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IMMUNOLOGY

Simultaneous analysis of pMHC binding and reactivity
unveils virus-specific CD8 T cell immunity to a concise

epitope set

Nikolaj Pagh Kristensen', Edoardo Dionisio', Amalie Kai Bentzen't, Tripti Tamhane’,
Janine Sophie Kemming‘, Grigorii Nos', Lasse Frank Voss', Ulla Kring Hansen’,

Georg Michael Lauer?, Sine Reker Hadrup'*

CD8T cells provide immunity to virus infection through recognition of epitopes presented by peptide major his-
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tocompatibility complexes (pMHCs). To establish a concise panel of widely recognized T cell epitopes from com-
mon viruses, we combined analysis of TCR down-regulation upon stimulation with epitope-specific enumeration
based on barcode-labeled pMHC multimers. We assess CD8 T cell binding and reactivity for 929 previously re-
ported epitopes in the context of 1 of 25 HLA alleles representing 29 viruses. The prevalence and magnitude of
CD8T cell responses were evaluated in 48 donors and reported along with 137 frequently recognized virus epitopes,
many of which were underrepresented in the public domain. Eighty-four percent of epitope-specific CD8 T cell
populations demonstrated reactivity to peptide stimulation, which was associated with effector and long-term
memory phenotypes. Conversely, nonreactive T cell populations were associated primarily with naive pheno-
types. Our analysis provides a reference map of epitopes for characterizing CD8 T cell responses toward common

human virus infections.

INTRODUCTION

Antigen recognition by CD8 T cells plays a pivotal role in the
adaptive immune response to pathogens, autoantigens, and cancer.
Characterization and longitudinal monitoring of the antigen-specific
immune response, as well as its underlying antigen-receptor reper-
toire, is therefore an important and necessary endeavor in humans,
particularly in light of the protective and therapeutic potential of
such immune responses notably in vaccination (1-3) and cancer im-
munotherapy (4-8), respectively.

Exact epitopes of antigen-specific CD8 T cells can be detected
either by binding to cognate peptide major histocompatibility com-
plexes (pMHC:s) or through a measure of cellular activation in re-
sponse to antigen stimulation, i.e., “reactivity” (9-14). However,
receptor-ligand binding between a T cell receptor (TCR) and a
PMHC complex is not equivalent to T cell reactivity to the given
epitope (15-17). This discrepancy may be attributed to various cell
intrinsic and extrinsic factors including co-receptor expression
(18-20), TCR affinity to antigen (17, 19), T cell anergy (18, 21), and
chronic antigen stimulation (22).

To provide a broad, high-quality map of epitopes recognized in the
context of human virus infections, one therefore needs a sensitive yet
high-throughput method with integrated information of both pMHC
binding and T cell reactivity to peptide. This would allow for simulta-
neous measurement of cohort-wise prevalence of recognition, magni-
tude (i.e., cellular frequency), and quality of response (i.e., reactivity)
integrated into the same epitope map. Current epitope lists, e.g., Im-
mune Epitope Database (IEDB) (23), are based on information from
very heterogeneous experimental contexts precluding efficient ranking

'Section for Experimental and Translational Immunology, Department of Health
Technology, Technical University of Denmark (DTU), Kongens Lyngby, Denmark.
2Liver Center and Gastrointestinal Division, Department of Medicine, Massachusetts
General Hospital and Harvard Medical School, Boston, MA 02114, USA.
*Corresponding author. Email: sirha@dtu.dk

tPresent address: University College London, Cancer Institute, London, UK.

Kristensen et al., Sci. Adv. 10, eadm8951 (2024) 12 April 2024

of epitopes according to observed degree of T cell response prevalence
and reactivity.

We therefore integrated the high-throughput assessment of TCR-
pMHC binding utilizing DNA barcode-labeled pMHC multimers
(24) with the determination of T cell reactivity using synthetic pep-
tide pools (10, 25). Here, T cell specificity is assigned based of the
barcode-labeled pMHC multimer binding (24, 26, 27). The total
number of TCR-pMHC interactions relevant for a given T cell popu-
lation can furthermore be assessed through the embedded unique
molecular identifiers (UMIs) (28). A reduction in TCR surface ex-
pression, due to activation-induced down-regulation (29-33), will
therefore lead to a reduced pMHC surface density and hence reduced
barcode-associated UMI counts for a given specificity. As such, T cell
reactivity, in the form of TCR down-regulation following antigen ex-
posure, can be assigned for each specific T cell population, by mea-
suring the relative loss of signal for a specific barcode associated with
its unique pMHC multimer. We then tested epitope binding and re-
activity of 10,365 pMHC interactions across 48 donors, allowing us
to define 137 high-confidence epitopes across common virus infec-
tions along with 2 epitopes from tumor-associated antigens, which
form a hierarchy of functional epitope recognition in blood donors
and a reference map complete with expected values for prevalence of
recognition and reactivity. Moreover, we demonstrate here that non-
functional T cell characteristics are often linked to T cell phenotypes
corresponding to either lack of antigen exposure (i.e., naive T cells)
or immunosenescence (CD57hl Temra cells) and that certain epit-
opes frequently drive such nonfunctional T cell responses.

RESULTS

Diminished pMHC-multimer binding is an early and
sensitive marker of T cell reactivity

TCR down-regulation and the associated decreased pMHC multimer
staining of recently activated antigen-specific CD8 T cells have been
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documented for both high- and low-avidity ligands in the OT-I and
2C TCR transgenic systems (32). Similar observations have been
made ex vivo in a human setting using selected epitopes derived from
human cytomegalovirus (CMV) and influenza virus (FLU) antigens
(33). We explored this phenomenon in detail for a variety of well-
described viral epitopes using human PBMCs. We observed strongly
decreased median fluorescent intensities (MFIs) and decreased fre-
quencies of pMHC multimer positive T cell populations following
24-hour peptide stimulation across all virus-derived epitopes tested
(Fig. 1, A to C, and fig. S1A). This coincided with the up-regulation
of canonical activation markers CD69" and CD137" [activation-
induced markers (AIMs)] (10, 12) (Fig. 1, A and D). Furthermore,
dilution of the stimulating peptide showed a clear dose dependency
(Fig. 1E and fig. S1, B and C). Finally, we performed a time series to
map the temporal kinetics of the effects of peptide stimulation in the
context of different antigen-specific populations from the same do-
nor. We observed a decrease in pMHC multimer binding specific to
the targeted CD8 T cell response as early as 3 hours after stimulation,
with the strongest effect at 24 to 48 hours. We moreover found no
evidence of renewed capacity to bind pMHC multimers at 48 hours
after stimulation (Fig. 1F and fig. S1, D to G). CD137" kinetics were
largely similar to previously published reports (fig. SIH) (12), al-
though we observed a tendency for marked background staining of
anti-CD137 particularly at early time points (fig. S1I). In summary,
we confirm reduction in pMHC multimer binding to T cells as a spe-
cific and sensitive readout for productive TCR engagement in vitro.

Peptide stimulation correlates with loss of pMHC multimer
binding measured by DNA barcode counts in
antigen-specific CD8 T cell populations with negligible
bystander effects
To scale our experimental workflow of assessing both T cell epitope
binding and reactivity simultaneously (Fig. 2A) to hundreds of epitopes
using DNA barcode-labeled multimers, we selected 945 epitopes
from 29 different common viruses (table S1) restricted to 25 human
leukocyte antigen (HLA) alleles from IEDB (selection details in Mate-
rials and Methods). Epitopes were selected to represent viruses with
frequent exposure in healthy populations. The epitope library was
characterized by a predominance of herpesvirus epitopes as well as
HLA-A*02:01 restricted peptides (Fig. 2B and fig. S2A). As a refer-
ence, the library also included two epitopes derived from well-known
tumor-associated self-antigens, MART1,6_35(Leu27) ELAGIGILTV and
NY-ESO157-165 SLLMWITQYV restricted to HLA-A*02:01 (34, 35).
We verified that activation-induced TCR down-regulation and re-
duction in pMHC multimer staining intensity was (i) measurable by
DNA barcodes used to tag individual pMHC multimers and (ii) unaf-
fected by activation of other antigen-reactive CD8 T cells (i.e., by-
stander activation). To do this, we included a wide panel of DNA
barcode-labeled pMHC multimers encompassing 36, 96, and 59 virus
epitopes restricted to HLA-A*01:01, A*02:01, and B*08:01, respec-
tively. We split PBMCs from three healthy donors into unstimulated,
partially stimulated, and fully stimulated short-term cultures, and
stained each culture in triplicates with donor-specific, HLA-matching
pools of barcoded multimers. Amplicon sequencing of the pMHC
multimer-associated barcodes was subsequently performed on multi-
mer® CD8 T cells, and individual enrichment scores for TCR:pMHC
binding were calculated based on such barcodes. As expected, we ob-
served loss of fluorescent pMHC multimer binding when using HLA-
A*01:01-, A*02:01-, or B¥08:01-restricted peptide pools (Fig. 2C and
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fig. S2B) and a corresponding increase of CD137 expression (fig. S2C).
Furthermore, we observed that cognate peptide stimulation resulted
in decreased enrichment scores (masked log2FC) for specific pMHC
multimer binding, while T cell populations specific for other epitopes
in the same sample were unaffected by such stimuli (Fig. 2, D and E).
In total, 70 epitope specificities were assessed from three donors, and
the majority of epitopes (54 of 70) were significantly affected by pep-
tide stimulation (Fig. 2D and fig. S2, D and E). Next, we scaled our
methodology to the final panel of 929 epitopes (see Materials and
Methods for excluded epitopes) and evaluated T cell responses in 48
donors (27 healthy blood donors and 21 donors recently or chroni-
cally infected with hepatitis virus). Peptides were grouped and pooled
according to HLA restrictions as reported in IEDB and recombined
on the day of stimulation into donor-specific peptide pools covering
up to six HLA class I alleles for any given donor. DNA barcode-labeled
MHC multimers were also grouped according to HLA and combined
into donor-specific multimer pools. All multimer-binding T cells were
then sorted to determine donor-specific T cell responses (Fig. 2F
and fig. S2F). While donor-to-donor variations were observed, the
increase of AIM" CD8 T cells in stimulated samples corresponded to
the observed decrease of multimer-specific CD8 T cells (R = 0.8,
P <22 x 107%) (Fig. 2G). Furthermore, the general increase in
CD137 MFI values also corresponded to decreased multimer fluores-
cent intensities (R = 0.6, P=5.7 X 107%) (fig. S2G).

Opverall, these data establish that an assay combining pMHC mul-
timer staining with peptide stimulation can be used to simultaneously
test hundreds of distinct T cell specificities with DNA-barcoded
pMHC multimer libraries and determine T cell antigen reactivity
with negligible bystander effects.

Evaluation of pMHC binding and antigen reactivity for large
epitope libraries identifies a hierarchy of antigen-specific
CD8T cells with different reactivity levels

Next, we assessed TCR down-regulation for individual antigen-
specific CD8 T cell responses across our cohort, by accounting for
decreased UMI counts for a given pMHC-associated barcode. We
studied a total of 10,365 pMHC interactions and identified 647
epitope-specific CD8 T cell populations in unstimulated samples.
We estimated the underlying frequency of epitope-specific CD8 T
cells by weighting the total multimer™ population of CD8 T cells
observed by flow cytometry according to the fraction of mapped
UMIs pertaining to the given epitope (4, 24), which resulted in an
estimated frequency range of 0.0005% to 18.7% of total CD8 T cells
in unstimulated samples. All identified responses across the total
cohort are depicted in Fig. 3A (upper panel, unstimulated sample),
each dot representing one multimer-specific population in a given
donor based on significantly enriched pMHC barcodes. Parallel as-
says after epitope peptide pool stimulations (Fig. 3A, lower panel)
revealed a concomitant partial binding loss across a wide range of T
cell specificities targeting different epitopes and viruses. Delta log 2
fold change values (Alog2FC) were subsequently calculated com-
paring paired multimer data from unstimulated and stimulated
samples, where negative Alog2FC generally represents decreased
barcode enrichment and multimer binding (i.e., reactivity) and pos-
itive values indicate unchanged binding. T cell populations assigned
with antigen reactivity (Alog2FC < 0) are shown as circles, while
nonreactive populations (Alog2FC > 0) are shown as triangles
(Fig. 3A). In total, 564 of the 647 identified epitope-specific popula-
tions were assigned with a net negative Alog2FC after stimulation,
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Fig. 1. Diminished intensity of pMHC multimers is an early and sensitive marker of T cell activation. (A) Loss of dextran pMHC multimer-staining following peptide-
based stimulation of antigen-specific CD8 T cells and concomitant increase in frequency of CD69¥CD137" CD8 T cells. PBMCs were stimulated with 1 pM peptide for
24 hours. Unstimulated controls were treated with equimolar DMSO. Samples were pregated for live CD14"CD19~CD3*CD4~CD8* lymphocytes. Responses from three
different donors were investigated. Each response was investigated once. (B to D) Statistics pertaining to (A). (B) Multimer frequency of CD8T cells, (C) multimer MFI, and
(D) AIM frequency, i.e., frequency of CD69*CD137* of CD8 T cells. (E) Limiting dilution of two 24-hour stimulation series in triplicates. Unstimulated controls were treated
with 10 pM DMSO. Tetramer™ cells were pregated on live CD3*CD4~CD8* lymphocytes. Tetramer MFl and frequency were measured. Tetramer MFI for ELKRKMMYM-BV786
is shown in fig. S1C. (F) Time series spanning 3 to 48 hours of stimulation with 1 uM peptide in duplicates. Each time series was stimulated with one cognate peptide (red)
and subsequently stained with three tetramers including two irrelevant peptides (gray and black) in addition to the cognate peptide. Tetramer* cells were pregated on
live CD37CD4~CD8™ lymphocytes. Tetramer-null controls were used as gating controls (see fig. S1D). Representative flow plots are shown in fig. S1 (E and F). Two addi-
tional positive peptides are presented in fig. S1G. P values were calculated using a paired Wilcoxon test. **P < 0.01. MFI, median fluorescent intensity. AIM, activation-
induced marker. Experiments were performed once.

whereas 83 responses were assigned with positive or unchanged
Alog2FC values (Fig. 3B).

To generate discrete categories of TCR reactivity that take into ac-
count areas of technical uncertainty, we regarded —Alog2FC > 0.75 as
“reactive” epitope recognition, —0.75 < —Alog2FC < 0.75 as a “mixed”
population of reactive and nonreactive epitope recognition, and
—Alog2FC < —0.75 as “nonreactive” epitope recognition. This allowed
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us to visualize and rank epitope-specific recognition according to
measured TCR down-regulation and loss of pMHC multimer binding
across multiple independent donors (Fig. 3C). Examples of highly
reactive populations (indicated by numbers on Fig. 3C) included
B*35:01-restricted BZLF1-EPLPQGQLTAY from Epstein-Barr virus
(EBV, mean estimated frequency: 0.26%), A*02:01-restricted E1A-
LLDQLIEEV from human adenovirus C (HAdV-C, mean estimated
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Fig. 2. Multiplexing pMHC multimers using DNA barcodes allow monitoring of specific activation following peptide pool-based stimulation. (A) Biorender experimen-
tal flow chart. (B) Multimer-library size per virus families selected from IEDB (23). (C and D) Multimer-binding following 24-hour stimulation in three donors. (C) Representative
cell sorts of antigen-specific CD8 T cells using barcode-labeled pMHC multimers. Cells were sorted from upper quadrant gates. Stim A1, Stim B8, and Stim All refer to pool-based
stimulations with 36 A*01:01-restricted peptides, 50 B*08:01-restricted peptides, and the collective pool of 86 peptides, respectively. All conditions were recorded in technical
triplicates. (D) Enrichment scores for select multimer-specific CD8T cells across three donors and three to four stimulatory settings. Stim A2 refers to the pool-based stimulations
with 96 A*02:01-restricted peptides. Samples were pregated for live CD14-CD19~CD3*CD4~CD8* lymphocytes. See all remaining populations in fig. S2 (F and G). (E) Seventy
virus-specific populations were grouped according to whether the respective stimulatory setting included the peptide used for multimer-generation (cognate stim) or not
(bystander stim). (F) PBMCs from 48 donors were individually stimulated with pools restricted to one to six donor-derived HLA alleles. Multimer™ CD8 T cells were sorted and
barcodes sequenced (Fig. 3). Samples were pregated on live CD14~CD19-CD3"CD4 CD8" lymphocytes. Additional flow cytometry is available in fig. S2H. (G) Correlation be-
tween observed change in multimer frequency [Amultimer (%)] and change in CD69*CD137" frequency [AAIM (%)] upon stimulation. The shaded area is the 95% confidence
interval. Spearman correlation was used. Unpaired Wilcoxon test between grouped unstimulated/bystander and cognate stimulated samples was performed in (D). P values
were calculated using Dunn’s test in (E) and adjusted using Benjamini-Hochberg. Boxplot bounds are 25th and 75th percentiles along with the median. Upper and lower whis-
kers span the range of data up to 1.5x of the IQR. **P < 0.01, ***P < 0.001, ****P < 0.0001; ns, not significant. All experiments were performed once.

Kristensen et al., Sci. Adv. 10, eadm8951 (2024) 12 April 2024 40f13



SCIENCE ADVANCES | RESEARCH RESOURCE

A Est.frequency (%): ¢0.1 ®05 @1.0 ‘5.0 ‘10 . Alog2FC <0 A Alog2FC=0
© B19 @ skPyv  @Cmv @ Eesv [ 3% @ruA  @FLUB () HAMV-C @ HHV-1 @ HHV-2 @ HHV-6A @ HHv-68 HIV-1
@ HwmpV HPVH @RSV OHTLV-1 @ JCPyv KSHV @ Vev ® mRWV @ NWV @ RV SARS-COV @ VACV
125
VTEHDTLLY NLLIRCLRC \ — \revELFL TPRVTGGGAM ELKRKMIYM FRCPRRFCF
100 GLCTLVAML MLWYTVYNI '4 RPHERNGFTVL IVTDFSVIK . EPLPQGQLTAY
: LLDFVRFMGY RAKFKQLL IPSINVHHY -
LLHTDFEQV GILGFVFTL TYSQ&\II\(/;%!ADYFE'YRPPIFIRRL YERMCNIL 3
7.5 . RLPRYLACL o DFKSKYLTL ® =
LLWARRPRL | s, RPMTYKGAL o ' 3
50 . . . ¢ 1 : T
8 ° _ ¢ g
o TRATKMQYIQ &
25 . *
(9]
[
o
00
5i2s . ALFFFDIDL
% FMVELQTHI 51 mwiTQv
2100 : LTAPTGCIKK
= FYIQMCTEL
JCTLVAML . LLWAARPRL . . ELKRKMIYM FRCPRRFCF £
75 . MLWYTVYNI NLVEMVA RAKFKQLL g
e  ELAGIGILTV RLPRYLACL v RPMTYKGAL YERMCNIL 2
.. * TPRVIGGGAM )
50 RPMTYKAAY 4 g
25 ;
0.0
B Alog2FC C D E
<0 >0 o 1.001 062 05
[ w1 B
104 f 8 10.0
/ o . z o
£ Y 0., "8aS o B .8 &
o ﬁ AR o «'On,.v'l' 1 | : 4] 8-. 751
o° =) A : e kel
> 54 Ke) ° I T T o o
< . H ' ' ' c [
x _9cd 7@ ' . ° . H N ' s < 3
< 1 =25 . H : H ' ' ' F=1 5 ~ |
s | . N Lo B S s0{&+°
= -501 ! o . &y®
04 1 ' H . | ' | & E
n=564 n=83, =757 ' [ v o ' 7
87.2% _ 12.8% : P H I ! 259 o
RS R & 1 2 374 56 78 9
PORNNFOR ' S &S
N N Epitopes Est. frequency (%): N
1 NY-ESO-SLLMWITQV 2 MART-1-ELAGIGILTV 3 1CP27 homolog-GLCTLVAML a S W
4MP1-GILGFVFTL ~ 5BZLF1-RAKFKQLL 6 EBNAG-LLDFVRFMGY °01 @05 @10 ‘5-0 ‘?{“\O\V +f<i"$<\°
- - - »
7E1A-LLDQLIEEV 8 UL29/28-FRCPRRFCF 9 BZLF1-EPLPQGQLTAY ® Reactive @ Mixed @ Non-reactive i\yo i&y
F CMV  EBV FLU-A HPV HHV-1 B19 HAdV-C JCPy Vzv  Hiv-1 VAcv G n(responses)=
1251 **%* KK KKK KKK KK * FK 0.06 ns ns ** 1 2121 4 5 1 4 51621921270 9 54 9 8 1256 4 4 26 8 4 1
: i — — i — /i — [l [l — 1.00
.
. o
L 1007 * . a
Y €075
N 2
S 75 P
3 i . s ° 050
< 501 . c
< o
= ‘ |];:| g 0.25
251 é W So.
001 0.00
S &@@ S S @@ @@ S @@ &me TR PR QR N RV TR P NN A S
SRS ST S S AT & S S LI STR (TR S LA S
& & FF$FF @ FFT @ RSy ST SO %‘3\ e "‘igf"c R &\\VQ’@A &
L,

Fig. 3. Simultaneous evaluation of epitope binding and reactivity for large epitope libraries captures a hierarchy of antigen-specific CD8 T cells with heteroge-
neous antigen reactivity. (A) Compiled epitope recognition for 48 donors. Detectable T cell populations are colored corresponding to their virus of origin. The size of the
dots denotes the estimated frequency of the underlying epitope-specific CD8 T cells. (B) Barcode enrichment scores comparing unstimulated samples to stimulation
samples. (C) Epitope recognition including underlying estimated frequency (dot size) depicted according to the observed reactivity score (—Alog2FC). Each epitope and
corresponding epitope-specific populations are ranked on the horizontal axis according to average Alog2FC and grouped in three bins: —Alog2FC > 0.75 (“Reactive”),
—0.75 < —Alog2FC < 0.75 (“Mixed"), and —Alog2FC < —0.75 (“Nonreactive”). Notable responses are highlighted with black borders and their identities were specified on
the bottom axis. (D) Proportion of reactive, mixed, and nonreactive CD8T cell recognition toward tumor-associated epitopes restricted to HLA-A*02:01. Numbers above
each column denote the total number of independent responses discovered for each epitope specificity. (E) Barcode enrichment scores for each of the CD8T cell popula-
tions recognizing tumor-associated epitopes, in the unstimulated versus stimulated condition. (F) Pairwise comparison of barcode enrichment scores following stimula-
tion for representative virus origins (see fig. S3D for all virus groups). (G) Proportion of reactive, mixed, and nonreactive epitope recognition among virus-specific CD8 T
cells across all donors. Numbers above each column denote the total number of independent responses discovered for each virus origin. P values in (E) and (F) were cal-
culated using paired Wilcoxon test. Boxplot bounds show the 25th and 75th percentiles along with the median. Upper and lower whiskers span the range of data up to
1.5% of the IQR. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Experiments were performed once.
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frequency: 0.23%), and C*07:02-restricted UL29/28-FRCPRRFCF
from CMV (mean estimated frequency: 7.16%). Examples of nonre-
active populations featured recognition of A*02:01-restricted NY-
ESO-SLLMWITQV (mean estimated frequency: 0.02%) and to some
extent MART1-ELAGIGILTV (mean estimated frequency: 0.11%),
which were detected in 2 and 12 independent donors, respectively
(Fig.3,Dand E).

To explore reactivity hierarchies between T cell responses targeting
different viruses, we grouped T cell recognition of epitopes derived
from the same virus together and compared their overall enrichment
scores as well as their frequency of reactive, mixed, and nonreactive
response patterns (Fig. 3, F and G, and fig. S3A). A significant reduc-
tion in barcode enrichment scores were found for a range of viruses
including EBV, CMV, FLU-A, human papillomavirus (HPV), herpes
simplex virus 1 (HHV-1), B19 parvovirus (B19), HAdV-C, JC poly-
omavirus (JCPyV, p = 0.06), vaccinia virus (VACV), Kaposi's sarcoma-
associated herpesvirus (KSHV), human metapneumovirus (HMPV),
human herpesvirus 6B (HHV-6B), severe acute respiratory syndrome
coronavirus (SARS-COV), and rotavirus A (RTV, p = 0.06) (fig. S3A).
However, when taking into account donor-specific heterogeneity, we
found that VACV, HHV-1, BK Polyomavirus, and HIV-1 in particular
showed a bimodal distribution, with reactivity assigned only in ap-
proximately half of the donors (Fig. 3G).

In summary, our methodology enabled large-scale discovery of
virus-specific CD8 T cells across a cohort of PBMC donors, reveal-
ing a reactivity hierarchy between virus infections.

A reference map of high-confidence virus-derived CD8 T cell
epitopes and their associated antigen reactivity

Ranking epitope recognition by measured antigen reactivity adds im-
portant additional information when generating reference maps of
epitopes recognized in cohorts of interest. To derive a reference map of
high-confidence CD8 T cell virus epitopes from common virus infec-
tions in our donors, we selected all epitopes recognized in at least two
independent donors and ranked them according to the proportion of
reactive, mixed, and nonreactive epitope-specific CD8 T cell popula-
tions among the detected responses (Fig. 4 and tables S2 and S3). In
total, we report 137 virus epitopes, out of which 84% (115 epitopes)
featured reactivity to peptide stimulation in >50% of cases. Sixteen
epitopes were dominated by T cell responses with mixed reactivity. Fi-
nally, we observed that EBNA4-RAKFKQLL, LMP2-RRRWRRLTYV,
EBNA-1-FVYGGSKTSL, ICP22-APRIGGRRA, LMP2-PYLFWLAAL,
and D1-RPSTRNFFEL were more heterogeneous, with no single of the
three categories exceeding 50%. We present data on cohort-wide anti-
gen reactivity in Fig. 4 as a heatmap and in a tabular format in tables S2
and S3 along with the prevalence of CD8 T cell recognition across
our cohort, the average population frequency observed in peripheral
blood, the number of IEDB reports associated to a given epitope, the
average “reactivity score” Alog2FC, and the predicted MHC binding
affinity for each epitope (netMHCpan v. 4.1) (36).

Consistent with previous reports on impaired priming (37), main-
tenance (38, 39), and memory formation (40) for bystander virus-
specific CD8 T cells during chronic virus infection, we observed that
donors recently or chronically infected with hepatitis virus exhibited
reduced frequency of bystander virus-specific CD8 T cells compared
to healthy donors. This effect was observed in an HLA-diverse setting
(fig. S3, B and C), but was particularly pronounced for EBV, FLU-A,
and HHV-1 infection in an HLA-A*02:01-controlled setting where
CMV-specific CD8 T cells also exhibited a tendency for reduced

Kristensen et al., Sci. Adv. 10, eadm8951 (2024) 12 April 2024
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peripheral frequency (fig. S3D). Age defined as two age groups, young
adult (age < 30 years) versus old adult (age > 60 years), did not gener-
ally affect the median observed frequency of virus-specific CD8 T
cells within hepatitis virus-infected donors (fig. S3, E and F). Age and
sex were not accessible for anonymous healthy blood donors. In sum-
mary, we find that bystander CD8 T cells exhibit reduced frequency
during hepatitis virus infection.

CMV- and EBV-specific CD8 T cell populations were overall larg-
er as indicated by median frequencies of 0.14% and 0.09%, respec-
tively, compared to FLU-A-, HHV-1-, and KSHV-specific CD8 T
cell populations with median frequencies at 0.03%, 0.04%, and 0.03%
(Fig. 5A), respectively, supporting previous findings (41). CMV-
specific CD8 T cells were also detected at a statistically higher fre-
quencies than HPV and polyoma-specific CD8 T cells, although the
latter entailed too few observations to adequately estimate the P val-
ue. Epitope-specific CD8 T cells targeting VACV, B19, HadV-C, and
HHV-6B were present at similar median frequencies as CMV and
EBV at 0.07%, 0.09%, 0.1%, and 0.13%, respectively (Fig. 5A). We
also summarized the number of high-confidence epitopes found for
each HLA allele. As expected, because of the large number of IEDB-
derived candidate epitopes restricted by HLA A*02:01, most of the
identified 137 virus epitopes in our screening were restricted by this
allele (Fig. 5B and fig. S2A). These data establish a reference map of
virus-specific CD8 T cells based on a large library of viral antigens
across multiple viruses and HLA alleles.

Among the 137 high-confidence epitopes, for which T cell recogni-
tion was detected, several were minimally described in IEDB (Fig. 5, C
and D). This was furthermore visible from the numerically significant
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yet weak correlation between IEDB assay reports and observed preva-
lence of reactivity (R = 0.26 to 0.30, Fig. 5E).

Together, we report recognition of 137 common virus epitopes
along with corresponding antigen reactivity, prevalence, and mean
frequency of T cell recognition, by comparing all epitopes in a single
experimental framework.

Differences in antigen reactivity reflect co-receptor
expression and effector differentiation

To investigate phenotypic characteristics of reactive and nonreac-
tive responses, we selected 12 donors for verification using con-
ventional pMHC tetramers and immunophenotyping including
specificities from CMV, EBV, FLU-A, B19, varizella-zoster-virus
(VZV),HAdV-C, HHV-1, HHV-6B, and MART-1. We ranked each
donor-derived T cell response according to reactive, mixed, and
nonreactive categories introduced in Fig. 3. Up to six specificities
were encoded per staining reaction using up to two fluorescent tet-
ramers (Fig. 6A). We found that virus-specific CD8 T cell fre-
quencies assessed using conventional tetramers closely matched
with the estimated frequencies acquired from the initial barcoded
pMHC multimer screens (R =0.7, P=3.5 X 10719 (Fig. 6B). Inter-
estingly, we observed pronounced phenotypic heterogeneity be-
tween epitope-specific T cells recognizing different virus antigens
of interest (Fig. 6, C and D, and fig. S4, A and B). Epitope-specific
CD8 T cells recognizing CMV and B19 infections were, for exam-
ple, dominated by effector memory T cells (Tem, CCR7-CD45RA"),
whereas epitope-specific CD8 T cells recognizing FLU-A, HAdV-
C, and HHV-1 exhibited central memory (Tcm, CCR7*CD45RA")
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Fig. 5. Common virus epitopes associated with reactivity and nonreactivity. (A) Estimated frequency in unstimulated samples for all responses detected across 48
donors grouped by virus origin. (B) Number of commonly recognized epitopes per HLA. (C) Number of commonly recognized epitopes grouped in three bins according
to number of reported assays in IEDB at the time of epitope selection. Structural assays such as x-ray crystallography were excluded from this count (see Materials and
Methods). (D) Number of epitopes associated with minimal reactivity grouped in three bins according to number of reported qualitative binding assays in IEDB including
pPMHC multimers. (E) Correlation between observed prevalence and IEDB assay reports for all 109 epitopes associated with common reactivity. The shaded area represents
the 95% confidence interval. Left: All data. Right: Outliers with extreme number of reports were exclude (above 65 assays). All metrics from IEDB stem from the original
database search in October 2020. Correlations and associated P values were calculated using Spearman correlation. P values were calculated in (A) using Dunn’s test and
adjusted using the Benjamini-Hochberg method. Boxplot bounds show the 25th and 75th percentiles along with the median. Upper and lower whiskers span the range
of data up to 1.5% of the IQR. *P < 0.05, ****P < 0.0001.
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and stem-like memory (Tscm, CCR7*CD45RA*CD95%) pheno-
types (Fig. 6D). Recognition of CMV epitopes was additionally as-
sociated with expression of GzmB (Fig. 6D).

When grouped into nonreactive, mixed, and reactive responses,
we observed that CD8 co-receptor density was strongly reduced for
the majority of nonreactive epitope-specific CD8 T cell responses
(Fig. 6E). Additionally, we observed a high propensity for naive phe-
notypes (Tn, CCR7*CD45RA™CD957) among nonreactive epitope-
specific CD8 T cells (Fig. 6E), which was not explained by nonspecific

evident (fig. S4C). This is consistent with prior literature showing that
naive CD8 T cells can exhibit reduced TCR sensitivity due to low sur-
face expression of the CD8 co-receptor (18). The lack of reactivity
among naive CD8 T cells also aligns with previous description of an-
ergic MART-1-ELAGIGILTYV specific T cells in healthy (non-vitiligo,
non-melanoma) donors (21, 42). We additionally observed increased
proportion of Tem cells among reactive epitope-specific CD8 T cells
and a reduced proportion among mixed and nonreactive epitope-
specific CD8 T cells (Fig. 6E). Tcm cells and effector memory T cells

binding as phenotypic enrichment compared to bulk CD8 T cells was  re-expression CD45RA (Temra, CCR7“CD45RA™) populations were

A Fluorescent encoding Data acquisition and 1 ILIEGIFFV (VZV) LLHTDFEQV (B19) NLVPMVATV (CMv) B
of tetramers preprocessing © R=073,P=22x10"
S (]
PE | PECy7 Phenotyping 5 ‘ é o
CDA4SRA, CCR7, g 019 |d w +7
D95, CD57, T o T4 3‘-8 1.0
N 7 () c
Cgﬁr;;;’légé Tet+ T cells, =1 . = Tt gL
. ' ©
CD27,CD28 >20evts Tet-PE-Cy7 Tet-APC 38
()3 ] EZ o1
Annotation n(tet) =62 E [=)
n(donor) =12 § 4 g
Reactivity = S 001] oo o *.
score b I i
(Alog2FQ) S | eLaciGiLTv GILGFVFTL GLCTLVAML oor 01 10 10
I (MART) 0048 (FLu-A) 0065 ey O Verified frequency + 0.01%
E (tetramers)
C Tet-PE-Cy7 Tet-PE Tet-APC
Bulk CD8 NLVPMVATV (CMV) GLCTLVAML (EBV) ILIEGIFFV (VZV) LLHTDFEQV (B19) GILGFVFTL (FLU-A) ELAGIGILTV (MART-1)
4 719 | 9.24 | 4 1.88 | 0.34] 9.76 | 11.8 | 4 965 | 183 | 1 244 | 087|4 39.2| 7.76] § 6.32 | 454
417 | 590 417 | 370 80.6 | 8.03 721 | 271 46.1 | 6.92 135 | 348
o] ] ] ] ] ] |
5 - * | | [
N uy o ‘-_.’_' 2
& ® T iﬁE
) K
D CD45RA-BV711
HHV-1{ o} HHV-1 {e =Tk HHV-1{ o[ ] HHV-1 {£13 HHV-1 |} « HHV-1{ @
HHV-6B {1}~ HHV-6B {4 HHV-6B ¢ HHV-6B T} HHV-6B{ Tl HHV-6B 4
VACV{ 4l VAV T VACV{@ VACV{E{] . VACVA{4{] . VAV LT =
HAdV-C{ I HAdV-C {1 HAdV-C{ &1 HAdV-C{ I} HAdV-C {8 HAdV-C{ ¢
FLU-A{ <% FLU-A{EJo> FLU-A o} o« o FLU-A { {36 "f— FLU-A{@=_Te~ FLU-A { il
VZV{ T MART-1 11 MART-11{+fF [ MART-1 { ke MART-1{ o[}~ MART-11{ @
MART-1 €3 VZV {4 \7A'AL S LY VZV{—T }+— VZV1 — T }+— vzv4{ 4
B19 of . B19{# B19{¥1 . I B19 — B19{{ B191{ o] N
EBV “Flds EBV {lie ® EBV {§&l—= L i EBV{ e fsltd—2— EBVA{e{® s &% EBV{dl#=—
(@\% — 3 CMV {p= CMV e - CMV {@- CMV {e—=fF S[3d-3 CMV{ &E5Fe d-—=s CMV{ e==fd} ¢
0.01 0.1 1.0 10 0 25 50 75 100 0 10 20 30 0 25 50 75 100 0 25 50 75 100 0 25 50 75 100 0 05 10 15
%Tett of CD8T cells %Tn of tet* cells %Tscm of tet* cells %Tcm of tet* cells %Tem of tet* cells %Temra of tet* cells GzmB MFI of
E tet* cells (x10%)
B - e - .
% 3 —rray | 100 T . 50 100 100 100 . 151 — =
22, . 5 & d 22 4 ’ Eo g, % P :
S . 38 7 . :35 . TgTs g7 vE s "6?10 .
gg'! o B 3 2 2 g2 X7 .
el 25 50 iy 2850 . 2850 ° & 8 50 =2
S30 = . 232 5K 52 o €8 °
ze $ c O . Bp ES £& £k £ sos
2% R % TS S5g2s 'éﬁ ggzsé 59 &8 é
g0, S &5 R . 8 s
Y E—Z ° ° o 0 -L v 0 * q: 0 * 0 3 = 0 0.0 w
g S’ ¢ L&D ¢ &R ¢ L&D ¢ @D 2 ¢ & D & 2D F
S O & EE F Sy & F &S F @ & F @S F @ & QPN
é@q,c ®\$@® é@q,c. @\Q@Q, e&%g ®+Q~ébc e@q,c \&\Q&?, e&%c ®+Q&7,c e&,oo \@Q&?, é@q,o @Q&z

Fig. 6. Differences in antigen reactivity reflect co-receptor expression and effector differentiation. (A) Combinatorial encoding of fluorescent pMHC tetramers, ex-
perimental setup, and data processing for verification of 62 different epitope-specific CD8 T cell populations across 12 donors. Antigen-specific CD8 T cells for a given
fluorophore combination were pregated on CD14~CD19~CD3"CD4~CD8™ T cells negative for irrelevant tetramer fluorophores. Representative tetramer gating is shown
from donor 310. (B) Correlation between observed frequency measured through DNA-labeled MHC multimers (see Materials and Methods) and verified frequency using
fluorescent-labeled tetramers. (C) Markers of memory and effector differentiation CCR7 and CD45RA for bulk and tetramer-positive CD8 T cells of donor 310. (D) Sum-
mary on tetramer frequency, memory phenotypes, and GzmB expression measured by flow cytometry for antigen-specific T cells split by virus origin. (E) Quantification of
CD8 MFI, Tn, Tscm, Tcm, Tem, Temra, and GzmB MFI for tett CD8 T cells grouped by their observed reactivity from initial stimulation and multimer screening. Spearman
correlation was performed in (B). P values were calculated using Dunn’s test and adjusted using the Benjamini-Hochberg method. Boxplot bounds show the 25th and 75th
percentiles along with the median. Upper and lower whiskers span the range of data up to 1.5x of the IQR. *P < 0.05, **P < 0.01, ***P < 0.001. Tet, tetramer. Experiment
was performed once.
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more evenly distributed among the three categories of antigen re-
activity.

We performed FlowSOM clustering (43) to further explore pheno-
typic subsets within nonreactive, mixed, and reactive epitope-specific
CD8 T cells. We then generated a two-dimensional representation of
phenotypic markers using Uniform Manifold Approximation and Pro-
jection (UMAP) (Fig. 7A). Clusters 1 and 2 were identified as memory
CD8 T cells with varying degrees of CD127 expression, cluster 3 con-
sisted of GzmB* Tem cells, clusters 4 and 5 consisted of Ki67* cycling
cells, clusters 6 and 7 consisted of Temra cells, and cluster 8 consisted
of naive CD8 T cells, which were clearly separated from memory CD8
T cells (Fig. 7B). Nonreactive epitope-specific CD8 T cells were again
dominated by naive phenotypes (Fig. 7C). However, two nonreactive
epitope-specific CD8 T cells also exhibited high propensity of CD57(hi)
Temra phenotypes without expression of CD27 and CD28 (Fig. 7C).
This phenotype is consistent with senescent T cell populations that ac-
cumulate in aged individuals (44). FlowSOM generated clusters that
enriched among reactive CD8 T cells included GzmB™ Tems as well
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CD127* memory cells (Fig. 7C). GzmB and CD127 were seemingly
counter-expressed in our analysis (Fig. 7B). GzmB* Tem and CD127*
memory cells therefore likely represent two independent subsets with
high TCR sensitivity for antigen stimulation.

We additionally examined selected T cell populations based on
single-cell transcriptomics. T cell populations were selected based on
pMHC multimer binding, sorted and analyzed through the 10x
Chromium platform. We assigned pMHC specificity, TCR usage,
and transcriptomic features for all captured CD8 T cells. We evalu-
ated 11 different T cell populations and observed that high-frequency
T cells with lower mean reactivity (BZLF1-RAKFKQLL) demon-
strated distinct phenotype characteristics (GZMK, HLA-DR, CD74,
KLRBI, and CRTAM), while the most reactive T cell populations dis-
played GNLY and GZMB expression (fig. S5, A to F).

Together, we conclude that TCR down-regulation and sensitiv-
ity to antigen stimulation is associated with distinct T cell phe-
notypes. Naive as well as senescent phenotypes associate with
reduced TCR sensitivity to antigen stimulation, whereas GzmB™
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Fig. 7. Differences in antigen reactivity reflect co-receptor expression and effector differentiation. (A) Dimensionality reduction of cytometry data from Fig. 6 using
flowSOM and UMAP. Maximum 5000 tetramer* from each population of tetramer* CD8 T cells, and maximum 5000 bulk CD8 T cells were included from each donor for
cluster generation. Maximum 50 random cells from each of tetramer* and bulk CD8 T cell data files were used for the generation of the UMAP. Marker genes used for
FlowSOM clustering are shown along their median scaled expression value. Cluster annotation is shown in (B). (B) Heatmaps representing 8 distinct clusters. Eight clusters
were used to minimally cover Tn, Tem, and Temra along with cycling cells and CD127* memory cells (see Materials and Methods). (C) Proportion of all eight clusters rep-
resented among individual epitope-specific CD8 T cells grouped by response category (nonreactive, mixed, and reactive). Sixty-two tetramer™ populations were included

across 12 donors.
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Tem cells and CD127" memory cells were highly reactive to anti-
gen stimulation.

DISCUSSION

A reference map of commonly recognized epitopes is necessary and
important given the association between the size of the functional
antiviral CD8 T cell response and virus control (45-48). However,
recent evidence also point to virus-specific CD8 T cells recognizing
common virus infections as bystanders, as well as suspected modula-
tors of pathology, in various disease contexts classically regarded to
not involve virus infections including Alzheimer’s disease (49), hepa-
titis virus A infection (50), and many human tumors (51). Here, our
reference list of epitopes could be used to elucidate epitope targets
and activity of bystander T cells to better understand their disease
modulating behavior. Furthermore, bystander CD8 T cells can also
serve as therapeutic targets of reactivation as shown by Rosato et al.
(51), making our list potentially suited for translational application
in cancer immunotherapy as well.

A concise list of commonly recognized epitopes could moreover
prove useful for further characterization of how different environ-
mental exposures affect the antigen-specific repertoire and pheno-
type of bystander-specific CD8 T cells as we age—including but not
limited to the definition of T cell-intrinsic transcriptomic programs
involved in memory attrition of bystander-specific CD8 T cells dur-
ing chronic virus infection as is known from various murine models
(37, 39, 40).

We present a method that allows the separation of T cell popula-
tions based of their capacity to respond to antigen stimulation, in
large pools of peptides, while retaining the pMHC-specific recogni-
tion information. By applying this method, a deeper knowledge can
be achieved related to T cell responsiveness in a given donor. Ranking
each epitope according to the observed prevalence of reactivity al-
lowed us to further explore phenotypic heterogeneity between
antigen-specific populations of CD8 T cells, revealing that nonreac-
tive epitope-specific populations, in addition to senescent Temra-like
phenotypes, were associated with CD8", naive-like phenotypes, con-
sistent with prior literature from mice that naive CD8 T cells down-
regulate CD8 expression and TCR sensitivity through a process of
“co-receptor tuning” (18). Given that the loss of CD8 co-receptor ex-
pression was evident and uniform for the majority of observed nonre-
active populations, we speculate that the same phenomenon may
occur for Temra-like CD8 T cells expressing CD57 and CD45RA
while lacking CCR7, CD27, and CD28. These hallmarks, as well as
GZMEK expression, are consistent with replicative senescence (44).

There is a general association between T cell reactivity and T cell
phenotype, but some phenoty&?es can result in different functional sig-
natures; e.g., the Temra CD57" population is represented in both reac-
tive and nonreactive T cell pools. The difference observed between
functional and nonfunctional Temra CD57™ populations could poten-
tially be further elucidated based on the infection and vaccination his-
tory of our donors; however, such information was unavailable, and for
most donors, it will be highly diverse, given the breadth of viruses that
we are covering. Thus, here, we cannot relate the infection history to
the T cell phenotype and reactivity observations made.

The capture of nonreactive T cell populations could additionally
arise from non-TCR-driven pMHC binding. It has been demonstrat-
ed that MHC multimer binding can occur through non-TCR-driven
receptor:ligand interactions with the pMHC molecule; e.g., NK

Kristensen et al., Sci. Adv. 10, eadm8951 (2024) 12 April 2024

receptors are known to show some peptide preferences in their bind-
ing to HLA class I (52). Here, however, the characteristics observed in
the nonreactive T cell pool associated mostly with these being naive
or Temra CD57" and directed to viruses and epitopes where lim-
ited exposure is expected, such as VACV, MART-1, and NY-
ESO. Furthermore, all nonreactive populations displayed a distinct
peptide-specific recognition pattern, which is rarely the case for TCR-
independent binding.

Our study highlights two biases related to manually curated epitope
databases such as IEDB: (i) prevalence of recognition in actual cohort
does not correlate with frequency by which each epitope has been
studied, and (ii) knowledge on adaptive T cell immunology continues
to be biased toward epitopes restricted to HLA-A*02:01. A large num-
ber of unrecognized epitopes from common virus infections restricted
to non-HLA A*02:01 alleles consequently await exploration, e.g., in
the context of HAdV-C, B19, and JCPyV virus, which had comparable
reactivity profiles to FLU-A, EBV, and CMV. A broader range of epit-
opes restricted by more HLA alleles will need to be assessed in future
studies to understand potential within-host heterogeneity and to en-
able studies in ethnically diverse populations with low HLA A*02:01
frequency. A limitation to this study was that all samples from hepatitis
donors as well as 11 of 27 healthy donors were taken before October
2019 predating the COVID-19 pandemic and hence not evaluated for
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) T cell
reactivity. Nevertheless, epitope data using binding as an exclusive
metric for epitope identification are available for SARS-CoV-2 using
similar protocols as presented here (53).

MATERIALS AND METHODS

Donor material

Whole blood from 27 anonymous blood donors were obtained at the
central blood bank at Rigshospitalet, Copenhagen, and enriched for
PBMCs using density centrifugation in Leucosep tubes before cryo-
preservation at —150°C in fetal bovine serum plus 10% dimethyl sulf-
oxide (DMSO) PBMC:s from 21 patients with hepatitis were collected
and cryopreserved under protocol ID #1999-P004983 “Cell Mediated
Immunity in Viral hepatitis” We selected 21 samples from a repository
with HLA-typed specimens from over 2000 individuals with viral hep-
atitis, based on the expression of rarer HLA types represented in
our multimer library, and to represent diverse age groups, 10 patients
above 60 and 10 patients below 30 were selected for investigation. The
samples was derived from 11 female and 10 male donors, 20 had HCV
and 1 had HBV infection, based on serological and virological testing.
Of the participants with HCV; 13 had long-term chronic infection (age
25 to 73, median 62, three treatment experienced with one sustained
virological response) and 7 were within the first year of HCV infection
(age 19 to 26, mean 24). HCV-positive donors were not investigated for
HCV CD8 T cell reactivity but included due to the age-controlled in-
formation in this cohort. For anonymous blood donors, HLA informa-
tion were obtained through NGS typing services at DKMS Life Science
Lab GbmH (Dresden, Germany). For patients with hepatitis, HLA
typing was obtained through services at University of Oklahoma
Health Sciences Center typing. All samples from hepatitis donors as
well as 11 of 27 healthy donors were taken before October 2019 predat-
ing the COVID-19 pandemic. Additional serology was not performed
to determine infection status for common virus infections. All patients
and healthy donors provided informed consent before sampling and
according to the principles of the Declaration of Helsinki.
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Assembly of DNA barcode-labeled dextran

multimer libraries

See Supplementary Methods for details on epitope selection. As-
sembly of DNA barcode-labeled dextran multimer libraries was
performed using biotinylated combinatorial DNA barcodes (24)
(LGC Biosearch, 2.17 uM), fluorescent streptavidin-dextran con-
jugates (Fina Biosolutions Inc., 160 nM), and custom recombi-
nant, biotinylated, UV-cleavable pMHC monomers (50 pg/ml or
approximately 1 pM). Fluorescent dextran conjugates were cen-
trifuged twice at 10,000¢ (2 min, 4°C) to remove aggregates, fol-
lowed by preincubation with biotinylated DNA barcodes for 30 min
at 4°C at a molar ratio of 0.5 DNA barcodes per dextran. Peptide-
loaded pMHC monomers were subsequently spun at 3300g, 4°C,
5 min, before the addition of supernatant to barcoded dextran
conjugates at a molar ratio of 16 to 18 pMHC monomers per
dextran. Finally, a premixed freezing buffer was added to a final
concentration of phosphate-buffered saline (PBS), 1.5 pM bp-
biotin, 0.1 mg/ml Herring-DNA, 0.5% bovine serum albumin,
2 mM EDTA, and 5% glycerol. Assembled, DNA barcode-labeled
multimers were incubated for 20 min at 4°C before storage at
—20°C. The initial concentration of dextran backbone was 160
nM and the final concentration of the assembled multimer was
35.56 nM before staining. See Supplementary Methods for fur-
ther details.

Pooled peptide stimulation

HLA-restricted peptide pools were generated using a liquid handling
robot and stored at —20°C until needed. Donor-specific pools were
generated on the day of stimulation with 10 pM of each peptide, and
used at a final concentration of 1 pM. Cryopreserved PBMCs were
thawed using X-Vivo 15 and 5% human serum. All samples were
washed twice in 10 ml of media before 2 to 3 million PBMCs
were added to PBS-diluted peptides or equimolar DMSO controls.

Flow cytometry and sorting of multimer-binding CD8 T cells
A total of 1.5 pl of each assembled DNA barcode-labeled multimer
was pooled for every stain. Two staining reactions were prepared
for each donor. Multimers were first pooled in HLA-restricted
pools and subsequently divided into HLA-matching, patient-
specific multimer pools. Multimer pools were then concentrated
and spun twice to remove aggregates before staining each stimu-
lated/unstimulated sample for 15 min at 37°C followed by labeling
with surface antibodies and viability dyes at 4°C. See Supplemen-
tary Methods for further details on staining with DNA barcode-
labeled multimers as well as combinatorial encoded fluorescent
tetramers.

Amplicon sequencing

Co-attached DNA barcodes from sorted antigen-specific populations
were amplified using Taq polymerase and sample-indexed primers as
described previously (24); see Supplementary Methods for details and
supplemental table 3 for PCR primers.

Sequence analysis

Sequence analysis to calculate significantly enriched DNA barcodes
after cell sorting was run as previously described (24) using the
Barracoda 1.8 web service (https://services.healthtech.dtu.dk/service.
php?Barracoda-1.8). See Supplementary Methods for a detailed de-
scription of the Barracoda pipeline.

Kristensen et al., Sci. Adv. 10, eadm8951 (2024) 12 April 2024

Computational analysis of flow cytometry data

A number of tetramer™ cells were evaluated using FlowJo and com-
pensated fluorescence intensities were exported for each tetramer™
population with more than 20 tetramer™ cells. A maximum of 5000 cells
were exported from each CD14”CD19"CD3"CD4~CD8" tetramer™
population. Each tetramer™ population was enumerated after exclu-
sion of other tetramer-associated fluorescent colors. A total of 5000
cells were also exported from each population of bulk CD8 T cells.
The R package CATALYST (54, 55) and flowcore (56) were used for
processing before annotation and conversion to a SingleCellExperi-
ment object where UMAP and flowSOM analysis was performed.
CD45RA, CCR7, CD95, CD127, GzmB, CD57, Ki67, CD27, CD28,
and GzmB were selected for clustering. CD25, CD4, CD3, CD§,
tetramer-dedicated channels, CD14, NIR, and CD19 were deselected.
Eight clusters were chosen for flowSOM clustering, as an elbow plot
featured loss of information at eight clusters along with a suitable
resolution of memory, effector, and naive subsets.

Statistical analysis

Flow analysis was done with Flow]Jo v10.8.1. Flow]Jo tables and Bar-
racoda outputs were merged and processed for statistical analysis and
visualization in R v4.0.5. All correlation plots used Spearman correla-
tions, all two-sample comparisons are performed using Wilcoxon
test. Omnibus tests were done using Kruskal-Wallis test, and post hoc
analysis among multiple groups was performed using Dunn’s test with
correction for multiple hypothesis testing using Benjamini-Hochberg.
All experiments were performed once using multiple technical con-
trols or biological replicates as stated in the figure texts.

Supplementary Materials
This PDF file includes:

Supplementary Materials and Methods
Table S5

Figs.S1to S5

Legends for tables S1 to S4
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