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Regulatory T cell epitope
content in human antibodies
decreases during maturation
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Introduction: Antibody maturation in the lymphoid follicle produces antibodies
with improved binding affinity. This process requires iterative rounds of mutation
and B cell expansion, supported by T cells that recognize epitopes presented on
the B cell's MHC-II. In this comprehensive antibody repertoire analysis, we find
that established regulatory T cell epitopes (Tregitopes) decline in maturing
antibody sequences as somatic hypermutation (SHM) increases, but potential T
effector epitopes do not decline. A previous analysis of B cell receptor (BCR)-
derived HLA-DR epitopes present in memory antibody repertoires from seven
healthy human donors revealed a decrease in donor-specific epitope content
with SHM. Moreover, T cell epitope depletion was associated with class-
switching and long-term secretion of antibody into serum. Significant
depletion of high-affinity germline-encoded epitopes in high SHM sequences
was also observed, but the predicted phenotype of T cells responding to the
BCR-derived epitopes (regulatory vs. effector) was not previously evaluated.

Methods: In this follow-on study, we screened a different set of four donor
repertoires to investigate the dynamics of donor-specific HLA-DR T cell epitopes
and three subsets of T cell epitope content: previously validated T cell epitopes
recognized by thymus-derived Tregs (Tregitopes), potentially tolerated T cell
epitopes, and potential effector T cell epitopes.

Results: Our results show that Tregitope content reduction is correlated with
SHM, suggesting that Tregitopes are removed during maturation. Moreover, T
cell epitopes that are likely to be tolerated or tolerogenic were also removed with
SHM progression. In contrast, potential T effector epitope content increased with
SHM. Tregitope depletion occurred in multiple V-gene pair combinations and
was the most frequent T cell epitope change. Furthermore, Tregitope content in
IgA and IgG sequences was lower and had greater negative correlation with SHM
than IgM, indicating that Tregitope removal is likely associated with class-
switching. Tregitope depletion was also associated with maturation to
plasmablasts. In vitro, representative Tregitopes inhibited CD4+ T cell
proliferation. Mutations introduced by SHM altered Tregitope HLA-DR
binding affinities.
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Discussion: The correlation of Tregitope depletion with increasing SHM implies
that the activity of thymus-derived Treg cells in immune responses to antibodies
is diminished with SHM, maturation, and isotype switching, supporting the
generation of anti-idiotype responses.

B cell maturation, germinal center (GC), somatic hypermutation (SHM), antibody
repertoire, B cell receptor (BCR), HLA-DR T cell epitopes, Tregitopes, regulatory T

cell epitopes

1 Introduction

The development of effective humoral immune response
requires both a high degree of B cell diversity, allowing for
recognition of a wide variety of antigenic structures, and an
ability to generate antibodies with increased binding affinity.
Random recombination of V (variable), D (diversity), and J
(joining) genes in the bone marrow produces massive B cell
receptor (BCR) repertoire diversity (1, 2). Upon antigen exposure,
affinity maturation by somatic hypermutation (SHM) produces
antibodies with improved binding to their cognate antigen, which
is critical to the development of an efficient functional adaptive
immune response (3, 4). While the proactive production of
antibodies that have high affinity to target antigens is critical for
the development of immunity, it is also costly in terms of energy
expended and for the potential to generate autoantibodies as a by-
product of the process. Therefore, it is important (in terms of energy
expenditure) for this process to be well regulated and only initiated
when necessary.

During T cell-dependent antibody maturation, B cells bind to
foreign antigens through their naive membrane-bound
immunoglobulin (Ig), known as BCR (5, 6). B cells then migrate
from the B cell follicle to the border of the T cell zone where,
depending on their BCR-antigen affinity, they begin to form
germinal centers (GCs) with the support of antigen-specific CD4+
T helper cells (7). GCs are polarized structures where B cells
undergo iterative cycles of clonal expansion and SHM of Ig
variable region genes, followed by affinity-based selection, leading
to proliferation and differentiation into memory B cells and
antibody-secreting cells (plasmablasts and plasma cells), and some
become long-lived plasma cells (8) (Figure 1). Engagement with
antigen via their antigen-specific BCR and support from cognate
CD4+ T cells also stimulates B cells to change the constant domain
of the Ig heavy chain by class-switch recombination, which changes
the expressed Ig isotype from IgM to IgG, IgA, or IgE, and
determines the effector function of the antibodies (9). Both SHM
and class-switch recombination require the enzyme activation-
induced cytidine deaminase (AID) (9, 10).

T cells play a critical role in the GCs. CD4+ T helper cells in the
lymphoid follicles mediate the selection of B cells with high-affinity
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BCRs in GCs. BCR-antigen complexes are endocytosed by B cells,
processed into peptides, and loaded onto Major Histocompatibility
Complex Class II (MHC-II) molecules for presentation to cognate T
follicular helper (Tth) cells (11) (Figure 1). Peptide:MHC-II
complexes displayed on the surface of B cells are recognized by
Tth T cell receptors (TCRs). This interaction leads to secretion of
cytokines and chemokines by Tfh that regulate the affinity
maturation, clonal expansion, phenotype, and functional fate of
the B cells (11, 12). In addition to Tth cells, T follicular regulatory
(Tfr) cells are also found in the B cell follicle and the GCs (12). Tfr
cells are a subset of regulatory T (Treg) cells that originate from
CD4+ CD25+ FoxP3+ precursors and express the GC-defining
transcriptional factor Bcl6 (13, 14). Tfr cells regulate Tth cells and B
cell proliferation, suppress autoreactive and non-antigen specific
GC B cells, maintain optimal antigen-specific humoral responses,
influence cytokine production by Tth cells and class-switching, thus
playing a critical role in the GC response and antibody maturation
(15-19). Thus, Tfr restrain antibody development, reducing energy
expenditure, while Tth promote highly targeted, high affinity
antibody response.

While it is clear that T helper epitopes contained in antigen
sequences play an important role in the development of high affinity
BCRs, the BCR sequences themselves also contain T cell epitopes
that may contribute to B cell maturation. In a previous study,
Gutiérrez-Gonzalez et al. evaluated the role of BCR-derived MHC-
IT epitopes in antibody selection during maturation (20). In that in
silico analysis of T cell epitope content present in native antibody
repertoires (paired variable heavy (VH) and variable light (VL)
chain sequences) from healthy human donors, T cell epitope
prediction was focused on human leukocyte antigen (HLA)-DR,
one of three loci that encode MHC-II molecules. The results
revealed a decrease in donor-specific, predicted T cell epitope
content with SHM in class-switched antibodies, suggesting
removal of HLA-DR-restricted T cell epitopes during antibody
maturation. Moreover, certain heavy and light chain V-gene pairs
showed more T cell epitope removal than others. Further
investigation identified significant depletion of high-affinity
germline-encoded epitopes in antibody regions subject to high
rates of SHM. Some of these high-affinity epitopes were found in
antibody frameworks and overlapped self-peptides that are
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FIGURE 1

T help and Treg regulation of antibody development in germinal center. Adapted from Stebegg et al. (7). The germinal center (GC) is divided into two
zones; the dark zone (DZ) and the light zone (LZ). Somatic Hypermutation (SHM) and B cell proliferation occur in the DZ. Antigen (Ag) processing
and presentation, and regulation of the B cell response, takes place in the LZ. In the LZ, B cells known as centrocytes compete for antigen captured
by follicular dendritic cells (FDCs). GC B cells with higher affinity BCR can internalize and process BCR-antigen complexes into peptides that are
loaded onto Major Histocompatibility Complex Class Il (MHC-Il) molecules for presentation to cognate T follicular helper (Tfh) cells to undergo
positive selection. Peptide:MHC-II complexes displayed on the surface of B cells are recognized by Tfh T cell receptors (TCRs). Upon receiving
positive survival signals from Tfh cells, centrocytes re-enter the DZ for further rounds of proliferation and SHM, after which they exit the GC as
memory B cells or high-affinity antibody-secreting cells (plasmablasts and plasma cells), and some become long-lived plasma cells. Thymic-derived
T follicular regulatory (Tfr) cells are also present in the LZ, and their main function is to restrain the development of B cell GC (16, 23). Tfr cells may
be activated by regulatory T cell epitopes present in the antigen or in the sequences of the BCR, which is also processed and presented by the B cell

10.3389/fimmu.2025.1535826

(23, 58).Tfr cells prevent B cells from being activated by Tfh, most likely by secreting IL-10, granzyme B or TGF-f, and/or attenuating cytokine
production (e.g., IL-21 and IL-4). However, in some settings, B and Tfh cells can overcome this suppression due to the presence of higher
concentrations of Tfh cells, and/or other mechanisms. In settings where Tfh and B cells are able to escape Tfr cell suppression, GCs start to form
(15). Tfr cells restrain B-T helper cell interactions, which is required for the feedback loop enabling GC B cells to survive (16). Tfr can act as a brake
on B cell maturation, reducing their ability to progress through subsequent cycles of SHM, and ultimately reducing their conversion to B memory
and plasma secreting cells. The overall results (B cell restraint or activation) may depend on the balance of the regulatory or activating signals.

commonly detected in MHC-II elution experiments. Although
predicted T cell epitope phenotype was not investigated in this
initial study, one of the germline peptides that was consistently lost
in antibodies that underwent high SHM overlapped a previously
identified and validated regulatory T cell epitope (Tregitope) (21).
Our evaluation of the BCR repertoire in the Gutiérrez-Gonzalez
study suggested that most of the T cell epitopes that were depleted
during SHM were Tregitopes.

Multiple Tregitopes have been identified within human
antibody sequences (21, 22). Some of them are adjacent to the
highly variable and potentially immunogenic complementarity-
determining regions (CDR). They are generally numbered by
their location in the germline sequence (e.g., Tregitope 9, 88
(VH), 167 and 289 (Fc)). In a recent study of IgG Fc, sequences
corresponding to Tregitopes 167 and 289 were demonstrated to be
both tolerogenic and present on the surface of B cells that were also
IgG+ (23).

Tregitopes, as originally defined by De Groot et al., are
recognized by thymus-derived Treg cells (tTregs), bind multiple
HLA-DR molecules and promote tolerance by stimulating tTreg
activity (22). In vitro and in vivo studies have shown that Tregitopes
found in IgG activate and expand Tregs and promote induction of
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immunosuppressive cytokines (TGFP and IL-10) (22, 24).
Tregitope sequences are frequently found within monoclonal
antibodies that elicit low levels of antidrug antibody (ADA)
response; they are less frequently found in monoclonal antibodies
that elicit higher levels of ADA response (25, 26).

To investigate further whether the T cell epitopes that are
removed from BCRs during antibody maturation are Tregitopes
or Tregitope-like, as we initially suspected when performing the
analysis in the collaboration with Gutiérrez-Gonzalez et al., we
performed an in silico analysis of the dynamics of donor-specific
HLA-DR T cell epitope content, Tregitopes, potentially tolerated T
cell epitopes, and potential T effector epitopes, in the repertoire of
natively paired VH and VL chains of memory BCRs studied by Jafte
et al. from donors with known HLA-DR alleles (27).

This, the resulting analysis of the relationship between donor-
specific HLA-DR epitope content and molecular markers of
antibody maturation mediated by T cells, namely SHM, isotype
class-switching, and maturation to plasmablasts, showed that low
Tregitope content in BCRs was associated with evidence of greater T
cell help. We further evaluated the effect of representative VH
Tregitopes (9A and 88) on CD4+ T cell proliferation and the effect
of mutations introduced by SHM in vitro.
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Our results are consistent with studies that have demonstrated a
key role for Tfr in the modulation of antibody maturation in the
lymph node (16, 28, 29) and they have potential implications for the
design of improved protein-based therapeutics that might better
evade the promotion of ADA responses. We have speculated that
Tregitopes present in antibodies, by stimulating tTregs, may help to
suppress, to some extent, anti-idiotype immune responses as well as
immune responses to allergens and foreign antigens. The removal
of Tregitopes in mature antibodies may also enable their removal by
the “idiotypic network” at the termination of immune response to a
foreign pathogen (30). Thus, the identification of Tregitope
sequences in antibodies, and improved understanding of their
natural function, is critically important for drug development and
for immunology research.

2 Results

2.1 T cell epitope content, Tregitope
content, and potentially tolerated T cell
epitopes in BCRs decline with SHM while
potential T effector epitope content
increases

To investigate the dynamics of T cell epitope content in human
antibody repertoires and its relationship with markers of antibody
development, we screened previously published natively paired VH
and VL sequences from four healthy human subjects (27) using
EpiMatrix, a high-throughput HLA-DR epitope prediction
algorithm (26). The analyzed database contains information on
249,958 paired heavy and light chain sequences of memory BCRs
and the HLA-DR alleles of donors, which were non-identical.

First, we analyzed the relationship between SHM and donor-
specific putative HLA-DR T cell epitope content, Tregitope content,
potentially tolerated T cell epitopes, and potential T effector
content. Using the EpiMatrix system, each complete antibody
(paired VH and VL) was screened for potential donor-specific
HLA-DR T cell epitopes. T cell epitope content was assessed as
the sum of the scores of all donor-specific T cell epitopes. Individual
donor-specific T cell epitopes were further classified as known
Tregitopes, potentially tolerated T cell epitopes, or potential T
effector epitopes. Using JanusMatrix (JMX), potentially tolerated
(JMX high) and potential T effector epitopes (JMX low) were
classified based on cross-conservation with human proteins (31).
Nine-mer peptides are considered cross-conserved with a human-
derived 9-mer peptide if both peptides are predicted to bind the
same HLA and both peptides share TCR-facing residues (in the case
of HLA-DR, relative binding positions 2, 3, 5, 7, and 8). Previous
analysis suggested that T cell epitopes with higher degree of cross-
conservation with human proteins were significantly more likely to
be associated with IL-10 secretion or a null response (HLA binding
without associated report of immune response) (32). Such T cell
epitopes are likely to be at least tolerated by the human immune
system and may be actively tolerogenic (33). Thus, T cell epitopes
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cross-conserved with three or more putative human T cell epitope
9-mers were classified as JMX high and considered potentially
tolerated. T cell epitopes cross-conserved with less than three
putative human T cell epitope 9-mers were classified as JMX low
and considered potential T effector epitopes. Tregitope content,
potentially tolerated T cell epitope (JMX high) content, and
potential T effector (JMX low) content were calculated as the sum
of EpiMatrix scores of donor-specific epitopes in each subset. Thus,
the sum of the three subsets equals the total T cell epitope content.

Consistent with previously published results of T cell epitope
content calculated for nine supertype HLA-DR alleles (20), T cell
epitope content declined with SHM (Figure 2A). Donor-specific
Tregitope content also declined with SHM (Figure 2B). Tregitope
content had the greatest negative correlation with SHM. In
addition, the slope of the regression line relating Tregitope
content and SHM was greater than the slope of the line relating T
cell epitope content with SHM, suggesting that the loss of T cell
epitope content with SHM was mainly due to removal of Tregitope
content. Similarly, JMX high T cell epitope content was negatively
correlated with SHM (Figure 2C). Despite a lower correlation with
SHM than Tregitope content, the loss of potentially tolerated (JMX
high) epitopes also contributed to the overall loss of T cell epitope
content. In contrast, JMX low, potential T effector epitope content,
was positively correlated with SHM (Figure 2D). The increased
positive slope of the regression lines for JMX low suggests that
potential T effector content increased with SHM. Taken together,
these results suggest that antibodies lose T cell epitope content and
specifically, more Tregitopes, and potentially tolerated T cell
epitopes with SHM while gaining potential T effector content.
The overall loss of T cell epitope content with SHM was mainly
due to removal of Tregitopes with a significant contribution from
potentially tolerated T cell epitopes.

2.2 Isotype class-switching is correlated
with removal of Tregitope content from
BCRs

Since antibody class-switching, like SHM, is regulated and
mediated by Tfr and Tfh responses, which requires TCR
interaction with peptide:HLA-DR complexes on B cells,
antibodies were grouped by isotype to evaluate the association
between each T cell epitope content subset and class-switching.
Overall, Tregitope content in the IgA and IgG antibody repertoires
had the greatest (negative) correlation with SHM (Figure 3,
Supplementary Table 1). Spearman p correlation coefficients
between Tregitope content and SHM for IgA and IgG antibodies
were significantly greater than coefficients for IgM antibodies
(Figure 3A). IgA correlation coefficients between T cell epitope
content and SHM were also significantly greater than those of IgM.
For JMX high, IgG correlation coefficients were significantly
greater than those of IgM. However, in both cases, T cell epitope
content and JMX high correlations were weak compared to
Tregitope content correlations. For JMX low content, although
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Donor-specific HLA-DR T cell epitope content, Tregitope content, and potentially tolerated T cell epitope content in antibody sequences decline
with SHM, while potential T effector content increases. Scatter plot of (A) Total T cell epitope content and subsets of (B) Tregitope content,

(C) potentially tolerated content (JMX high), and (D) potential T effector content (JMX low) vs. SHM. SHM percentages were calculated based on the
identity percentage between heavy and light chain V-genes and their corresponding germlines using IgBLAST. Each point represents one antibody
sequence; points are colored by data density from low (purple) to high (yellow). The number of antibodies per donor is shown at the top of the
figure. Spearman p correlation and p-values are indicated. Linear regression equations and lines (red) are also shown.

correlation coefficients were high, no significant differences
were observed between isotypes. When binned by SHM, we
observed differences in Tregitope content among isotypes for
antibodies with similar SHM (Supplementary Figure 1). IgG and/
or IgA Tregitope content was significantly lower than that of
IgM, with one exception (donor 2, SHM 0-5). For three of the
donors, IgG Tregitope content was lower than that of IgA. For
potentially tolerated (JMX high) and potential T effector content
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(JMX low) differences among isotypes were not as consistently
significant as those of Tregitope content. Considering antibody
class-switching as a marker of T cell response, the stronger
(negative) correlation observed between Tregitope content and
SHM for class-switched IgA and IgG antibodies and lower
Tregitope content compared to IgM for antibodies with similar
SHM, indicates that class-switching is associated with Tregitope
removal during antibody development.
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Isotype class-switching is (negatively) correlated with Tregitope content loss in complete antibodies. (A) The box plots show Spearman’s correlation
coefficients (p) calculated between SHM and each T cell epitope content subset for all the donors. Correlation coefficients for individual donors are
shown as open circles. For visualization, correlation coefficients for T cell epitope content, Tregitope content, and JMX high are shown as |absolute
values|. Correlation coefficients were compared between isotypes using Wilcoxon rank sum test; p-values for each comparison are shown.

(B) Scatter plots of Tregitope content vs. SHM by isotype. Each point represents one antibody sequence; points are colored by data density from low
(purple) to high (yellow). The number of antibodies per isotype is shown in each plot. Spearman p correlation and p-values are indicated. Linear

regression equations and lines (red) are also shown.

2.3 Lower Tregitope content in BCRs is
associated with maturation to plasmablasts

In addition to mediating SHM and antibody class-switching, T
cells provide stimulatory signals for B cells to transition to
plasmablasts which, along with long-lived plasma cells, secret
serum antibodies. To investigate whether any of the subsets of T
cell epitope content studied here could be associated with B cell
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maturation to plasmablasts, we compared Tregitope, JMX high, and
JMX low content predicted in isotype-switched BCR sequences of
memory B cells and plasmablasts. In addition to BCRs of memory B
cell sequences analyzed above, paired VH and VL BCR sequences of
plasmablasts were available for three donors. Plasmablasts were
screened using the same approach applied to memory B cells.
Memory B cells and plasmablasts were binned based on SHM. For
each SHM bin, Tregitope, JMX high, and JMX low content was
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FIGURE 4

Maturation to plasmablasts is associated with lower Tregitope content. Isotype-switched memory B cells and plasmablasts for three donors (donors
1, 3, and 4) were binned based on SHM (truncated to 20%; 5% range; bins: 0-5, 5-10, 10-15, and 15-20). Tregitope, JMX high, and JMX content were
compared within each SHM bin using a Wilcoxon rank sum test. Volcano plots of ratios of median Tregitope (left), IMX high (middle), and JMX low
content (right) for memory B cells to plasmablasts for each SHM bin vs. Wilcoxon rank sum test -logo (p-values) are shown for each donor. Ratio>1
indicates lower content in plasmablasts. The number of statistically significant observations is shown in each panel. P-value for donor 4, SHM 10-15

was zero; it was set to 0.000001 to calculate -log;g value.

compared between memory B cells and plasmablasts (Supplementary
Table 2). For the three donors and two or three SHM bins, Tregitope
content in plasmablasts was significantly lower than that of memory
B cells (Figure 4; median score memory to plasmablasts ratio>1).
JMX high content was also lower in plasmablasts but only for two
donors and only for two SHM bins. Plasmablasts had higher and
lower JMX low content than memory B cells (median score ratio<1
and ratio>1), and three out of four observations with significant
differences were for donor 1. Compared to JMX low content, the
significance level of lower Tregitope content in plasmablasts was
consistently higher. Overall, these results showed that Tregitope
content in memory B cell BCRs is higher than that of plasmablasts,
which suggest that maturation to plasmablasts is associated with
Tregitope loss during antibody development.

2.4 Tregitope loss occurs in multiple
V-gene combinations and is the most
frequent change in T cell epitope content

Tregitope content, potentially tolerated T cell epitope content,
and potential T effector content were correlated with SHM in the
analysis of donor repertoires. To investigate whether any of these T
cell epitope subsets of specific heavy and light chain V-gene pairs
were correlated with SHM, antibodies were grouped by paired
IGHV and IGKV/IGLV genes. Significant changes in each T cell
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epitope content subset were detectable in a multitude of V-gene
combinations (Figure 5). More than 58%, 36%, and 46% of the V-
gene pairs displayed significant correlations between SHM and
Tregitope, JMX high, and JMX low content, respectively.

For Tregitope content and JMX high, 99.7% and 97.4% of the V-
gene pairs with significant results, respectively showed loss of
Tregitopes or potentially tolerated content with increasing SHM
(i.e. negative Spearman p correlation). The remaining 0.3% and
2.6%, respectively, gain Tregitopes or potentially tolerated content.
For JMX low, 98.9% of the V-gene pairs with significant results
showed gain in potential T effector content with increasing SHM;
the remaining 1.1% lost potential T effector content.

Several V-gene pairs had significant changes for more than one
subset of T cell epitope content. Taking all the significant pairs that
lose Tregitope or JMX high or gain JMX low content from the
antibody repertoires from four donors, 22% were significant for
Tregitope, JMX high and JMX low content (Figure 6). The largest
overlap (19%) was for pairs that lose Tregitope content and gain
potential T effector content (JMX low). A similar percentage
(19.4%) of the V-gene pairs only lose Tregitope compared to the
small percentages of pairs that only lose JMX high (5.8%) or only
gain JMX low (4.4%). Overall, 66% of all the significant V-gene pairs
lose Tregitope content, more than JMX high (37%) and JMX low
(49%). These results demonstrated that V-gene combinations lose
Tregitope content more frequently than they lose potentially
tolerated T cell epitopes or gain potential T effector epitopes.
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FIGURE 5

Decrease in Tregitope content and potentially tolerated T cell epitope con

tent with SHM and increase in potential T effector content occur in several

V-gene pair combinations. Volcano plots of Spearman p vs. Benjamini-Hochberg adjusted p-values for Tregitope (A), JIMX high (B), and JMX low
content (C) vs. SHM, for antibody repertoires grouped by IGHV and IGKV/IGLV gene pairs. Statistically significant V-gene pairs are colored; the

remaining gene pairs are shown in gray. The number of pairs per donor is

indicated in the top panel. The number of significant pairs per donor are

indicated at the top of each plot. Y-axes were truncated to 50; pairs with p-values>50 were considered to calculate the number of significant pairs.

Pairs with fewer than 10 antibodies were excluded.

2.5 T cell epitope content changes in BCRs
are driven by SHM mutational preferences

To evaluate whether changes in T cell epitope content subsets
observed with increasing SHM were introduced as an indirect
consequence of SHM mutational preferences or by selection
pressure, we developed in silico simulations that accounted for
donor-specific SHM DNA motif targets. The models did not
account for HLA-DR-specific epitope selection pressure. Thus,
stronger correlations between T cell epitope content subsets and
SHM in donor repertoires than in donor-matched in silico models
would indicate that epitope content changes driven by SHM (loss of
Tregitopes, loss of potentially tolerated epitopes, or gain of potential
T effector epitopes) were the result of active selection in vivo.

For each donor, we simulated 10 donor-specific antibody
repertoires that matched the V-gene frequencies, 5-mer DNA
targeting patterns, and SHM distribution in each individual donor
repertoire (Supplementary Figure 2). The donor-specific in-frame
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replacement and silent mutations (RS) SHM model accounted for
5-mer nucleotide preferences of the human activation-induced
cytidine deaminase (AID), the enzyme responsible for SHM, and
biophysical restrictions on permissible DNA/amino acid mutations
in functional BCRs.

For class-switched antibodies, comparisons between matched
V-gene pairs (pairs that were significant for the donor and the
model repertoires) showed that changes in T cell epitope content
subsets with SHM were, in most cases, significantly different
between donors’ repertoires and RS models; however, low rank-
biserial correlation values suggest small effect sizes (Supplementary
Figure 3), indicating that the differences between donor and
modeled repertoires were not meaningful. Overall, these results
suggest that in silico models that accounted for donor-specific V-
gene usage and AID targeting preferences produced similar level of
T cell epitope content change (Tregitope and JMX high loss and
JMX low gain) observed in the donors’ repertoires, suggesting that
these changes are a consequence of SHM mutational preferences.
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V-gene combinations lose Tregitope content more frequently than they lose
epitopes. The Euler diagram shows the overlap of V-gene pairs across all fou
subsets and SHM. Percentage and number of V-gene pairs are shown. Areas

subset. The bar plot shows the percentage of significant V-gene pairs for each T cell epitope content subset. Pairs that gained Tregitope (n=8) or

JMX high (n=43) or lost IMX low (n=23) with SHM were excluded. Taking all
content from the antibody repertoires from four donors, 22% were significan

(19%) was for pairs that lose Tregitope content and gain potential T effector content (JMX low). A similar percentage (19.4%) of the V-gene pairs only
lose Tregitope compared to the small percentages of pairs that only lose JIMX high (5.8%) or only gain JIMX low (4.4%). Overall, 66% of all the
significant V-gene pairs lose Tregitope content, more than JMX high (37%) and JMX low (49%).
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t for Tregitope, JMX high and JMX low content. The largest overlap

2.6 Mutations introduced in identified
Tregitopes by SHM alter HLA-DR binding
affinity

The function of Tregitopes can be altered by reducing their
HLA-DR binding affinity and/or modifying their TCR-facing
residues. Just as for T effector epitopes, when HLA binding
affinity is decreased, T cell responses may be compromised
(reducing regulatory T cell activation). Thus, donor-specific
modifications in residues that interact with HLA-DR and reduce
binding or change the register of the epitope in the binding groove
(34) may reduce Treg function. Mutations in TCR-facing residues
of Tregitopes may also reduce Treg effect due to reduction in
activation of their cognate Treg, rather than reduced binding.

To evaluate the effect of mutations introduced in Tregitopes by
SHM, variants of Tregitopes from the VH region (Tregitopes 9A
and 88) were selected for HLA binding assays based on predicted
binding affinity and cross-conservation with human proteins. For
each Tregitope, we selected two variants from the donors’
repertoires: one variant with reduced binding likelihood for a
panel of seven alleles (HLA-DRB1*01:01, *03:01, ¥04:04, *11:01,
*13:01, *15:01, and *16:01) that cover the alleles expressed by
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donors 1, 2, 3 and 4, and one variant with TCR-facing mutations
that modified the potential for TCR recognition by their cognate T
cell (JMX low; potential T effector epitope), even though they were
still predicted to bind the donors’ HLA-DR alleles.

Compared to the germline sequences Tregitope 9A and 88,
modified Tregitope 9A and 88 variants selected from the donors’
repertoires that were identified as having potentially reduced
binding likelihood (Table 1; Treg9Av_rb and Treg88v_rb) did
indeed not bind or had reduced HLA-DR binding affinity for a
panel of five alleles tested (HLA-DRB1*01:01, *03:01, *04:01, *11:01,
*15:01). These HLA-DR were selected for the assays because they
represent the alleles expressed by donors 2, 3 and 4. The only
exception to the expected outcome was an observed increase in the
binding affinity of Tregitope 9A variant (Treg9Av_rb) for HLA-
DRB1*04:01. Most variants with changes in the TCR-facing
residues had similar or reduced binding affinity as compared to
the original Tregitope sequences from which they were derived.
These variants bind HLA-DR but may not activate cognate Tregs.
Taken as a whole, these results showing decreased binding of
selected Tregitope variants, or no change in binding in of selected
TCR-facing Tregitope variants, are consistent with
our expectations.
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TABLE 1 HLA-DR binding of Tregitopes and variants with reduced binding likelihood and human cross-conservation.

Version

Selection criteria

Expected

HLA-

DR binding

Expected
Treg function

Sequence?®

HLA-DRB1 (ICso nM)

*01:01 *03:01 *04:01 *11:01
(3] (d4) (d3)° (d3)

Treg9A Original Tregitope Promiscuous Normal GGLVQPGGSLRLSCAASGFTF | 11 27.64
Reduced binding Reduced; decreased non- non- non-
Treg9Av_rb | Variant Reduced GGLAQPGGSLRLSCEVSNVTS | 0 0.00
regav.r arian likelihood; EMX low educe HLA binding affinity Q binder binder binder
Treg9Av_rxc | Variant Reduced human cross= 1, o ous Reduced; decreased GGLAQPGGSLRLSCTPSGEIF | 7 0.14 non- 61,559 43,530
conservation; JMX low cognate Treg activation binder
Treg88 Original Tregitope Promiscuous Normal NTLYLQMNSLRAEDTA 15 22.40
Reduced binding Reduced; decreased non- non- non- non-
i ASLHMHDLRP . -bi
Treg88v_rb Variant likelihood; EMX low Reduced HLA binding affinity NTASLHMHDLRPEDSG 0 0.00 binder binder binder binder non-binder
h a 5
Treg88v_rxc | Variant Reduced human cross Promiscuous Reduced; decreased NSLELHMDNLRAEDSA 10 0.00
conservation; JMX low cognate Treg activation

*Amino acid differences compared to original Tregitope sequences are shown in red font.

l)EpiMatlrix (EMX) hits and JanusMatrix (JMX) score calculated for all the HLA-DR alleles expressed by donors 2, 3, and 4 (d2, d3, and d4) (HLA-DRB1*01:01, *03:01, *04:04, *11:01,

*13:01, *15:01, and *16:01).

“HLA-DRB1*04:01 used instead of *04:04 (expressed by donor 3). These alleles share similar binding peptide side-chain preferences for binding pockets.

Non-binder (ICs, >100,000nM).

Low affinity (ICs, 10,000-100,000nM).
Moderate affinity (IC5q 1,000-10,000nM).

High affinity (ICs, 100-1,000nM).
Very high affinity (ICso <100nM).

Non-binder (ICs >100,000nM)
Low affinity (ICso 10,000-100,000nM)
| Moderate affinity (ICso 1,000-10,000nM)

High affinity (ICso 100-1,000nM)
Very high affinity (ICs <100nM)
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2.7 Tregitopes removed during SHM inhibit
proliferation of CD4+ T cells

Validation of Tregitopes can be performed using a wide range of
assays, including T cell phenotype and in vitro or in vivo effect on T
effector or inflammatory immune responses. We developed a
bystander suppression assay that demonstrates the effect of
Tregitopes in vitro when Tregitope peptides are present in the
same well with a stimulatory antigen such as tetanus toxoid (TT)
(35). After demonstrating their promiscuous HLA-DR binding, we
confirmed the regulatory effect of Tregitopes 9A and 88 for which
inhibitory data were not previously published, by measuring their
inhibition of the recall response of human CD4+ T cells to the TT
antigen in the standardized Bystander Suppression Assay (TTBSA),
using peripheral blood mononuclear cells (PBMCs) from donors
possessing some of the HLA-DR alleles to those from which
antibody repertoires were isolated. In previous studies, we have
performed the same assay with other Tregitopes (35).

Tregitope peptides 9A and 88, that had been identified as being
among the Tregitopes removed in this study, were tested at three
different concentrations (8, 16, and 24 pg/mL). TT stimulated
proliferation of CD4+ T cells is shown at the left (in blue) in each
graph in Figure 7. Stimulation with Tregitope 9A and 88, along with
TT in vitro, suppressed recall CD4+ T cell responses specific to the
TT antigen.

3 Discussion

Our group has identified several regulatory T cell epitopes
(Tregitopes) derived from conserved Fc and Fab sequences of IgG

10.3389/fimmu.2025.1535826

and located in antibody VH and VL framework regions or
framework/CDR regions. These Tregitopes have been validated in
our own laboratory and were recently re-identified as tolerogenic,
tTreg activating T cell epitopes (23). To investigate whether
Tregitopes that may be recognized by Tfr are removed from
BCRs during antibody maturation, we performed an in silico
analysis of the dynamics of donor-specific T cell epitope content
in the repertoire of natively paired antibody VH and VL chains
from donors with known HLA-DR alleles studied by Jaffe et al. (27).
The results showed that SHM leads to Tregitope depletion in BCRs
and that Tregitope depletion is positively associated with class-
switching, and maturation to plasmablasts. These findings reveal a
new mechanism of regulation of antibody maturation.

In previous work, our group has determined that the presence
or absence of Tregitope sequences within the variable domains of
monoclonal antibodies and other antibody-like (36) molecules is a
useful predictor of immunogenic potential (the induction of ADA)
(25, 26). In addition, we have shown that when delivered
systemically, Tregitope peptides can suppress inflammatory
immune response (37). And, that when co-delivered with antigen,
Tregitope peptides can induce antigen-specific immune tolerance
(38-40). Tregitopes may be applied anywhere active immune
response is activated, including in the treatment of autoimmune
disease (41), in the treatment of inflammatory conditions (42), in
the suppression of transplant rejection (37), and to induce tolerance
to therapeutic proteins including monoclonal antibodies,
“replacement” proteins such as FVIII (35), and alglucosidase alfa
(Myozyme) (43).

Despite these many illustrations of their utility, the natural
function of Tregitopes has not been uncovered, to date. In this
report, we show that Tregitope content decreases as SHM increases,

. Media - Tetanus toxoid alone . TT with Tregitope
Tregitope 9A

2 EV089 (*04:01,*07:01) EV096 (*01:01,*13:01) EV118 (*01:01,*07:01) EV120 (*15:01,*15:02)
[} ® O
2 501 20+ 4
- 15 + 154 ° 10 201
+ ? & o
5 10+ I e o | 107 ° I 51 I 104 .
54 5+ l I
Oo-_._ l. 0 -e- l 0 =8= 04-e .*-
_g’ Tregitope 88
‘.-é EV115 (*11:04,*13:01) EV118 (*01:01,*07:01) EV129 (*04:01,*15:03) EV135 (*03:01,*09:01)
“q_‘) ® o o 20 . 60
= 154 154
9 154 401
[ ]
o 1 0 7 I 10 T ) 10 i L]
Y 201
Jupy | T | Y 1 1 .
Sol-HEEE| , ESaN [ EESE (b ESESE
M TT 8 16 24 M TT 8 16 24 M TT 8 16 24 M TT 8 16 24
FIGURE 7

Tregitopes inhibit proliferation of CD4 T cells. The bar plots show the inhibition of CD4+ T cell recall response by Tregitopes 9A and 88 in the
TTBSA. PBMCs from healthy donors were stimulated with 0.5 pg/mL of TT with or without the addition of the indicated concentrations of Tregitopes
and analyzed at day six post-stimulation by flow cytometry. The effect of Tregitope co-stimulation with TT on the inhibition of CD4+ T cell

proliferation by Tregitopes 9A and 88 were plotted.
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implicating a natural role for Tregitopes in the process of antibody
maturation. Previously, we believed that the natural function of
Tregitopes was to suppress anti-idiotype immune response thereby
helping to maintain immune homeostasis. While this may still be
true and is relevant to the maintenance of homeostasis in the B cell
follicle in the absence of antigenic stimulation, the depletion of
Tregitopes appears to be also associated with an increase in
potential T cell epitope content in the antibodies that are
developing during SHM.

T cell-mediated affinity maturation, class-switching, and
maturation to plasmablasts appear to be correlated with the loss
of Tregitope content suggesting an important role in the
development of durable antibody immune responses. We
observed significant loss of Tregitope content in all antibody
isotypes (IgG, IgA, and IgM). However, class-switched IgA and
IgG antibodies had greater correlation of Tregitope loss with SHM
and lower Tregitope content than IgM, suggesting an association
between Tregitope removal and class-switching mediated by T cell
responses. In addition, our analysis of the antibody repertoire
grouped by paired antibody heavy and light chain V-genes
showed that the loss of Tregitope content with SHM occurs in
multiple combinations of V-gene pairs and is more frequent than
loss of potentially tolerated or gain of potential T effector content.

10.3389/fimmu.2025.1535826

We also observed that class-switched antibody sequences of
plasmablasts had significantly lower Tregitope content than those
of memory B cells, which suggest that B cells with low Tregitope
content BCRs may be selected in the GCs for differentiation and
maturation (Figure 8).

Comparing donors’ repertoires to large-scale in silico simulated
antibody repertoires that accounted for donor-specific SHM DNA
motif targets but not for HLA-DR-specific epitope selection
pressure, we found that changes in T cell epitope content are
likely a consequence of SHM mutational preferences. While
differences in T cell epitope content change with SHM between
donors’ repertoires and simulated repertoires were significant, they
were not meaningful considering their effect sizes. Using a similar
approach to simulate antibody repertoires, Gutierrez-Gonzalez M.
et al. showed that SHM selectively targeted donor-specific HLA-DR
T cell epitopes (20). Differences in the algorithms used for
prediction of T cell epitopes, the number of simulated repertoires,
and the metrics applied to define T cell epitope content change with
SHM, may explain differences in the results. Despite these
differences, both studies demonstrated donor-specific HLA-DR T
cell epitope removal in antibody variable regions in repertoires from
nine different donors. Furthermore, we found that the overall loss of
T cell epitope content with SHM is mainly driven by Tregitope
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Model of in vivo selection of antibodies with decreased Tregitope content and increased T effector content. (A) GC B cells capture foreign antigens
via BCR-mediated endocytosis; antigen and BCR peptides that bind HLA-DR are transported to the surface of the cell for presentation to Tfh and
Tfr. Unmutated BCRs contain high Tregitope content. Tregitopes activate Tfr, which regulate B cell metabolism, GC formation, and autoreactive B
cells activation. In the absence of an antigen, Tregitope:HLA-DR:Tfr interactions may play a role in maintaining immune homeostasis. (B) BCRs with
decreased Tregitope and potentially tolerated content and increased potential T effector epitope content are selected in the GC leading to
decreased activation of Tfr cells, increased SHM, formation of antigen-specific Tfh cells, and GCs. Tfr cells still suppress autoreactive B cells. Low
Tregitope content in BCRs is associated with class-switching and maturation to plasmablasts (Pb). Once antibodies are in circulation, an anti-
idiotypic immune response may develop to clear immunogenic antibodies when the antigenic load diminishes. We note that this analysis did
demonstrate donor-specific HLA-DR T cell epitope removal. This occurred even though SHM does not specifically target HLA-specific binding
amino acids. Instead, changes to the antibody sequence that result in reduced HLA-DR binding (or reduced TCR engagement by Tregs) are likely to
enable B cells that carry those modified sequence (as in B) to escape immune response (i.e., positively selected in the GC).
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depletion, with a significant contribution from potentially tolerated
T cell epitopes. In contrast, potential T effector epitope content
increased with SHM.

Similar to previously reported Tregitopes (35), Tregitopes 9A
and 88 (which were among the Tregitopes depleted in donor
repertoires) inhibited antigen-specific CD4+ T cell proliferation.
Amino acid modifications in Tregitopes introduced by SHM may
impact Treg function by reducing or eliminating HLA-DR binding
as well as cognate Treg TCR interaction and activation. To evaluate
the effect of such modifications in Tregitopes 9A and 88, we
identified two variants with low binding likelihood and two
variants with modified TCR-facing residues. The variants with
low binding potential had reduced HLA-DR binding affinity in
vitro. Variants with TCR-facing modifications, which may reduce
cognate Treg activation, had similar or reduced binding affinity
when compared to the original Tregitopes. It is possible that
changes in the TCR-facing residues affected HLA binding. While
these HLA-DR specific modifications seem to be driven by SHM
mutational preferences, they might “protect” the B cell bearing the
modified BCR from the restraining influence of Tfr in the GC. We
note that while this analysis of B cell repertoires did demonstrate
donor-specific HLA-DR T cell epitope removal, SHM does not
specifically target HLA-specific binding amino acids. Instead,
changes to the antibody sequence that result in reduced HLA
binding (or reduced TCR engagement by Tregs) appear to be
more likely to enable B cells that carry those modified sequence
(as in Figure 8B) to escape immune response (i.e., positively selected
in the GC).

Treg cells in the B cell follicle regulate GC response by
modulating activity of both Tth cells and B cells. Tfr are less
abundant than Tth cells in the GCs and are also less frequently
found in the GCs than in the B cell follicle (44, 45). However, Tfr
cells have a modulatory role controlling initial GC formation (15).
In the GC, B cell-Tfr interactions facilitated by chemotactic
targeting, control B cell selection (46, 47). The removal of
Tregitopes (and potentially tolerated T cell epitopes) in maturing
antibodies may serve to decrease the activation of Tfr cells leading
to increased formation of antigen-specific Tth cells, GC, memory B
cells, and antibody-secreting cells (Figure 8). Thus, the role
Tregitopes may play is to maintain immune homeostasis when
the antibodies in which they are found are not being “applied” to
immune response. Once immune response begins in the B cell
follicle, the removal of Tregitopes through SHM “releases the brake”
on B cells. BCRs with lower Tregitope content are selected for clonal
expansion, allowing for the development of a more robust antigen-
specific immune response.

This theory is supported by the literature. In models of viral
infection and immunization, Tfr controlled SHM and clonal
diversity by restraining non-antigen-specific GC B cells and
limiting clonal competition, which promoted affinity maturation
of antigen-specific B cells (29). Limiting Tth cells reduced SHM,
antigen-specific GC responses, affinity maturation, and clonal
diversity (29). The coincident addition of new T effector epitopes
in maturing GC B cells could enhance Tth responses, supporting the
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importance of immunogenicity in the development of antigen-
specific immune response. Overall, antibodies that have higher
SHM appear to have more immunogenic potential themselves,
suggesting that an anti-idiotypic immune response may develop
once they are in circulation, which could lead to clearance of these
high affinity antibodies when the antigenic load diminishes,
supporting Jerne’s idiotype-anti-idiotype interaction
hypothesis (30).

While the removal of Treg epitopes to improve the maturation
of antibodies makes sense teleologically, the enzyme that modifies
antibodies (AID) does not, to our knowledge, target any specific
epitope. Nonetheless, modification of an epitope sequence may have
different outcomes for Tregitopes and potentially tolerated epitopes
(JMX high) than for potential T effector epitopes (JMX low). In the
case of the former, a modification to the TCR-facing region could
reduce human homology, and therefore no longer be counted as
potentially tolerogenic (the epitope moves from Treg or tolerated to
T effector). In the case of a T effector epitope, a modification that
does not introduce cross-conservation with the human proteome
would be counted as potentially immunogenic (from T effector to T
effector). Thus, the impact of modifications is different for these two
categories of T cell epitopes.

Our findings have implications for designers of monoclonal
antibody and antibody-like molecules. As mentioned above, we
have shown a significant correlation between clinical
immunogenicity (as measured by ADA) and lack of Tregitope
content in monoclonal antibodies (25, 26). Where antibodies are
intended for use in immune competent subjects, use of Tregitope
replete germlines as a scaffold for antibody development is generally
preferred. However, studies of immunogenicity in the context of
immunomodulatory drugs such as checkpoint inhibitors, have
suggested the use of Tregitope replete germlines may be
counterproductive, leading to reduced efficacy (48). Furthermore,
we have hypothesized that where the regulatory T cell compartment
of intended patient populations is compromised (as in, Tregs are
not functioning as they usually do), the use of Tregitope replete
germlines may contribute to the activation of effector T cells and
enhanced ADA response.

In the future, we hope to determine whether the SHM is
impaired in patients who have poorly functioning Tfr cells, which
would support our hypothesis that Tfr cells activated by Tregitopes
put a “brake” on SHM. Studies in an immunization model showed
that Tfr deficiency led to reduced SHM and increase in non-
vaccine-specific GC B cells (29). In patients with autoimmunity,
self-reactive antibodies routinely escape from immune modulation
(potentially due to the lack of effective regulatory T cell responses in
the B cell follicle) and “self” antigens are targeted (49).

Further studies may be able to elucidate how Tregitope-specific
Tregs modify immune response to antibodies in the lymphoid
follicle. Treg cells can deplete peptide-MHC-II complex from
dendritic cells through trogocytosis to limit antigen presentation
and priming of naive antigen-specific T cells (50). Tregs can also
deplete CD80 and CD86 molecules on dendritic cells in a similar
manner (51). We have demonstrated a decrease in HLA-DR

frontiersin.org


https://doi.org/10.3389/fimmu.2025.1535826
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Gutierrez et al.

expression in dendritic cells co-incubated with Tregitopes and Treg
cells, as well as downregulation of CD80 and CD86 (35). Studies in
mice showed that Tfr TCR repertoire was distinct from that of Tth
and it closely resembled the thymic regulatory Treg repertoire,
suggesting that the Tfr TCR repertoire overlaps with tTregs and its
antigen specificity is directed towards self-antigens (46, 52, 53). If
Ttr cells specificity is for self-epitopes and Tregitopes, and distinct
from Tth cells specificity, Tfr may regulate (or deplete) GC B cells
with BCRs that contain high Tregitope content, enhancing immune
response and SHM. With reduced Tregitope presentation, GC B
cells gain in the competition as compared to other GC B cells
presenting more Tregitopes, improving their ability to elicit Tth cell
help (Figure 8). This would be another level of control to stimulate
the development of Tregitope-depleted BCR-bearing B cells and to
inhibit the outgrowth of autoreactive or non-antigen specific B
cell clones.

In summary, we found a significant correlation between donor-
specific Tregitope depletion and molecular markers of antibody
maturation mediated by T cells. These data reveal a novel regulation
mechanism of human antibody maturation that is relevant to
immune responses for vaccines and pathogens, to the lack of
regulation of autoantibodies, and for the selection of therapeutic
antibody candidates.

4 Materials and methods
4.1 Antibody sequences

4.1.1 Donor repertoires

Previously published antibody repertoires from four human
subjects with known HLA-DR alleles were analyzed (27). Using
PBMCs, single B cells were captured, and natively paired antibody
heavy and light chains were sequenced. B cell phenotypes were defined
by flow cytometry (27). The following flow gating definitions were used
for memory and plasmablast populations: unswitched memory: live,
CD3 CD19*CD27*IgD""IgM**CD38 * CD24%; switched memory:
live, CD3"CD197CD27"1gD"CD38 * CD24 * CD95%; and
plasmablast: live, CD3"CD197CD27'IgD CD38""CD24". IgBLAST
was used for V(D)] annotation (54). SHM percentages were
determined based on the identify percentage between heavy and light
chain V-genes and their corresponding germlines. Isotype assignment
was performed by matching constant region sequences to isotype
barcodes (27). Amino acid sequences of BCRs of memory B cells
and plasmablasts were extracted from the IgBLAST output for HLA-
DR T cell epitope prediction using EpiMatrix (26). Thus, each antibody
repertoire was comprised of natively paired antibody heavy and light
amino acid sequences, their isotypes, and IgBLAST annotation (VH
and VL SHM percentages, IGVH and IGVL genes). Only antibodies
with full-length VH and VL sequences were analyzed.

4.1.2 Modeled repertoires

Donor-specific in silico models were developed using
immuneSIM for V(D)J recombination modeling (55) and
ShaZam for SHM modeling (56) as previously described (20).
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Briefly, to generate naive repertoires, the distribution of V-genes
of memory B cells for each donor repertoire was calculated and used
to build frequency tables, which were used as custom vdj_list
parameter in the immuneSIM function. Naive repertoires for
heavy and light chains were generated separately. To simulate
SHM, donor-specific replacement-silent SHM targeting models
were generated using the createTargetingModel function from
ShaZam. Using this personalized models, sequences from the
naive repertoire were mutated individually with the shmulateSeq
function from ShaZam. For each donor, the number of mutations
per sequence was set to match individual SHM distribution. Next,
each modeled repertoire was annotated using IgBLAST. Productive
variable heavy and light sequences were then paired following the
SHM distribution of each donor repertoire. V-gene and SHM
distributions of each model were compared to the donor
repertoire to confirm their similarity. Amino acid sequences were
extracted from the IgBLAST output for HLA-DR T cell epitope
prediction using EpiMatrix. Ten RS models of the same size of each
donor repertoire were generated, for a total of 2,102,680 antibodies.
Isotypes were assigned following the donor distribution.

4.2 Prediction and analysis of personalized
T cell epitope content

The pipeline used for prediction and analysis of personalized T
cell epitope content is shown in Supplementary Figure 4. The
antibody sequences were scored using EpiVax’s proprietary
algorithms available in ISPRI. The EpiMatrix algorithm was used
to screen paired VH and VL antibody sequences for potential
donor-specific HLA-DR T cell epitopes (26). Each sequence was
parsed into overlapping 9-mer frames and assessed for their binding
potential to the donor’s HLA-DR alleles. EpiMatrix frame-by-allele
assessment Z-scores range from approximately -3 to +3 and are
normally distributed. EpiMatrix Z-scores above 1.64 are considered
potential HLA binders. T cell epitope prediction was performed for
donor-specific HLA-DR alleles: HLA-DRB1*13:01, 16:01 (donor 1),
01:01, 15:01 (donor 2), 04:04, 11:01 (donor 3), and 03:01, 15:01
(donor 4).

Predicted T cell epitopes were further classified as known
Tregitopes, JanusMatrix high (JMX high) or JanusMatrix low
(JMX low) based on their cross-conservation with human
epitopes predicted using JanusMatrix (31). T cell epitopes cross-
conserved with three or more putative human T cell epitope 9-mers
were categorized as JMX high and considered potentially tolerated.
T cell epitopes cross-conserved with fewer than three putative
human T cell epitope 9-mers were categorized as JMX low and
considered potential T effector epitopes.

For each antibody, T cell epitope content was calculated by
summing the EpiMatrix Z-scores of T cell epitopes predicted to
bind the individual donor’s HLA-DR alleles. Tregitope content,
JMX high content, and JMX low content were calculated by
summing the EpiMatrix Z-scores of T cell epitopes in the
corresponding subset. T cell epitope, Tregitope, JMX high, and
JMX low contents were calculated for donor repertoires.
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For the donor repertories, the relationship between SHM and
each T cell epitope content subset was evaluated using Spearman p
correlations and linear models fitted to calculate slopes and
determine y-intercepts. Spearman p correlations were also used to
evaluate the relationship between SHM each T cell epitope content
subset in antibodies grouped by isotype. Spearman p correlation
coefficients were compared between isotypes using a Wilcoxon rank
sum test.

To compare the T cell epitope content for antibodies with
similar SHM by isotype, SHM was truncated to 15% to capture
more than 70% of the antibodies per donor. Antibodies were binned
based on SHM using a 5% range. Comparisons between isotypes
were performed using a Wilcoxon rank sum test.

To compare the T cell epitope content of isotype-switched
antibody sequences of memory B cells and plasmablasts, SHM
was truncated to 20% to capture more than 70% of the antibodies
per donor. Antibodies were binned based on SHM using a 5%
range. T cell epitope content subsets of B cells and plasmablasts
were compared using a Wilcoxon rank sum test. The ratio of the
medians between memory B cells and plasmablasts for each T cell
content subset was calculated for each bin. BCR sequences of
plasmablasts were available for donors 1, 3, and 4. Only this
analysis included plasmablasts. For all the other analyses, donor
repertoires included BCRs from memory B cells.

4.3 In-depth analysis of T cell epitope
content dynamics

To evaluate the relationship between the T cell epitope content
subsets of specific heavy and light chain V-gene pairs with SHM,
BCRs from memory B cells were grouped by paired IGHV and
IGKV/IGLV genes. The statistical significance for each V-gene pair
was determined by calculating the Spearman correlation with p-
values adjusted for multiple comparisons using the Benjamini-
Hochberg method. Groups of V-gene pairs with 10 or more
antibodies were included. The Spearman p correlations and p-
values of paired V-genes groups that showed significant correlation
between each T cell epitope content subset and SHM, were
compared using Wilcoxon rank sum tests.

4.4 Tregitope variant selection

Variants of Tregitope 9A and 88 with reduced binding
likelihood or reduced cross-conservation with human proteins
(potential T effector epitopes) were identified to evaluate the effect
of mutations introduced by SHM on Tregitope function in vitro.
Tregitope variants from the donors’ repertoires, donor-specific
EpiMatrix, and JanusMatrix scores were compiled and compared
to Tregitopes. Variants with lower EpiMatrix score and JanusMatrix
scores for the donors’ HLA-DR alleles (HLA-DRB1*01:01, *03:01,
*04:04, ¥11:01, *13:01, *¥15:01, and *16:01) were identified. For each
Tregitope, one variant with reduced binding likelihood (low
EpiMatrix score) and one variant with reduced cross-conservation
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with human proteins (low JanusMatrix score) were selected for
peptide synthesis.

4.5 Peptide synthesis

Six peptides (Tregitopes 9A, 88, two variants with reduced
binding likelihood and two variants with reduced cross-
conservation with human proteins) were synthesized by CPC
Scientific Inc. (San Jose, CA). Molecular weight accuracy was
verified by mass spectrometry. Using HPLC, peptides were more
than 95% pure. To normalize net peptide content across assays,
amino acid analysis was performed on all peptide samples.

4.6 HLA binding assays

HLA binding assays were performed as previously described
(57). The alleles used for the binding assays were HLA-DRB1*01:01,
*03:01, *04:01, *11:01, and *15:01, which covered the alleles
expressed by donors 2, 3 and 4. For donor 3, HLA-DRB1*04:01
was used instead of HLA-DRB1%*04:04; both alleles share similar
binding peptide side-chain preferences for binding pockets. HLA-
DRB1*13:01 and *16:01 alleles, expressed by donor 1 were not
available for binding assays.

4.7 Tetanus toxoid bystander suppression
assay

The regulatory effect of Tregitopes was evaluated using the
tetanus toxoid bystander suppression assay (TTBSA) as previously
described (35). Briefly, PBMCs from anonymous blood bank blood
donors were labeled with CFSE cell proliferation dye and then
plated at 3 x 10° cells per well on U-bottom 96-wells plates in RPMI
complete media. Labeled cells were rested overnight at 37°C, 5%
CO,. The following day, the cultures were stimulated with
Tregitopes 9A and 88. Peptides were solubilized in DMSO and
added to the culture medium at a range of concentrations (8, 16, 24
ug/mL). Tetanus toxoid (0.5 pg/mL) was added to all wells
including positive control wells without Tregitopes. The cells were
cultured for 6 days, harvested at day seven, and stained for
expression of cell surface and intracellular markers and analyzed
by flow cytometry. Staining and gating was performed as previously
described (35). Stained cells were acquired, and data collected was
analyzed using Flow]Jo software (Treestar, Inc). Proliferation of CD4
+ T cells was evaluated by dilution of CESE with the proliferating
population identified as CFSE,,,.

4.8 Statistical analysis
Statistical analyses were performed using R. For multiple

comparisons, p-values were adjusted using the Benjamini-
Hochberg method from the stats package. All correlations were
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calculated using the Spearman method from the stats package.
Differences in the Spearman p correlation between isotypes were
evaluated using a Wilcoxon rank sum test from the stats package.
Differences in the Spearman p correlation and p-values of paired V-
gene groups that showed significant correlation between each T cell
epitope content subset and SHM were evaluated using a Wilcoxon
rank sum test. The same test was applied for comparisons by isotype
using binned SHM and between memory B cells and plasmablasts.
For comparisons between donor and modeled repertoires,
differences in the Spearman p correlation for IGVH and IGVK/
IGVL gene pairs were evaluated using a Wilcoxon rank sum test.
P-values below 0.05 were considered statistically significant.
Effect sizes were defined using rank-biserial correlations from the
effectsize package. Rank-biserial correlation is applied for
non-parametric tests that use paired samples.
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SUPPLEMENTARY FIGURE 1

Comparison of Tregitope content among isotypes for antibodies with similar
SHM. Box plots show Tregitope content in antibodies grouped by isotype and
SHM. SHM was truncated to 15% and antibodies were binned based on SHM
(5% range; bins: 0-5, 5-10, 10-15). Tregitope content was compared within
each SHM bin using a Wilcoxon rank sum test. The median Tregitope content
per isotype is shown at the bottom of each panel. Statistical significance is
shown as *: p < 0.05, **: p < 0.01, ***: p < 0.001, ****: p < 0.0001.

SUPPLEMENTARY FIGURE 2

Comparison between donor and modeled repertoires. (A) VH gene usage
(frequency) and (B) SHM distribution comparison between donor and
modeled repertoire using donor-specific replacement-silent (RS) SHM
models. We simulated 10 donor-specific antibody repertoires that matched
the V-gene frequencies, 5-mer DNA targeting patterns, and SHM distribution
in each individual donor repertoire.

SUPPLEMENTARY FIGURE 3

Comparison of T cell epitope content changes with SHM between donor and
modeled class-switched repertoires. The Spearman p correlation coefficients
of V-gene pairs with significant correlation between T cell epitope content
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