by major histocompatibility complex

(MHC, also known as HLA in humans) proteins on the surface of

antigen presenting cells (APC) plays a pivotal role in the T cell

response to pathogens. To evaluate the possibility of SARS-CoV-2

NSP7 peptides being presented to regulatory T cells, measurements

of peptide binding to various HLA-DRB1 molecules were

performed. The SARS-CoV-2-NSP7-homolog of 289 peptide

showed low to high affinity binding to the panel of HLA alleles

evaluated in this assay, as reflected by the half maximal inhibitory

concentration (IC50) values calculated from the dose-response

curve (Figure 3). Similarly, both the 289 and 289z peptides
B

A

FIGURE 2

JanusMatrix analysis and TCR-Epitope Network for NSP7. (A) JanusMatrix analysis showing the cross conservation of SARS-CoV-2-NSP7 peptide
with human proteins for Frame 52 (F52). The green box highlights the epitope in NSP7 containing TCR residues (underlined) cross-conserved with
the Tregitope 289 sequence within the IgG1 constant region. See Supplement Figure S1 for a fully expanded JanusMatrix analysis for all three NSP7
9-mer epitopes (F52, F53 and F54). (B) Cytoscape of JanusMatrix analysis showing the TCR-Epitope network of SARS-CoV-2-NSP7 peptide and its
TCR cross-conservation with other human proteins. F52, F53, and F54 denote the 9-mer frames in the NSP7 sequence that contain epitopes that are
highly cross-conserved with human epitopes, as illustrated in this figure.
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demonstrated binding to all of the tested HLA-DRB1 alleles (HLA-

DRB1*01:01, *03:01, *04:01, *07:01, *09:01, *13:01, and *15:01) with

a moderate to high affinity. Despite differences in HLA-facing

positions compared to Tregitope 289(z), the binding of the SARS-

CoV-2 NSP7 homolog of the 289 peptide across multiple HLA-

DRB1 alleles is comparable, and since their TCR-facing residues are

identical, the NSP7 homolog therefore may be recognized by

Tregitope 289-specific T cells. Moreover, the NSP7 Tregitope

homolog has the potential to induce Treg response in a

significant portion of the human population due to its binding

affinity to a wide range of HLA-DRB1 alleles.
3.3 NSP7-289 suppressed CD4+ T cell
proliferation in a Tetanus Toxoid
recall response

The Tetanus Toxoid Bystander assay (TTBSA) was used to

determine the effect of NSP7-289 on effector T cell suppression and

TT-specific CD4+ T cell proliferation (12). PBMCs from healthy

donors generate memory CD4+ T cell recall response to TT by

upregulating several activation markers on the cell surface as

observed by flow cytometry. Assuming that most of the donors

were vaccinated with TT, and depending on the TT-specific

precursor memory CD4+ T cells in the donor blood, CD4+ T cell

recall responses vary by 5-60% in different donors (12), likely

related to the TT vaccination status of the donors.

The capacity of NSP7-289 to inhibit the effector response to TT

in PBMCs derived from a panel of 10 healthy donors (Figure 4) was

evaluated. The previously characterized FV621 peptide (12) was

also included as a positive control Tregitope. This peptide has

shown high binding affinity for multiple HLA-DRB1 alleles and

robust suppressive capacity in the bystander T cell assays.

As shown for one representative donor in Figure 4A, TT

stimulation increased CD4+ T cell proliferation by roughly 20-fold

in a CFSE dilution assay (see flow cytometry dot plot for the positive

control “TT only”). The addition of NSP7 Tregitope suppressed
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proliferation of CD4+ T cells to TT in a dose-dependent manner.

These data indicate that treatment of TT stimulated PBMCs with

NSP7-289 inhibits CD4+ T cell proliferation.

Both Tregitope 289 and the shorter version of Tregitope 289

known as 289z were tested in this assay, based on their shared TCR

facing residues and observed binding affinity to HLA-DRB1 alleles.

The inhibitory capacities of these peptides were comparable in the

TT-bystander suppression assay at similar doses. Figure 4B shows

that Tregitope peptide 289z inhibited TT-mediated CD4+ T cell

proliferative response in a dose-dependent manner. Like 289z,

NSP7-289 also inhibited CD4+ memory T cell proliferation upon

TT-stimulation. FV621 is used as a positive control Tregitope and

has a greater suppressive effect on CD4+ T effector memory cells

proliferation (12) in vitro shown in Figure 4B. These data indicate

that the newly identified Tregitope NSP7-289 also suppressed the

activation of CD4+ T cells, as measured by the reduction of CD4 T

cell frequency expressing activation marker CD25, in a dose

dependent manner, similar to IgG Tregitope 289z (Figure 4C).

The inhibitory effect of the NSP7-289 on CD4+ T cell proliferation

was also tested using PBMCs collected from COVID-19 convalescent

donors. The CD4+ T cell activating CPI (a mixture of protein antigens

from cytomegalo-, influenza and parainfluenza viruses) was used as an

alternative antigen to TT. It has been shown that CPI induces the

production of IFNg specifically by CD4+ T cells (29). CPI-induced

CD4+ T cell proliferation in convalescent donor PBMCs was observed

at day seven in culture. Co-incubation of CPI with Tregitopes (FV621

or 289z) suppressed CPI-induced CD4+ T cell proliferation (Figure 5).

NSP7-289 similarly suppressed CD4+ T cell proliferation, indicating

the identification and validation of a Tregitope sequence in SARS-

CoV-2.
3.6 Inhibition of CD8 T cell response
by NSP7-289

Interactions between MHC-class I specific peptides and CD8+

T effector memory cells can result in the expansion of CD8+ T
FIGURE 3

HLA-DRB1 binding of SARS-CoV-2-NSP7 peptide alongside IgG Tregitopes 289 and 289z for comparison. Selected SARS-CoV-2-NSP7 peptide was
evaluated for HLA-DRB1 binding in vitro and the calculated IC50 values are shown. The SARS-CoV-2-NSP7 peptide exhibited binding across multiple alleles
tested (DRB1*01:01, *03:01, *04:01, *07:01, *09:01, *11:01, and *15:01). A seven-point competition assay using a validated control peptide was performed;
color coding reflects binding affinity. IC50 was determined by interpolation. IgG Tregitope 289 and 289z also bind to all of the tested alleles.
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effector memory cell populations. However, Tregitope activated

Tregs can mediate an inhibitory effect on activated CD8+ T cells

(26) through the upregulation of cell surface inhibitory receptors on

dendritic cells. The inhibitory effect of NSP7-289 on the CD8+ T

cell responses to a pool of cytomegalovirus, Epstein-Barr virus and

influenza virus-derived MHC class I peptides was also evaluated,

using a standardized reagent called CEF, in PBMCs from healthy

donors following a protocol essentially identical to the one used to

evaluate the CD4+ T cell response in TTBSA (see Methods).

As shown in Figure 6A, flow cytometry data from a

representative donor shows that CD8 T cells from healthy donor

PBMCs proliferated upon stimulation with CEF as determined by

CFSE dilution. Co-stimulation of NSP7-289 with CEF strongly

inhibited CD8+ T cell proliferation (CFSElow) response to CEF

stimulation in a dose-dependent manner. Figure 6B shows the

unnormalized data measuring percent proliferation of CD8+ T

cells by individual Tregitopes whereas Figure 6C shows the same

data normalized to CEF stimulation as 100% proliferation (0%

inhibition). Normalization to eliminate the impact of donor-specific

CEF responses shows a significant inhibitory effect of NSP7-289 on

CD8+ T cells proliferation. The notion that competition for HLA

binding on the APC between the Tregitope and the CEF peptide
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pool may lead to this inhibitory effect is precluded since the binding

of Tregitope to MHC class II cannot interfere with CEF peptide

binding to MHC Class I. These data also suggest that NSP7-289 can

modulate both CD4+ and CD8+ effector T cell responses.
4 Discussion

In this project, in silico tools were used to identify a putative

regulatory T cell epitope in SARS-CoV-2 and the inhibitory effect of

NSP7-289 was explored in vitro. In previous studies, Tregitope-like

sequences in pathogens were shown to engage natural human Tregs

and reduce antibody responses in vivo. Our work has also

demonstrated that removal or modification of these Tregitope-

like sequences improves the antigenicity and efficacy of certain

vaccines. For example, removal of a Tregitope-like sequence

identified in H7N9 influenza hemagglutinin improved protection

against influenza virus when the modified vaccine was used to

immunize humanized mice (HLA-DR3) that were the challenged

with live H7N9 (30).

There may be ample opportunity for pathogens to camouflage

themselves against immune response to critical antigens, as
B C

A

FIGURE 4

Comparison of the inhibition of CD4+ recall response by SARS-CoV-2-NSP7-homolog of 289 peptide with IgG-derived Tregitopes 289 and 289z in
the TTBSA. PBMCs from healthy donors were stimulated with 0.5 µg/ml of TT alone or with FV621 or increasing concentrations of 289, 289z or
SARS-CoV-2-NSP7 peptide (8, 16 and 24 mg/ml). Proliferation of CD4+ T cells was measured six days post-stimulation by flow cytometry using a
CFSE dilution parameter. (A) Left panel shows the gating of CD4+ T cells. See Supplement Figure S2 for the detailed gating strategy. The right panel
shows representative flow plots for one donor indicating the dose effect on the proliferation of CD4+ T cells with increasing concentrations of
SARS-CoV-2-NSP7 peptide. (B, C) Graphs show the percent of CD4+ T cell proliferation (B) and the percent of CD4+ T cell activation (CD25hi cells)
(C) for each peptide tested in the assay, compared to TT stimulation alone. FV621 was used as a positive control for suppressed proliferation (12).
Data in the graphs are normalized to TT stimulation at 100% proliferation or activation (0% suppression), and the percent suppression by each
concentration of each test peptide can be determined by comparison. Data shown are the cumulative results of 10 donors. P values * = <0.05, ** =
<0.01, *** = <0.0002 and **** = <0.0001 represent statistical significance between Tregitope stimulation vs. TT using a two-tailed t test.
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FIGURE 5

Inhibition of antigen-specific CD4+ recall response by SARS-CoV-2-NSP7-homolog of 289 peptide. PBMCs from convalescent donors were
stimulated with 5.0 µg/ml of CPI alone or with increasing concentrations of 289, 289z or SARS-CoV-2-NSP7 peptide (8, 16 and 24mg/ml) for 7 days.
FV621 was used at 24mg/ml for positive control of the experiment. Proliferation of CD4+ T cells was measured at day 7 by flow cytometry using a
CFSE dilution parameter. Data in the graph are normalized to CPI stimulation at 100% proliferation and combined from two experiments. Data
shown are the cumulative results of 8 donors. P values ** = <0.01, *** = <0.0002 and **** = <0.0001 represents statistical significance between
Tregitope stimulation vs. CPI using a two-tailed t test.
B C

A

FIGURE 6

Effect of SARS-CoV-2-NSP7 peptide on CD8+ T cell response in PBMCs from healthy donors stimulated with CEF peptides. PBMCs from healthy
donors were stimulated with 0.5 µg/ml of CEF alone or in combination with FV621 or increasing concentrations of 289, 289z or SARS-CoV-2 NSP7
peptide (10, 20 and 40mg/ml). Proliferation of CD8+ T cells were measured six days post-stimulation by flow cytometry based on CFSE dilution. (A)
Left panel shows the gating of CD8+ T cells. In the right panel, representative flow plots display the dose effect on the proliferation of CD8+ T cells
resulting from increasing concentrations of SARS-CoV-2-NSP7-homolog peptide. (B, C) Graphs show the (%) proliferation of CD8+ T cells for each
peptide tested in the assay, compared against CEF stimulation alone so that percent inhibition can be calculated or inferred. FV621 was used as a
positive control as it has demonstrated consistent suppression of CEF response across donors in our previous publication (12). Original data is
presented in panel B, and data normalized for CEF stimulation as 100% proliferation in panel C. The percent inhibition of CD8+ T cell proliferation
for each peptide at each concentration tested in the assay compared to CEF stimulation alone. Data are combined from five donors in the
experiment. P values * = <0.05, ** = <0.01 and *** = <0.0002 represent statistical significance vs. CEF stimulation alone using a two-tailed t test.
Frontiers in Immunology frontiersin.org09

https://doi.org/10.3389/fimmu.2023.1290688
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Miah et al. 10.3389/fimmu.2023.1290688
Tregitope-like peptides are not uncommon in the human genome,

Several cross-conserved CD4+ T helper (HLA class II binding)

Tregitope-like epitopes that are present in other human proteins

have also been shown to be actively tolerogenic (via activation of

regulatory T cells) (13, 17). For example, we recently identified and

validated a Tregitope, FV621, which is found in the sequence of factor

V, a highly prevalent serum protein (12). Other putative Tregitope

peptides include the “Edratide” peptide of human CDR1

(complementarity-determining region 1) (31), which is similar to

Tregitope 029, and heat shock protein 70 (HSP70)-derived peptide

B29 (32). These tolerance-inducing epitopes share key features with

established Tregitopes, such as promiscuous HLA-DR binding,

presence in the sequences of highly prevalent human proteins and

cross-conservation across mammalian species.

The exact role of these naturally occurring Tregitopes in the

human proteome is unknown. They may play an important role in

the control of auto-reactivity (33, 34).Tregitopes, including

Tregitope 289, have been shown to promote antigen-specific

tolerance in murine models of autoimmune diseases including

type 1 diabetes (17, 35–37), inflammatory bowel disease (36), and

multiple sclerosis (experimental autoimmune encephalomyelitis)

(37), as well as models of gene therapy (38) and allergy (18, 39). IgG

Tregitope-specific natural Tregs (nTregs) modulate T effector

responses by inhibiting the activity of autoreactive effectors and/

or by converting the phenotype of T effector to induced Tregs

(iTregs) as shown in tolerization to OVA in DO11.10 mice (17) and

in HLA TCR-transgenic mice in a skin transplant model [ref (40)].

Several of the non-IgG Tregitopes have been found to be effective in

murine models of lupus (41), rheumatoid arthritis and collagen-

induced arthritis (42).

Similarly, the exact role of the Tregitope-like sequence in NSP7

is unknown. NSP7 of SARS-CoV-2 forms a complex with two NSP8

molecules and one NSP12 molecule in the RNA-dependent RNA

polymerase (RdRp) complex. The a-helical structure of NSP7,

together with NSP8, plays a role in the stabilization of the NSP12

regions involved in RNA binding, which is essential for a highly

active NSP12 polymerase (43–45). The RdRp complex recognizes

and processes RNA from the virus for ribosomal transcription of

viral proteins and virus propagation. In the absence of NSP7, the

NSP12 polymerase engages only one NSP8 and does not bind RNA,

making NSP7 essential for stability of the RdRp complex (45).

RdRp, which is responsible for viral RNA replication in host cells, is

a promising target for therapy as there is no host cell homolog. The

nucleotide analog remdesivir, which is the only drug for COVID-19

that targets the RdRp, was approved for emergency use in 2021 (46).

NSP7 is found in the RNA-dependent RNA polymerase of

SARS-CoV-2. NSP7-289 strongly inhibited both CD4+ and CD8+

T cell memory responses with low to high affinity to multiple class II

HLA-DR alleles. Similar to Tregitope 289z, NSP7-289 might

influence human immune responses to SARS-CoV-2 in vivo in a

significant proportion of the population. NSP7-289 appears to have

immune modulating properties that are similar to known

Tregitopes 289 and 289z, as it is capable of down-modulating

both memory CD4+ and CD8 T effector responses in bystander

suppression assays. The effect was observed in both healthy and

convalescent donors, indicating the importance of NSP7-289
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identification while showcasing the potential importance of

regulatory epitopes present in SARS-CoV-2.

As it is difficult to expand regulatory T cells and to identify their

TCR identities, it is possible that we have misidentified the most

tolerogenic region of this T cell epitope. The epitope found in Frame

53 that is predicted to bind to six HLA-DRB1 supertypes and has 36

human protein matches may be contributing to the tolerogenicity of

the peptide sequence found in NSP7 (Table 1). Additional de-

convolution of the tolerogenic response to the NSP7 sequence

containing the epitopes may be important to perform before the

sequence is modified or removed (to improve the efficiency of a

vaccine containing NSP7) at some point in the future.

One potential explanation for the persistence of the Treg

epitope in NSP7 may be that it is important for the protection of

NSP7 against immune response by T cells. RNA-dependent RNA

polymerase (RdRp) is a mutation hotspot in SARS-CoV-2. The

non-structural protein 7 (NSP7) forms a complex with two NSP8s

and one NSP12 to form the RdRp replication machinery for viral

genome replication and viral protein translation. Therefore,

putative T regulatory epitopes occurring in the NSP7 protein may

play an important role in the protection against immune responses

to the replication machinery complex, by tolerizing its host against

the RdRp and new mutants arising in this complex. One of the first

mutational hot spots in SARS-CoV-2 was found in NSP12, part of

the RdRp complex, and reported in February 2020 after analysis of

the virus isolated from Europe (47). Quite different from NSP12

sequence, the epitope within NSP7-289 was found to vary in only

0.2% of strains of SARS-CoV-2 while there is little overall variance

in this sequence in > 1 million analyzed sequences. The appearance

of the Tregitope homolog in SAR-CoVs and its persistence

throughout the evolution of SARS-CoV-2 since the virus first

emerged seems to indicate that the presence of a Treg epitope in

the sequence of the protein may be critically important for

viral survival.

Pathogens escape host defenses by T-cell epitope mutation or

deletion and by simulating the appearance of human T cell epitopes.

These pathogen ‘behaviors’ are known as immune escape and

immune camouflage, respectively (7, 8, 48). The purpose of this

study was to determine whether the Tregitope-like sequence in

NSP7 possessed similar tolerogenic properties to Tregitope from

human IgG. While the presence of this epitope in SARS-CoV-2 may

be serendipitous, it may still have an impact on immunogenicity,

and the sequence may play a role in the preservation of the function

of the NSP7 gene in SARS-CoV-2 and beta coronaviruses.

And while Treg suppression of Class II T helper cells (that

promote antibody responses) may not be relevant to the protection

of internal proteins, activation of Tregs may also modulate class I

restricted T cell responses. The independent effect of Tregitopes on

Class I-restricted T cell responses was also observed using

individual virus-derived, MHC Class I-restricted epitopes in a

previous publication (16). This effect is possibly due to secretion

of suppressor cytokines and/or modulation of cell surface inhibitory

receptors, leading to generalized suppression regardless of target T

effector cell type (CD4+ or CD8+), as suggested by the previous

observation that Tregitope-stimulated PBMCs were suppressive in

trans-well plates (27).
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This report supports previous findings that Treg epitopes may

be present in the protein sequences of pathogens. While it is

impossible to prove that the SARS-CoV-2 pathogen may have

‘evolved’ to present this epitope, other pathogens may develop

what has been called ‘immune camouflage’ to reduce the potential

immune response in their human host. Pathogens escape immune

surveillance by interfering with both innate and adaptive immune

responses through a variety of mechanisms. Treg responses provide

another means of immune escape. Treg responses have also been

identified during influenza (49), malaria (50), and Trypanosoma

cruzi infection in humans, in leishmaniasis (51), and in a

demyelinating disease of mice caused by coronavirus (52).

Regulatory T cells may contribute to “disease tolerance” which

may be critical to human survival of parasite infection and viral

diseases, as described by Martins et al. (53).

Several studies have identified a role for regulatory T cells in the

exacerbation of COVID-19 disease in humans (54, 55). The epitope

targets of the regulatory T cell response were not identified in these

studies. Identification of the regulatory T cell epitopes in self-

antigens and detection of cross-reactive pathogen epitopes may

clarify the connection between ‘immune camouflage’ and ‘epitope

mimicry’ that is associated with autoimmune disease (55).

Liise-Anne Pirofski and Arturo Casadevall have proposed the

involvement of the “damage-response framework” in infectious

disease, wherein the intensity of the host response may modify the

manifestation of an infectious disease (56). For some individuals, severe

inflammatory response against SARS-CoV-2 leads to irreparable tissue

damage. Treg responses may play a role in the intensity of response as

related to COVID-19 pathogenesis. Downregulation of immune

responses by regulatory T cells has been implicated in the control of

pathogenic immune response in some severe diseases. Alternatively,

Yang Liu et al. suggested that more severe COVID-19 disease in older

human hosts may reflect more intense immune responses due to

immunological memory of prior coronavirus infection, particularly

with endemic human coronaviruses (57). The opposite may also be

true, however, as younger individuals may have more active memory to

recent coronavirus infections and more able to contain infection. It is

likely that the immune response to SARS-CoV-2 is extremely complex

and further studies of Treg responses in COVID-19 will provide

additional insight.
5 Conclusion

Tregitopes were first discovered in IgG and were shown to

suppress inflammatory responses to co-administered antigens both

in vitro and in vivo. The co-delivery of disease-specific antigens with

Tregitopes is critical to induce antigen-specific tolerance (38),

which may be why human-like Tregitopes are found in antigens

that are relevant to pathogen survival in the host (7). We identified

an unusually human-like Treg epitope in SARS-CoV-2 that is

highly conserved in the pathogen’s sequence, despite the

emergence of multiple variants of concern over time. While other

Treg epitopes may be present in other proteins of SARS-CoV-2, this

particular Treg epitopes in SARS-CoV-2 had a surprising homology
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with a known Treg epitope, and we were able to confirm its

tolerogenic impact in vitro. While future studies will define

whether the same T cell clones are able to respond to the SARS

epitope and the IgG Tregitope, other studies have shown that Treg

and T effector T cells may recognize the same T cell epitope with

different TCR specificities. Additional investigation of T cell

responses to NSP7-289 will clarify the impact of this sequence

and may also provide clues to SARS-CoV-2 tenacity and

viral fitness.
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