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Abstract

Cytomegalovirus (CMV) infection is a significant complication after solid organ transplantation.
We used single cell T cell receptor (TCR) ap sequencing to determine how memory inflation
impacts clonality and diversity of the CMV-responsive CD8 and CD4 T cell repertoire in the first
year after transplantation in human subjects. We observed CD8 T cell inflation but no changes

in clonal diversity, indicating homeostatic stability in clones. In contrast, the CD4 repertoire

was diverse and stable over time, with no evidence of CMV-responsive CD4 T cell expansion.
We identified shared CDR3 TCR motifs among patients, but no public CMV-specific TCRs.
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Temporal changes in clonality in response to transplantation and in the absence of detectable viral
reactivation suggest changes in the repertoire immediately after transplantation followed by an
expansion with stable clonal competition that may mediate protection.

Introduction

Cytomegalovirus (CMV) causes significant complications after solid organ transplantation
(1-3). While an ongoing immune response controls CMV replication, the virus remains

in a latent state and can periodically reactivate (4). Transplant immunosuppression impairs
immune control of CMV (5).

In immunocompetent mice and humans, latent CMV infection contributes to a lifelong
expansion of memory CD8 T cells. This expansion has been termed memory inflation, a
process hypothesized to result from repeated exposure to CMV antigens, leading to the
long-term expansion of CMV-reactive memory T cells (6, 7). In the elderly, CMV responsive
T cells can comprise up to 40% of the entire CD8 T cell repertoire (8).

CMV dramatically shapes host T cell repertoire diversity. An important factor in how

CMV shapes TCR diversity is clonal competition. Proliferating T cells are limited by

the overall size of the T cell niche, and compete for survival (9, 10). In the context of
chronic viral infection, successful competition of a clone requires continuous interaction
with viral antigen (10). A subset of CMV gene products drive oligoclonal expansion of
CMV-responsive CD8 T cells (11). These include immediate early 1 (IE-1), one of the first
genes expressed during reactivation (12). Following hematopoietic stem cell transplantation,
CMV reactivation has been associated with reduced diversity of the effector memory T cell
repertoire (13). The majority of previous studies have relied on TCRp chain sequencing (14,
15) which does not fully account for clonality of TCRap pairs.

Recent studies including our own have revealed expansion of CMV-responsive CD8 T

cells in the first year after transplantation consistent with a more rapid form of memory
inflation which we have termed “accelerated inflation” (16-18). These findings raise several
questions. Do the expanding cells derive from pre-existing clones? Is pre-existing clonal
competition maintained during the expansion? What further insight do we obtain from
analysis of paired TCRap beyond that from TCRp alone? To address these questions, we
measured paired TCR ap repertoire longitudinally from transplant recipients pre-transplant
(baseline), and three and twelve months post-transplant. The analyses addressed homeostasis
of clonal expansion and diversity of both CD4 and CD8 T cells responsive to CMV IE-1
epitopes.

Materials and Methods

Human Subjects

Six recipients of heart or kidney transplant were enrolled at the University of Pennsylvania
pre-transplant as described (16). All subjects were CMV antibody seropositive (CMV™)

at the time of transplant with standard of care immunosuppressive therapy controlled

by treating physicians (Table SlI). Blood samples analyzed were obtained pre-transplant
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baseline and approximately three and twelve months post-transplant. This study was
approved under IRB protocol 817637 and all subjects gave informed consent. Identifiable
information was blinded to those performing experiments. CMV viral load was monitored as
described (16); no included subjects had evidence of CMV viremia during the study period.
HLA typing of donors and recipients was completed pre-transplant.

Blood collection and processing

Blood was collected in vacutainer tubes with EDTA (Ethylenediaminetetraacetic acid) (19).
Within 1-24 hours, peripheral blood mononuclear cells (PBMC) were isolated via Ficoll
gradient and frozen as previously described (19).

Peptide libraries

The IE-1 peptide library (GenScript, Piscataway, NJ) consisted of 15 amino acid peptides
with 11 amino acid overlap for the length of the immunodominant CMV polypeptide IE-1
(20).

Cell stimulation

Individual samples (1 subject, 1 time point) were thawed, rested, and stimulated as described
(16, 21). Briefly, cells were rested overnight, then stimulated with the 1E-1 library (0.8
ug/mL) at 37°C and 5% CO, for five hours. Prior to rest and stimulation, cells were counted
using a hemacytometer and trypan blue. Antibody to human CD107a (BioLegend, San
Diego, CA) was added with the peptide library. Cells were stained using the interferon
gamma (IFNvy) Secretion Assay (Miltenyi) following the manufacturer’s protocol.

Staining for sorting

Cells were surface stained as described (21) with antibodies to CD4 (RPA-T4), CD8
(SK1), CD3 (OKT3), CD14 (61D3), CD16 (3G8), CD19 (HIB19), CD57 (HNK1),
CD45RA (HI1100), and CD27 (0323) from BioLegend (San Diego, CA, USA) and Abcam
(Cambridge, UK) and Zombie Aqua dye (BioLegend, San Diego, CA). For sorting, cells
were resuspended in PBS with 0.5% bovine serum albumin and 2 mM EDTA, then filtered
through 35 pm nylon mesh into 5 mL round bottom tubes (Corning, Corning, NY, USA).

Sorting
Samples were sorted on a BD FACSARIAIII (Franklin Lakes, NJ) in the VA Palo Alto Flow
Cytometry Core. Sorter was calibrated and compensation completed as described (21). Cells
were sorted into 96-well Hard-Shell plates (BioRad, Hercules, CA, USA) containing 12 uL
of 1X One-Step RT-PCR buffer (Qiagen, Hilden, Germany) per well.

After sorting, plates were immediately covered in aluminum sealing foil (Corning) and
centrifuged in an Allegra X-15R table top centrifuge (Beckman Coulter, Brea, CA, USA) at
300xg for 2 minutes and stored at —80° C immediately following centrifugation.
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Nested PCR and sequencing

Reverse transcription, nested amplification, barcoding, and library preparation were
completed as described (21, 22). Next generation sequencing (NGS) was completed using
Illumina MiSeq (San Diego, CA, USA) in the Stanford Functional Genomics Facility. Data
were processed as described (22).

Analysis of TCR sequencing data

The bottom 10% of total, TCRp, and TCRa reads were removed from analysis. Index sort
data were extracted using FlowJo 10 (Ashland, OR) and compiled into a spreadsheet with
sequencing data. Clones were defined as follows using Python (v.3.7.4):

For all clones listed in the analysis, at least one cell with the clone detected had both CDR3p
and CDR3a detected, and therefore both are listed for the clone. Furthermore,

1. If CDR3 is detected for a cell, then a clone will be defined as cells with
identical CDR3p.

2. If CDR3a is detected and CDR3p is NOT detected for a cell, then a clone will
be defined as cells with identical CDR3a (for either alpha chain detected, if there
are two).

3. If neither CDR3a nor CDR3 are detected, the cell can be excluded from
analysis.

TCR diversity metrics

Gini coefficient and Shannon entropy are two metrics of diversity. The Gini coefficient
(23) measures inequality, with 0 representing a large number of non-expanded clones

and 1 representing one large clone. Shannon entropy measures distribution, with a

higher number representing greater diversity (24). Both were determined from the
frequency represented by each clone using online calculators (http://shlegeris.com/gini,
http://www.endmemo.com/bio/shannonentropy.php). For Shannon entropy, we normalized
values to the total number of clones per sample. CDR3 length was defined as the number
of amino acids in the CDR3p region beginning with a cysteine and ending with a
phenylalanine. Moritisa-Horn Similarity Index was computed using the Divo package in
R (25). Clustered heatmaps were prepared using the heatmap.2 function in R.

TCR motif sharing

Motif sharing analysis was conducted using the algorithm GLIPH2 (http://
50.255.35.37:8080/) which analyzes Vp motifs (26, 27). TCRs identified in this study
were analyzed relative to all 1E-1 specific and responsive TCRs in two databases as

of 2/19/2020: VDJdb (https://vdjdb.cdr3.net/ and reference 28), and McPAS-TCR (http://
friedmanlab.weizmann.ac.il/McPAS-TCR/ and reference 29). GLIPH2 was computed using
two different HLA databases, recipient and donor HLA. GLIPH2 predicts HLA association
based on the input files by statistical probability but does not define the association. Output
was filtered as described in Figure S1. Motifs detected in multiple TCRs of the same CDR3
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length with an HLA match between individuals were considered specific for the same
HLA-peptide combination (27).

TCR V region sharing

The frequency of each Vap pair in each subject was determined using the count function
in the R package tidyverse. Circos plots (30) were generated using the R package circlize
(31) with values annotationTrack = “grid”, preAllocateTracks = 1, grid.col = grid.col,
transparency = 0.5 values into chordDiagram function.

Data analysis and statistics

Sort was completed using FACSDiva software (BD, Franklin Lakes, NJ). Gating was
completed using FlowJo 10. Graphs and statistics were completed in GraphPad Prism (San
Diego, CA), with the exception of clustered heatmaps, which were completed in R (v.
3.6.3). Other analyses were completed in Microsoft Excel (Redmond, WA) unless otherwise
indicated. Two-tailed testing and alpha of 0.05 were used unless otherwise noted. Pairwise
comparisons were analyzed with the Wilcoxon matched-pairs signed rank test. Comparison
of two unpaired samples was computed using Mann-Whitney. One-way comparison of
three matched groups was computed using Kruskal-Wallis (values missing) with Dunn’s
multiple comparisons test. Distributions were compared using Kolmgorov-Smirnov. Two-
way comparison of three matched groups was computed using two-way analysis of variance
(ANQOVA) with Sidak correction.

Results

Clonal homeostasis of CMV-responsive T cell clones is maintained post-transplant

The three time points analyzed in this study span two distinct immunomodulatory stages.
Between pre- and three months post-transplant (hereafter denoted as pre—3), the subject
received an organ transplant, induction therapy, maintenance immunosuppression, and
antiviral prophylaxis. These factors can each modulate T cell immunity to CMV (32-34).
Induction in three of six subjects included T cell depletion with rabbit anti-thymocyte
globulin (rATG), which leads to preferential reconstitution of highly differentiated CD8
T cells and skewing of the T cell repertoire (32). In contrast, three to 12 months post-
transplant (3—-12) represents post-transplant homeostasis in the context of maintenance
immunosuppression without antiviral prophylaxis.

We focused on the IE-1 response due to its association with the early stages of CMV
reactivation and with memory inflation (6, 35). In order to identify longitudinal changes in
the TCR repertoire on a single cell level, we index sorted CMV IE-1-responsive T cells from
PBMC of six CMV™ transplant recipients without evidence of CMV reactivation followed
by nested PCR and sequencing of individual cells (Figure 1A and references 21, 22). To
identify IE-1-responsive cells we stimulated PBMC with a peptide library consisting of
overlapping 15mers spanning the entire IE-1 polypeptide (20). We then index sorted based
on IFN-y production after five hours of stimulation (20, 21). All subsequent analyses are of T
cells producing IFNvy in response to IE-1 stimulation.
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In comparison with total T cells, the isolated IE-1 responsive population was highly enriched
for cells expressing CD57, a marker associated with aging and terminal differentiation

in both CD8 (Figure 1B, p=0.001) and CD4 (Figure 1C, p<0.0001) T cells. There

was also a non-statistical trend towards enrichment of terminally differentiated effectors
(CD45RA*CD277) in sorted CD8 T cells (Figure 1D, p=0.08). CD4 T had a much smaller
proportion of CD45RA*CD27~ cells in both the total and sorted populations (Figure

1E), consistent with previous reports (36, 37). Thus, the sorted cells represent a highly
differentiated population, with distinct phenotypes between CD8 and CD4 T cells.

We first compared the TCR repertoire of CMV-responsive CD8 (Figure 2A) and CD4
(Figure 2B) T cells from pre-3 and 3—12 months. Each subject had a pre-transplant CD8
T cell repertoire of IE-1 responsive clones that was distinct from other subjects. In each
subject, the relative proportion of each clone evolved following transplantation (Figure 2A).
The repertoire was highly oligoclonal at all three time points in five of six subjects. A
single dominant clone comprising between 25% and 72% of the CD8 T cells was detected
at twelve months post-transplant in those five subjects (Figure 2A). In four subjects, that
clone was detectable at earlier time points. In two of the three subjects who did not receive
lymphodepleting induction therapy (Table 1), the dominant clone was already dominant
pre-transplant (Figure 2A). In contrast, the clone dominating at month 12 was absent
pre-transplant in two of the three subjects who received lymphodepleting induction, and
less than 5% of CD8 T cells in the third. Clonal dynamics differed depending on the use
of lymphodepletion at the time of transplant. Rare clones, defined as representing <2% of
a subject’s CD8 T cells, comprised 3—-79% of clones depending on the subject and time
point (Figure 2A). In marked contrast to the oligoclonality which characterized the CD8 T
cell repertoire, CD4 T cells were highly polyclonal at all time points. Only subject 4 had
any CD4" clones larger than 3% of all sorted CD4* cells, and no subject had evidence of
clonally expanded CD4 T cells comprising more than 5% at any time point (Figure 2B).

Expansion of the CD8* IE-1 responsive pool is driven by dominant clones

Analyses of clonal homeostasis addressed changes in the CMV-responsive population, but
not the effect of those changes on the total T cell population. To evaluate this for CD8 T
cells with evidence of accelerated inflation (16), we used IE-1 responsive cell frequencies
determined by ICS of IFNy on a separate aliquot of the same patient sample as published
(16), as this approach is more sensitive than the IFN-y capture required for sorting unfixed
cells. We determined the frequency of IE-1 responsive cells with each TCRap clone from
sequence analysis of the sorted samples. We multiplied this number by the percentage IE-1
responsive of total CD8 T cells as determined by ICS. Expansion of the IE-1-responsive
CD8 T cell population occurred from pre- to twelve months post-transplant in all subjects
(Figure 3A).

We next analyzed the changes in clonal dominance specifically in CD8 T cells. As noted
above, five of six subjects had a single dominant CD8 T cell clone (Figure 3A). For

subjects 1, 2, and 3, the dominant clone was present pre-transplant and clonally expanded
post-transplant (Figure 3A, left). For subject 4, the dominant clone was first detected at
three months post-transplant, and it expanded ten-fold by twelve months (Figure 3A, middle
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right). For subjects 5 and 6, the dominant clone was not detected prior to twelve months
post-transplant (Figure 3A, right). Thus, these few clones drove the expansion observed

at 12 months, either through expansion of previously detectable clones (subjects 1-3) or
through new post-transplant clonal expansions (subjects 4-6). Subjects 5 and 6 received
CMV™ organs, which suggests that the dominant clones appearing only at month 12 may
have expanded in response to exposure to virus of donor origin. Neither lymphodepletion
nor donor CMV serostatus accounted for differences in clonal expansion in this cohort. In
contrast with CD8 T cell expansion and consistent with the overall clonality data for CD4 T
cells, we detected no oligoclonality or clonal expansion (Figure 3B). Thus, the development
of clonal dominance was CD8 T cell-specific.

Sharing of Vap pairs is higher in CD8 than CD4 T cells and is not affected by shared HLA

To determine if there were public TCRs, we next analyzed Va and Vf region usage. To
visualize the relationship between Va and Vp pairing across subjects we utilized Circos
plots (30). For both CD8 and CD4 T cells, the frequencies of each individual Va, Vp, and
Vap pair varied across subjects. Of the 41 Va and 42 V detected in CD8 T cells in the
sequencing data, we detected over 80% of each in every subject, indicating broad use of
individual TCR V regions in CMV IE-1 responsive CD8 T cells (Figure 4A). The largest
clones in each sample were represented by distinct Vap pairs. Regarding CD4 T cells, of
the 40 Va and 41 VB we detected over 75% or 65% respectively in every subject (Figure
4B). Sharing of Vap pairs was analyzed using the Morisita-Horn Similarity Index (25).
Very few CD8 Vap pairs were shared between subjects (Figure 4C). Sharing was detected
between subjects 1 and 3 (Morisita-Horn Index 0.17), 3 and 6 (0.16), and 4 and 5 (0.21).

In contrast, very few CD4 Vap pairs were shared at all, even between different time points
within subject (Figure 4D), consistent with a lack of oligoclonal expansion. We then sought
to determine whether recipients with shared HLA class | were more likely to share CD8
Vap pairs using the Morisita-Horn Similarity Index to quantify overlap of Vap pairs. There
was no statistical difference in sharing between pairs of subjects with at least one HLA
match versus those with no match (Figure 4E, p>0.99). The overall sharing of Vap pairs
was much lower in CD4 T cells, though the minimal sharing within subjects was statistically
greater than the sharing between subjects (Figure 4F). Thus, in this cohort, no public motifs
were identified on the basis of Vap sharing.

IE-1 responsive T cells contain motifs that recognize antigen in the context of donor or
recipient MHC

Va and VP regions contain conserved CDR1 and CDR2 regions that contribute to HLA
specificity, but the CDR3 region is the part that directly binds peptide-MHC (38, 39). To
more specifically detect motifs within CDR3 regions, we analyzed antigen specificity of
expanded clones using the grouping of lymphocyte interactions by paratope hotspots 2
(GLIPHZ2) computational approach as described in Figure S1. GLIPH2 can predict whether
clonally expanded CMV-responsive T cells bind to donor or recipient HLA, and therefore
whether they can be predicted to respond to pre-existing antigen in the recipient or new
antigen exposure derived from the donor. We focused specifically on CD8 T cells due to the
dominance of CD8 T cells in response to IE-1 antigen (20). We identified four TCRs that
could be associated with either donor or recipient HLA, one TCR associated only with donor
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HLA, and one associated only with recipient HLA (Table I). The TCRs with shared V and

J regions and CDR3 length are indicative of highly conserved sequence that may represent
public motifs. TCRs associated with donor HLA were found in recipients of both CMV*
and CMV~ organs, and therefore cannot be fully explained by presentation of donor virus.
These analyses demonstrate that patients 4 and 5 share at least two motifs for common TCR
binding to CMV antigen.

To further understand motif sharing, we also analyzed those motifs detected by GLIPH2
as shared between at least one subject in our study and one or both of the two databases
analyzed. This analysis identified 8 shared motifs that were not detected in the original
GLIPH2 analysis (Table SllI).

Clonal diversity of T cells was maintained from pre to 12 months post-transplant

In order to determine how the clonality data correlate to diversity, we assessed clonal
diversity and homeostasis. Gini coefficient (23) and Shannon entropy (24) are measures
of diversity based on frequency represented by each clone. CDR3 length distribution is a
measure of changes in the identity of clones present (40). The Morisita-Horn Similarity
Index quantifies the overlap of clones in two populations (25).

First we calculated diversity of CD8 T cell clones. There was a non-statistical trend toward
decreasing diversity from pre-3 (Wilcoxon matched-pairs signed rank test, p=0.094) based
on Gini coefficient only. Shannon entropy from pre-3 showed no statistical change (p=0.16).
There were no statistical differences in either Gini coefficient or Shannon entropy from 3-12
(Figure 5A, B, p>0.68), indicating stability in clonal diversity. We also assessed homeostasis
of individual clones through CDR3 length, which did not change statistically between time
points (Figure 5C). Morisita-Horn Similarity was 45% for subject 5, 62% for subject 4, and
>85% for subjects 1, 2, and 3. Subject 6 had similarity of 5%. Thus, despite allogeneic
transplantation, immunosuppression, and significant expansion of the IE-1 responsive CD8
population, each of these four measures demonstrated stability of clonal competition.

We also analyzed diversity of CD4 T cell clones using identical statistical approaches.
When compared with CD8 T cells, clonal diversity was higher pre-transplant by both Gini
coefficient and Shannon entropy. Diversity remained high post-transplant among CD4 T
cells with no statistical change (Figure 5D, E, p>0.81). In addition, CD4 T cells did not
show any significant changes in CDR3 length post-transplant (Figure 5F, p>0.99). Morisita-
Horn Similarity was <5% for all subjects for CD4 T cells. Overall, CD4 T cells had a high
degree of clonal diversity at all time points assessed.

These analyses demonstrate distinct patterns of TCR diversity in CD8 and CD4 T cells.
We compared the Gini coefficient (Figure 5G) and Shannon entropy (Figure 5H) across
patients within time point. Consistent with the difference in clonality (Figure 2), diversity
was consistently higher in CD4s across time points (Figure 5G, H, p<0.05). There was

no statistical change in diversity over time (p>0.26). Further evidence of higher diversity
in CD4 T cells come from comparing CDR3 length, which is more skewed to shorter
lengths in CD8 than CD4 T cells at all time points (Figure 5C, F). Thus, the metrics overall
demonstrate much greater diversity of CD4 clones.
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Discussion

Using in-depth analysis of the TCRap repertoire of CMV-responsive T cells in the first year
post-transplant, we demonstrated that clonal homeostasis and diversity of these populations
are stably maintained. CD8 T cells clonally expanded during the first three months and
maintained clonality from 3-12 months post-transplant, while CD4 T cells were stably
polyclonal throughout the time course. We identified TCR maotifs indicative of shared
specificity, but no public TCRs. Our most striking finding was that in both CD8 and

CDA4 T cell populations, regardless of degree of oligoclonality, clonal diversity was stably
maintained throughout the time course.

The distinct patterns of clonality from pre-3 and 3—12 months post-transplant represent
different immunological pressures. The period from pre-3, representing transplantation and
associated changes, is characterized by increased clonality and a trend towards decreased
diversity. These changes are consistent with the new antigen exposure and therapies
defining this period. In contrast, during the immunosuppressive maintenance period from
3-12 months post-transplant, clonality and diversity are likewise maintained. This finding
suggests that once homeostasis of the TCR repertoire is re-established post-transplant,

it remains consistent, at least within the first year after transplantation and initiation

of immunosuppression. The contrast between these periods illustrates the importance of
understanding the full immunological context in interpreting TCR repertoire.

Maintenance of TCR homeostasis suggests that, at least during the first year after
transplantation, memory inflation of CMV-responsive T cells does not impact the specificity
of the response. However, while none of these subjects had viremia detected during the
study period, the clinical tests did not rule out viremia below the threshold of detection,
or viral replication localized to sites other than the blood. Thus, it is unknown whether
this pattern is independent of or associated with specific patterns of subclinical viremia.
Indeed, a study of CMV viral load and CMV-specific T cells in tissues from organ

donors demonstrated virus persistence in blood as well as varying distributions of CMV-
specific T cells across tissues (41). As our results identify clonal homeostasis in the blood
compartment, comparison of clonality between blood and tissue sites will be important to
determine if these findings apply to tissue resident T cells as well.

Our finding of stable TCR repertoire maintenance confirms and extends previous work

in this area. CMV-responsive CD4 T cells were analyzed in rhesus macaques in a study

that found that the clonality of the repertoire was stable over time (45). In addition,

several studies of memory inflation in mouse CMV-ovalbumin models demonstrated striking
stability of CD8 TCR clones over time during the inflationary period (42-44). These studies
suggest that clonal dominance is determined by early differentiation after infection (42) and
that clonal stability is maintained throughout expansion in response to stochastic exposure
to CMV antigen (44). This finding on stochasticity may explain why clonality changed from
pre- to post-transplant and was stable thereafter: transplantation and immunosuppression
are both sources of stochastic changes that could alter the repertoire, but once the patient
stabilizes post-transplant, the clonality becomes less variable.
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Studies in humans provide further context for our results. In CMV seropositive healthy
adults, dominant CD8 TCRp clones persisted over the course of four years (46). A study
of CMV-specific T cells in HIV-infected children and adults found that dominant clones
were stably maintained over 10 or more years (47). These studies demonstrate the stability
of CMV-specific T cells in untransplanted individuals. In the context of transplantation,
one study of primary CMV responses after transplantation with CMV seropositive kidney
grafts found that the CMV-specific CD8 T cell TCRp repertoire was stably maintained for 5
years after the primary response (48). Another study found that dominant CMV-specific
CD8 TCRp clones present pre-transplant in CMV seropositive kidney recipients were
largely maintained a year post-transplant (49). Our work confirms these findings, and
further indicates modulation of the repertoire in the early post-transplant period, prior

to the extended period of maintenance. This modulation was greater for subjects who
received lymphodepleting induction therapy than for subjects who did not. This is not
surprising given that lymphodepleting induction therapy significantly decreases the T cell
population within the first month post-transplant (50), but suggests that CMV-responsive
TCR repertoire stability is impacted by this therapy. The number of subjects in the study
was too limited for a statistical comparison between induction therapies, so this will be

an important area for future study. Our study also builds upon known clonal stability

in transplant and non-transplant populations by including three time points spanning pre-
transplant to a year after, and by incorporating analysis of both CD4 and CD8 T cells.
Further, ours is the first longitudinal study in transplant recipients of paired TCRap, which
more definitively defines clones than the TCRp focused studies described above.

Another commonly observed feature of CMV-responsive T cells is public TCRs. A study

of public repertoires of MCMV-specific T cells demonstrated that dominant H2kP-restricted
clones were largely public, but that the proportion public decreased late post-infection (43).
Studies of human CMV-specific TCR repertoires have also identified public TCRs at varying
frequencies and affinities (51, 52). The relative lack of public TCRs in our study may

be expected from the HLA disparate nature of the cohort. Specifically, our study found

no public CDR3 sequences, but use of GLIPH2 did identify eight public TCRp motifs
shared with CMV-specific TCRs in databases, as well as six shared between subjects in our
study. Further, four of the latter six motifs detected were shared between subjects 4 and

5, who were matched for 4 of 6 HLA-A, B, and C alleles within recipient. One GLIPH2
motif was shared between subjects 3 and 4, who were matched for HLA-A*02. The final
motif was shared between subjects 2 and 4, who had no matches within recipient, but two
matches between one recipient and the other donor: HLA-A2*02 shared between 4 and

the donor for 2, and HLA-A2*24 shared between 2 and the donor for 4. Intriguingly, the
motif shared between subjects 2 and 4 was detected at month 0 in subject 4, and month

3 in subject 2. If this motif can be shown to be HLA-A*02 restricted, that would be
evidence of a TCR that appeared in subject 2 post-transplant due to exposure to antigen
restricted to donor HLA-A*02. Our analysis of Vap sharing between subjects also identified
sharing between subjects 4 and 5, as well as between subjects 1 and 3, who were matched
for HLA-B*07. These findings are consistent with the fact that studies of public TCRs
typically identify TCRs binding a specific HLA type (51-53). Thus, our study extends these
findings by demonstrating that public TCR sharing is largely dependent on analysis within
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MHC restriction. Further the decrease in proportion public late after MCMV infection (44)
suggests the hypothesis that stochastic changes in exposure to CMV antigen can lead to
expansion of private TCRs over time. Particularly given the small number of patients, this
could explain the limited number of public TCR specificities.

The accelerated expansion of CMV-responsive T cells post-transplant provides a unique
opportunity for longitudinal study of the T cell repertoire of memory inflating T cells in
humans. Due to the long-term nature of memory inflation, it is most commonly studied in
the murine CMV model (12) and across age groups of different individuals (8). Matched
samples from individual patients allowed temporal comparison of clonality and diversity.
Accelerated inflation in this patient cohort enabled analysis of TCR in a population known
to be inflating on a time scale feasible for study. Furthermore, inclusion of a pre-transplant
time point allowed us to establish a baseline missing from studies that focus only on
post-transplant events.

Our usage of a computational approach to analyze IE-1-responsive TCR motifs is also
novel. Previous analyses of CMV-responsive T cell repertoire have focused on T cells that
respond to specific peptides or bind to MHC-tetramer. GLIPH2 has been validated as a
computational approach to identify TCR motifs (26, 27). This study has a unique approach
with use of all possible epitopes for the 1E-1 gene, and identification of associated motifs.
In particular, this approach is one of the few that incorporates analysis of a wide variety of
HLA types, instead of the few most commonly studied ones.

An important consideration for understanding the findings of this study is that the use

of IFNy to isolate CMV-responsive T cells excluded the minority of cells responding to
CMV by expressing different cytokines and I1E-1 specific cells that do not mount any
response due to anergy or exhaustion (54, 55). Thus, these repertoire analyses do not fully
recapitulate the CMV-specific T cell repertoire. However, because this approach excludes
those CMV-specific T cells that no longer produce cytokine due to exhaustion or anergy,
our analyses focused on those CMV-responsive T cells most likely to contribute to post-
transplant changes in immunity.

Overall, this study demonstrates stable maintenance of clonality and TCR diversity from
3-12 months post-transplant. This stability is striking given the changes in clonality from
pre-transplant to three months and the changes in population size from 3-12 months.
These findings suggest that the repertoire maintains the same capacity to recognize CMV
throughout the 3-12 months post-transplant period, even in the context of significant
population expansion. In addition, repertoire analysis of CMV-responsive T cells at three
months can most likely be used to predict the repertoire at 12 months, which may be
important to use of T cell immunity in diagnostics for personalized therapies.
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Refer to Web version on PubMed Central for supplementary material.
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Key Points:
CMV-responsive CD4 and CD8 T cell clonality is stable up to a year post-transplant.
The CD8 repertoire becomes more clonal in the first three months after transplant.

Common CDR3 TCRP motifs were detected among subjects with matched HLA type.
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Figure 1: Enrichment of differentiated phenotype in CMV-IE-1 responsive cells:
A) PBMC were stimulated with 1E-1 peptide for 5 hours, stained for IFN-y capture and

index sorted. Gates were on live singlet lymphocytes, CD3* and CD14-CD16"CD19",
and as shown. TCR and other genes were amplified and sequenced. Protein expression
data analyzed to identify the frequency of aged (CD57*, B and C) and TEMRA
(CD45RA*CD27-, D and E) in total and sorted CD8 (B and D) and CD4 (CandE) T
cells. Graphs include individual data points and box plot showing median and interquartile
range. Statistics computed with two-way ANOVA with Sidak’s correction for multiple
comparisons. *** represents p<0.001, **** represents p<0.0001. n=6 subjects.
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Figure 2: Clonal homeostasis of IE-1 responsive T cells post-transplant:
A) CD8 and B) CD4 T cell clonality measured pre- and three and twelve months post-

transplant with each pie representing all sorted cells for an individual subject and time-point.
Each color represents a single clone; white is a summation of all clones <2%. n=6 subjects.
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Figure 3: Expansion of I1E-1 responsive CD8 T cells dominated by expanded clones:
Clonality of A) CD8 or B) CD4 T cells measured pre- and three and twelve months

post-transplant back-calculated as frequency of total A) CD8 or B) CD4 T cells based on %
IFNy* in ICS data previously described (16). Each column is subdivided by the proportion
of individual clones. The largest CD8 T cell clone at 12 months is colored and shown in that
color for each time point for that subject. White = clones <2% of sample, gray = clones >2%
of sample. n=6 subjects.
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Figure 4: CD8 T cell Vap pairs are shared within but not between subjects:
Circos plots of Vap pairing of A) CD8 T cells and B) CD4 T cells in all 6 subjects averaged

across time points. Heatmap of Morisita-Horn Index of Similarity calculated for sharing of
Vap pairs across samples for C) CD8 and D) CD4 T cells. Quantification of Morisita-Horn
Index within and between subjects for E) CD8 and F) CD4 T cells. Statistics computed using
(C-E) Kruskal-Wallis test with Dunn’s multiple comparisons test or F) Mann-Whitney test.
** = p<0.01, **** = p<0.0001. n=6 subjects.
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Figure 5: Clonal diversity of IE-1 responsive T cells maintained post-transplant:
Gini coefficient (A and D) and Shannon entropy (B and E) calculated for the diversity of

each CD8 (A and B) and CD4 (D and E) T cell sample. Shannon entropy value normalized
to the size of the sample. CDR3p length at each time point measured and averaged across
patients for C) CD8 and F) CD4 T cells. Data shown in C and F are mean and standard error
of the mean. Median G) Gini and H) Shannon values for CD8 and CD4 T cells at time points
indicated. Error bars represent interquartile range. n=6 subjects. Wilcoxon matched-pairs
signed rank test (A, B, D, and E), Kolmogorov-Smirnov test (C and F), or (G and H)
two-way ANOVA used to compute statistics. * = p<0.05, ** = p<0.01, *** = p<0.001. n=6

subjects.
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Table I:
Motifs detected by GLIPH associated with both donor and recipient HLA:

GLIPH2 computed on CDR3p from this sequencing data set, along with CDR3p from IE-1 associated TCRs

from two publicly accessible databases. Hits filtered on final score (<1078), whether there were shared HLAs

detected across samples for the motif, and for same CDR3 length. In the column Sample, the number refers to
the subject, and m_ refers to the month. Bold underline on amino acids indicates those amino acids are in the

motif identified by GLIPH2.

TcRR CDR3 \ J Sample | Frequency Recipient HLA Donor HLA
CASVPNYSNQPQHF | TRBV12-3 | TRBJ1-5 | 5ml2 1/143
CASTPNYSNQPQHF TRBV12-3 | TRBJ1-5 5ml2 27/143
CASSPNYSNQPQHF | TRBV12-3 | TRBJ1-5 4m3 1/98
A*02:01, B*18:01, B*35:01, C*04 A*24:02
CASSPNYSNQPQHF | TRBV12-3 | TRBJ1-5 | 5mil2 1/143
CASSPNFSNQPQHF | TRBV12-3 | TRBJ1-5 4m3 3/98
CASSPNFSNQPQHF | TRBV12-3 | TRBJ1-5 | 4m12 8/104
CASSPGGVTEAFF TRBV11-2 | TRBJ1-1 4m3 7/98
CASSPGGVTEAFF TRBV11-2 | TRBJ1-1 | 4m1l2 6/104 A*02:01, B*18:01, B*35:01, C*04 A*24:02
CASSPGGVAEAFF TRBV11-2 | TRBJ1-1 | 5ml2 1/143
CASSPGGVTEAFF TRBV11-2 | TRBJ1-1 4m3 7/98
CASSPGGVTEAFF TRBV11-2 | TRBJ1-1 | 4m1l2 6/104 A*02:01, B*18:01, B*35:01, C*04 A*24:02
CASSPGGYTEAFF TRBV18 TRBJ1-1 5m0 1/171
CSASSSDTQYF TRBV20-1 | TRBJ2-3 | 5ml2 1/143
A*02:01, B*18:01, B*35:01, C*04 A*24:02
CASSDSDTQYF TRBV10-2 | TRBJ2-3 | 4ml2 1/104
CSARDGTEDYGYTF | TRBV20-1 | TRBJ1-2 4 mo0 1/151
Not detected A*24:02, B*44:01
CSARDVTEDYGYTF | TRBV20-1 | TRBJ1-2 2m3 1/154
CASSDSDTQYF TRBV10-2 | TRBJ2-3 | 4m1l2 1/104
A*02:01 Not detected
CATSDGDTQYF TRBV24-1 | TRBJ2-3 3mo 1/235
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