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Abstract: CD8* T cells are crucial adaptive immune effectors and express receptors (T cell receptors, TCRs) that
specifically recognize and eradicate tumor cells. The diversity of the TCR repertoire is generated by specialized
genetic diversification mechanisms, which lead to an extremely variable TCR repertoire that is capable of recogniz-
ing a wide range of antigens. However, the variations in CD8* TCR diversity and their clinical implications in acute
myeloid leukemia (AML) patients remain unknown. CD8* T cells were enriched from 10 healthy donors and 31 AML
patients at diagnosis and after chemotherapy, and TCRp deep sequencing was performed to analyze CD8* T cell
clonal expansion and TCR repertoire diversity. Diminished TCR repertoire diversity and increased T cell clone expan-
sion were noted in the bone marrow of AML patients. In relapsed patients, T cells were found to be more clonally
expanded after chemotherapy than at new diagnosis. Moreover, significantly more expanded TCR{ clonotypes were
noted in CD8* PD-1* T cells than in CD8* PD-1" T cells regardless of the time of examination. Our systematic T cell
repertoire analysis may help better characterize CD8* T cells before and after chemotherapy in AML, which may
provide insights into therapeutic strategies for hematological malignancies.

Keywords: CD8* T cell, T cell receptor, bone marrow, programmed death-1, acute myeloid leukemia

Introduction checkpoint blockade intervention and T cell

engineering [3]. Potential new immunothera-

Acute myeloid leukemia (AML) is a progressive
malignant disorder that is often associated
with poor survival rates. In recent decades, lit-
tle has changed in the induction chemotherapy
used to treat AML. While the majority of AML
patients achieve complete remission (CR) at
the outset, most of them fail to sustain such
responses for a long time due to chemoresis-
tance [1]. Considerable effort has been dedi-
cated to elucidating the drug resistance mech-
anisms in leukemia, but little attention has
been paid to the differences in immune signal-
ing in response to chemotherapy between re-
sponsive patients and nonresponsive patients
[2]. Cancer immunotherapy has attracted con-
siderable attention as a novel therapeutic
approach because of reported successes in

peutic modalities hold much promise for the
treatment of AML and are likely to increase in
the future [4-8]; however, many significant chal-
lenges remain [9, 10]. Hence, characterization
of the immune and biological features of this
disease is the key to optimizing the therapeutic
strategy for AML patients.

CD8* T cells are the main cytotoxic effector
cells and mediate apoptosis through the T cell
receptor (TCR), which recognizes tumor-ex-
pressed antigenic peptides bound to MHC class
I molecules [11]. The TCR is composed of two
constituent chains («f or yd), which undergo
a V(D)J recombination process. As the most
diverse portion of the variable region, comple-
mentarity-determining region 3 (CDR3) is the
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primary contributor to the specificity of T cell
antigen recognition [12, 13]. Recent studies
suggested that 6-CDR3s in yd T cells can pre-
dict clinical responses in AML patients [14, 15].
Despite the potential of the TCR as a therapeu-
tic target, CD8" TCR repertoire dynamics and
the mechanisms by which the TCR is modulat-
ed during chemotherapy are still poorly under-
stood. a3 T cells are the predominant subset,
making up approximately 90-95% of all periph-
eral T cells in healthy adults [16]. Therefore, it is
crucial to assess the characteristics of the
CD8* TCR repertoire and investigate its clinical
significance in AML patients.

It has become increasingly clear that pro-
grammed death-1 (PD-1) is a key regulator of T
cell dysfunction after exposure to antigen stim-
ulation [17]. A recent study reported functional
skewing of CD8* T cells in newly diagnosed AML
patients, which was correlated with upregula-
tion of PD-1 expression [18]. As expected, the
response to chemotherapy is associated with
upregulation of costimulatory molecules and
attenuation of apoptotic signaling [19]. Com-
pared to that at the time of new diagnosis, sig-
nificantly higher PD-1 expression on CD8* T
cells was noted at the time of relapse. However,
treatment with PD-1 pathway blockade or the
costimulatory molecule OX40 results in in-
creased CD8"* T cell effector function [2, 6, 20].
These findings indicated that implicated PD-1*
CD8* T cells in AML progression and suggested
that this factor may be used to promote cy-
totoxicity.

The diversity of the TCR repertoire may reflect
differential recognition of neoantigens. The
PD-1* CD8* phenotype has been identified as a
marker of T cell exhaustion and has been prov-
en to display neoantigen-specific cytotoxic
activity [21, 22]. A diversified TCR repertoire
enables the host immune system to recognize
a large variety of tumor neoantigens [23].
Hence, an improved understanding of the PD-1*
CD8* TCR repertoire would enable more effec-
tive clinical and therapeutic strategies for AML
patients.

In this study, we performed RNA sequencing of
the CDR3 region from TCRp chains of af CD8*
T cells and examined the different clonal expan-
sion patterns between AML and healthy donor
samples. In addition, we analyzed T cell clonal-
ity and distribution in paired patient samples
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collected at diagnosis and after chemotherapy.
We further studied the TCR repertoire dynam-
ics of PD-1" negative and PD-1 positive CD8* T
cells. We found that TCR repertoire diversity
was correlated with clinical outcomes. Colle-
ctively, these results underscored the antitu-
mor reactivity of CD8* T cells and the value of
the CD8* T cell repertoire as a potential prog-
nostic marker for AML, highlighting the impor-
tance of immune intervention.

Materials and methods
Samples

This study was approved by the Institutional
Review Board (IRB) of the Affiliated Hospital of
Guizhou Medical University. All subjects provid-
ed their written informed consent in accor-
dance with the Declaration of Helsinki. The
clinical and demographic data for all the sub-
jects are summarized in Table S1. Peripheral
blood mononuclear cells (PBMCs) and bone
marrow mononuclear cells (BMMCs) were
obtained from healthy donors and AML patients
at diagnosis and after chemotherapy. Complete
remission (CR) was considered to be less than
5% blasts in the bone marrow (BM) by morpho-
logic evaluation, with a neutrophil count greater
than 1 x 10%/L and a platelet count greater
than 1 x 10%/L.

Flow cytometry

PBMCs or BMMCs were collected via densi-
ty gradient centrifugation using Ficoll-Paque
reagents (GE Healthcare, Sweden), cryopre-
served in 90% human serum, and formulated
with 10% DMSO. CD8* T cells were purified
using the Dynabeads CD8 Positive Isolation Kit
(Life Technologies, Norway) according to the
manufacturer’s protocol. The purity of sorted T
cell samples was >90%, as determined by flow
cytometry. PD-1 expression analysis of CD8" T
cells and CD8* PD-1* and CD8* PD-1' T cell sort-
ing was performed on a BD Biosciences FACS
Aria ll.

RNA isolation and TCRf3 sequencing

CD8* T cells were enriched using the Dynabeads
CD8 Positive Isolation Kit. RNA was extracted
using the Ultrapure RNA Kit (Cwbiotech, Beijing,
China). For quantitating RNA samples, a Qubit
RNA HS Assay Kit (Thermo Fisher Scientific,
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Pleasanton CA, USA) was used. The Agilent
RNA 6000 Nano Kit and Agilent 2100 Bio-
analyzer were used for RNA integrity assess-
ment. For each sample, 20 ng of total RNA was
reverse transcribed using SuperScript IV VILO
Master Mix (Thermo Fisher Scientific), and then
25 ng cDNA was target amplified using the
Oncomine TCR Beta-LR Assay Kit (Thermo
Fisher Scientific). Libraries were purified, dilut-
ed 1:100 and quantified using the lon Library
Quantitation Kit (Thermo Fisher Scientific) and
then diluted to 25 pM with low TE buffer.
Samples were pooled on an lon 530 chip for
sequencing via the lon S5 System, followed by
analysis via the lon Reporter. Total RNA from
the Jurkat cell line was obtained from a clono-
type with a T cell phenotype. T cell leukemia
(Jurkat) total RNA was derived from a cell line
consisting of a single T cell clonotype. For the
control, running the Oncomine™ TCR Beta
Assay on Jurkat total RNA detected a single
clonotype.

Equal numbers of available cells in CD8* PD-1*
(2~5 x 10* cells) and CD8* PD-1- (2~5 x 10*
cells) T cell populations from each sample were
collected for RNA extraction and subsequent
TCRp sequencing.

Data processing and analysis

Repertoire quality metric analysis was per-
formed via the Oncomine™ TCR Beta-LR Assay
workflow in the lon Reporter™ Software. The
Shannon index and Gini index were used to
characterize the frequency and sequence fea-
tures of clonotypes. The Gini index was calcu-
lated as AAﬁ , in which, for a set of clone fre-
quencies, A represents the difference between
the total area under the line of equality and the
area under the Lorenz curve, and B represents
the area under the Lorenz curve. The index
ranges from O to 1. Higher values indicate dis-
similar clone sizes, while lower values indicate
more similar clone sizes. Shannon entropy was
R

calculated as -Zijlpilogz(p;), where p; indi-
cates the frequency of the i clone, and R indi-
cates the total number of clones [24]. Samples
with many clones of similar frequencies have
high Shannon diversity. Subsequent analysis
of the TCR repertoire was performed using
VDJtools [25], tcRpackages [26], Treemap [27],
and mothur [28].

The Mann-Whitney U-test was used to deter-
mine whether there were differences between

3975

the two groups. Analysis of covariance was ini-
tially used for the multiple group comparison.
Correction for multiple tests was performed
using the false discovery rate method. The
Wilcoxon signed-rank test was used for ma-
tched paired comparisons.

Results

Extensive clonally expanded CD8* T cell popu-
lations in the BM of AML patients

The overall design of this study is shown sche-
matically in Figure 1. The distribution plot of
the top 100 TCR clonotypes in BM and PB from
one AML patient and one healthy donor is
shown in Figure 2A. The graph demonstrates
increased clonal expansion in the BM of the
AML patient compared to the other groups.
Figure 2B shows that the total/unique clono-
type ratios were higher in the BM of AML
patients than in the PB of AML patients and in
the BM and PB of healthy donors. A markedly
higher frequency of highly expanded clones
(HECs) [29] was noted in the BM and PB of AML
patients than in those of healthy donors (Figure
2C). In addition, the Shannon index and Gini
index were used to evaluate the TCR repertoire
diversity. As shown in Figure 2D, the Shannon
index for the BM of AML patients was signifi-
cantly higher than that for the PB of AML
patients and the BM and PB of healthy donors;
in contrast, the Gini index for the BM of AML
patients showed a pronounced reduction com-
pared with that for the other groups (Figure 2E).
Collectively, these findings showed that in CD8*
T cells from the BM of AML patients, a decline
in T cell repertoire diversity is closely associat-
ed with clonotypic expansion.

Comparison of overall usage of TCR( V-J re-
arrangements in AML patients and healthy
donors

We identified a total of 60 distinguishable ge-
ne transcription segments from the TCRB V
(TRBV) loci, 2 from the TCRB D (TRBD) loci, 13
from the TCRB J (TRBJ) loci, and 780 rearrange-
ments in the TRBV-J region. In the graph in
Figure 3A, each rearrangement event in TRBV-J
is denoted by a dot, with its size indicating the
average frequency of the rearrangement in the
sample group. Similar overall usage profiles of
the rearranged TRBV/J segments were noted
between BM and PB from healthy donors (81
differentially expressed rearrangements) and
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Figure 1. Schematic illustration of the overall study design. The differences of TCR repertoire between AML patients and healthy donors were compared on BM
and PB samples by evaluating several indicators, e.g., the CDR3 diversity, V-J usage, clonal expansion and sequence overlap. CD8* T cells in BM and PB from AML
patients and healthy donors were phenotypically analyzed based on the coordinated expression of CD45RA and CCR7. The dynamics of TCR repertoire, phenotypic
composition, expression levels of co-inhibitory receptors including PD-1, TIM3, TIGIT, and TCR repertoire distribution in PD-1/PD-1* T cells were assessed in BM
CD8* T cells from AML patients before and after chemotherapy.
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Figure 2. Clonal expansion and diversity of PB and BM CD8* T cells from AML patients and healthy donors. (A) The
distribution profile of the top 100 clonotypes from the BM and PB of one AML patient and one healthy donor, as
depicted in a pie chart. The TCR repertoire diversity was evaluated by the total/unique clonotype ratio (B), the HEC
ratio (C), the Shannon diversity index (D), and the Gini index (E) in four study groups containing BM (n = 31) and
PB (n = 31) samples obtained from AML patients and BM (n = 10) and PB (n = 10) samples obtained from healthy
donors. A dot is used to represent one patient or one donor sample. Analysis of covariance was initially used for the
multiple group comparison. Correction for multiple tests was performed using the false discovery rate method. ns

indicates not significant; *** indicates P < 0.01.

between PB from AML patients and PB from
healthy donors (62 differentially expressed re-
arrangements); however, the differences were
greater between BM and PB from AML patients
(176 differentially expressed rearrangements)
and between BM from AML patients and BM
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from healthy donors (202 differentially ex-
pressed rearrangements) (Figure 3B-E). Simi-
larly, we found comparable usage patterns of
TRBV gene segments between PB from heal-
thy donors and BM from healthy donors and
between PB from healthy donors and PB from
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Figure 3. Usage patterns of TCRB V-J rearrangements in PB and BM CD8* T cells from AML patients and healthy do-
nors. (A) Dot plots depicting the mean frequency distribution of TCRB V-J gene rearrangements for CD8* T cells from
the four groups. The variations in TCRB V-J rearrangements for normal PB vs. healthy BM (B), AML PB vs. AML BM
(C), AML BM vs. healthy BM (D), and AML PB vs. healthy PB (E) were investigated. The Mann-Whitney U-test was used
to determine whether there were differences between the two groups. Blue circle, P < 0.05; red triangle, P > 0.05.

AML patients but found relatively different
usage patterns between BM from healthy
donors and BM from AML patients and between
PB from AML patients and BM from AML
patients (Figure S1). These data suggest that
CDS8* T cells in the BM of AML patients exhibit
expression of specific TRBV-J rearrangements,
indicating that they may recognize bone mar-
row-specific antigens.

Comparison of identical clonotypes in AML pa-
tients and healthy donors

We analyzed the CDR3 amino acid sequences
of CD8" T cells in PB and BM from 31 AML
patients and 10 healthy donors to identify the
presence of shared clones (i.e., shared CDR3
sequences) in the top 1,000 or 5,000 clones
between any two sample pairs (Figure 4A).
Through intragroup analysis of the CDR3 se-
quences between different sample pairs, we
found a higher ratio of identical T cell clones
between sample pairs in the bone marrow of
the AML patients (AML BM VS BM, n = 465)
when compared to sample pairs in other groups
(AML PB VS PB, n = 465 or healthy donor BM
VS BM/PB VS PB, n =45) (Figure 4B). Intergroup
analysis indicated that there was no difference
in the percentage of identical T cell clones
between sample pairs from different groups
(AML patient BM vs. PB, n = 930; healthy donor
BM vs. PB, n = 90; AML patient BM or PB vs.
healthy donor BM or PB, n = 310) (Figure 4C).
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By analyzing identical T cell clones in the PB
and BM of AML patients or healthy donors (i.e.,
comparison between BM and PB from the same
individual, n = 31 or n = 10), we found that the
percentage of identical T cell clones between
PB and BM from the same individual was sig-
nificantly higher than that between peripheral
blood and bone marrow among different indi-
viduals. Moreover, the percentage of identical T
cell clones between PB and paired BM from the
healthy donors was significantly higher than
that in PB and paired BM from the AML patients
(Figure 4D). These results suggested that the
clonal expansion of BM CD8" T cells in AML
patients was highly specific.

TCRp repertoire variety and stability among CR
patients and relapsed patients

Figure 5A shows BM CD8* T cell clonal expan-
sion in one relapsed patient and one patient
with sustained CR at new diagnosis and after
chemotherapy. After discontinuation of chemo-
therapy, markedly expanded T cell clones were
noted in the BM from the relapsed patient but
not that from the patient who achieved CR.
Looking more deeply into the clonal diversity of
the TCRpB repertoires, we found considerably
less diversity in the relapse post chemotherapy
group than in the other groups (Figure 5B). We
further calculated the V gene usage of CD8* T
cells in this relapse patient, and the results
showed that compared to that at new diagno-

Am J Cancer Res 2020;10(11):3973-3989
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Figure 4. Metrics for TCR 3 repertoire overlap in PB and BM CD8* T cells from AML patients and healthy donors. (A)
heat map was plotted to assess the similarity of the top 1000 most abundant CDR3 amino acid sequences or the
top 5000 most abundant CDR3 amino acid sequences between any two samples. (B) Based on the top 1000 or top
5000 most abundant CDR3 amino acid sequences, repertoire overlap analysis was performed within each group of
samples and (C) between groups of samples. (D) Based on the top 1000 or top 5000 most abundant CDR3 amino
acid sequences, overlaps between BM and PB from the same individual in AML patients and healthy donors were
determined. A dot is used to represent a patient sample. The Mann-Whitney U-test was used to determine whether
there were differences between the two groups. Analysis of covariance was initially used for the multiple group
comparison. Correction for multiple tests was performed using the false discovery rate method. ns indicates not

significant; **P < 0.05; ***P < 0.01.

sis, the preferential usage pattern of some V
gene segments changed dramatically after
relapse, and the number of different clones
with the same V gene usage was also remark-
ably different (Figure S2). We further analyzed
the Shannon and Gini indexes of BM T cells in
all 31 patients at new diagnosis and after che-
motherapy. Compared to that at new diagnosis,
the Shannon entropy of the relapsed patients
showed a marked reduction, whereas the Gini
index increased significantly. No difference was
observed in the Shannon and Gini indexes in
patients with CR (Figure 5C and 5D). By assess-
ing the ratio of identical clones among the top
1,000 T clones in the BM of patients who
achieved CR or in patients who experienced
relapse at new diagnosis and after treatment,
we found that the ratio of identical T clones in
the relapsed patients before and after treat-
ment was significantly lower than that in the CR
group. However, when we increased the num-
ber of clones assessed to 5,000, no difference
was observed between the relapse group and
the CR group in terms of the ratio of identical T
clones at new diagnosis and after chemothera-
py (Figure 5E). These results showed that com-
pared to those of the AML patients who were in
CR after chemotherapy, some of the CD8* T
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cells of the patients who relapsed after treat-
ment exhibited massive clonal expansion
and reduced clonal diversity, with a significant
change in the T cell composition among the top
1,000 clones.

TCR repertoire distribution of CD8* T cells
based on PD-1 expression

Four maturation states of CD8* T cells were dis-
tinguished using CD45RA and CCR7. We found
a significantly increased percentage of effec-
tor memory T cells (TEM, CD45RACCRT), and
CD45RA* effector memory T cells (TEMRA,
CD45RA*CCRT) and a reduced percentage of
naive T cells (T naive, CD45RA*CCR7*) and cen-
tral memory T cells (TCM, CD45RA'CCRT*), in
both peripheral blood and bone marrow of AML
patients compared to those of HCs. Meanwhile,
the percentage of TEM and TEMRA in bone
marrow was higher than in peripheral blood of
AML patients (Figure S3A). Following chemo-
therapy, the percentages of the four subsets
had no changes compared to pre-treatment
levels (Figure S3B). Several previous reports
have suggested the functional involvement
of co-inhibitors in AML progression [29-35].
Compared to patients at the time of diagnosis,

Am J Cancer Res 2020;10(11):3973-3989



Clonal expansion of CD8* T cells in acute myeloid leukemia patients

A At new diagnosis Post chemotherapy

CR patient #14 (Bone marrow)

s TRBV30

Relapse patient #8 (Bone marrow)

B ¢ dkk
< 157
[}
T
= °
—— CR- at diagnosis
18000 .. CR- post therapy g 10- o* H
——— Relapse- at diagnosis c a Ed
" - Relapse- post therapy E L ° AH °
@ 120001 77
>‘ S
° > 5-
5 D
o 6000F 5
2
o 0 I 1 I I
o & & & &
0 15000 30000 45000 60000 b@o}‘ &2 00}‘ éo‘?
Sample size N
p S “‘b

é@ QO 90 Qot}
CR Patients Relapse Patients

3982 Am J Cancer Res 2020;10(11):3973-3989



Clonal expansion of CD8* T cells in acute myeloid leukemia patients

D - E

< 1.0 .
()
T | __100- _Nns
£ 094 8o é *kk & .
= g 80 -. T
O 0.8 . £ RE e BES
@ T § 604 [L .

— .'. 5
@ 0.7- o0 = 1
c -l_ 3 40— i
o @ :
u>1 0.6- - g 20-
- ° O :

O '
> 05 T T 0 T ——— T

-9 .9
o oN CR Relapse CR Relapse
Qoo ‘@QA Qoo ‘@Q“ Top 1000 clones Top 5000 clones
SO S S
Y X X

T QT
CR Patients Relapse Patients

Figure 5. A high degree of clonal expansion in BM CD8* T cells from relapsed AML patients. (A) Treemap showing
the clone repertoires in one patient who relapsed and one patient who remained in remission at new diagnosis and
after chemotherapy. Each amino acid sequence was perceived as a separate clonotype, which was represented by
a square, and the frequency was indicated by its area; different V genes are represented by different colors. (B)
Rarefaction analysis of repertoires from one patient who relapsed and one patient who remained in remission at
new diagnosis and after chemotherapy. The number of unique clonotypes in a subsample is plotted against its size
(number of TCR cDNA molecules). The diversities of the T cell receptor repertoire in 12 patients who relapsed and
19 patients who had CR after chemotherapy were characterized by computing the Shannon index (C) and the Gini
index (D). A dot is used to represent a patient sample. (E) Repertoire overlaps were determined at new diagnosis and
after chemotherapy in BM from the same individual based on the top 1000 or top 5000 clonotypes. CR patients:
patients who were newly diagnosed with AML and remained in complete remission after chemotherapy. Relapsed
patients: patients who were newly diagnosed with AML and relapsed after chemotherapy. The Mann-Whitney U-test
was used to determine whether there were differences between the two groups. Analysis of covariance was initially
used for the multiple group comparison. Correction for multiple tests was performed using the false discovery rate
method. ns indicates not significant; **P < 0.05; ***P < 0.01.

PD-1, TIGIT- or TIM3-expressing CD8" T cells post chemotherapy, relapse diagnosis, and
displayed a marked increase in BM of relapsed relapse post chemotherapy, respectively, but
patients and a concomitant decrease in BM of only 18.2%, 15.8%, 20.4%, and 29.6% of the
patients who achieved CR (Figures 6A and S4). total PD-1 frequency at the time of CR diagno-

sis, CR post chemotherapy, relapse diagnosis,
To determine whether CD8* PD-1* cells exhibit- and relapse post chemotherapy, respectively
ed more clonal expansion, TCRB deep sequenc- (Figure 6B and 6D). We further analyzed the
ing of CD8* PD-1" and CD8" PD-1' T cells was distribution of the top 50 clonotypes among
performed. Figure 5B-E depicts the TCR re- CD8* PD-1* cells and CD8* PD-1 T cells in bulk
pertoire distribution in 4 samples from one CD8* T cells based on previous results for these
patient who relapsed and one patient who two patients. Both at diagnosis and after che-
achieved sustained remission at new diagnosis motherapy, the clones with a higher frequency
and after chemotherapy. In all the samples and the overall frequency of the top 50 clono-
analyzed, CD8" PD-1" T cells were found to be types in the CD8* PD-1* group were higher than
more oligoclonal than CD8* PD-1" T cells. The those in the CD8" PD-1 group (Figure 6C and
cumulative frequency of the top 50 clonotypes 6E; Tables S2, S3, S4 and S5). Moreover, the
was 42.9%, 35.9%, 41.5%, and 50% of the total top 50 prevalent clonotypes in the CD8* PD-1*
PD-1" T cells at the time of CR diagnosis, CR group were far less frequent in the PD-1" group
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Figure 6. TCR repertoire distribution of CD8* T cells based on PD-1 expression in CR and relapsed AML patients. (A)
Expression of PD-1 was determined by flow cytometry. Samples from 5 patients who relapsed and 19 patients who
had CR after chemotherapy were collected for flow cytometry analysis. (B-F) The clonotype distribution of CD8* T
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3984

Am J Cancer Res 2020;10(11):3973-3989




Clonal expansion of CD8* T cells in acute myeloid leukemia patients

104 cells), and CD8* PD-1- (4 x 10* cells) T cells. The abundances of the top 1 to 10, 11 to 20, and 21 to 50 clono-
types, as well as the remaining clonotypes, are shown. (C and E) The distribution of the top 50 most frequent clo-
notypes among CD8* T cells was compared between the CD8* PD-1* populations and CD8* PD-1" populations. Each
dot represents a clonotype from a newly diagnosed sample; each rhombus represents a clonotype from a sample
post chemotherapy. Red represents the frequency of clonotypes in CD8* PD-1* > CD8* PD-1; green represents the
frequency of clonotypes in CD8* PD-1- > CD8* PD-1*. The total frequency (Z freq.) of the clonotypes in each popula-
tion is cumulative. (F) The top 50 clonotypes in CD8* T cells were frequently distributed in the CD8* PD-1* and CD8*
PD-1 populations. Red dots represent samples collected at new diagnosis from patients who relapsed post chemo-
therapy; green dots represent samples collected after treatment from patients who relapsed post chemotherapy;
blue triangles represent samples collected at new diagnosis from patients with sustained CR post chemotherapy;
yellow triangles represent samples collected after treatment from patients with sustained CR post chemotherapy;
CD8* PD-1 and CD8* PD-1* T cell from 5 patients who relapsed and 17 patients who had CR after chemotherapy
were collected for TCRB CDR3 sequencing. (G) Shannon index comparison between CD8* PD-1* and CD8* PD-1
populations. The Wilcoxon signed-rank test was used for matched paired comparisons. **P < 0.05; ***P < 0.01.

(Figure S5). Analysis of all samples from the 5
relapsed patients and 17 CR patients also
revealed that the top 50 clonotypes in each
CD8* population were more frequent in the
CD8* PD-1* group than in the CD8* PD-1 group
(Figure 6F). There were significant reductions in
the Shannon index in the CD8* PD-1* group
compared to the CD8" PD-1 group, indicating
lower TCR repertoire diversity in the CD8* PD-1*
group (Figure 6G).

Discussion

CDS8* T cells are cytotoxic effector cells of the
immune system that are involved in cell-medi-
ated immunity. Cytotoxic T lymphocyte (CTL)
reactivity depends mainly on the hypervariable
TCR heterodimer CDR3, which is composed of
TCRa and TCRB chains and is responsible for
recognition of cell surface MHC-peptide com-
plexes [36]. Currently, our understanding of
TCR repertoires in CD8* T cells and the effect of
chemotherapy on TCR repertoires in AML is still
lacking. We performed a comprehensive analy-
sis of TCR repertoires in PB and BM CD8" T
cells from 10 healthy donors and 31 AML
patients at diagnosis and after chemotherapy.
The results reveal (i) diminished TCR repertoire
diversity and increased clonal expansion in
AML BM but not PB; (ii) a higher identical clone
ratio in AML BM,; (iii) higher T cell clonal expan-
sion post chemotherapy in relapsed patients
compared to patients at new diagnosis; and (iv)
greater expansion and lower diversity of TCRf3
clonotypes in CD8*" PD-1* T cells than in CD8*
PD-1 T cells.

In the present study, we observed greater clon-
al expansion of CD8* T cells in BM but not in PB
of AML patients compared to healthy donors.
Zhang et al. reported higher clonal expansion of
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both T cells and B cells in the PB of AML patien-
ts [15]. In contrast to their findings, we did not
find clonal expansion of CD8* T cells in the PB
of AML patients. This may be due to the differ-
ent methods used for obtaining TCR sequen-
ces and the heterogeneity of the samples. We
obtained approximately 3,280,000 unique
CD8* TCR[3 CDR3 sequences from 82 samples
by using the target amplification method; in
comparison, Zhang et al. obtained 225,000
CDR3 sequences for the TCR «, B, y, and 0
chains and 1,210,000 CDR3 sequences for
the B cell immmunoglobulin (Ig) heavy and light
chains from unselected bulk tumor RNA-seq
data from 369 samples. Based on the data
characteristics, we were able to better assess
CDS8* T cell clones, whereas Zhang et al. could
analyze the overall T cell (CD4* T cells and CD8*
T cells) clone characteristics based on a larger
sample size. At the same time, we found that
compared with healthy donors, AML patients
had a lower rate of identical CD8* T cell clones
between the BM and their own PB. In addition,
compared to those at the time of diagnosis,
the Top 1000 CD8* T cell clones in the BM
of patients who relapsed after chemotherapy
showed greater changes. Originating from mye-
loid hematopoietic progenitors, AML cells can
grow and differentiate within the BM microenvi-
ronment [37]. Additionally, the BM has been
proven to be a preferential site for T cells spe-
cific for blood-borne or non-small-cell lung can-
cer-associated antigens [38, 39]. These fea-
tures may support our notion that CD8* T cell
clones in the BM of AML patients have special
characteristics.

Several studies reported increased levels of
PD-1 as well as multiple co-expressed inhibitor
receptors (IRs) on CD8* T cells of AML patients
at diagnosis [19, 40]. Longitudinal observation
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of changes in the co-inhibitor receptors expres-
sion pattern from our study and others indicat-
ed that PD-1 and TIM3, together with several
other co-inhibitory receptors, are increased in
BM CD8* T cells in non-responders and redu-
ced in responders post chemotherapy [2, 33].
Our analysis of TCRB sequences showed that
TCRB clonotypes in CD8" PD-1* populations
were more oligoclonal than those in CD8* PD-1-
T populations. These observations highlight the
importance of further evaluating TCR clonotyp-
ic frequency and unique phenotypic traits of
CD8* T cells in AML to identify patient-specific
repertoires of tumor-reactive CD8* lympho-
cytes. For therapies that require isolation of T
cells expressing inhibitory receptors [41, 42], T
cell exhaustion and dysfunction pose a major
challenge. However, the present study and
other recently published works suggested that
CD8* PD-1* cells underwent extensive clonal
expansion [21], produced IFN-y and lysed
tumors in vitro [19]. This adds to evidence that
the process of T cell dysfunction associated
with co-expressed inhibitory receptors is re-
versible and that the enrichment of tumor-reac-
tive cells for patient treatment is reproducible.

Our study has several limitations. First, high
disease heterogeneity and a small sample size
may have limited our ability to uncover specific
CDR3 amino sequences as biomarkers for AML
characteristics or determine the exact correla-
tion between the baseline TCR repertoire diver-
sity and prognosis. Second, isolation of the
patient-specific repertoire of tumor-reactive
CD8* T cells was not performed, so the anti-
leukemia effect was not evaluated. AML is
characterized by reduced immunogenicity and
has one of the lowest mutation rates compared
to other cancer types [43]; nevertheless, it is
the quality of mutations, not the mutational
burden, that may be of more significance in
enhancing immune functions. Several other
studies have shown that NPM1 mutation-relat-
ed TCRs correlate with enhanced anticancer
effects and improved clinical outcomes [44,
45]. Thus, isolation and recognition of antigens
derived from common AML mutations such as
those in NPM1, DNMT3A, and FLT3, identifica-
tion of TCRs that can recognize these antigens,
and analysis of related TCRs in patients may be
the logical starting point for the implementa-
tion of immunotherapy in AML. Third, owing to
the limited sample availability, a comprehen-

3986

sive comparison between patients at new di-
agnosis and patients after chemotherapy was
difficult. Extensive analysis of the TCR reper-
toire differences in relapsed patients before
and after chemotherapy would provide valu-
able information, and further studies should be
carried out on this topic.

Conclusions

Our findings provide the first objective data
characterizing the signatures of the CD8" TCR
repertoire at diagnosis and after chemotherapy
in patients with AML. Sequence analysis of
CDR3 has shown that CD8* T cells in the BM of
AML patients display specific TCRB clonal ex-
pansion, and more expansion is found in pa-
tients who relapse after chemotherapy and
among PD-1* T cells. The antitumor reactivity of
individual TCRs can be harnessed in the future
to develop tailored T cell therapies for AML
patients, and understanding immune respons-
es to chemotherapy is thus crucial for the
development and use of immunotherapies to
treat patients with AML.
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Table S1. AML Patients and Donors characteristics

Domain Patients Total (n = 31) Donors Total (n = 10)
Age (y)
Median 47 40
Range 23-74 34-46
Gender
Male 17 5
Female 14 5
WBC (x 10°%/L)
Mean 27.91 6.17
Range 6.38-63.72 5.24-7.72
PB blasts (%)
Mean 33.29
Range 21-56
PB Absolute blasts count (x 10°/L)
Mean 9.94
Range 1.54-29.94
BM blasts (%)
Mean 66.23
Range 27-95
BM Absolute blasts count (x 10°/L)
Mean 18.76
Range 3.08-47.71
Moleculars
FLT3-ITD 16.13%
NPM1 19.35%
TP53 6.45%
Cytogenetics
Favorable 22.58%
Intermediate 58.07%
Adverse 19.35%

WBC, white blood cell; PB, peripheral blood;

BM, bone marrow. AML type accords to WHO (World Health Organization) 2016.
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Figure S2. The usage pattern of V gene segments in the relapsed patient (#8) at new diagnosis and post chemo-
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Figure S3. Phenotypical analysis of CD8* T cells from healthy donors and AML patients. CD8* T cell subsets were analyzed by multiparameter flow cytometry ac-
cording to the expression of CD45RA and CCRY. A. Phenotypical features of BM and PB T cells from newly diagnosed AML patients (n = 31) and healthy controls
(HCs) (n = 10). B. Phenotypical features of BM T cells from patients before and after chemotherapy. Samples collected from patients who relapsed (n = 5) and
patients who achieved CR (n = 19) after chemotherapy. The Mann-Whitney U-test was used to for comparisons between two groups. The Wilcoxon signed-rank test

was used for matched paired comparisons. *** indicates P < 0.01.



Clonal expansion of CD8* T cells in acute myeloid leukemia patients

80 80
7] ["/]
% k¥ %
© - p dedede
% 60 % 60 * e
: =
£ £
2 404 2 404 :?
8 3
] @
F 20 = 204
s s
= =
0 1 1 D 1 1
@ 33 5 3
oon; d@Q <§°‘) Q&Q
& & & &
& &
4‘\% @ @% @
2 < & L
- & A 2
< ¢
20 20
*k%k kkk
2 2
S 154 S 15 /
[--] [--]
o [=]
Q (8]
£ £
2 10 2 10+ %
@ [
(] o
+ +
[ ] ]
= =
5 T 5
(=] [=]
=2 =
o 1 1 o 1 1
& & & 2
& <® ) <
& & & &
& & & &
< X & 2
<~ &£ ~ &
< ¢

CR patients (n=19)

Relapse patients (n=5)

Figure S4. Expression levels of TIGIT and TIM3 in BM CD8* T cells from patients before and after chemotherapy.
Samples collected from patients who relapsed (n = 5) and patients who achieved CR (n = 19) after chemotherapy
and analyzed by flow cytometry. The Wilcoxon signed-rank test was used for matched paired comparisons. ***
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Table S2. The top 50 clonotypes in CD8* T cells were frequently distributed in CD8* PD-1* populations
and CD8* PD-1 populations

Diversi Joinin V Gene D Gen n PD-1* PD-1
Variable Gene ngsety ?ieneg Constant CDR3 AA Aﬁ:lee Aﬁ:Iee JAiZee Freq. (%) Freq. (%)
TRBV6-2 TRBD2 TRBJ27 TRBC2 ASSGLAGANDEQY 1 2 1 6828 0.806
TRBV24-1 TRBD2 TRBJ2-1 TRBC2 ATSAQMDYNEQF 1 1 1 3252 0155
TRBV6-2 TRBD2 TRBJ21 TRBC2 ASSYKTRRNEQF 1 2 1 2035  0.000
TRBV7-8 TRBJ2-1 TRBC2 ASSPSPSYNEQF 1 1 3181  0.069
TRBV4-3 TRBD1 TRBJ23 TRBC2 ASSQANQGNTQY 1 1 1 2150 0.086
TRBV6-2 TRBD2 TRBJ25 TRBC2 ATMGLAGVETQY 1 2 1 1947  0.083
TRBV4-1 TRBJ1-5 TRBCL ASSQSAVSNQPQH 1 1 3737  0.056
TRBV19 TRBD1 TRBJ12 TRBCL ASSFGTSDGYT 1 1 1 1696  0.000
TRBV29-1 TRBD2 TRBJ23 TRBC2 SVRTTSTDTQY 1 1 1 1794 0413
TRBV19 TRBD1 TRBJ21 TRBC2 ASSTYSDSNNEQF 1 1 1 0856 0.338
TRBV11-2 TRBD1 TRBJ27 TRBC2 ASGPGTVFEQY 3 1 1 0787 0276
TRBV2 TRBD1 TRBJ2-7 TRBC2 ASKDRGYYEQY 1 1 1 0456  0.200
TRBV6-2 TRBD1 TRBJ1-5 TRBCL ASSYSYGTGGTSGQPQH 1 1 1 0450 0178
TRBV28 TRBJ2-7 TRBC2 ASTAAYEQY 1 1 0210  0.000
TRBV4-3 TRBD2 TRBJ25 TRBC2 ASSQEPPGSKVETQY 1 2 1 0402 0190
TRBV5-1 TRBJ2-7 TRBC2 ASRLPGGNEQY 1 1 0400 0011
TRBV15 TRBD2 TRBJ23 TRBC2 ATSGTSGTPDTQY 2 2 1 0998 0.846
TRBV12-4 TRBJ1-5 TRBCL ASSLGVSNQPQH 1 1 0880 0.036
TRBV11-2 TRBD1 TRBJ23 TRBC2 ASSLEGQNTQY 1 1 1 0862 0261
TRBV19 TRBJ1-1 TRBCL ASSISQDTEAF 1 1 0761 0526
TRBV5-1 TRBD1 TRBJ2:3 TRBC2 ASSLEQGARTDTQY 1 1 1 0850 0.058
TRBV18 TRBJ2-3 TRBC2 ASSVTDTQY 1 1 0399  0.000
TRBV5-4 TRBD1 TRBJ2:3 TRBC2 ASSPTGQGARDTQY 1 1 1 0765  0.000
TRBV5-1 TRBJ1-1 TRBCL ASSLELNTEAF 1 1 0725  0.448
TRBV12-3 TRBD1 TRBJ1-1 TRBCL ASSWTGGRAF 1 1 1 0024  0.000
TRBV24-1 TRBD2 TRBJ27 TRBC2 ATSDLLYGEQY 1 2 1 0023 0.080
TRBV20-1 TRBJ2-1 TRBC2 SARAPAGDEQF 1 1 0023 0131
TRBV18 TRBD2 TRBJ21 TRBC2 ASSLEGPYNEQF 1 2 1 0219  1.247
TRBV20-1 TRBD1 TRBJ1-1 TRBCL SARTGELEAF 1 1 1 0216 1140
TRBV20-1 TRBD1 TRBJ15 TRBCL SAPLGGLDSQPQH 1 1 1 0213 2109
TRBV27 TRBD2 TRBJ21 TRBC2 ASIPTGTSGSLYNEQF 1 2 1 0208  0.109
TRBV5-1 TRBD2 TRBJ1-1 TRBCL ASSLEGYTEAF 1 2 1 0203 0.103
TRBV11-1 TRBD2 TRBJ21 TRBC2 ASSLEAGVYNEQF 1 2 1 0200 0.100
TRBV29-1 TRBD2 TRBJ21 TRBC2 SVGGISNEQF 1 1 1 0495  0.000
TRBV5-8 TRBD2 TRBJ25 TRBC2 ASSHPATRYIPETQY 1 1 1 0193  0.094
TRBVO TRBD1 TRBJ15 TRBCL ASSPRTGPFNQPQH 1 1 1 0178  0.092
TRBV7-6 TRBD1 TRBJ21 TRBC2 ASSRGDEQF 1 1 1 0177  0.086
TRBV7-2 TRBJ1-2 TRBCL ASSLAMAGYT 1 1 0.176  0.000
TRBV7-6 TRBJ2-5 TRBC2 ASSSGETQY 1 1 0175  0.084
TRBV4-1 TRBJ1-3 TRBCL ASSQAQISGNTIY 1 1 0170 0083
TRBV12-3 TRBD2 TRBJ21 TRBC2 ASSSTSGRSEQF 1 2 1 0200 0313
TRBV2 TRBD2 TRBJ21 TRBC2 AGGTPVVDEQF 1 1 1 0354  0.060
TRBV20-1 TRBJ1-6 TRBCL SATDHNSPLH 1 1 0451 0178
TRBV6-5 TRBD1 TRBJ1-1 TRBCL ASSYSRQGVTEAF 1 1 1 0167  0.000
TRBV3-1 TRBD2 TRBJ1-3 TRBCL ASGGRLSGNTIY 1 1 1 0548  0.043
TRBV7-6 TRBD1 TRBJ27 TRBC2 ASSFRGTALDEQY 1 1 1 0277  0.247
TRBV7-3 TRBJ2-7 TRBC2 ATRLASYEQY 1 1 0425  0.072
TRBV5-4 TRBJ2-1 TRBC2 ASSPGPLYLGEQF 1 1 0425  0.072
TRBV7-2 TRBJ2-5 TRBC2 ASSFDIEETQY 2 1 0423 0071
TRBV3-1 TRBD2 TRBJ25 TRBC2 ASSQAGGPEPETQY 1 2 1 0420  0.204

Samples were collected at new diagnosis from patient (Patient #8) who relapsed post chemotherapy.
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Table S3. The top 50 clonotypes in CD8* T cells were frequently distributed in CD8* PD-1* populations
and CD8* PD-1 populations

Variable Gene Dgz::ty ngg:;g Constant CDR3 AA VAﬁglr;:e DAﬁslr;e JA(ﬁiree Frpegjl(gé) Fr:qD._:(Lf;/o)
TRBV10-3 TRBD1 TRBJ23 TRBC2 AIGEVEQGNADTQY 2 1 1 15324  1.253
TRBV4-1 TRBD2 TRBJ2-1 TRBC2 ASSQTLRGGVNEQF 1 2 1 2001  0.499
TRBV29-1 TRBD1 TRBJ25 TRBC2 SVEDDRGRGETQY 1 1 1 1140  1.062
TRBV29-1 TRBD1 TRBJ25 TRBC2 SVESDRGRGETQY 1 1 1 3927  0.019
TRBV5-1 TRBJ2-1 TRBC2 ASSLDATALNEQF 1 1 2890  0.000
TRBV13 TRBJ2-7 TRBC2 ASSLVGYEQY 1 1 1878  0.036
TRBV6-1 TRBD2 TRBJL-5 TRBC1 ASSGRAVNQPQH 1 2 1 4798  0.030
TRBV20-1 TRBJ2-5 TRBC2 SASGWSGETQY 1 1 1779  0.336
TRBV15 TRBDL TRBJ2-7 TRBC2 ATSLKGTGEQY 2 1 1 1138  0.041
TRBV28 TRBJ2-7 TRBC2 ASSLDGYEQY 1 1 0.734 0111
TRBV30 TRBD2 TRBJ2-7 TRBC2 AWSAGEGYEQY 1 2 1 0.634  0.106
TRBV20-1 TRBJ2-1 TRBC2 SARAPAGDEQF 1 1 0.607  0.105
TRBV65 TRBD1 TRBJ1-2 TRBCL ASSYLGQSFHYGYT 1 1 1 0020 0518
TRBV2 TRBD2 TRBJ2-7 TRBC2 ASRRTSSPEQY 1 1 1 0567  0.311
TRBV65 TRBD2 TRBJ2-1 TRBC2 ASSYSPRLAGEQF 1 1 1 0421 0411
TRBV7-6 TRBD2 TRBJ2-1 TRBC2 ASSPEGAGNAYNEQF 1 1 1 0019  0.285
TRBV4-1 TRBJ2-3 TRBC2 ASSQESPHTDTQY 1 1 0351  0.138
TRBV6-4 TRBJL-1 TRBCL ASSESANTEAF 1 1 0811  0.148
TRBV4-3 TRBD1 TRBJ2-3 TRBC2 ASSQANQGNTQY 1 1 1 0.794  0.000
TRBV20-1 TRBD2 TRBJ2-1 TRBC2 SAATSSGYNEQF 5 1 1 0.680  0.000
TRBV7-9 TRBJ1-1 TRBCL ASSLLHGKNTEAF 1 1 0969  0.020
TRBV12-3 TRBD2 TRBJ1-2 TRBCL ASSLIAGAGYGYT 1 2 1 0363  0.000
TRBV7-8 TRBJ2-7 TRBC2 ASSLDGPVQY 1 1 1257 0021
TRBV20-1 TRBJ2-3 TRBC2 SASHGNSDTQY 5 1 0143  0.004
TRBV6-5 TRBJ1-5 TRBCL1 ASSLKPPGEGQPQH 1 1 0.736  0.011
TRBV7-8 TRBJ22 TRBC2 ASSPGELF 1 1 0227  0.008
TRBV6-1 TRBD1 TRBJL-5 TRBCL1 ASRDWGYPQPQH 1 1 1 0223  0.058
TRBV13 TRBD2 TRBJ2-7 TRBC2 ASSSHGVSYEQY 1 1 1 0210  0.122
TRBV4-3 TRBD1 TRBJ2-1 TRBC2 ASSQDAAGQVYNEQF 1 1 1 0208  3.503
TRBV6-1 TRBD2 TRBJ12 TRBCL1 ASSDPGGRGYGYT 1 2 1 0.874  2.831
TRBV4-1 TRBDL TRBJ2-7 TRBC2 ASSQTGQGSSLSYEQY 1 1 1 0202  0.623
TRBV4-1 TRBD2 TRBJ2-4 TRBC2 ASSQGGRALFAIQY 1 2 1 0.020 0537
TRBV27 TRBD2 TRBJ2-3 TRBC2 ASSSRLAGGTDTQY 1 2 1 0.118 0528
TRBVO TRBD1 TRBJ2-1 TRBC2 ASSPQGSSYNEQF 1 1 1 0185  0.657
TRBV7-2 TRBJ25 TRBC2 ASSDQETQY 1 1 0180  0.789
TRBV28 TRBJ2-7 TRBC2 ASTAAYEQY 1 1 0472  0.253
TRBV20-1 TRBJ2-5 TRBC2 SARDGKGSETQY 5 1 0172  0.253
TRBV4-1 TRBJ2-1 TRBC2 ASSHGRLTDEQF 1 1 0078  0.384
TRBV27 TRBJ22 TRBC2 ASSYGSGELF 1 1 0071 0314
TRBV6-2 TRBDL TRBJL-5 TRBCL ASTLDTYSNQPQH 1 1 1 0018  0.105
TRBV20-1 TRBDL TRBJ2-1 TRBC2 SAPPRGLGNEQF 1 1 1 0334 0072
TRBV20-1 TRBD2 TRBJ1-2 TRBCL SVVGGAGGYT 5 1 1 0230  0.024
TRBVA-1 TRBD2 TRBJ2-1 TRBC2 ASSWELGEQF 1 1 1 0320  0.037
TRBV27 TRBD1 TRBJ2-1 TRBC2 ASSPTPGTGVYNEQF 1 1 1 0207  0.017
TRBV12-4 TRBD2 TRBJ2-1 TRBC2 ASSFDFYPSGSSGNEQF 1 2 1 0.638  0.010
TRBV10-3 TRBD2 TRBJ1-6 TRBCL AIRGGDPDSPLH 2 1 1 0.738  0.010
TRBV29-1 TRBD2 TRBJ25 TRBC2 SASPGLSGETQY 1 1 1 0.104  0.099
TRBV5-1 TRBD1 TRBJ23 TRBC2 ASSLEQGARTDTQY 1 1 1 0.102  0.097
TRBV29-1 TRBD2 TRBJ2-1 TRBC2 SVVPSGRNNEQF 1 2 1 0.099  0.096
TRBV6-2 TRBJ2-3 TRBC2 ASSTSSVDTQY 1 1 0.099  0.094

Samples were collected after treatment from patient (Patient #8) who relapsed post chemotherapy.
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Table S4. The top 50 clonotypes in CD8* T cells were frequently distributed in CD8* PD-1* populations
and CD8* PD-1 populations

. Diversit Joinin V Gene D Gene JGene PD-1* PD-1
Variable Gene Gene ’ Geneg Constant CDR3 AA Allele  Allele  Allele  Freq. (%) Freq. (%)
TRBV6-6 TRBD1 TRBJ1-1 TRBC1 ASSSSGTGNTEAF 1 1 1 6.013  0.157
TRBVS-1 TRBD1 TRBJ2.7 TRBC2 ASSFETEIDEQY 1 1 1 3878  0.120
TRBV24-1 TRBD1 TRBJ21 TRBC2 ATSEGDSYNEQF 1 1 1 1.684  0.367
TRBV11-1 TRBD1 TRBJ27 TRBC2 ASSLEGPTYEQY 1 1 1 2667  0.098
TRBV11-2 TRBD1 TRBJ25 TRBC2 ASSSGQVQETQY 1 1 1 2519  0.029
TRBV20-1 TRBD1 TRBJ12 TRBCL SARGLTVADGYT 5 1 1 3390 0257
TRBVO TRBJ1-6 TRBCL ASSGPNSPLH 1 1 1691  1.676
TRBVO TRBD2 TRBJ12 TRBCL ASSGKPGTPHYGYT 1 2 1 1.661  0.059
TRBV7-2 TRBD2 TRBJ25 TRBC2 ASSSLGGFQETQY 1 2 1 2638  0.050
TRBV28 TRBD1 TRBJ24 TRBC2 ASSYRLLSNNEQF 1 1 1 0.624  0.049
TRBV27 TRBJ1-5 TRBCL ASSLDVRSNQPQH 1 1 0.589  0.048
TRBV28 TRBD2 TRBJ2-1 TRBC2 ASTLTSGSTDEQF 1 2 1 0.536  0.042
TRBV7-2 TRBD1 TRBJ25 TRBC2 ASSLAPGLDEKTQY 1 1 1 0533  0.041
TRBV14 TRBD2 TRBJ2-7 TRBC2 ASSLLAENEQY 2 1 1 0.474  0.040
TRBV6-6 TRBJ2-1 TRBC2 ASSYIQVGEQF 1 1 0.452  0.393
TRBV20-1 TRBJ2-7 TRBC2 SARTTESYEQY 5 1 0.020  0.367
TRBV12-4 TRBJ2-7 TRBC2 ASSLNGYVHEQY 1 1 0.403  0.035
TRBV27 TRBD2 TRBJ2-1 TRBC2 ASSTLPSGNNEQF 1 2 1 0598  0.024
TRBVO TRBD2 TRBJ22 TRBC2 ASSGSRLAGGKHAGELF 1 2 1 0.564  0.260
TRBV13 TRBJ1-1 TRBC1 ASSLADMNTEAF 1 1 0.764  0.000
TRBV10-3 TRBD2 TRBJ1-4 TRBC1 AISGGPGEKLF 3 1 1 0.897  0.000
TRBV28 TRBD2 TRBJ2:3 TRBC2 ASSYHWSGAGVTDTQY 1 2 1 0.358  0.474
TRBV4-1 TRBD2 TRBJ27 TRBC2 ASSQEFGLAGGAYEQY 1 2 1 0.345  0.049
TRBV14 TRBD1 TRBJ15 TRBC1 ASSQDRTGPRH 2 1 1 0.080  0.000
TRBV7-2 TRBJ1-5 TRBCL ASSLFPETVTRQPQH 2 1 027  0.036
TRBV7-6 TRBD1 TRBJ12 TRBC1 ASSMTGLYGYT 1 1 1 0.023  0.259
TRBV12-4 TRBJ2-3 TRBC2 ASSLDTQY 1 1 0.225  0.248
TRBV7-2 TRBD1 TRBJ1-1 TRBCL ASSLVQGNTEAF 2 1 1 0.022 0227
TRBV4-1 TRBD1 TRBJ25 TRBC2 ASSQSGTSQETQY 1 1 1 0.022  0.225
TRBV6-2 TRBD2 TRBJ21 TRBC2 ASTPPGLAGGRGEQF 1 2 1 0.208  0.139
TRBV18 TRBD2 TRBJ27 TRBC2 ASSPPSSGGGREQY 1 2 1 0.208  0.138
TRBV16 TRBD1 TRBJ12 TRBCL ASSHRTGGFYGYT 1 1 1 0.201 0133
TRBV20-1 TRBD1 TRBJ2-7 TRBC2 SARDPGQGSYEQY 5 1 1 0192  0.210
TRBV5-6 TRBD1 TRBJ12 TRBCL ASSLTGVHGYT 1 1 1 0.185  0.089
TRBV5-4 TRBJ2-1 TRBC2 ASSLESVWSYNEQF 1 1 0174  0.089
TRBV6-1 TRBD1 TRBJ22 TRBC2 ASQFQGRITGELF 1 1 1 0173  0.172
TRBV19 TRBJ1-1 TRBCL ASSIRYTEAF 1 1 0172 0113
TRBV28 TRBD1 TRBJ1-6 TRBCL1 ASDSLSTGYNSPLH 1 1 1 0162  0.162
TRBVO TRBJ1-6 TRBCL ASSGSNSPLH 1 1 0160  0.101
TRBV7-2 TRBD2 TRBJ2-7 TRBC2 ASSPTSGSSYEQY 1 1 1 0157  0.098
TRBV14 TRBD2 TRBJ2-1 TRBC2 ASSLTPGSEQF 2 2 1 0.855  0.000
TRBVO TRBD2 TRBJ22 TRBC2 ASSGPTSGRAHTGELF 1 2 1 0.744  0.194
TRBV30 TRBD2 TRBJ21 TRBC2 AWTLAGDYNEQF 1 2 1 0.738  0.050
TRBV29-1 TRBD1 TRBJ21 TRBC2 SVEQALGDRVNEQF 1 1 1 0.590  0.000
TRBVO TRBD2 TRBJ27 TRBC2 ASSPPGLGYEQY 1 1 1 0.627  0.091
TRBV29-1 TRBJ2-3 TRBC2 SVEFGDTQY 1 1 0.942  0.000
TRBV7-2 TRBJ2-7 TRBC2 ASSSGLGTYEQY 1 1 0.764  0.142
TRBV6-1 TRBD2 TRBJ25 TRBC2 ASSQGLDLETQY 1 1 1 0.622 0134
TRBV20-1 TRBD2 TRBJ22 TRBC2 SASSGREFGELF 1 2 1 0.895  0.130
TRBV20-1 TRBD2 TRBJ23 TRBC2 SASPSRGPSGISDTQY 5 2 1 0.418  0.129

Samples were collected at new diagnosis from patient (Patient #19) with sustained CR post chemotherapy.



Clonal expansion of CD8* T cells in acute myeloid leukemia patients

Table S5. The top 50 clonotypes in CD8"* T cells were frequently distributed in CD8* PD-1* populations
and CD8* PD-1" populations

) Diversit; Joinin VGene DGene JGene  PD-1* PD-1-
Variable Gene o ’ Geneg Constant  CDR3 AA Allele  Allele  Allele  Freq. (%) Freq. (%)
TRBV29-1 TRBD1 TRBJ23  TRBC2 SVEWGREGASTDTQY 1 1 1 8169  0.734
TRBV29-1 TRBD2 TRBJ21  TRBC2  SVPQTLSSGPEHEQF 1 1 1 2272 0.362
TRBV28 TRBD1 TRBJ23  TRBC2 ASSRDGRTDTQY 1 1 1 0910 0131
TRBV5-6 TRBD1 TRBJ23  TRBC2 ASSLAPTGSTDTQY 1 1 1 1742 0.000
TRBV3-1 TRBD2 TRBJ21  TRBC2 ASSQGRDYPYNEQF 1 1 1 1736 0172
TRBV14 TRBD2 TRBJ27  TRBC2 ASSREYEQY 1 2 1 1772 0.000
TRBV28 TRBD1 TRBJ11  TRBCL1 ASSLPGQNTEAF 1 1 1 1419  0.098
TRBV28 TRBD1 TRBJ15  TRBCL ASSRGQPQH 1 1 1 1417 0.061
TRBV7-2 TRBD2 TRBJ27  TRBC2 ASSFSGLGYEQY 1 1 1 1399  0.056
TRBV2 TRBD1 TRBJ21  TRBC2 ASSRGGAVDEQF 1 1 1 0335  0.050
TRBVO TRBD2 TRBJ2-5  TRBC2 ASSPEETSGQETQY 1 1 1 0589  0.048
TRBV30 TRBD2 TRBJ21  TRBC2 AWTLAGDYNEQF 1 2 1 0.670  0.043
TRBVO TRBD2 TRBJ21  TRBC2 ASSVGTFNEQF 1 1 1 0276 0.043
TRBV29-1 TRBJ27  TRBC2 SVELYRVGQYVNEQY 1 1 0.874  0.043
TRBV29-1 TRBJL1  TRBCL SVAPVNTEAF 1 1 0.226  0.042
TRBV29-1 TRBJL1  TRBCL SVETTQNTEAF 1 1 0.226  0.000
TRBV20-1 TRBD2 TRBJ22  TRBC2 SASSGREFGELF 1 2 1 0.207  0.038
TRBV23-1 TRBDL TRBJ25  TRBC2 ASSARGLTQETQY 1 1 1 0.896  0.031
TRBV4-3 TRBD2 TRBJ25  TRBC2  ASSYGTAGAQY 1 1 1 0.695  0.030
TRBV29-1 TRBJ21  TRBC2 SVEEPRSNEQF 1 1 0.781  0.030
TRBV29-1 TRBD1 TRBJ25  TRBC2  SVGGHKETQY 1 1 1 0.679  0.000
TRBV6-2 TRBJ2-5  TRBC2  ASSSSQETQY 1 1 0578  0.029
TRBV7-2 TRBD2 TRBJ25  TRBC2 ASSSLGGFQETQY 1 2 1 0.876  0.029
TRBV5-6 TRBJ2-7  TRBC2 ASSLDRSYEQY 1 1 0.466  0.018
TRBV6-2 TRBD2 TRBJ25  TRBC2  ASSYPGIRDSIVLQETQY 1 2 1 0.963  0.000
TRBV14 TRBD1 TRBJ12  TRBCL1 ASRGQLTDGYT 1 1 1 0137  0.017
TRBV29-1 TRBD2 TRBJ2-3  TRBC2 SVEDEVAGVFSTDTQY 1 1 1 0137 0016
TRBV12-4 TRBJ2-7  TRBC2  ASSLNGYVHEQY 1 1 0135  0.000
TRBV7-6 TRBD2 TRBJ2-3  TRBC2 ASTPNQRGVTDTQY 1 1 1 0.108  1.160
TRBV11-3 TRBD2 TRBJ21  TRBC2 ASSLLAGDNEQF 1 1 1 007  1.154
TRBV5-4 TRBD1 TRBJ12  TRBCL1 ASSLLGDDGYT 1 1 1 0.020 0.878
TRBV14 TRBJ2-1  TRBC2 ASSLTHNEQF 1 1 0.073  0.605
TRBV29-1 TRBJ2-3  TRBC2  SVGGKLLTDTQY 1 1 0.064  0.417
TRBV14 TRBD1 TRBJ12  TRBCL1 ASSQGPGQEGFNYGYT 1 1 1 0.089  0.482
TRBV14 TRBJ22  TRBC2 ASSPIVFDGELF 2 1 0.087  0.206
TRBV29-1 TRBD2 TRBJ27  TRBC2 SVGLADAYEQY 1 1 1 0041 0197
TRBV29-1 TRBDL TRBJ23  TRBC2 SVSSLQKQGTQY 1 1 1 0.031  0.190
TRBV29-1 TRBD2 TRBJ23  TRBC2  SVRLAGGPGTQY 1 2 1 0.020  0.168
TRBV7-2 TRBD2 TRBJ22  TRBC2 ASSLLPQLAGGPSDGELF 1 2 1 0.083  0.165
TRBV29-1 TRBD1 TRBJ1-4  TRBCL SAAGHLNEKLF 1 1 1 0.028  0.165
TRBV28 TRBD1 TRBJ11  TRBCL1 ASSFQGTEAF 1 1 1 0973  0.000
TRBV18 TRBD2 TRBJ27  TRBC2 ASSPPSSGGGREQY 1 2 1 0771 0.159
TRBV2 TRBD1 TRBJ11  TRBC1 ARGDRDTEAF 1 1 1 0978  0.156
TRBV23-1 TRBD2 TRBJ27  TRBC2 ASSQPRGGQRYEQY 1 2 1 0.477  0.000
TRBV23-1 TRBD2 TRBJ21  TRBC2  ASSHLTSGGSYNEQF 1 1 1 0.477  0.000
TRBV28 TRBD2 TRBJ2-7  TRBC2  ASTIKGSTPYEQY 1 2 1 0367  0.148
TRBV28 TRBD2 TRBJ23  TRBC2 ASSYHWSGAGVTDTQY 1 2 1 0199  0.147
TRBV14 TRBD2 TRBJ21  TRBC2 ASSRLAGGPIDEQF 1 1 1 0.074  0.145
TRBV7-9 TRBD2 TRBJ24  TRBC2 ASSPLMTGGNIQY 1 2 1 0.164  0.136
TRBV7-2 TRBD2 TRBJ22  TRBC2 ASSLDNSVRTGELF 1 1 1 0255  0.129

Samples were collected after treatment from patient (Patient #19) with sustained CR post chemotherapy.
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Figure S5. The top 50 clonotypes in CD8* PD-1* T cells were frequently distributed in CD8* PD-1" populations. A dot is
used to represent one patient or one donor sample. CR: patients who were newly diagnosed with AML and remained
in complete remission after chemotherapy. Relapse: patients who were newly diagnosed with AML and relapsed
post chemotherapy. The Wilcoxon signed-rank test was used for matched paired comparisons. *** indicates P <
0.01.



