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SUMMARY

CD8™ T cells mediate acute rejection of allografts, which threatens the long-term survival of
transplanted organs. Using MHC class | tetramers, we find that allogeneic CD8* T cells are
present at an elevated naive precursor frequency relative to other epitopes, only modestly increase
in number after grafting, and maintain high T cell receptor diversity throughout the immune
response. While antigen-specific effector CD8* T cells poorly express the canonical effector
marker KLRG-1, expression of the activated glycoform of CD43 defines potent effectors after
transplantation. Activated CD43* effector T cells maintain high expression of the coreceptor
induced T cell costimulator (ICOS) in the presence of CTLA-4 immunoglobulin (Ig), and dual
CTLA-4 Ig/anti-1ICOS treatment prolongs graft survival. These data demonstrate that graft-specific
CD8™ T cells have a distinct response profile relative to anti-pathogen CD8* T cells and that CD43
and ICOS are critical surface receptors that define potent effector CD8* T cell populations that
form after transplantation.
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In brief

CD8* T cells mediate acute rejection, which is a barrier to long-term graft survival. Cohen et al.
track endogenous graft-specific CD8* T cells during acute rejection of skin grafts and find that
potent effector CD8* T cells are defined by the expression of the activated CD43 receptor.

INTRODUCTION

Activation of CD8* T cells relies on the recognition of cognate antigen in the presence
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of both coreceptor signaling and the local cytokine milieu.1=3 The balance of these factors
shapes the magnitude and character of the CD8* T cell response. In transplantation, CD8* T
cells can respond to allogeneic antigen presented on donor major histocompatibility complex

(MHC) class | proteins and can mediate tissue damage.*® Recent clinical studies have

highlighted that the occurrence of acute rejection has cumulative and detrimental effects on
the long-term survival of transplanted organs.6-8

Activated T cells undergo several well-established phenotypic changes that distinguish them
from quiescent naive CD8* T cells. The majority of the work underlying these paradigms
has been performed in infection models, which present distinct profiles of inflammation

and antigen relative to transplanted organs.®-11 The canonical phenotype of an effector
CD8* T cell, CD44NCD62L'°, does not specifically distinguish the actively responding

graft-specific CD8" T cells among the larger pool of previously activated cells. Expression
of the surface receptor killer cell lectin-like receptor G1 (KLRG-1) is also used to identify
actively responding effector CD8" T cells relative to memory precursor cells.12-14 However,
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KLRG-1 expression is not functionally required for the effector function of CD8* T cells,
nor is it induced after all types of priming Jin vivo.1315 Thus, in order to more granularly
understand anti-graft CD8" T cell responses and to develop strategies to target the allogeneic
response, a deeper understanding of the differentiation program of post-graft CD8* T cells is
needed.

Due to the technical difficulties associated with identifying allogeneic peptide epitopes,
the CD8" T cell response is typically evaluated by using either T cell receptor (TCR)
transgenic mice (e.g., OT-1/ovalbumin [OVA]) or by evaluating the “bulk” pool of activated
CDS8™ T cells. Both approaches sacrifice potential insights gained by assessing the acutely
responding antigen-specific T cell clones in the context of physiologic antigen levels,
precursor frequency, clonal competition, and inflammatory signals. MHC tetramers have
provided a tremendous advance in the ability to identify and track antigen-specific CD8* T
cell responses to pathogens and model antigens.16-12 However, the use of MHC tetramers
to study allogeneic T cells has been limited due to the technical challenges of identifying
appropriate epitopes from across the proteome.

We sought to develop the use of MHC tetramers in a fully allogeneic transplant model by
taking advantage of elegant work performed in the characterization of the allogeneic 2C
TCR transgenic mouse model several decades ago.2%-22 We found that MHC tetramers

of an H-2L9-restricted epitope for a ubiquitously expressed metabolic enzyme defined

a population of CD8* T cells in H-2° C57BL/6 mice. This approach allowed us to
directly study the CD8* T cell response to fully allogeneic H-29 grafts and to characterize
the differentiation of effector populations in the context of physiologic antigen and
inflammation. Here, we report the characteristics of the CD8* T cell response to allogeneic
antigen, including the clonal features of antigen-specific alloreactive CD8* T cells, and of
the emergence of a potent population of effector CD8* T cells that express the surface
receptor CD43 after grafting.

RESULTS
MHC class | tetramer can be used to identify L9 QL9* CD8* T cells in naive C57BL/6 mice

Relatively few allogeneic epitopes have been identified in the fully allogeneic BALB/c
(H-29) to C57BL/6 (H-2P) transplant model. The alloreactive 2C TCR recognizes H-2L9-
restricted peptides for the self-peptide a-ketoglutarate dehydrogenase,20-22 thus representing
a directly presented allogeneic epitope. We hypothesized that MHC tetramers of this H-2L9-
restricted epitope could be used to identify endogenous alloreactive CD8" T cells. In order
to reliably detect rare CD8™ T cells, we incubated single-cell suspensions of secondary
lymphoid organs with L9 QL9 tetramers and enriched for the tetramer fluorophore(s) using
magnetic beads (Figure 1A).23 This technique results in tetramer-enriched (column “bound”)
and bulk CD8* (column “unbound”) fractions of cells for analysis.

In naive C57BL/6 mice, we detected a population of L9 QL9 tetramer-binding cells using
phycoerythrin (PE) and allophycocyanin (APC) tetramers (Figure 1B). Using this approach,
we identified L9 QL9-specific CD8* T cells in the spleen and lymph nodes (mean: 4,994
and 1,199 cells/tissue, respectively; Figures 1C and 1D). The number of C57BL/6 CD8* T
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cells binding to the allogeneic LY QL9 tetramer was significantly greater than the number
of self-reactive L9 QL9* CD8* T cells found among BALB/c splenocytes (Figure 1C).
Tetramer binding was specific, as no L9 QL9-binding cells were found in OT-1 RAG1
knockout (KO) mice (Figure 1C). The phenotype of L4 QL9-binding CD8" T cells was
largely CD44!°CD62LN, similar to the phenotype of naive bulk CD8* T cells (Figure 1E).
We found that the precursor frequency of KP OVA and DP LCMV gp33-specific CD8* T
cells, while consistent with prior publications,1® was significantly lower than that of L
QL9 CD8* T cells (Figures 1F and 1G). Thus, the L9 QL9 tetramer specifically binds to
a population of naive CD8" T cells that appear to be at a relatively elevated precursor
frequency compared with other T cell populations.

Ld QL9* CD8* T cells become activated and proliferate in response to H-29 BALB/c skin

grafts

Having established that a population of H-2° C57BL/6 CD8* T cells recognize L9 QL9
tetramers in naive mice, we next wanted to evaluate whether L4 QL9* CD8* T cells respond
when presented with allogeneic H-2L9 antigen-expressing tissue. In order to evaluate the
magnitude and specificity of the LY QL9* CD8* T cell response, we grafted skin from
syngeneic H-2P BALB/c, allogeneic H-24 BALB/c, or third-party allogeneic H-2X C3H mice
onto C57BL/6 mice and assessed tetramer-binding CD8* T cells (Figures 2A and 2B). After
C57BL/6 or C3H skin grafting, there was no significant increase in the number of CD44hi

L9 QL9* CD8* T cells in the draining lymph nodes or spleen (Figures 2B and 2C). However,
after BALB/c skin grafting, we found that a significant portion of L4 QL9* CD8" T cells
became CD44M on day 10 after skin grafting in the draining lymph nodes and spleen (Figure
2B). The absolute number of CD44N |4 QL9 tetramer-binding cells increased by a mean of
10-fold in the draining lymph node and of 6.1-fold in the spleen versus naive C57BL/6 mice
(Figure 2C).

T cells can recognize allogeneic antigen via direct, indirect, and semi-direct pathways.24-27
As the contribution of the QL9 peptide bound to H-2L9 during direct T cell allorecognition
in our system is not clear, we evaluated the CD8* T cell response to additional H-2L9
tetramers. We performed simultaneous tetramer staining with H-2L9 tetramers containing
QL9 peptide and either the closely related self-peptide LL9 or the unrelated murine
leukemia virus (MuLV) gp70423-431 peptide (Figure 2D). We evaluated the number of
tetramer-binding CD8* T cells in C57BL/6 mice before and after BALB/c skin grafting.

A significantly greater number of CD8* T cells bound to L9 QL9 tetramers than to L9

LL9 or LY MuLV tetramers (Figure 2E). The number of L9 LL9- or LY MuLV-binding
CD8™ T cells did not increase after BALB/c skin grafting (Figure 2E). Very few CD8* T
cells simultaneously bound two tetramers, indicating that each tetramer-specific CD8* T
cell population was distinct and that the QL9* CD8* T cell repertoire is not highly poly
specific (Figure 2E). Overall, these data demonstrate that the QL9 peptide itself is a major
determinant of the specificity of H-2L9-specific C57BL/6 CD8* T cells.

In order to assess whether the phenotypic and cell number changes reflected a proliferative
response in L9 QL9-specific CD8™ T cells, we stained cells for Ki67 in order to assess
recent and active proliferation after BALB/c skin grafting. We found that after BALB/c skin
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grafting, the frequency of Ki67* cells increased by day 7 and peaked on day 10 relative to
naive CD8* T cells in both the draining lymph nodes and the spleen (Figure 2F). At day
10 post-transplant, nearly all of the LY QL9* CD44" CD8* T cells were Ki67* in both the
draining lymph nodes and spleen (Figure 2F). The frequency of Ki67* CD8* T cells also
peaked in the bulk CD8* T cell population at day 10 (Figure S1).

We tested the antigen specificity of the Ki67 expression among CD8* T cells by assessing
L9 QL9 CD8* T cells in C57BL/6 mice after syngeneic C57BL/6 grafts or after third-party
allogeneic C3H grafts. In naive mice, a fraction of CD8* T cells are CD44" because they
have recently undergone homeostatic proliferation and/or are specific for microbes, so-called
virtual memory cells.28 Therefore, we evaluated the Ki67 staining among both CD44!° and
virtual memory CD44" CD8* T cells in ungrafted mice (Figure S2). Bulk CD44M CD8* T
cells had an increased frequency of Ki67* in response to allogeneic BALB/c or C3H grafts
relative to syngeneic C57BL/6 grafts (Figure S2). In contrast, L4 QL9* CD8" T cells had
elevated Ki67* frequency in response to BALB/c skin grafts, and the frequency of Ki67*
was similar among syngeneic C57BL/6, allogeneic third-party C3H, or virtual memory cells
(Figure S2). Thus, as measured by both absolute numbers and Ki67* frequency, L9 QL9
tetramer-binding CD8" T cells respond specifically to endogenously presented antigen in
BALB/c skin grafts.

Graft-specific CD8* T cells maintain clonal diversity during the peak effector response

Given that the L9 QL9-specific CD8" T cells are found at an elevated precursor frequency
relative to CD8* T cell populations specific for non-transplant antigens (Figure 1G), yet
underwent a relatively modest fold expansion after grafting (Figures 2A-2C), we sought

to evaluate the clonal dynamics of this antigen-specific population. We used a multiplexed
TCRB sequencing platform in order to evaluate the anti-graft CD8* T cell response in naive
and effector graft-specific CD8* T cells. To identify a graft-specific 7CRB signature, we
sequenced fluorescence-activated cell sorted (FACS) naive CD441° L9 QL9* T cells from
naive mice and effector CD44M L4 QL9™ T cells from mice on day 10 post-BALB/c skin
graft to compare with bulk (L9 QL97) CD8* T cells sorted into CD44!° naive and CD44Mi
effector populations (Figure 3A).

We found that CD44M 4 QL9* T cells had significantly less population diversity versus
naive CD44!° L4 QL9* T cells, consistent with greater oligoclonality after grafting (Figure
3B). In order to evaluate the dynamics of clones that were enriched in the CD44Mi Ld
QL9* population, we used the TCRdist package, which identifies biochemically similar
CDR3 sequences called meta-clonotypes, in antigen-specific T cell populations evaluated
in comparison with background populations.2® We identified 43 meta-clonotypes that
were enriched over background in our samples (Table S1). Compared with the naive LY
QL9* population, we found that a greater number of the post-graft CD44" L4 QL9* meta-
clonotypes were found to have medium expansion, large expansion, and hyperexpansion
frequencies (Figure 3C). Interestingly, clones recovered from within the skin grafts on day
10 remained relatively polyclonal, and all grafts contained meta-clonotypes (Figure 3D).

We next evaluated the representation of meta-clonotypes across individual mice and found
that 13 meta-clonotypes were convergent, which we defined as present in 75% or more
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of the individual mice CD44M L9 QL9* populations (Figure 3E). The defining amino acid
sequences of these meta-clonotypes varied, although there was a preference for a glycine
at position 5 and/or 6, which was present in 8 of 13 of the convergent meta-clonotypes.
We evaluated the expression of the convergent meta-clonotypes and found that they were
enriched in the L9 QL9* CD8* T cells at day 10 post-graft relative to naive populations
(Figure 3F). In each mouse, at least one of the convergent meta-clonotypes was present
(Figures 3G and 3H). However, we did not find an increased number of convergent meta-
clonotypes in the unsorted peripheral blood or skin grafts (Figures 3G and 3H). Thus, these
data demonstrate that after transplantation, CD8* T cells responding to a single allogeneic
antigen maintain high clonal diversity. However, there may be biochemical properties that
govern CD8" T cell recognition of allogeneic antigen.

A low frequency of CD8* Tgpr express KLRG-1 after grafting

A significant goal in transplantation is to identify acutely responding T cells in order to
monitor the risk for, or the presence of, acute cellular graft rejection. In order to understand
the function of graft-specific effector CD8* T cells, we evaluated the phenotypic profile

of L9 QL9* effector CD8* T cells (Tgrr), as defined by CD44M status. We first evaluated
the expression of CXCR3 and CD62L, two surface receptors that have been shown to be
important for post-infection Tggg function. We found that nearly all LY QL9* and bulk CD8*
T cells became CXCR3™" at day 10 and remained stable to a memory time point (Figures
S3A-S3C). About half of these CXCR3* Tgrr lost CD62L expression, and this frequency
of CD62L° cells was also stable from day 10 to 42 after skin grafting. Thus, while these
markers are useful for identifying antigen-experienced CD8" T cells after transplantation,
they do not delineate acutely responding effectors.

The early CD8* T cell response is often defined by the reciprocal expression of the

CD127 (interleukin-7 receptor a [IL-7Ra]) and KLRG-1 receptors. In the first 1-2

weeks after infection, a significant portion (50%—-70%) of Tggr transiently downregulate
CD127 and become KLRG-1%, and these cells are short lived and display potent effector
functions.14:30.31 We assessed the expression of CD127 and KLRG-1 among L9 QL9* Tggr
after grafting in both the spleen and the draining lymph nodes. In response to a BALB/c
skin graft, a low frequency of CD127!°KLLRG1* Tgrr were induced among L9 QL9* and
bulk CD8* T cells in the spleen, with a peak frequency at day 10 that declined precipitously
at days 21 and 42 (Figures S3D and S3E). In the draining lymph node, a similarly low
frequency of KLRG-1* Tgrg were found (Figures S3F and S3G). Thus, these data show
that among graft-specific L9 QL9 cells after transplantation, KLRG-1 expression does not
define an abundant population of acutely responding Tggr.

Expression of the activated CD43 glycoform is increased on a population of CD8* Tggg
after grafting

To better characterize the phenotypes of the CD8* Tggr after grafting, we analyzed a
high-parameter flow cytometry panel with canonical costimulatory and activation markers
using dimensionality reduction analysis. We evaluated L9 QL9* and bulk CD8* T cells on
days 0, 10, 21, and 42 after BALB/c skin grafting by clustering these populations with
FlowSOM and ConsensusClusterPlus and visualized with uniform manifold approximation
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and projection (UMAP) dimensionality reduction (Figures 4A and 4B). We evaluated the
frequency of clusters and found four clusters that were enriched on day 10 relative to the
other time points and three clusters that were enriched on both days 21 and 42 (Figure S4).
We further evaluated day 10 enriched clusters, as these fit the profile of a short-lived effector
population. All four day 10 clusters were CD44N, Ki67*, CXCR3M and KLRG-1~ (Figure
4C). Interestingly, these clusters varied most in expression of CD62L and the activated
glycoform of CDA43 (identified by the antibody clone 1B11). While day 10 clusters 1 and

2 were CD62L"NCD43", cluster 3 was CD62L'°CD43~, and cluster 4 was CD62L'°CD43*
(Figure 4C). Thus, these two surface receptors appear to represent dynamic populations
within the Tegg pool after grafting. In order to evaluate the expression of CD62L and CD43
after grafting, we performed manual gating on L9 QL9* and bulk CD8* Tggr. We found that
the frequency of CD62L'°CD43* Tggr increased at days 10 and 21 and were decreased at

a memory day 42 time point (Figure 4D). The frequency of CD62L!°CD43* CD8* T cells
was also elevated at day 10 post-graft in the draining lymph nodes relative to naive mice
(Figure 4E). Thus, activated CD43 expression defines a population of CD62L'° Tggr that
appear acutely after grafting and decline over time, fitting the kinetic profile of an acutely
responding CD8* Tggg population.

CD43* CD8" Tgee display potent effector functions relative to CD43™ Tggr populations

CD43 is a transmembrane receptor that has been shown to impact intracellular signaling
cascades, apoptosis, and T cell trafficking. However, the role of activated CD43 expression
on CD8* T cells is not well understood in the context of transplantation. Thus, we next
sought to assess whether CD43* Tggr displayed competent effector functions relative to
CD43" Tgrg populations. We grafted C57BL/6 mice with BALB/c skin and assessed CD8*
T cells during the peak effector response (days 10-14; Figure 5A). We found that among
the L9 QL9* cells, CD43" Tegg expressed significantly higher levels of both granzyme B
and T-Bet as compared with CD62L" or CD62L!° CD43~ T populations (Figures 5B and
5C). We assessed the capacity of these populations for cytokine production by stimulating
CD45.1* Tggr ex vivowith BALB/c splenocytes and found that nearly all of the interferon
v (IFN-y) and tumor necrosis factor a (TNF-a) was produced by CD43* Tggr and that the
majority of these cells were double-cytokine producers (Figure 5D).

Activated CD43 expression is induced by antigen and inflammatory signals

Our data show that activated CD43 is induced after exposure to allogeneic BALB/c antigen
in vivo, which entails exposure to both allogeneic antigen and inflammatory cytokines.

As multiple studies have demonstrated that pathogen-induced inflammation impacts the
development and function of CD8* T cell populations, we questioned whether inflammatory
cytokines alone can drive the expression of activated CD43 during T cell priming.14:32 To
decouple transplant-induced inflammatory signals from allogeneic antigen, we grafted mice
with allogeneic BALB/c skin, third-party allogeneic C3H skin, or syngeneic C57BL/6 skin.
We found that allogeneic BALB/c or C3H skin grafts induced CD43 expression among bulk
CDS8™ T cells (Figure 5E), and the frequency of CD43* cells was partly elevated among

L9 QL9* CD8* T cells. Given that C3H grafting did not induce an increase in the number
of CD44M CD8* T cells (Figure 2B) or Ki67* cells (Figure S2), these data demonstrate a
mechanism of bystander activation induced by allogeneic inflammation.
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In order to more carefully evaluate the impact of inflammatory cytokines on CD43
expression, we activated OT-1 T cells /n vitro in the presence of individual inflammatory
cytokines (Figure 5F). We used CellTrace Violet to assess the proliferation status of cells in
culture. We included expression of Nur77, an orphan nuclear receptor whose expression
level reflects the cumulative strength of antigen stimulation,33:34 as a control for the

overall level of activation of the cells in the presence of cytokines. We found that antigen
stimulation alone induced CD43 and Nur77 expression (Figure 5G). The TLR9 agonist CpG,
which has been shown to induce CD43 (1B11) expression,3® increased CD43 expression
more than antigen stimulation alone. Among inflammatory cytokines, we found that only
IFN-a induced CD43 expression, while IFN-y, IL-15, and IL-12 did not have an effect
versus antigen stimulation alone (Figure 5G). The expression of Nur77 was not significantly
impacted by the provision of any inflammatory cytokine. These results demonstrate that
CD43 (1B11) expression is enhanced by antigen and can be augmented by type | IFN-
mediated signaling.

CD43* Tgeg potently infiltrate allografts and mediate accelerated graft rejection

We wanted to assess whether the effector phenotype corresponded with an enhanced potency
to mediate graft rejection /in vivo. To isolate the impact of CD43 on Tggg, we flow
cytometrically sorted congenic CD45.1 CD44M CD8* T cells on days 1014 post-BALB/c
skin graft into CD43* and CD43~ Tger (CD62L9) populations and adoptively transferred
each into naive C57BL/6 mice who were subsequently grafted with BALB/c skin (Figure
6A). Using the magnetic bead enrichment technique for CD45.1, we recovered similar
numbers of CD43* and CD43~ Tggr in the spleen on day 8 post-graft (Figure 6B). We
evaluated the number of CD45.1* cells in BALB/c skin grafts and found a significantly
greater number of sorted CD43*CD45.1* CD8™" T cells relative to CD43"CD45.1* CD8*
T cells (Figure 6C). This corresponded to a decrease in the endogenous CD8* T cells in
the allografts (Figure 6C). The increased infiltration was reflected in faster graft rejection
kinetics among the CD43" Tgge group (Figure 6D). In contrast, mice transferred with
CD43* or CD43™ Tggr had similar rejection kinetics of third-party allogeneic C3H skin
grafts (mean survival time [MST] 13 and 14 days, respectively; Figure S5). Overall, these
data demonstrate that CD43* Tggg are potent mediators of graft rejection.

Costimulation blockade with CTLA-4 Ig does not inhibit CD8* T cells

Costimulation blockade with CTLA-4 immunoglobulin (lg) or a biochemical derivative is
used to treat autoimmune disease and to prevent transplant rejection in kidney transplant
patients. In transplant patients, CTLA-4 Ig is associated with acute T cell-mediated
rejection, and pre-clinical studies have shown that CD8" T cells are relatively resistant

to CTLA-4 1g.36-38 We next evaluated the impact of CTLA-4 Ig on CD43* Tgg relative to
other Tggg. We treated mice with CTLA-4 Ig in comparison with a control untreated group
and analyzed CD8* T cells on day 10 after grafting with BALB/c skin grafts (Figure 7A).
Consistent with prior studies, we found that CTLA-4 Ig reduced the proliferation of CD4*
Tege but did not restrain bulk CD8* Tgeg populations (Figure S6A). Among graft-specific
L9 QL9+ CD8* T cells, CTLA-4 Ig reduced the frequency of CD44MCD62L!° Tggg and
proliferative CD62L'°Ki67* cells in the draining lymph nodes and the spleen (Figures S6B—
S6E).
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In order to evaluate the phenotype of CD8" T cells in the presence of CTLA-4 Ig, we
performed UMAP and clustering analysis of L9 QL9* and bulk CD8* T cells in treated and
control mice (Figure 7B). We found four clusters that were CD44M Tger and evaluated the
expression of costimulation receptors, activation markers, and functional markers (Figures
7B-7D). CD44i clusters 2 and 3 had high CD43 (1B11) expression and were also CD62L'°,
CXCR3Mi, and Ki67. Interestingly, both had high expression of the costimulation receptor
induced T cell costimulator (ICOS) (Figure 7D). Using manual gating, we evaluated whether
the frequency of CD62L and CD43 Tggg was impacted by CTLA-4 Ig treatment and

found that all three populations were maintained at similar frequencies at day 10 between
groups (Figure 7E). We next evaluated 1COS expression on CD43 versus CD62L Tggr and
found that ICOS expression was almost exclusively found on CD62L'°CD43* Tggr (Figure
7F). In order to assess whether ICOS costimulation provisioned functional signals in the
context of graft rejection, we assessed the impact of ICOS blockade in combination with
CTLA-4 Ig treatment. We found that anti-ICOS with CTLA-4 Ig prolonged graft survival
versus CTLA-4 Ig or anti-ICOS alone (Figure 7G). Thus, ICOS represents a functional
costimulation target that can be used to inhibit CTLA-4 Ig-resistant CD8* T cells.

DISCUSSION

CDS8™ T cells are thought to respond to allogeneic antigen primarily through the direct
antigen presentation pathway, in which host CD8* T cells recognize donor MHC complexed
with ubiquitous self-peptides.3%-41 Burrack et al. recently used MHC class 11 tetramers to
show that CD4* T cells can respond to directly presented allogeneic antigen in a mouse
model of skin grafting.#2 In this study, we build upon several elegant studies by Eisen and
colleagues to study the CD8* T cell response directed against the H-2L9 complexed with
the self-peptide QLY, derived from a-ketoglutarate dehydrogenase. While this early work
defined the biochemistry of the 2C TCR binding with L9 QL9 /n vitro,20-2243-45 the jn vivo
immune CD8" T cell response directed at L9 QL9 has not been evaluated.

Thus, we sought to use the MHC class | tetramer enrichment approach to study L9
QL9-specific CD8* T cells. We found that at the peak of the immune response against
BALBI/c skin grafts, the majority of L4 QL9* T cells become CD44Mi and that nearly all
CDA44hi |4 QL9* T cells are Ki67*, providing strong evidence that the tetramer-binding T
cells recognize endogenously presented L9 QL9 on graft tissue. This response was antigen
specific, as L9 QL9* CD8* T cells did not expand in number or become Ki67* in response
to syngeneic C57BL/6 grafts nor third-party allogeneic C3H skin grafts. Interestingly, while
the QL9 peptide is a single amino acid extension of the parent 2C peptide, prior studies
investigating the peptides recognized by the 2C TCR speculated that the QL9 was not
detected on donor antigen-presenting cells due to technical limitations of peptide sequencing
in acidic conditions.21:44

We found that the precursor frequency for L4 QL9* T cells is elevated compared with

KP OVA and DP LCMV gp33, as well as compared with the published frequencies of

other pathogen-specific antigens.16-19 Prior studies estimating the precursor frequency of
alloreactive T cells have relied on a wide variety of techniques, including /n7 vitro stimulation
for proliferation or cytokine production, and have relied on memory-containing T cell
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populations and/or expanded T cell lines.>#6-49 Thus, our findings using an MHC tetramer
to directly visualize epitope-specific CD8" T cells significantly strengthens the knowledge
about the precursor frequency of alloimmunity gained from these prior studies.

The biochemical nature of direct-pathway alloreactive T cells has remained the subject of
debate. Prior work has attributed the recognition of allogeneic peptide-MHC complexes

to poly specificity of the TCR itself, to peptide-independent recognition of peptide-MHC
complexes, or to altered thymic selection of dual-TCR T cells.?:24:26.50.51 A recent elegant
study by Son et al. explored the importance of the self-peptide repertoire in shaping
alloimmunity.52 The authors found a critical role for the self-peptide repertoire in direct-
pathway allogeneic CD8" T cell response such that perturbation of the peptide repertoire of
allogeneic H-2KP complexes abrogated tolerance. We evaluated the requirement for the QL9
peptide in the responding alloreactive H-2L9-specific CD8* T cells.

We found that L9 QL9* CD8* T cells did not simultaneously bind to H-2L9 tetramers with
either a biochemically related or an unrelated viral peptide and that CD8" T cells specific
for other H2-L9 complexes did not increase in number in response to a BALB/c skin graft.
These data demonstrate that the peptide is a major determining factor in the direct pathway
of alloreactive CD8* T cells. Future work is needed to reconcile the alternate mechanisms
for direct pathway recognition of allogeneic antigen and to further elucidate the peptide
residues required for the L4 QL9-specific CD8* T cell response. In addition, future studies
will need to further address the breadth of the anti-H-29 alloimmune response, as Son et al.
showed that the majority of the KP-specific alloimmune response was dominated by only
five peptide-MHC complexes.>?

Our results provide a model in which alloreactive CD8" T cells exist at a high precursor
frequency but undergo relatively weak clonal expansion. Consistent with this, 7TCRB
sequencing of the L9 QL9-specific CD8" T cell response reveals a highly diverse response
at the clonal level. While we identified biochemically similar group of convergent meta-
clonotypes that expanded after grafting, the anti-graft CD8" T cell response remained
diverse between individual animals. Interestingly, while we observed that the meta-
clonotypes were present in graft tissue, the graft-infiltrating response was not dominated
by the convergent clones at day 10 post-graft. It is not clear whether the CD8" T cell
meta-clonotypes that expand in the secondary lymphoid organs preferentially enter the
graft or if the graft tissue is infiltrated by predominantly polyclonal populations with
private specificities. Monitoring the infiltration of cells into skin grafts is technically
challenging, and future studies are needed to evaluate additional time points and gain a
better understanding of the clonal properties and kinetics of the CD8* T cell infiltration into
graft.

In contrast to pathogen-specific CD8" T cell responses at acute time points, we found that
very few CD8" Tggr expressed KLRG-1 after grafting. This highlights that the allogeneic
priming environment has phenotypic consequences in shaping CD8" T cell responses and
led us to carefully evaluate the post-graft CD8* T cell programming. Using a high-parameter
flow cytometry panel to evaluate activation, costimulation, and proliferation markers, we
found that a subset of LY QL9* Tggr express the activated glycoform of CD43 (1B11 clone).
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The frequency CD43" Tggr increased acutely after transplant, and these cells were potently
cytotoxic relative to CD43™ Tggg populations.

CD43 is a transmembrane receptor with recognized intracellular signaling and adhesion
functions.>3-5% CD43 is uniformly high on T cells, but a larger activated glycoform, defined
by the 1B11 epitope, is selectively expressed in certain contexts.>® Studies evaluating

the role of CD43 in disease models have found varying and sometimes conflicting
consequences. CD43-deficient CD8* T cells have been found to undergo a decreased rate
of apoptosis during the contraction phase of the response to a virus®® but have included
increased levels of apoptosis in a model of sepsis.>’ Multiple studies have shown that CD43
is critical for trafficking into peripheral tissues.>3:55:58-60 Of note, the majority of studies
have evaluated the function of CD43-sufficient versus -deficient strains, and less is known
about the functional impact of CD43 1B11 glycoform expression on T cells. Future studies
will be needed to evaluate the importance of CD43 1B11 expression on the function of Tgrr
in the context of transplant, including the ability to traffic within secondary lymphoid tissue
and into allografts.

Finally, we evaluated antigen-specific Tggg in the presence of costimulation blockade with
CTLA-4 Ig and found that the costimulatory receptor ICOS is selectively expressed on
CD43" Tere. Blockade of 1COS prolonged graft survival, indicating that ICOS plays a
functional role in the presence of CTLA-4 Ig treatment. ICOS has been implicated as an
important costimulatory receptor in multiple T cell subsets and was recently shown to be
important for the formation of resident memory CD8* T cells.%1 ICOS is attractive as

a therapeutic target because it is selectively and transiently upregulated on CD43* Tgre
and thus represents a potentially selective way to inhibit allogeneic CD8* T cells during
rejection. Currently, ICOS-blocking agents are in pre-clinical development for multiple
diseases.62:63

Overall, by using an MHC tetramer-based approach, this study provides insight into the
dynamics of the alloimmune CD8* T cell response, including the identification of a potent
Terr phenotype. Future studies are needed to investigate the translational potential of these
findings to inhibit graft-specific CD8* T cells in transplant patients.

Limitations of the study

This study utilized a fully allogeneic skin graft model to study alloimmunity. Skin grafts
likely have lower levels of allogeneic antigen and/or distinct inflammatory properties than

a transplanted visceral organ (e.g., heart or kidney) and could result in distinct adaptive
immunologic response. In addition, transplanted skin is considered immunogenic due to a
high content of resident immune cells, so findings of the phenotype and function of CD8* T
cells should be validated in other graft models and in humans. While we were able to isolate
CD8" Tgre populations based on CD43 expression and show distinct functional properties
relative to CD43™ Tggg, the biochemistry of CD43 receptor signaling is complex, and we did
not show a requirement for this receptor for CD8* Tggg function.
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STARXMETHODS
RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should be
directed to the lead contact, Scott Krummey (skrummel@jhmi.edu)

Materials availability—This study did not generate new unique reagents.

Data and code availability

. TCRB sequencing data has been deposited in the Johns Hopkins Data Research
Repository, and are publicly available as of the date of publication. DOIs are
listed in the key resources table.

. All original code is available from the lead contact.

. Any additional information required to reanalyze the data reported in this paper
is available from the lead contact.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals—C57BL/6J and C57BL/6J Ly5.2-Cr (CD45.1) strains were obtained from The
Jackson Laboratory (Bar Harbor, Maine) and used at 6-12 weeks of age. Balb/cJ, C57BI/
6-Tg(TcraTcrb)1100Mjb/J (OT-1), and RAG1!™IMom (RAG1 knockout) were obtained from
The Jackson Laboratory and bred at Emory University or Johns Hopkins University.

All transplant experiments were conducted in age-matched hosts randomly assigned to
experimental groups. This study was conducted in accordance with the recommendations
in the Guide for the Care and Use of Laboratory Animals. The protocol was approved by
the Animal Care and Use Committee at Emory University and Johns Hopkins University.
Animals were housed in specific pathogen-free animal facilities at Emory University and
Johns Hopkins University.

METHOD DETAILS

Skin grafting—Full-thickness tail and ear skins were transplanted onto the dorsal thorax of
recipient mice and secured with adhesive bandages as previously described (Trambley et al.,
1999). In some experiments, mice were treated with 250 ug/dose of CTLA-4 Ig (BioXCell)
and anti-ICOS (BioXCell) via i.p. injection on day 0, 2, 4, and 6.

Skin graft T cell Isolation—Skin grafts were removed and minced into small pieces

(<1 mm) and transferred into 500 puL Dulbecco’s Modified Eagle Medium with 450 U/mL
Collagenase Type Il and 60 U/mL DNase-I (Worthington Biochemical). Samples were
rocked for 2 h on a rocking shaker (150 rpm). Samples were then strained through a 70 mm
filter into a 50 mL conical tube and washed with 5 mL cold PBS with 2% FBS. Cells were
pelleted and stained with Live/Dead Near IR and antibodies for flow cytometry as described
below.

MHC Tetramers and CD8" T cell enrichment—MHC tetramers with human B2-
microglobulin specific for QL9 (H-2L9 QLSPFPFDL), LL9 (H-2L9 LSPFPFDLL), MuLV
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(H-2L9 SPSYVYHQF) LCMV gp33 (H-2D° KAVYFATC), and OVA (H-2KP SIINFEKL)
were obtained from the NIH Tetramer Core facility as biotinylated monomers. Tetramer
production was performed by adding Streptavidin-RPE or -APC according to the core
facility protocol. Tetramer enrichment was performed based on published protocols.54
Briefly, single cell suspensions of splenocytes or lymphocytes were incubated with MHC
tetramer (PE or APC), followed by incubation with anti-PE or anti-APC paramagnetic
microbeads (Miltenyi), and enrichment over an LS column (Miltenyi). The column flow
through was collected as the unbound fraction containing bulk CD8* T cells and the
column bound fraction enriched for tetramer binding cells were stained for surface and
intracellular antigens and analyzed by flow cytometry. Absolute cell counts were performed
using CountBrite beads (BD Biosciences) or sample volume recorded by the Cytek Aurora.

Antibodies and Flow cytometry—~Flow cytometry and magnetic enrichment were
performed in 13 PBS (without Ca2*/Mg?*, pH 7.2), 0.25% BSA, 2 mM EDTA, and 0.09%
azide. Single cell suspensions were incubated in 96-well U-bottom plates with the following
antibodies for 30-60 min at room temperature: CD4, CD8, CD11c, F4/80, CD19, CD27,
CD28, CD127, KLRG-1, CD43, CXCR3, CD62L, ICOS, CD44, CD62L. Intracellular
staining was performed using the Transcription Factor Staining Kit (eBiosciences) and

the following antigens: Ki67, Nur77, Granzyme B, T-Bet, IFN-y, TNF-a.. Dead cells

were excluded with Live/Dead Aqua (Invitrogen), Live/Dead NIR Zombie (Biolegend), or
propidium iodide (Invitrogen) according to manufacturer’s instructions.

Ex vivo allogeneic Stimulation for cytokine production—Splenocytes and draining
lymph node cells from CD45.1* mice grafted with Balb/c skin grafts 14 days prior were
processed to single cell suspension and pooled. 1.5x108 CD45.1 cells were incubated with
2x108 Balb/c splenocytes in the presence of 1 mg/mL GolgiStop (Invitrogen) for 4-5 h at
37 C. Cells were collected and gated on CD45.1* CD8* T cells for intracellular cytokine
analysis.

Flow cytometric cell sorting and adoptive transfer—Splenocytes and draining
lymph nodes cells from CD45.1* mice grafted with Balb/c skin grafts 10-14 days prior
were stained to identify effector CD62L'°CD43* and CD62L'°CD43~ CD8* T cells. Cells
were sorted on a MoFlo XDP. For skin graft survival experiments, 9x10# purified cells were
transferred via tail vein into C57BL/6J mice. 2x10° purified cells were transferred for graft
infiltration analysis. Mice were grafted the following day with Balb/c skin and monitored for
graft survival.

In vitro OT-I stimulation—Naive OT-I splenocytes were stained with CellTrace Violet
(Invitrogen) according to the manufacturer’s instructions and plated in 24 well tissue
culture plates at 3x108/well in in the presence of OT-I peptide (GenScript) and the
following cytokines: CpG (3.125 ug/mL, Invivogen), IFN-a (Biolegend, 1.1 pg/mL), IL-12
(Biolegend, 10 ng/mL), IL-15 (Biolegend, 10 ng/mL), IFN-y (Biolegend, 100 ng/mL).
Cells were incubated in Complete R10 media comprised of RPMI 1640 with L-glutamine
(Corning), 10% FBS, 100 mM HEPES, 500 uM B-mercaptoethanol, 100 U/mL penicillin/
stremptomycin at 37 C (5% CO,) for 72 h prior to analysis by flow cytometry.
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TCRB sequencing (FR3AK-Seq) and analysis—CD8* T cell populations from
splenocytes and draining lymph nodes were flow cytometrically sorted from naive or post-
Balb/c skin graft mice as described above. RNA from sorted cell pellets was isolated using
the RNEasy Plus Mini kit (Qiagen) according to manufacturer instructions. RNA from
peripheral blood was isolated after red blood cell lysis (eBiosciences). RNA from skin

grafts was isolated from minced tissue using gentleMACS M columns and a gentleMACS
Dissociator. RNA was stabilized using RNAprotect. cDNA was generated using the
Superscript IV First-Strand Synthesis System kit per manufacturer protocol instructions.

A normalized input of 200ng of RNA was used for each sample, or if the concentration was
too low to reach 200ng, the maximum amount of RNA that could be input into the reaction
was used. RNA corresponding to 1000 cells of the EL4 cell-line was used as a spike-in in all
samples. cDNA samples were cleaned-up and concentrated using the Zymo Research ZR-96
DNA Clean and Concentrator Kit (cat# D4023). 20 cycles of PCR1 were performed using the
KAPA2G Fast Multiplex Mix and primers designed to encompass all mouse TCRBV alleles.
20 cycles of PCR2 was performed for sample barcoding. Sequencing was performed on an
Illumina NextSeq. CDR3s were identified and quantified using MiXCR software (v 3.0.13),
and the EL4 spike-in was used to normalize MiXCR clone counts.

Assembled clonotypes were imported and analyzed in R (4.1.1) via the immunarch (0.6.7)
package. Clonotypes were categorized for expansion based on the relative frequency it
represented in that sample using raw clone counts as follows: >1% hyper-expanded, 1%-—
0.1% large, 0.1%-0.01% medium, <0.01% small. Graphics were generated with ggplot2
(3.3.5). For any analysis, that required a defined v or j gene and there was an ambiguous
result, the top hit was taken. Metaclonotypes were generated in python (3.8.12) using
terdist3 (0.2.2). Data were imported using pandas (1.3.4). The enriched clonotypes consisted
of sorted spleen cells, that were tetramer bound, and CD44M. The background set was
generated from naive mouse blood samples (n = 14). A random sample of 280,000 of
these clonotypes were generated with tcrsampler (0.1.9), and a v-j matched background of
280,000 clonotypes was generated with olga (1.2.4).

Flow cytometry analysis—In all analysis, CD8* T cells were identified as singlet
events, Live/Dead stain~, dump gate™ (CD11c, F4/80, NK1.1, CD19), CD4~, CD8" events.
Manual gating was performed in Flowjo 10. Tetramer and bulk CD8* Tggr are defined

as CD44MCD8* T cells. For dimensionality reduction analysis, manually gated unbound
CD8* T cells and bound fraction L4 QL9* CD8" T cells events were imported into R

(4.1.1) through CytoML (2.40), flowWorkspace (4.4.0), and flowCore (2.4.0). Markers were
transformed by hyperbolic arcsine with a cofactor of either 1000 or 6000 depending on

the marker. The data were further analyzed using CATALY ST (1.16.2) with FlowSOM
(2.0.0) clustering and ConsensusClusterPlus (1.56.0) meta clustering. UMAP dimensionality
reductions were generated with scatter (1.20.1). Visualizations were generated in ggplot2
(3.3.5) and ComplexHeatmap (2.8.0).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis—All data points represent individual mice, and where individual data
points are not depicted the value of n is provided in the corresponding figure legend. For
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analysis of absolute numbers and expression levels, paired or unpaired Student’s t-tests
(two-tailed) were performed between two groups; one-way or two-way ANOVA with
multiple comparison tests were used to compare multiple groups. Log rank (Mantel-cox)
test was used to evaluate graft survival between groups. /n7 vitro CD43 and Nur77 expression
data was normalized to the maximum MFI obtained for each marker in a given experiment.
Error bars represent standard error measurements (SEM). Statistics were performed using
GraphPad Prism 9. Significance was determined as *p < 0.05, **p < 0.01, ***p < 0.001,
***kp < 0.0001.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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CD8* T cells specific for the L9 QL9* epitope respond to allogeneic skin
grafts

Graft-specific CD8™ T cells express activated CD43 during acute rejection
CD43* CD8" T cells are potent effectors that rapidly infiltrate graft tissue

CD28 blockade resistance may be mediated through ICOS costimulation on
CD43* Terp
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Figure 1. H-2Ld QL9 tetramers identify a population of naive CD8" T cells at elevated precursor
frequency
(A) Single-cell suspensions of lymph node or spleen tissue were incubated with MHC class |

tetramers and enriched using magnetic beads specific for the tetramer fluorophores, creating
column bound tetramer-enriched and unbound bulk CD8" T cell fractions for analysis.

(B) Representative flow cytometry plots and summary data depicting the frequency of CD8*
T cells binding to LY QL9 PE and LY QL9 APC tetramers in the bound and unbound
fractions.

(C) Representative flow cytometry plots of L9 QL9 tetramer staining in naive C57BL/6
spleen, C57BL/6 lymph nodes, BALB/c spleen, or OT-I RAG1™~ spleen.

(D) Absolute numbers of L9 QL9 tetramer-binding CD8* T cells in the naive C57BL/6
lymph nodes, C57BL/6 spleen, or BALB/c spleen.

(E) Representative flow cytometry plots and summary data depicting the phenotype of L¢
QL9 tetramer-binding CD8* T cells in the lymph nodes and spleen.

(F) Representative flow cytometry plots of D? LCMV gp33 and KP OVA tetramer-binding
CD8* T cells.

(G) Number of D® LCMV gp33, KP OVA, and L9 QL9 tetramer-binding cells per million
CD8* T cells.
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Each point depicts an individual mouse. Summary data depict pooled results from (B) 3
independent experiments (n = 6/group), (D and E) 2 independent experiments (n = 5-9/
group), or (G) 2 independent experiments (n = 7-14/group). Statistical analyses performed
using (D) Student’s unpaired t test (two-tailed) or (G) one-way ANOVA with Dunnett’s
multiple comparisons test. Error bars depict SEM. ****p < 0.0001.
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Figure 2. H-2L9 QL9* CD8* T cell expansion is dependent on H-2L9 expression and is largely
peptide dependent

(A) C57BL/6 mice were grafted with H-2° C57BL/6, H-29 BALBI/c, or H-2K C3H skin.
Representative flow cytometry plots depict the frequency of CD44N and CD44!° among LY
QL9* CD8* T cells.

(B) Absolute numbers of CD8" T cells from naive or day 10-14 post-graft mice in the
draining lymph nodes and spleen.

(C) Fold change of the number of L9 QL9 CD8" T cells on day 10 post-BALB/c graft
relative to day O in the draining lymph nodes or spleen.

(D) Schematic of MHC class | H-2L9 tetramers containing either QL9, LL9, or MuLV
peptides.

(E) Left, representative flow plots depicting the bound fraction of CD8" T cells in the spleen
of C57BL/6 mice after BALB/c skin grafting. Right, absolute numbers of CD8* T cells
binding the indicated individual H-2L9 tetramers or both tetramers.
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(F) Representative flow cytometry plots and summary data depict the frequency of L9 QL9*
CD44N and CD44!° CD8* T cells that are Ki67* from the spleen and draining lymph nodes
post-BALB/c skin graft.

Each data point depicts an individual mouse. Summary data depict pooled data from (B)
2-4 independent experiments (n = 8-17/group), (C) 4 independent experiments (n = 12-17/
group), (E) 2 independent experiments (6—7/group), or (F) 2-3 independent experiments (6—
10/group). Statistical analyses performed using (B) one-way ANOVA with Sidak’s multiple
comparisons test, (E) mixed-effects ANOVA with Sidak’s multiple comparisons test, or (F)
one-way ANOVA with Dunnett’s multiple comparisons test versus day 0. Error bars depict
SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Figure 3. Graft-specific CD8" T cells maintain clonal diversity throughout the primary effector
response
(A) C57BL/6 mice were grafted with BALB/c skin grafts, and multiple tissues were

collected. Splenic CD8" T cell populations were flow cytometrically sorted based on Ld
QL9 binding and CD44 expression.

(B) Inverse Simpson index for naive CD44!° and day 10 CD44" Tger populations are
depicted.

(C) Frequency of meta-clonotypes in each sample that are defined as hyperexpanded (>1%),
large (0.1%-1%), medium (0.01%-0.1%), or small (<0.01%) or are not present.

(D) Frequency of meta-clonotypes defined as in (C), found in the skin graft tissue on day 10.
(E) CDR3 sequences from 13 convergent meta-clonotypes. The left TCR logo is scaled by
per-column relative entropy to background population. The right TCR logo depicts the full
meta-clonotype CDR3 sequence.

(F) Frequency of meta-clonotypes present in the splenic CD441° and CD44i L4 QL9*
populations.

(G and H) Number of meta-clonotypes present in peripheral blood mononuclear cells
(PBMCs) and graft tissue at the depicted time points.

Each data point depicts an individual mouse. Statistical analysis performed using unpaired
Student’s t test. Error bars depict SEM. ***p < 0.001, ****p < 0.0001.
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Figure 4. CD8" T cells differentiate into CD43* Tgpr populations that peak early after grafting
C57BL/6 mice were grafted with H-24 BALB/c skin, and the frequency of L9 QL9* and bulk

CDS8™ T cells was assessed in the spleen at the indicated time points.

(A) UMAP of costimulation and activation markers from day 0, 10, 21, and 42 post-graft
CD8* T cell populations.

(B) UMAP depicting day 10 and day 21/42 enriched clusters.

(C) Histograms depicting expression of individual markers in day 10 and day 21/42 enriched
clusters.

(D) Expression of CD43 and CD62L on CD8* T cell populations at days 0, 10, 21, and 42
post-graft in the spleen.

(E) Expression of CD43 and CD62L on CD44" CD8* T cell populations at day 10 in the
draining lymph nodes.
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Each data point depicts an individual mouse. Summary data depict pooled results from (A—
C) one independent experiment (n = 4 mice/group) or (D-E) 2-3 independent experiments
(n = 5-10 mice/group). Statistics performed by (B, C, and E) one-way ANOVA with
Dunnett’s multiple comparison’s test or (E) unpaired Student’s t test. Error bars depict SEM.
**p < 0.01, ***p < 0.001, ****p < 0.0001.
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Figure 5. CD43* Tggp display potent effector functions and can differentiate in response to
inflammatory cytokines

(A-D) C57BL/6 mice were grafted with H-2¢ BALB/c skin, and LY QL9* and bulk CD8* T
cells were assessed in the spleen at days 10-14 post-graft.

(B and C) Representative flow cytometry plots and summary data of (B) granzyme B™ cells
and (C) T-BET" cells in the indicated CD8* Tggr populations.

(D) Post-graft effectors were stimulated 77 vitro for 5 h with BALB/c splenocytes, and the
frequency of IFN-y- and TNF-a-producing cells was assessed.

(E) Frequency of CD43" cells among bulk and L9 QL9 CD44N CD8* Tggg in the spleen on
days 10-14 after H-29 BALB/c, H-2X C3H, or H-2P C57BL/6 skin grafts.

(F) OT-1 CD8™" T cells were labeled with CellTrace Violet and stimulated /n vitro for 3 days
in the presence of O (unstimulated) or 1 uM OVA peptide and the indicated cytokine.
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(G) Histograms depicting the expression of CD43 and Nur77 on undivided unstimulated or
1 uM peptide divided populations. For each individual experiment, the mean fluorescence
intensity (MFI) was normalized to the maximum value of CD43 or Nur77.

Each data point depicts an individual mouse. Summary data depict pooled results from (B-
D) 2 independent experiments (n = 5-8 mice/group), (E) 2—4 independent experiments (n =
7-16 mice/group), or (G) 3 independent experiments with an individual mouse. Statistical
analyses performed by (B-D) one-way ANOVA with Tukey’s multiple comparisons test or
(E and G) two-way ANOVA with Dunnett’s multiple comparisons test versus (E) BALB/c
graft or (G) no cytokine. Error bars depict SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p
< 0.0001.
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Figure 6. CD43* Tggr rapidly infiltrate allografts and mediate accelerated graft rejection
(A) CD45.1* H-2° mice were grafted with H-24 BALB/c skin, and on days 10-14, CD8*

T cells were FACS into CD44NCD62L!° CD43* and CD43~ CD8* T cell populations and
adoptively transferred into naive C57BL/6 CD45.2 hosts. The following day, BALB/c skin

grafts were provided.

(B) Transferred CD45.1" T cells were assessed using magnetic bead enrichment.
Representative flow cytometry plots and summary data of CD45.1* CD8* T cells on day

8 post-graft in the spleen.

(C) Representative flow cytometry plots and absolute number of transferred CD45.1* and
host CD45.2* CD8* T cells recovered from skin allografts.
(D) Graft survival analysis of C57BL/6 hosts transferred with CD45.1* CD8" T cell

populations described in (A).

Each data point depicts an individual mouse. Summary data depict pooled results from (B
and C) 4 independent experiments (n = 4—7 mice/group) or (D) 2 independent experiments
(n = 7-15/group). Statistical analyses performed by (B-D) one-way ANOVA with Tukey’s
multiple comparisons test or (C) log-rank (Mantel-Cox) test. Error bars depict SEM. *p <

0.05, **p < 0.01, ****p < 0.0001.
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Figure 7. ICOS expression is induced on CD43" Tggr, and 1COS blockade prolongs graft
survival

(A) Experimental schematic depicting the treatment of C57BL/6 mice grafted with H-2¢
BALB/c skin and treated with CTLA-4 Ig.

(B) UMAP expression analysis of day 10 post-graft L4 QL9* and bulk CD8" T cells in the
spleen in mice untreated or treated with CTLA-4 Ig.

(C) UMAP depicting four CD44Ni clusters.

(D) Histograms of proteins used in UMAP analysis for four CD44M clusters and the average
of all samples.

(E) Representative flow cytometry plots and summary data depicting the frequency of
CD62L- and CD43-expressing effector populations in the spleen on day 10 post-graft in
mice.

(F) Expression of ICOS on CD8* Tggg populations in CTLA-4 Ig and control mice.

(G) Graft survival of C57BL/6 mice treated with CTLA-4 Ig, anti-ICOS, or CTLA-4 Ig and
anti-1COS and grafted with a BALB/c skin graft.
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Each data point depicts an individual mouse. Summary data depict pooled results from (E
and F) 2 independent experiments (n = 67 mice/group) or (G) 3 independent experiments (n
= 8-16/group). Statistical analyses performed by (E and F) two-way ANOVA with Tukey’s
multiple comparisons test or (G) log-rank (Mantel-Cox) test. Error bars depict SEM. **p <
0.01, ***p < 0.001.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-mouse CD11c AF488 (clone N418) Biolegend Cat# 117313; RRID: AB_492849
Anti-mouse CD11c AF647 (clone N418) Biolegend Cat# 117312; RRID: AB_389328
Anti-mouse CD127 PE-Dazzle594 (clone A7R34) Biolegend Cat# 135032; RRID: AB_2564217
Anti-mouse CD19 AF488 (clone 6D5) Biolegend Cat# 115524; RRID: AB_493339
Anti-mouse CD19 AF647 (clone 6D5) Biolegend Cat# 115522; RRID: AB_389329
Anti-mouse CD27 BV785 (clone LG.3A10) Biolegend Cat# 124241; RRID: AB_2800595
Anti-mouse CD28 Pe-Cy7 (clone E18) Biolegend Cat# 122014; RRID: AB_604079
Anti-mouse CD4 APC/Fire 810 (clone GK1.5) Biolegend Cat# 100479; RRID: AB_2860583
Anti-mouse CD43 PE-Cy5 (clone 1B11) Biolegend Cat# 121216; RRID: AB_528811
Anti-mouse CD43 PE-Cy7 (clone 1B11) Biolegend Cat# 121218; RRID: AB_528813
Anti-mouse CD44 APC/Fire 750 (clone IM7) Biolegend Cat# 103062; RRID: AB_2616727
Anti-mouse CD44 BV421 (clone IM7) Biolegend Cat# 103039; RRID: AB_10895752
Anti-mouse CD45.1 AF488 (clone Biolegend Cat# 110718; RRID: AB_492862
Anti-mouse CD45.1 APC (clone A20) Biolegend Cat# 110714; RRID: AB_313503
Anti-mouse CD45.2 SB550 (clone 104) Biolegend Cat# 109861; RRID: AB_2860625
Anti-mouse CD62L BV480 (clone MEL-14) BD Biosciences Cat# 746726; RRID: AB_2743990
Anti-mouse CD62L BV510 (clone MEL-14) Biolegend Cat# 104441; RRID: AB_2561537
Anti-mouse CD8a BV570 (clone 53-6.7) Biolegend Cat# 100740; RRID: AB_2563055
Anti-mouse CD8a BV650 (clone 53-6.7) Biolegend Cat# 100742; RRID: AB_2563056
Anti-mouse CD8a BV785 (clone 53-6.7) Biolegend Cat# 100750; RRID: AB_2562610
Anti-mouse CXCR3 BV421 (clone CXCR3-173) Biolegend Cat# 126521; RRID: AB_10900974
Anti-mouse F4/80 AF488 (clone BM8) Biolegend Cat# 123119; RRID: AB_893491
Anti-mouse F4/80 AF647 (clone BM8) Biolegend Cat# 123122; RRID: AB_893480
Anti-mouse Granzyme B Pacific Blue (clone GB11) Biolegend Cat# 515407; RRID: AB_2562195
Anti-mouse Granzyme B PE (clone NGZB) Thermofisher Cat# 12-98898-82; RRID: AB_10870787
Anti-mouse ICOS BV510 (clone C398.4A) Biolegend Cat# 313525; RRID: AB_2562642
Anti-mouse ICOS Pe-Cy7 (clone 7E.17G9) Biolegend Cat# 117421; RRID: AB_2860636
Anti-mouse IFN-y AF488 (clone XMG1.2) Biolegend Cat# 505815; RRID: AB_493313

Anti-mouse Ki-67 AF488 (clone SolA15)
Anti-mouse KLRG-1 BV711 (clone 2F1/KLRG1)
Anti-mouse NK1.1 AF488 (clone PK136)
Anti-mouse NK1.1 AF647 (clone PK136)
Anti-mouse T-BET PE-eFluor610 (clone 4B10)
Anti-mouse Thy1.1 (clone OX-7)

Anti-mouse TNF-a BV650 (clone MP6-XT22)
Anti-mouse Va2 AF488 (clone B20.1)
CTLA-41g

Anti-ICOS

Thermofisher
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
BioXCell
BioXCell

Cat# 53-5698-82; RRID: AB_2802330
Cat# 138427, RRID: AB_2629721
Cat# 108717; RRID: AB_493184
Cat# 108720; RRID: AB_2132713
Cat# 644827, RRID: AB_2565676
Cat# 202526; RRID: AB_159547
Cat# 506333; RRID: AB_2562450
Cat# 127819; RRID: AB_2687229
Cat# BE0099; RRID: AB_10949064
Cat# BE0059; RRID: AB_1107622
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REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

a-KGDHgsp.940 (QL9) peptide, QLSPFPFDL GenScript N/A
a-KGDHgga3z.941 (LL9) peptide, LSPFPFDLL GenScript N/A
Murine Leukemia Virus gp70423.431 (MULV) peptide, SPSYVYHQF GenScript N/A
Chicken Ovalbumings;.oe4 (OVA) peptide, SIINFEKL GenScript N/A
H-2L(d)/QL?9 biotinylated monomer NIH Tetramer Core N/A
H-2L(d)/LL9 biotinylated monomer NIH Tetramer Core N/A
H-2L(d)/MuLV biotinylated monomer NIH Tetramer Core N/A
H-2K(b)/OVA biotinylated monomer NIH Tetramer Core N/A
H-2D(b)/LCMV gp33 biotinylated monomer NIH Tetramer Core N/A
Streptavidin-RPE Agilent Cat# PJRS25-1
Streptavidin-APC Agilent Cat# PJ27S-1
Mouse IL-15 carrier free Biolegend Cat# 566301
Mouse IL-12 carrier free Biolegend Cat# 577002
Mouse IFN-y carrier free Biolegend Cat# 575302
Mouse IFN-a carrier free Biolegend Cat# 575802
Class B CpG oligonucleotide ODN 1826 Invivogen Cat# tlrl-1826
DNase lyophilized powder Worthington Cat# LS0023139
Biochemical
Collagenase type 2 Worthington Cat# LS004176
Biochemical

Critical commercial assays

CellTrace Violet Cell Proliferation Kit, for flow cytometry Invitrogen Cat# C34557
Zombie NIR Fixable Viability Kit Biolegend Cat# 423106
Foxp3/Transcription Factor Staining Buffer Set Invitrogen Cat# 00-5523-00
Qiashredder columns Qiagen Cat# 79654
RNeasy Plus Mini Kit Qiagen Cat# 74134
RNAprotect Tissue Reagent Qiagen Cat# 76104
1X RBC Lysis Buffer eBiosciences Cat# 00-4333-57
SuperScript IV First-Strand Synthesis System kit for reverse ThermoFisher Cat# 18091050
transcription
ZR-96 DNA Clean and Concentrator kit Zymo Cat# D4023
KAPA2G Fast Multiplex Kit for PCR Roche Cat# 07961430001
Herculase Fusion DNA Polymerase kit for PCR Agilent Cat# 600677
QIAquick PCR Purification Kit Qiagen Cat# 28104
Deposited data
Mouse 7CRB sequencing results Johns Hopkins Research  Johns Hopkins Data Research
Data Repository Repository:

https://doi.org/10.7281/T1/FIGCSB

Experimental models: Organisms/strains
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Mouse: C57BL/6J Jackson Stock# 000664
Mouse: C57BL/6J Ly5.2-Cr (CD45.1) Jackson Stock# 003831
Mouse: Balb/cJ Jackson Stock# 000651
Mouse: C57BI/6-Tg(TcraTcrb)1100Mjb/J (OT-1) Jackson Stock# 003831
Mouse: B6.129S7-Rag1tmlmom/J (RAG1 knockout) Jackson Stock# 002216
Mouse: C3H/HeJ Jackson Stock# 000659
Oligonucleotides

FR3AK-seq Mus musculus TCRB PCR primers Montagne et al. N/A

Software and algorithms

FlowJo v10 FlowJo, LLC https://www.flowjo.com

Prism 9 GraphPad Software https:www.graphpad.com

SpecroFlo Cytek https://cytekbio.com/pages/spectro-flo

R4.1.1 R Core Team https://www.R-project.org/;
RRID:SCR_001905

RStudio RStudio Team http://www.rstudio.org;
RRID:SCR_001905

CytoML 2.40 Finak et al. https://github.com/RGLab/CytoML

flowWorkspace 4.4.0 Finak et al. https://bioconductor.org/packages/
flowWorkspace/; RRID:SCR_001155

flowCore 2.4.0 Hahne et al. https://bioconductor.org/packages/
flowCore/; RRID:SCR_002205

tidyverse Wickham et al. https://www.tidyverse.org/;
RRID:SCR_019186

CATALYST 1.16.2 Crowell et al. https://github.com/HelenaL.C/
CATALYST; RRID:SCR_017127

FlowSOM 2.0.0 Van Gassen et al. https://bioconductor.org/packages/

ConsensusClusterPlus 1.56.0

Wilkerson and Hayes

FlowSOM/; RRID:SCR_016899

https://bioconductor.org/packages/
ConsensusClusterPlus/;
RRID:SCR_016954

Scater 1.20.1 McCarthy et al. http://bioconductor.org/packages/scater/;
RRID:SCR_015954

ggplot2 3.3.5 Hadley Wickham https://ggplot2.tidyverse.org/;
RRID:SCR_014601

ComplexHeatmap 2.8.0 Guetal. https://github.com/jokergoo/

Immunarch 0.6.7

Python 3.8.12

terdist3 0.2.2
pandas 1.3.4

tcrsampler 0.1.9
olgal.2.4
ggridges
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Python Software
Foundation

Mayer-Blackwell et al.

The pandas
Development Team

Mayer-Blackwell et al.

Sethna et al.

Claus Wilke

ComplexHeatmap; RRID:SCR_017270

https://immunarch.com/;
RRID:SCR_023089

https://www.python.org/;
RRID:SCR_008394

https://github.com/kmayerb/tcrdist3

https://pandas.pydata.org/;
RRID:SCR_018214

https://github.com/kmayerb/tcrsampler
https://github.com/stathiophys/OLGA
https://wilkelab.org/ggridges
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REAGENT or RESOURCE SOURCE IDENTIFIER
MiXCR Bolotin et al. https://mixcr.com/mixcr/getting-started/
installation/
Other

Anti-APC Microbeads
Anti-PE Microbeads

LS magnetic columns
gentleMACS M Tubes
CountBright Absolute Counti

Miltenyi Biotec
Miltenyi Biotec
Miltenyi Biotec
Miltenyi Biotec

ng Beads ThermoFisher Scientific

Cat# 130-090-855
Cat# 130-048-801
Cat# 130-042-401
Cat# 130-093-236
Cat# C36950
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