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Combined PD-L1 and TIM3 blockade improves
expansion of fit human CD8+ antigen-specific
T cells for adoptive immunotherapy
Shirin Lak,1 Valérie Janelle,1 Anissa Djedid,2 Gabrielle Boudreau,1 Ann Brasey,1,3 Véronique Lisi,2 Ali Smaani,1

Cédric Carli,1 Lambert Busque,1,3,4,5 Vincent-Philippe Lavallée,2,6,7 and Jean-Sébastien Delisle1,4,5

1Centre de Recherche de L’Hôpital Maisonneuve-Rosemont, 5415 Boul. de L’Assomption, Montréal, QC H1T 2M4, Canada; 2Centre de Recherche Du CHU Sainte-Justine,

3175 Chemin de la Côte-Sainte-Catherine, Montréal, QC H3T 1C5, Canada; 3Biomarker Unit, Centre C3i, 5415 Boul. de L’Assomption, Montréal, QC H1T 2M4, Canada;
4Department of Medicine, Université de Montréal, CP 6128, Succursale Centre-ville, Montréal, QC H3C 3J7, Canada; 5Hematology-Oncology and Cell Therapy Division,

HôpitalMaisonneuve-Rosemont, Montréal, QCCanada; 6Department of Pediatrics, Université deMontréal, Montréal, QC, Canada; 7Hematology-Oncology Division, CHU

Sainte-Justine, 3175 Chemin de la Côte-Sainte-Catherine, Montréal, QC H3T 1C5, Canada
Antigen-specific T cell expansion ex vivo followed by adoptive
transfer enables targeting of a multitude of microbial and
cancer antigens. However, clinical-scale T cell expansion from
rare precursors requires repeated stimulation, which may
lead to T cell dysfunction and limited therapeutic potential.
We used a clinically compliant protocol to expand Epstein-
Barr virus (EBV) and Wilms tumor 1 (WT1) antigen-specific
CD8+ T cells, and leveraged T cell exhaustion-associated inhib-
itory receptor blockade to improve T cell expansion. Several
inhibitory receptors were expressed early by ex vivo-expanded
antigen-specific CD8+ T cells, including PD-1 and TIM3,
with co-expression matching evidence of T cell dysfunction as
the cultures progressed. Introduction of anti-PD-L1 and anti-
TIM3 blockade in combination (but not individually) to the
culture led to markedly improved antigen-specific T cell expan-
sion without inducing T cell dysfunction. Single-cell RNA
sequencing (RNA-seq) and T cell receptor (TCR) repertoire
profiling revealed that double blockade does not impart specific
transcriptional programs in T cells or alterations in TCR rep-
ertoires. However, combined blockade may affect gene expres-
sion in aminority of clonotypes in a donor-specific fashion.We
conclude that antigen-specific CD8+ T cell manufacturing can
be improved by using TIM3 and PD-L1/PD-1 axis blockade
in combination. This approach is readily applicable to several
adoptive immunotherapy strategies.
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INTRODUCTION
The vast majority of potentially actionable microbial and cancer an-
tigens are major histocompatibility complex (MHC)-bound pep-
tides.1,2 Although it is possible to isolate T cell receptors (TCR) target-
ing some of these antigens and manufacture TCR-transgenic T cells
ex vivo followed by their injection into affected individuals, such
adoptive immunotherapy approaches face numerous technical hur-
dles and are currently available only for a minority of relevant cancer
antigens.3 Several effective strategies rely on ex vivo expansion of
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native antigen-specific T cells, enabling targeting of a vast array of an-
tigens. However, expansion of large numbers of antigen-specific
T cells requires repeated antigen exposure (through co-culture with
antigen-presenting cells [APCs]) and stimulatory cytokines, poten-
tially leading to T cell dysfunction (terminal effector differentiation
and exhaustion) and poor performance after adoptive transfer.4–6

Alternatively, the endogenous antigen-specific T cell repertoire can be
mobilized through systemic administration of antibodies that prevent
signaling from inhibitory co-signaling receptors present on the sur-
face of exhausted T cells.7,8 This “immune checkpoint” blockade,
most commonly targeting cytotoxic T lymphocyte-associated protein
4 (CTLA-4) and programmed death 1 (PD-1) on T cells (or its corre-
sponding primary ligand, programmed death-ligand 1 [PD-L1]), is
now the cornerstone of therapeutic regimens against several types
of neoplasia, including advanced melanoma and lung cancer.9

Because dysfunctional cancer-reactive T cells often express multiple
negative co-signaling molecules, a strategy has been to use combined
approaches with the caveat that increased response may come with
more immune-related toxicities.10 Ex vivo-expanded T cells express
inhibitory receptors, and PD-L1/PD-L2-silenced antigen-presenting
dendritic cells have been shown to improve the expansion and
function of antigen-specific T cells ex vivo,11 providing a solid ratio-
nale to leverage immune checkpoint blockade to improve T cell
manufacturing for adoptive immunotherapy.

We show here that ex vivo expansion of CD8+ T cells specific for an
oncogenic virus antigen and a tumor-associated antigen (TAA) is
enhanced by using combined blockade of PD-L1 and the immune
ber 2022 ª 2022 The Author(s).
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checkpoint T cell immunoglobulin and mucin-containing protein 3
(TIM3), whereas single blockade of either receptor failed to improve
T cell expansion. Increased antigen-specific T cell expansion under
dual immune checkpoint blockade was not associated with phenotypic
and functional evidence of exhaustion or terminal effector differen-
tiation. This was corroborated with single-cell RNA sequencing
(scRNA-seq) and V(D)J (variable (V), diversity (D) and joining (J)
gene segment) sequencing, which revealed that dual immune check-
point blockademay affect T cell gene expression in a donor- and clono-
type-dependent fashion. Our results show that dual PD-L1/TIM3
blockade during ex vivo expansion can yield large quantities of fit hu-
man antigen-specific T cells for adoptive immunotherapy.

RESULTS
Multiple stimulations are detrimental to antigen-specific T cell

expansion ex vivo

Antigen-specific T cells were stimulated using monocyte-derived den-
dritic cells (moDCs) loadedwith thepeptide latentmembraneprotein 2
(LMP2)426–434 (CLGGLLTMV), an Human leukocyte antigen (HLA)-
A0201-restricted antigen from Epstein-Barr virus (EBV). Weekly
ex vivo stimulation was performed in cytokine-supplementedmedium,
and antigen-specific expansion was assessed before each stimulation.
Although overall T cell expansion progressed after each of the four
stimulations (albeit at a limited pace after day 14 and two stimulations),
the percentage andabsolute number of antigen-specificCD8+T cells, as
identified by fluorescent HLA-0201/LMP2426–434 multimer, stagnated
despite additional stimulation (Figures 1A–1C). This halted growth
was matched by a gradual change in phenotype. The predominance
of the central memory T (Tcm) cell differentiation profile on day 14
evolved toward an effector memory (Tem) cell and effector T (Teff)
cell differentiation phenotype on days 21 and 28 (Figure 1D). These re-
sults were anticipated because serial T cell stimulation has been associ-
ated with development of Teff cells that gradually lose their capacity to
expand and eventually persist after adoptive transfer.6 Expression of the
inhibitory receptors related to T cell exhaustion (PD-1, TIM3, and, to a
lesser extent, LAG3 and 2B4)was substantial on a significant fraction of
antigen-specific T cells on day 14 with little modulation over time in
culture (Figure 1E). However, the fraction of cells showing dual expres-
sionofPD-1andTIM3 increasedwith repeated stimulation (Figure 1F),
in line with reports linking double expression with severe CD8+ T cell
exhaustion.12–14 Phenotyping of moDCs revealed prevalent expression
of the corresponding PD-1 andTIM3 ligands, (PD-L1 andCEACAM1/
Galectin 9, respectively) (Figure 1G). These results confirm and extend
previous data, suggesting that the early and persistent expression of
Figure 1. Repeated antigenic encounters ex vivo lead to antigen-specific T cel
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PD-1 and TIM3 by CD8+ T cells, along with expression of their ligands
by stimulatingDCs,may represent a significant hurdle for expansion of
antigen-specific T cells for immunotherapy.12,13

Combination of PD-L1/PD-1 axis and TIM3 blockade

significantly increases antigen-specific CD8+ T cell expansion

To assess whether immune checkpoint blockade during ex vivo expan-
sion may improve antigen-specific T cell yield, anti-PD-L1, anti-
TIM3, or both were added to the culture medium at the beginning
of culture and with all medium changes. Cell counts on day 14, and
evenmore strikingly on day 21, revealed that the double blockade con-
dition significantly increased T cell expansion relative to the control
(no checkpoint blockade) and the single-blockade groups (Figure 2A).
This translated into a marked increase in LMP2426–434-specific T cell
yield under the dual blockade condition,most evident on day 21 of cul-
ture (Figures 2B and 2C). In contrast, single blockade of PD-L1 or
TIM3 offered no advantage at any time point and even seemed to be
detrimental in terms of T cell expansion relative to the control condi-
tion. Phenotypic assessment of LMP2426–434-specific T cells revealed
no statistically significant difference in the percentages of Tcm,
Tem, and Teff cells and no difference in PD-1 or TIM3 expression
(Figures 2D and 2E). However, the percentage of T cells expressing
the inhibitory receptors LAG3 and 2B4 was lower in the combined
relative to the control condition. Hence, dual PD-L1 and TIM3
blockade increased T cell growth without conferring phenotypic
changes associated with increased T cell dysfunction.

It is known that TIM3 has a dual function. TIM3 is transiently upre-
gulated at intermediate levels on activated T cells and confers activa-
tion signals.15 However, in settings of chronic stimulation in the pres-
ence of its ligands, TIM3 inhibits T cell activation and behaves as a
bona fide immune checkpoint. Accordingly, delayed introduction of
single TIM3 blockade on day 7 modestly favored T cell growth (but
not antigen-specific T cell yield over the control condition), whereas
delayed single PD-L1 blockade did not (Figure S1). We therefore
slightly modified our protocol to introduce TIM3 blockade on day
7, a week after the first stimulation (hereafter designated as delayed
double blockade [DDB]), with the expectation that it would further
improve antigen-specific T cell yield. Compared with the dual
blockade started on day 0, DDB marginally increased total T cell
expansion on day 21 but more significantly after an additional anti-
genic stimulation (day 28) (Figure 3A). The DDB approach increased
the percentage of LMP2426–434-specific T cells at all time points rela-
tive to the control condition (no blocking antibodies used), including
l exhaustion
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Figure 2. Dual but not single PD-L1 and TIM3 blockade improves T cell expansion

(A) Total cell expansion relative to input at the beginning of the culture in function of time and culture condition; no blocking antibodies (CTRL), anti-PD-L1 (a-PD-L1), anti-

TIM3 (a-TIM3), or both (double blockade [DB]). (B and C) Absolute count (B) and percentage (C) of HLA-A0201-LMP2426–434 (LMP2) multimer-positive T cells under the same

conditions and at the same time points. (D and E) T cell differentiation phenotypes (Tn, Tcm, Tem, and Teff cells) (D) and percentages (E) of LMP2 multimer-positive T cells

expressing immune checkpoints in the function of culture conditions and time points (n = 4–10 different donors). Significant p values (p < 0.05) are indicated. All error bars

represent SEM.
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on day 14, which was not the case when PD-L1 and TIM3 blockade
were applied on day 0 (Figure 3B). Absolute antigen-specific counts
were also increased under the DDB relative to the control condition
(significant on days 21 and 28) (Figure 3C). Exogenous
interleukin-2 (IL-2) could be responsible for potentiating T cell
expansion in our system,16 but the presence or absence of IL-2 in
DDB did not consistently affect antigenic T cell yield (Figure S2).
The distribution of antigen-specific T cells within memory and
effector T cell subsets was similar across conditions, and the fraction
of antigen-specific T cells expressing exhaustion markers (PD-1 and
TIM3) expression was both highly prevalent (Figures 3D–3F) and
similarly distributed across memory and effector T cell subsets in
both conditions (Figure S3). The surface density of PD-1 and
TIM3, as evaluated by mean fluorescence intensity (MFI), also re-
mained similar across conditions at later time points, but TIM3
MFI was lower in the context of double blockade on day 14, perhaps
conditioning the improved expansion occurring subsequently.
Hence, despite markedly increased expansion, double blockade did
not increase effector differentiation or exhaustion marker expression.
Independent cultures using isotype control antibodies confirmed the
specific effects of anti-PD-L1 and anti-TIM3 antibodies on antigen-
specific T cell expansion (Figure S4), and delaying the introduction
of anti-TIM3 and anti-PD-L1 on day 7 of culture did not favor
T cell expansion (Figure S5). We conclude that combined blockade
Molecular The
of the PD-L1/PD-1 axis and TIM3 can be incorporated in ex vivo cul-
tures to increase antigen-specific CD8+ T cell yield for adoptive
immunotherapy without altering T cell phenotypes.

Double immune checkpoint blockade generates functional

antigen-specific T cells

Dual PD-L1 and TIM3 blockade increases antigen-specific CD8+ T cell
expansion in culture without altering T cell phenotypes, suggesting
comparable functionality. Intracellular cytokine secretion measure-
ments and enzyme-linked immune-spot (ELISpot) assays on day 28
confirmed that a higher proportion of T cells was reactive upon
LMP2426–434 peptide re-exposure under the DDB condition relative to
the control (no checkpoint inhibition) (Figures 4A and 4B). This was
also generally the case when DDB was compared with double immune
checkpoint blockade administered on day 0 (statistically significant in
ELISpot data on day 28). Based on these findings, we concentrated
our functional characterization by comparing the control condition
with DDB, which had surpassed double blockade (DB) in terms of
T cell expansionand functionandwas thereafter selected tobeour refer-
ence to test the effect of dual immune checkpoint blockade on antigen-
specific CD8+ T cells for the rest of the study. As further indication of
increased functionality, a greater fraction of antigen-specific T cells
expanded under the DDB condition relative to the control expressed
the proliferation marker Ki-67, and upon peptide re-exposure, more
rapy: Methods & Clinical Development Vol. 27 December 2022 233

http://www.moleculartherapy.org


Figure 3. DDB further improves T cell yield

(A) Total T cell expansion relative to input on day 0 in the function of time and culture condition; no blocking antibodies (CTRL), double anti-PD-L1 and anti-TIM3 applied at

culture initiation (DB), and anti-PD-L1 introduced on day 0 and anti-TIM3 introduced on day 7 (delayed DB [DDB]). (B and C) Percentages (B) and absolute counts (C) of HLA-

A0201-LMP2426–434 (LMP2) multimer-positive T cells from the same cultures. (D and E) T cell differentiation phenotypes (D) and immune checkpoint expression (E) of LMP2

multimer-positive cells under the same culture conditions and time points (n = 8 different donors). (F) Mean fluorescence intensity (MFI) of PD-1 and TIM3 in function of time in

culture. Significant p values (p < 0.05) are indicated. All error bars represent SEM.
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DDB-exposed T cells displayed evidence of cytotoxic potential (surface
CD107a and intracellular granzyme B expression) (Figures 4C and 4D).
This was corroborated by cytotoxicity assays showing that T cells from
theDDB conditionwere highly effective, especially at low effector:target
ratios (Figures 4E and 4F). In all our assays, combinedPD-L1 andTIM3
blockade did not lead to increased non-specific (off-target or sponta-
neous) cytokine release or cytotoxicity. Thus, dual immune checkpoint
234 Molecular Therapy: Methods & Clinical Development Vol. 27 Decem
inhibition expands T cell products with specific and augmented antigen
reactivity.

PD-L1/TIM3 blockade imparts no consistent gene expression

signatures to expanded antigen-specific CD8+ T cells

To gain more insight into the biological effects of double immune
checkpoint blockade on antigen-reactive T cells, we submitted sorted
ber 2022



Figure 4. DDB expands a high proportion and number of functional antigen-specific T cells

(A) Representative dot plots showing intracellular cytokine secretion after LMP2426–434 antigenic re-stimulation on day 28 and compiled results from 5–6 independent donor

cultures, demonstrating the percentage of CD8+ T cells secreting IFNg, TNF-a, IL-2, and multiple cytokines; expansion with no blocking antibodies (CTRL), anti-PD-L1 and

anti-TIM3 antibodies introduced at the beginning of the culture (DB), or both antibodies but anti-TIM3 introduced on day 7 (DDB). Percentages of events in boxes are

(legend continued on next page)
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day 28 multimer-positive T cells from three donors to paired tran-
scriptome and TCR alpha-beta scRNA-seq. Gene expression was
compared between donors, conditions (no checkpoint blockade
versus DDB), and clonotypes. Global gene expression patterns across
the three donors revealed strong donor-specific clustering with no
significant multidonor contribution to any of the identified clusters
(Figure 5A).We thus focused on the effect of DDB on gene expression
of antigen-specific T cells in each donor using published human T cell
gene sets.17 This enabled a detailed assessment of T cell activation,
proliferation, terminal differentiation, exhaustion, and metabolism-
associated gene expression because these processes are likely to be
affected by DDB. Overall, when all T cells from each condition
were compared, no consistent and common changes in gene expres-
sion signature could be identified across all donors (Figure 5B). We
next evaluated whether clonotype-specific signatures could be identi-
fied. V(D)J sequencing revealed that LMP2426–434-specific T cells were
oligoclonal in all donors and conditions (1–4 clones representing
more than 80% of all cells; Figure 5C and Table S1). Most dominant
clonotypes were shared between experimental conditions (but in
some instances at different frequencies), and a few clonotypes were
shared between donors (e.g., clonotype 1 and 3, common to donors
1 and 2; Table S1). We next analyzed the expression of several path-
ways in the abundant clonotypes, defined as those represented by at
least 10 cells and representing at least 1% of the repertoire under
the DDB and control conditions from the same donor. Similar to
comparisons involving all clonotypes, no consistent pattern was
found across donors when comparing the DDB and control condition
on a per-clonotype basis (Figure 5D). Our data unveiled divergent
gene expression patterns for one clonotype (clonotype 3) that was
shared by donors 1 and 2. Relative to its counterpart under the control
condition, donor 1 clonotype 3 under the DDB condition expressed
higher levels of genes related to T cell exhaustion/differentiation
and had a lower expression of genes associated with T cell prolifera-
tion. The same clonotype under the DDB condition from donor 2
had, on the contrary, increased expression of genes associated with
T cell activation without any transcriptional changes related to
T cell dysfunction (T cell exhaustion, terminal differentiation, low
proliferation). Although obtained from a limited number of cells
and donors, these results suggest that donor- rather than clono-
type-related features may determine T cell outcomes after DDB.

To assess whether clonotype-specific transcriptional signatures may
affect their expansion and clonal hierarchy within the cultures, we
used bulk mRNA collected from sorted multimer-negative and -pos-
itive CD8+ T cells on day 21 and 28 from the same donors. RNA of
suitable quality was obtained for 23 of a potential of 24 samples
indicated for double (IFNg and TNF-a, left) and triple (IFNg, TNF-a, and IL-2, right) cy

harvested from the cultures at the indicated time points and using the following stimula

peptides, and LMP2426–434 peptide (LMP2). (C and D) Percentage of Ki-67 staining on d

(C) and co-expression of surface CD107a and intracellular granzyme B (GzB) (D) as a sur

cytotoxicity assay (Cell Tracer Yellow [CTY] or Cell Tracer Violet [CTV]) showing loss of tar

indicate percentages of total events) (E) and compiled results at different target:T cell r

indicate SEM.
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(the multimer-positive fraction of the control condition from donor
3 had to be excluded) and subjected to complementary-determining
region 3 (CDR3) region sequencing of the TCR beta chain (TCRb).
Day 28 multimer-positive T cell CDR3 sequencing very well matched
paired V(D)J sequencing of single cells (Figure S6), confirmed the oli-
goclonality of the multimer-positive T cells on days 21 and 28, and
revealed that TCR repertoire diversity in the multimer-negative
T cells was not affected by DDB (Figure 6A). The multimer-positive
and -negative fractions had limited overlap (Figure S7), suggesting
that sorting effectively separated most CD8+ antigen-specific cells
from the rest of the T cells in culture. Clonotype hierarchy among
multimer-positive T cells on day 21 and day 28 showed no consistent
pattern of evolution in DDB relative to the control condition
(Figures 6B and 6C). However, the proportion of certain clonotypes
in these fractions (DDB and control) varied significantly (>20%) be-
tween days 21 and 28. This was notably the case for clonotype 3 from
donor 1 under the DDB condition, which declinedmarkedly from day
21 to day 28, whereas this clonotype’s frequency changed only slightly
between days 21–28 of DDB exposure in donor 2 (Figure 6B). We
then explored whether the clonotypes with altered abundance be-
tween day 21 and day 28 in the same donor and condition displayed
a specific transcriptional profile on day 28. Under the DDB condition,
clonotype 3 of donor 1, which showed decreased abundance from day
21 to day 28, had a higher expression of genes related to T cell activa-
tion, differentiation, and exhaustion relative to other clonotypes from
the same donor under the same condition (Figure 6D). Although less
striking, we also noticed a weak trend of increased expression of genes
related to exhaustion in clonotypes with decreased abundance on day
28 and a rise in the expression of genes related to proliferation in clo-
notypes with increased abundance on day 28, irrespective of experi-
mental conditions (Figure 6D). These data show that DDB has a
limited effect on the clonal diversity of the expanded T cells over
time. The proportion of the various clonotypes in time can nonethe-
less fluctuate under both culture conditions, and the gene expression
signatures on day 28 offer possible explanations for such fluctuations.
These results suggest that DDB confers no consistent transcriptional
features to expanded antigen-specific CD8+ antigen-specific T cells
but may alter activation/dysfunction and cell cycle-related processes
in a clonotype- and donor-dependent fashion.

The benefits of dual PD-L1 and TIM3 blockade extend to TAA-

specific T cells but not to all T cell manufacturing protocols

The EBV-derived LMP2426–434 antigen stimulates a memory T cell
repertoire in more than 90% of adults.18 Ex vivo expansion of naive
T cells is generally considered more challenging for several reasons,
such as size of the repertoire and amount of stimulation required.
tokine-expressing cells. (B) IFNg ELISpot results using 50,000 cells per condition,

tion conditions: vehicle only (DMSO), anti-CD3 (CD3, positive CTRL), irrelevant (Irr)

ay 28 among CD8+ T cells from CTRL versus DDB cultures (n = 5 different donors)

rogate for degranulation after LMP2426–434 exposure. (E and F) Fluorescence-based

gets loaded (LMP2+) or not loaded (LMP2�) with the LMP2426–434 antigen (numbers

atios (from 3 different donors) (F). Significant p values are indicated, and error bars
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Figure 5. scRNA-seq of antigen-specific T cells after double immune checkpoint inhibition

(A) T-stochastic neighbor embedding (t-SNE) of normalized single-cell gene expression after dimensionality reduction from control (CTRL) and DDB conditions, color coded

by donor and experimental condition on the left and by cluster on the right. The barplot represents the percentage of each sample (colored as above left) in each cluster

labeled on the x axis and color-coded at the top of the graph. (B) Dot plot representing the change in expression of genes related to pathways of interest under the DDB

condition compared with the CTRL condition. The color of the dots represents the log2 fold change of the genes in the pathway, and the size of the dot is representative of the

percentile ranking of the comparison in random gene sets (Materials andmethods). (C) Clonotype frequencies under the CTRL and DDB conditions for each donor. (D) Similar

to (B), comparing cells of selected clonotypes/affected individuals between the two experimental conditions.
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Figure 6. Effect of DDB on clonal diversity and stability in time

(A) Estimate of TCR repertoire diversity using the Gini-Simpson index among HLA-multimer-negative and -positive T cells on days 21 and 28. (B and C) Clonal hierarchy and

clonal relatedness among HLA-A0201-LMP2426–434 multimer-positive T cells between days 21 and 28 using the day 28 repertoire as a reference under the DDB (B) or CTRL

condition (C), as determined by bulk CDR3 sequencing. The CTRL condition in donor 3 was not assessed because of poor RNA quality on day 28. (D) Dot plot representing

the change in expression of genes related to pathways of interest when comparing a clonotype of interest in a donor/experimental condition with all other clonotypes in the

same donor/condition. The clonotypes selected are those whose abundance vary by more than 20% between days 21 and 28.
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We sought to determine the effect of dual PD-L1/TIM3 blockade on
priming and expansion of naive T cells. It has been shown previously
that CD8+ T cells specific against Wilm’s tumor 1 (WT1)-derived
peptides, a clinically relevant TAA, are phenotypically naive in
healthy individuals19 but can be expanded from a majority of such
donors.20,21 Volunteer donor T cells were stimulated with an
HLA-0201-restricted WT1 peptide (WT137–45) using the same stim-
ulation/expansion conditions for LMP2426–434-specific T cells. WT1-
specific T cells expanded, following a similar pattern as LMP2426–434-
specific T cells (Figures 7A–7C). The expansion, percentages, and
numbers of antigen-specific cells as well as their cytokine secretion
were improved under the DDB condition relative to cultures without
immune checkpoint blockade, again without altering T cell differen-
tiation patterns or exhaustion marker expression (Figures 7D–7H).
We conclude that our results obtained with LMP2426–434 extend
238 Molecular Therapy: Methods & Clinical Development Vol. 27 Decem
beyond virus-specific memory T cell expansion and that double
PD-L1/TIM-3 immune checkpoint blockade can improve expansion
of functional TAA-specific CD8+ T cells from naive repertoires.
Expansion of antigen-specific T cells requires strong and repeated
stimulation that is conducive to immune checkpoint expression.
We next sought to assess whether dual checkpoint inhibition would
be beneficial in the setting of another clinically compliant system to
expand polyspecific virus-reactive cells from relatively abundant
memory T cell repertoires.22–24 Through use of peptide libraries,
IL-7 and IL-4, these short cultures (9–14 days) expand T cell lines
with limited expression of immune checkpoints. We found that
DDB had no discernible effect in terms of T cell expansion, differen-
tiation, and antigen reactivity in this setting (Figure S8). Similarly, use
of DDB during chimeric antigen receptor (CAR) T cell generation did
not improve CAR T cell yield despite robust expression of PD-1 and
ber 2022
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TIM3 and their ligand PD-L1 and Galectin 9 by the T cells in the cul-
ture (Figure S9). Agonistic anti-CD3 and anti-CD28 stimulation and
IL-7, IL-15, and IL-2 cytokine supplementation were used on purpose
to provide strong activation signals. These results suggest that the
benefits of dual immune checkpoint blockade heavily depend on cul-
ture duration as well as repeated stimulation rather than simple im-
mune checkpoint expression.

DISCUSSION
Stimulation and expansion of antigen-specific T cells for adoptive
immunotherapy is an attractive strategy to target a wide variety of an-
tigens. However, T cell expansion is limited by expression of inhibi-
tory receptors and development of T cell dysfunction. We confirmed
and extended previous studies revealing that immune checkpoint re-
ceptors are expressed on repeatedly activated T cells and that their
corresponding ligands can be present on APCs used ex vivo. Co-
expression of PD-1 and TIM3 has been used to describe highly ex-
hausted CD8+ T cells, and combined blockade of these receptors in
murine models has been shown previously to improve tumor control
relative to single blockade.12,13,25 In humans, dysfunctional tumor-
infiltrating lymphocytes (TILs) could be reinvigorated through com-
bined TIM3 and PD-1 blockade in vitro, providing a rationale to
incorporate dual blockade in T cell manufacturing.26 We show that
antibody-mediated immune checkpoint blockade targeting PD-1 or
TIM3 alone is insufficient to improve CD8+ T cell expansion, whereas
the combination improves T cell expansion and antigen-specific reac-
tivity. Intracellular cytokine staining and ELISpot revealed increased
functional antigen-specific T cell yield after DDB but to different de-
grees relative to the control, highlighting the difference in sensitivity
between the two assays27,28 and underscoring how difficult it is to
quantitatively define the beneficial effect of dual checkpoint blockade.
Our data contrast with a previous study where PD-1 blockade alone
was able to restore human T cell functionality against EBV+ lym-
phoma cell lines ex vivo,29 stressing the importance of adapting
checkpoint blockade approaches for every culture system. We
demonstrate this by showing that immune checkpoint blockade has
different efficacy in various clinically relevant processes. Rapidly
generated virus-specific T cell lines and CAR T cell generation did
not benefit from DDB in our hands. These two T cell products
differed in the type of stimulation they received, and we expected a
benefit in CAR T cells, where strong stimulation is associated with
high expression of immune checkpoints and their ligands (which
themselves can have inhibitory functions).30 As suggested by our
data, the benefit of immune checkpoint blockade may only become
apparent after repeated stimulation in long-term culture. Hence,
Figure 7. Improved expansion of functional WT1-specific T cells with DDB

(A) Representative HLA-A0201-WT137–45 multimer staining (WT1) of CD8+ T cells (bo

expansion expressed as fold increase relative to cell input at the beginning of the culture

conditions (B) as well as percentages (C) and absolute numbers (D) of WT1-specific T

expression (IFNg, TNF-a, IL-2, and multiple cytokines) after WT1 exposure on day 28 of

(F) after exposure to vehicle alone (DMSO), peptides not used in the culture (Irr) as negati

differentiation (Tn, Tcm, Tem, and Teff cells) (G) and percentage of immune checkpoint

indicated; error bars indicate SEM.
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ex vivo T cell expansion protocols requiring extended culture dura-
tion, such as those used in TIL therapy, may be the next candidates
for testing immune checkpoint blockade during manufacturing.31

Our data confirm the synergistic potential of immune checkpoint
blockade and the particular relevance of TIM3 and PD-1 as inhibitory
receptors in CD8+ T cells.13 The reasons for this synergistic effect
might be mobilization of different signaling intermediates by the
two receptors. PD-1 relies on recruitment of Src homology region 2
domain-containing phosphatase (SHP) to mediate its effects (as for
several other negative co-stimulatory molecules), and TIM3 uses
BAT3/BAG6 and FYN Proto-Oncogene (FYN) for its stimulatory
and inhibitory effects, respectively. We reasoned that delaying
TIM3 blockade by 1 week after the start of the culture would be bene-
ficial, given previous experimental evidence supporting that TIM3
provides activation signals after the first T cell stimulation.32,33 This
contrasts with PD-1, which conveys inhibitory signals in exhausted
T cells and early after activation,34 justifying use of anti-PD-L1 at cul-
ture initiation. However, single blockade of PD-L1 or TIM3 appeared
to decrease T cell yield when started at culture initiation. We explored
this through complementary experiments and observed that delaying
the single blockade of TIM3 slightly increased T cell expansion, which
was not the case with delayed PD-L1 inhibition, in accordance with
currently accepted notions regarding these receptors. However, de-
laying anti-TIM3 and anti-PD-L1 did not have significant effects.
We realize that several refinements may be required to fully leverage
the potential agonistic/antagonistic effects of TIM3 on T cell activa-
tion and expansion and determine the optimal timing of anti-PD-
L1/PD-1 blockade. Other modifications could also be readily tested,
such as blockade of additional inhibitory receptors alone and in com-
bination as well as different cytokine combinations that may influence
PD-1 and TIM3 expression35,36 and provide synergistic effects, which
was not revealed for IL-2 in our system. Our work provides a new
strategy for antigen-specific T cell expansion and offers biological in-
sights on the effects of PD-L1/PD-1 axis and TIM3 blockade in hu-
man antigen-specific T cell clonotypes submitted to multiple anti-
genic stimulations.

Our data support that sustained dual PD-L1/TIM3 blockade through
several rounds of antigenic stimulation provides ongoing benefits
without exacerbating T cell dysfunction or curbing expansion, as in-
ferred by previous studies of using inhibitory receptor gene deletion.37

This was assessed through phenotyping, functional assays, and gene
expression in single cells. Our results indicate that antigen-specific
CD8+ T cells expanded under combined TIM3/PD-L1 blockade are
functional, display similar proportions of memory and effector
xes) with relative frequency in the culture, as indicated by percentages. (B–D) Cell

(15 � 106) under CTRL (no blocking antibodies) or anti-PD-L1 and anti-TIM3 DDB)

cells at different time points in culture. (E and F) Proportion of intracellular cytokine

culture in CD8+ cells (E) and IFN-g ELISpot results on days 14, 21, and 28 of culture

ve CTRL, anti-CD3e (positive CTRL), and the targeted peptide (WT1). (G and H) T cell

surface expression (H) on WT-1 specific T cells. Four different donors; p values are
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subsets as defined phenotypically, and show a similar pattern of im-
mune checkpoint expression across memory and effector subsets
and conditions at the end of the culture. This suggests that dual im-
mune checkpoint blockade may expand early memory-expressing
immune checkpoints12,38 and late memory T cells. Likewise, clonal
composition in the cultures was found to be generally similar between
DDB and control conditions and stable in time. It has been reported
that immune checkpoint blockade in vivo can shape the T cell reper-
toire.39–41 Thus, from a perspective of T cell therapy, it was essential
to define whether an intervention during ex vivo T cell expansion al-
ters the clonal identity of the cellular product. Although we did not
observe consistent effects of PD-L1/TIM3 blockade on the T cell tran-
scriptome or clonotype distribution, altered transcriptional profiles in
a clonotype- and donor-dependent manner nonetheless suggests that
immune checkpoint blockade in adoptive T cell therapy may require
personalization. Although requiring confirmation, our data on clonal
dynamics and transcriptomes offer insights about the effects of im-
mune checkpoint blockade on human antigen-specific CD8+

T cells. The divergent fates of a shared clonotype between two donors
infer that TCR affinity is not a preponderant factor dictating cellular
responses to PD-1 and TIM3 blockade, contrasting with previous ob-
servations with anti-CTLA-4 and PD-1 blockade in mice.42 Further
work will be required to understand why some clonotypes in certain
individuals may be more susceptible to differentiation/exhaustion af-
ter immune checkpoint blockade at different time points. Likely fac-
tors that may influence clonal dynamics during/after T cell culture
include previous activation/proliferation history, differentiation sta-
tus at the beginning of checkpoint blockade, and pre-expansion abun-
dance. Our data suggest that, even after 28 days in culture, the anti-
gen-specific T cell population is highly functional, with a third of
T cells expressing Tcm cell markers. Although such early memory
T cells express inhibitory receptors and show evidence of exhaustion,
evidence suggests that this is reversible.43 Hence, we surmise that an-
tigen-specific T cells generated in high numbers after dual immune
checkpoint blockade could expand more after transfer and likely
respond to further immune checkpoint blockade administered
in vivo.

We conclude that dual PD-L1/TIM3 blockade is a readily applicable
strategy to improve functional antigen-specific CD8+ T cell expansion
ex vivo for adoptive immunotherapy.

MATERIALS AND METHODS
Donors and cellular procurement

Peripheral blood mononuclear cells (PBMCs) from HLA-A0201-ex-
pressing volunteer donorswere isolated using Ficoll-Hypaque gradient
(STEMCELLTechnologies, Vancouver, BC,Canada) from freshwhole
blood (collected by venipuncture) or leukoreduction system chambers
(LRSCs) provided by Héma-Québec as described previously.24,44 All
donors provided written informed consent, and all experiments were
approved by the Héma-Québec and Hôpital Maisonneuve-
Rosemont Research Ethics Committees. Recovered PBMCs were
used immediately for experiments or cryopreserved for future use in
90% fetal bovine serum and 10% dimethyl sulfoxide (DMSO).
Molecular The
Dendritic cells differentiation and antigen pulsing

Monocyte isolation and DC differentiation were performed as
described previously.4 Briefly, monocytes were obtained using the
adherence method, where PBMCs were plated in adherent plastic
plates (Sarstedt, Nümbrecht, Germany) in medium (X-Vivo 15 me-
dium, Lonza, Basel, Switzerland) supplemented with 5% human
serum, 2 mM L-glutamine and 1 mM sodium pyruvate (Thermo
Fisher Scientific, Waltham, MA, USA), 1,000 U/mL (100 ng/mL)
IL-4, and 800 U/mL (50 ng/mL) Granulocyte-macrophage colony-
stimulating factor (GM-CSF) (both from STEMCELL Technologies)
and incubated in a CO2, 37�C incubator for 7 days. On day 4, the me-
dium was replaced with fresh medium supplemented with IL-4 and
GM-CSF. On day 7, DCs were matured with maturation medium
containing 1,000 U/mL (100 ng/mL) IL-4, 800 U/mL (50 ng/mL)
GM-CSF, 10 ng/mL tumor necrosis factor alpha (TNF-a)
(STEMCELL Technologies), 1 mg/mL PGE2 (Sigma), 10 ng/mL IL-
1b (Feldan, Quebec City, QC, Canada), and 100 ng/mL IL-6
(Miltenyi Biotec, Bergisch Gladbach, Germany) and loaded with
the desired peptide (1 mg/mL LMP2426–434, [CLGGLLTMV] or
1 mg/mL WT137–45 [VLDFAPPGA], both from JPT Peptides (Berlin,
Germany). Last, DC medium was supplemented with interferon g

(IFN-g; 1,000U/mL, Feldan) for the last 24 h of maturation.

Antigen-specific T cell expansion and rapid polyspecific T cell

line generation

Antigen-specific T cells were stimulated using a clinically compliant
protocol as described previously4 (ClinicalTrials.gov: NCT03091933)
from 15� 106 PBMCs and expanded through multiple weekly stimu-
lations using irradiated (40 Gy) autologous, peptide-loaded, monocyte-
derived DCs at a 1:10 (DC:PBMC) ratio in a G-Rex6 well plate vessel
(Wilson Wolf Manufacturing, New Brighton, MN, USA). Our com-
plete T lymphocyte culture (CTL) medium (Advanced RPMI 1640,
10% human serum, 1� L-glutamine [Thermo Fisher Scientific]) was
supplemented with the following cytokines: week 1: IL-21 (30 ng/
mL) and IL-12 (10 ng/mL) (both from Feldan); week 2: IL-21, IL-2
(100U/mL), IL-7 (10 ng/mL), and IL-15 (5 ng/mL) (STEMCELLTech-
nologies); subsequent weeks: IL-2, IL-7, and IL-15. Medium, including
cytokines, was refreshed every 3–4 days, and antigen re-stimulation
was done every week with peptide-loaded, monocyte-derived DCs.
Cell concentration was adjusted to a 1:10 ratio each week. When indi-
cated, cultures were supplemented with 20 mg/mL of anti-PD-L1-
blocking monoclonal antibody (mAb) (29E.2A3, Bio X Cell, Lebanon,
NH, USA) or/and 10 mg/mL of anti-TIM3-blocking mAb (F38-2E2,
BioLegend, San Diego, CA, USA) with all medium changes. The
respective isotype antibodies, mouse immunoglobulin G1 (IgG1; Bio
X Cell, MOPC-21) and InVivoMAb mouse IgG2b (Bio X Cell, MPC-
11), were used at the same concentration where indicated. All cell cul-
tures were performed in monitored incubators (37�C in 5% CO2 and
5% air humidity). Cell viability and cell counts were assessed by the
Countess automated cell counter (Invitrogen/Thermo Fisher Scientific)
using trypan blue (Invitrogen) at a 1:1 ratio with the cellular suspension
in cell counting chamber slides (Invitrogen, C10283). The polyspecific
virus-reactive T cell lines were generated as described with slight modi-
fication.24,44 Briefly, 3 � 106 donor PBMCs were exposed to a peptide
rapy: Methods & Clinical Development Vol. 27 December 2022 241
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library covering the entire EBV LMP2 protein (JPT Peptides) and
placed in G-Rex24 well plate vessels in T cell medium enriched with
IL-7 (10 ng/mL) and IL-4 (400 U/mL). Anti-PD-L1 was introduced
on day 0, and anti-TIM3 was introduced at the first half-medium
change (day 5), both at the same concentration as mentioned above.
On day 9, T cell counts and full-medium changes (that included block-
ing antibodies) were performed, and the cultures were terminated on
day 12.

CAR T cell generation

The second-generation CAR (CD28 co-stimulation domain) engi-
neered to express a reported gene (non-signaling truncated nerve
growth factor receptor [NGFR]) was a kind gift from Jonathan L.
Bramson (McMaster University, Hamilton, ON, Canada). Packaging
in lentiviruses and transduction were performed as described previ-
ously45 with slight modifications. Briefly, HEK293T cells were
cultured in high-glucose-containing Dulbecco’s modified Eagle’s me-
dium (DMEM; Lonza) supplemented with 10% fetal bovine serum
(FBS; Gibco) and 1� L-Glutamine (Gibco) at 37�C and 5% CO2.
Low-passage HEK239T cells (p12) were plated in 100-mm culture
dishes (3 � 106/dish) and transfected after 24 h of culture with
8 mg of packaging plasmid (psPAX2), 4 mg of vesicular stomatitis virus
(VSV) envelope (pMD2.G), and 13 mg of CAR-CD19 plasmid (pCCL-
CD19). Plasmids were combined in FBS-free OPTI-MEM medium
(Gibco) to which TransIT-LT1 (MirusBio) transfection reagent was
added. The mixture was incubated at room temperature for 30 min
and added dropwise on the culture dishes. Culture medium was
changed 24 h after transfection, and viral supernatant was harvested
48 h and 72 h after transfection. Viral supernatant was first passed
through a 0.45-mm pore polyvinylidene fluoride (PVDF) Millex-HV
filter (Millipore) and then concentrated using Amicon Ultra-15 cen-
trifugal filter units (Millipore Sigma). T cells were isolated from
PBMCs of 4 different donors using the EasySep Human T cell Enrich-
ment Kit (STEMCELL Technologies). T cells were plated in 96-well
plates (100,000/well) and stimulated with 5 mg/mL of pre-coated pu-
rified No azide/low endotoxin (NA/LE) mouse anti-human CD3
(clone OKT3, BD Biosciences) and 1 mg/mL of anti-human CD28
(clone 28.2, eBioscience) on day 0. Cells were cultured in complete
CTL medium supplemented with 100 U/mL IL-2 (Miltenyi) and
10 ng/mL IL-7 and 5 ng/mL IL-15 (both from PeproTech) and replen-
ished with every medium change. Anti-PD-L1 was added on day
0 and anti-TIM3 on day 4 at the concentrations stated above, and
both were replenished with every medium change. T cells were trans-
duced on day 3 with 10 mL of freshly harvested viral supernatant in
the presence of 8 mg/mL Polybrene and 100 mL of complete CTL me-
dium containing the previously mentioned cytokines, and blocking
antibodies were added on day 4. Medium changes were performed
on day 7 and day 10.

Flow cytometry

The phenotype of mature DCs was assessed by cell surface expression
of the following markers (antibody clone in parenthesis): CD80
(L307.4), CD86 (2331, FUN1), HLA-ABC (W6-32), CD11c (3.9),
and CD19 (HIB19) (all from BD Biosciences, Franklin Lakes, NJ,
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USA) and HLA-DR (LN3) and CD83 (HB15e) (both from Invitro-
gen). To detect antigen-specific CD8+ T cells, up to 106 cells were sus-
pended in phosphate-buffered saline (PBS) plus 2% FBS and stained
with the appropriate allophycocyanin-labeled MHC-Dextramer
A*0201 (Immudex, Copenhagen, Denmark) for 10 min in the dark
at 4�C. For additional cell surface markers and phenotyping, cells
were stained with the following antibodies: CD3 (SKY7), CD3
(UCHT1), CD8 (SK1), CD45RO (UCHL1), CD45RA (5H9), CCR7
(150503), LAG3 (T47.530), Galectin 9 (9M1-3), and CD4 (RPA-T4)
(all from BD Biosciences); CD62L (DREG-56), TIM3 (F38-2E2),
PD-1 (EH12.2H7), KLRG1 (2F1/KLRG1), CD57 (HCD57), NGFR/
CD271 (ME20.4), and PD-L1 (29E.2A3) (from BioLegend); and
CD8 (RPA-T8) and CD244 (eBioDM244) (from Thermo Fisher Sci-
entific). Staining was performed at room temperature (RT) in the
dark for 30 min. Intracellular staining was done with the Foxp3/
Transcription Factor Staining Buffer Set as recommended by the
manufacturer (eBioscience/Thermo Fisher Scientific). Before the fix-
ation step, up to 106 cells were stimulated to produce cytokines with
the indicated peptide (0.5 mg/mL) (test condition) or phorbol 12-myr-
istate 13-acetate (PMA) (50 ng/mL)-ionomycin (500 ng/mL) (Sigma-
Aldrich, St. Louis, MO, USA) (positive control) and a pool of irrele-
vant peptides (from the cytomegalovirus pp65 protein; PepMix
Human Cytomegalovirus - strain AD169 [HCMVA], JPT Peptides)
for 4 h at 37�C. Cells were suspended in CTL medium plus brefeldin
A (BioLegend) to block secretion of cytokines during the stimulation
period. Cells were then harvested and stained for cell surface markers,
including CD3, CD4, and CD8, at 4�C for 20min. Next, fixed and per-
meabilized cells were stained with intracellular cytokine detection an-
tibodies (IFN-g [4S.B3], IL-2 [MQ1-17H12], and TNF-a [Mab11], all
purchased from BD Biosciences, and Ki67 [Ki-67 from BioLegend) at
RT for 20min. Cell acquisition was performed on an LSRFortessa X20
or LSR II flow cytometer (BD Biosciences), and data were analyzed
with Flowlogic software (Inivai, Mentone, Australia).

IFN-g ELISpot

ELISpot assays were performed using the human IFN-ELISpotPLUS

kit (Mabtech, Nacka Strand, Sweden), following the manufacturer’s
instructions. Cultured cells were added (5� 104) to wells in duplicates
and then stimulated with anti-CD3 mAb (positive control), irrelevant
peptides (specificity control), test peptide, or vehicle only (DMSO).
Spots were counted using an ELISpot reader (vSpot Reader Spectrum,
AID, Straẞberg, Germany).

Flow cytometry-based cytotoxicity assay

The flow cytometry-based cytotoxicity assay was performed using
Cell Trace Violet (CTV)-labeled or Cell Trace Yellow (CTY)-labeled
(Invitrogen) LMP2426–434 pulsed as target cells as described before.45

Briefly, target cells were prepared by stimulating autologous PBMCs
with the T cell mitogen phytohemagglutinin (PHA) (3� 106 PBMCs/
mL were incubated in T cell medium with 20 mg/mL PHA) for 3 days
at 37�C and 5% CO2. Peptide-pulsed (or unpulsed) target cells were
co-cultured with LMP2-specific T cells at various ratios for 4 h in
CTL plus 10% horse serum. Unpulsed target cells alone were used
as a control. After incubation, cells were harvested, stained using
ber 2022
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the LIVE/DEAD Fixable Aqua Dead Cell Stain Kit (Life Technolo-
gies) according to the manufacturer’s instructions, and viable target
cells were quantified by flow cytometry using Flow Count Beads
(Beckman Coulter, Brea, CA, USA). Cytotoxicity was calculated
by comparing the percentage of viable target cells under test condi-
tions relative to the control (100 � [target cell alive/target cell
alone] � 100).

scRNA-seq and high-throughput TCR sequencing

At the indicated time points, T cells were sorted based on MHC-
Dextramer and CD8 staining using FACSAria III (BD Biosciences).
The purity of the sorted population was 94%. A fraction of the sorted
antigen-specific T cells was subjected to V(D)J and transcriptome
scRNA-seq at the Genome Quebec facilities. Briefly, cells were
counted, and viability was assessed using a hemocytometer and try-
pan blue. The targeted cell recovery was set at 6,000 cells, and libraries
were prepared using the Chromium Next GEM Single Cell 50 Kit v.2
and Chromium Single Cell Human TCR Amplification Kit (10X Ge-
nomics, Pleasanton, CA, USA) according to the manufacturer’s rec-
ommendations. Libraries were quantified using the Kapa Illumina
GA with Revised Primers-SYBR Fast Universal Kit (Kapa Biosystems,
Wilmington, MA, USA). The average size fragment was determined
using a LabChip GX (PerkinElmer, Waltham, MA, USA) instrument.
The 10X Single Cells 50 libraries were sequenced on Illumina HiSeq
4000 PE28x98, and the 10X Single Cell V(D)J (Human T) libraries
were sequenced on Illumina HiSeq 4000 PE150. The Illumina control
software was HCS HD 3.4.0.38, and the real-time analysis program
was RTA v.2.7.7. bcl2fastq2 v.2.20 was then used to demultiplex sam-
ples and generate fastq files. Reads were aligned to GRCh38 genome
assembly, gene expression matrices were generated, and clonotype
identification was performed using CellRanger v.3.0.2. The resulting
gene expression matrices were normalized by total Unique molecular
identifiers (UMI) counts per cell multiplied by the median UMI count
per cell and natural-log-transformed using Scanpy v.1.4.46

PhenoGraph,47 clustering was applied with k = 20, and clusters
with a median mitochondrial fraction greater than 0.2 were filtered
out. Clonotypes were defined by nucleotide sequences of alpha and
beta chains. To remove potential doublets, we restricted our analysis
to cells in which exactly one alpha and one beta chain were identified.
We retained only the most abundant clonotype for each alpha and
beta chain. The number of retained cells per sample is provided in
Table S2. After filtering, individual count matrices were combined,
normalized, and log transformed, as described above, for downstream
analyses. Pathway expression is defined as the log2 of the sum of the
normalized gene expression of individual genes. Genes included with
each pathway are listed in Table S3 (taken fromAzizi et al.17). The sig-
nificance of the changes in pathway expression between the control
(CTRL) and DDB conditions was assessed using a Mann-Whitney
U test. To set the threshold where p values are considered significant,
we compared the p values obtained with the pathway of interest with
those obtained with random sets of genes. For each pathway of inter-
est, we generated 1,000 random gene sets with the same number of
genes drawn from the same expression distribution. On each of these
random gene sets, we performed the CTRL versus DDB comparison
Molecular The
and recorded the p values obtained from the Mann-Whitney U test
and report the percentile ranking of the p value in the pathway
compared with the p values obtained from the random gene sets.

Bulk TCR repertoire profiling was performed from sorted multimer-
positive and -negative CD8+ T cell RNA preserved in TRIzol� re-
agent (Thermo Fisher Scientific) using next-generation sequencing
(NGS) targeting the hypervariable CDR3 of TCRb. TRIzol-extracted
RNA, purified with the PureLink RNA Mini and Microcolumn Sys-
tem (Thermo Fisher Scientific), was quantified by UV spectropho-
tometry (Tecan), and tested for quality using with a Bioanalyzer
chip (Agilent Technologies). TCRb amplicon libraries were prepared
from 25 ng total RNA with the Oncomine TCR Beta-SR Assay for
RNA (Thermo Fisher Scientific). The TCRb libraries obtained were
quantified on the ViiA 7 real-time PCR system with the Ion Library
TaqMan Quantitation Kit (Thermo Fisher Scientific). NGS was
completed on the Ion S5 semiconductor platform using an Ion 540
chip prepared with the Ion Chef System (all from Thermo Fisher Sci-
entific). TCRb repertoire analysis was completed using the Ion Re-
porter software (Thermo Fisher Scientific) and Immunarch package
(R software).48 The data for all genomic analyses can be found in
the Gene Expression Omnibus (GEO: GSE182537 and GSE181682).

Statistical analysis

Statistical significance was analyzed with the R software, v.4.0.4. Mul-
tiple-group comparisons were performed using one-way ANOVA
and Tukey post hoc test or Kruskal-Wallis test with the Holm proced-
ure to correct for multiple testing (when ANOVA requirements were
not met). Unless stated otherwise, paired Wilcoxon-Mann-Whitney
tests were performed for two-group comparisons. p values of 0.05
or less were considered significant.

DATA AVAILABILITY
All genomic data are available in the Gene Expression Omnibus
(GEO: GSE182537 and GSE181682), and the authors are willing to
share the relevant data and codes used in this report.

SUPPLEMENTAL INFORMATION
Supplemental information can be found online at https://doi.org/10.
1016/j.omtm.2022.09.016.

ACKNOWLEDGMENTS
We are grateful to the volunteer blood donors and Héma-Québec for
leukocytes reduction chamber procurement and handling. We also
acknowledge the valuable contribution of Martine Dupuis (flow cy-
tometry and sorting) and the Genome Québec staff for single-cell
RNA sequencing. This work was funded by the Leukemia/
Lymphoma Society of Canada (622735 and 430053 to J.-S.D.). S.L.
and A.S. are Cole Foundation and VJ Fonds de recherche du
Québec-Santé (FRQS) studentship awardees. J.-S.D. and V.-P.L.
hold FRQS clinician-scientist career awards, and J.-S.D. is a member
of the FRQS-funded Quebec Cell, Tissue and Gene Therapy Network
(ThéCell) and of the Canadian Donation and Transplant Research
Program (CDTRP).
rapy: Methods & Clinical Development Vol. 27 December 2022 243

https://doi.org/10.1016/j.omtm.2022.09.016
https://doi.org/10.1016/j.omtm.2022.09.016
http://www.moleculartherapy.org


Molecular Therapy: Methods & Clinical Development
AUTHOR CONTRIBUTIONS
S.L. and J.-S.D. conceptualized the study. S.L., V.J., A.S., A.B., C.C.,
and G.B. performed experiments. S.L., V.J., A.B., A.D., G.B., and
V.L. analyzed data. L.B., V.-P.L., and J.-S.D. oversaw data analysis.
S.L., V.J., and J.-S.D. wrote the original draft manuscript. All authors
reviewed, edited, and approved the manuscript.

DECLARATION OF INTERESTS
The authors declare no competing interests.

REFERENCES
1. Janelle, V., Rulleau, C., Del Testa, S., Carli, C., and Delisle, J.S. (2020). T-cell immu-

notherapies targeting histocompatibility and tumor antigens in hematological malig-
nancies. Front. Immunol. 11, 276. https://doi.org/10.3389/fimmu.2020.00276.

2. Chru�sciel, E., Urban-Wójciuk, Z., Arcimowicz, Ł., Kurkowiak, M., Kowalski, J.,
Gliwi�nski, M., Marja�nski, T., Rzyman, W., Biernat, W., Dziadziuszko, R., et al.
(2020). Adoptive cell therapy-harnessing antigen-specific T cells to target solid tu-
mours. Cancers 12, E683. https://doi.org/10.3390/cancers12030683.

3. Oppermans, N., Kueberuwa, G., Hawkins, R.E., and Bridgeman, J.S. (2020).
Transgenic T-cell receptor immunotherapy for cancer: building on clinical success.
Ther. Adv. Vaccines Immunother. 8, 2515135520933509. https://doi.org/10.1177/
2515135520933509.

4. Janelle, V., Carli, C., Taillefer, J., Orio, J., and Delisle, J.S. (2015). Defining novel pa-
rameters for the optimal priming and expansion of minor histocompatibility antigen-
specific T cells in culture. J. Transl. Med. 13, 123. https://doi.org/10.1186/s12967-015-
0495-z.

5. Gattinoni, L., Klebanoff, C.A., and Restifo, N.P. (2012). Paths to stemness: building
the ultimate antitumour T cell. Nat. Rev. Cancer 12, 671–684.

6. Janelle, V., and Delisle, J.S. (2021). T-cell dysfunction as a limitation of adoptive
immunotherapy: current concepts and mitigation strategies. Cancers 13, 598.
https://doi.org/10.3390/cancers13040598.

7. Wei, S.C., Duffy, C.R., and Allison, J.P. (2018). Fundamental mechanisms of immune
checkpoint blockade therapy. Cancer Discov. 8, 1069–1086. https://doi.org/10.1158/
2159-8290.CD-18-0367.

8. Chamoto, K., Hatae, R., and Honjo, T. (2020). Current issues and perspectives in
PD-1 blockade cancer immunotherapy. Int. J. Clin. Oncol. 25, 790–800. https://doi.
org/10.1007/s10147-019-01588-7.

9. Vaddepally, R.K., Kharel, P., Pandey, R., Garje, R., and Chandra, A.B. (2020). Review
of indications of FDA-approved immune checkpoint inhibitors per NCCN guide-
lines with the level of evidence. Cancers 12, E738. https://doi.org/10.3390/can-
cers12030738.

10. Schnell, A., Bod, L., Madi, A., and Kuchroo, V.K. (2020). The yin and yang of co-
inhibitory receptors: toward anti-tumor immunity without autoimmunity. Cell
Res. 30, 285–299. https://doi.org/10.1038/s41422-020-0277-x.

11. Hobo, W., Maas, F., Adisty, N., de Witte, T., Schaap, N., van der Voort, R., and
Dolstra, H. (2010). siRNA silencing of PD-L1 and PD-L2 on dendritic cells augments
expansion and function of minor histocompatibility antigen-specific CD8+ T cells.
Blood 116, 4501–4511. https://doi.org/10.1182/blood-2010-04-278739.

12. Zhou, Q., Munger, M.E., Veenstra, R.G., Weigel, B.J., Hirashima, M., Munn, D.H.,
Murphy, W.J., Azuma, M., Anderson, A.C., Kuchroo, V.K., and Blazar, B.R.
(2011). Coexpression of Tim-3 and PD-1 identifies a CD8+ T-cell exhaustion pheno-
type in mice with disseminated acute myelogenous leukemia. Blood 117, 4501–4510.
https://doi.org/10.1182/blood-2010-10-310425.

13. Sakuishi, K., Apetoh, L., Sullivan, J.M., Blazar, B.R., Kuchroo, V.K., and Anderson,
A.C. (2010). Targeting Tim-3 and PD-1 pathways to reverse T cell exhaustion and
restore anti-tumor immunity. J. Exp. Med. 207, 2187–2194. https://doi.org/10.
1084/jem.20100643.

14. Tan, J., Yu, Z., Huang, J., Chen, Y., Huang, S., Yao, D., Xu, L., Lu, Y., Chen, S., and Li,
Y. (2020). Increased PD-1+Tim-3+ exhausted T cells in bone marrow may influence
the clinical outcome of patients with AML. Biomark. Res. 8, 6. https://doi.org/10.
1186/s40364-020-0185-8.
244 Molecular Therapy: Methods & Clinical Development Vol. 27 Decem
15. Gorman, J.V., Starbeck-Miller, G., Pham, N.L.L., Traver, G.L., Rothman, P.B., Harty,
J.T., and Colgan, J.D. (2014). Tim-3 directly enhances CD8 T cell responses to acute
Listeria monocytogenes infection. J. Immunol. 192, 3133–3142. https://doi.org/10.
4049/jimmunol.1302290.

16. West, E.E., Jin, H.T., Rasheed, A.U., Penaloza-Macmaster, P., Ha, S.J., Tan, W.G.,
Youngblood, B., Freeman, G.J., Smith, K.A., and Ahmed, R. (2013). PD-L1 blockade
synergizes with IL-2 therapy in reinvigorating exhausted T cells. J. Clin. Invest. 123,
2604–2615. https://doi.org/10.1172/JCI67008.

17. Azizi, E., Carr, A.J., Plitas, G., Cornish, A.E., Konopacki, C., Prabhakaran, S., Nainys,
J., Wu, K., Kiseliovas, V., Setty, M., et al. (2018). Single-cell map of diverse immune
phenotypes in the breast tumor microenvironment. Cell 174, 1293–1308.e36. https://
doi.org/10.1016/j.cell.2018.05.060.

18. Taylor, G.S., Long, H.M., Brooks, J.M., Rickinson, A.B., and Hislop, A.D. (2015). The
immunology of Epstein-Barr virus-induced disease. Annu. Rev. Immunol. 33,
787–821. https://doi.org/10.1146/annurev-immunol-032414-112326.

19. Schmied, S., Gostick, E., Price, D.A., Abken, H., Assenmacher, M., and Richter, A.
(2015). Analysis of the functional WT1-specific T-cell repertoire in healthy donors
reveals a discrepancy between CD4(+) and CD8(+) memory formation.
Immunology 145, 558–569. https://doi.org/10.1111/imm.12472.

20. Chapuis, A.G., Ragnarsson, G.B., Nguyen, H.N., Chaney, C.N., Pufnock, J.S., Schmitt,
T.M., Duerkopp, N., Roberts, I.M., Pogosov, G.L., Ho,W.Y., et al. (2013). Transferred
WT1-reactive CD8+ T cells can mediate antileukemic activity and persist in post-
transplant patients. Sci. Transl. Med. 5, 174ra27. https://doi.org/10.1126/sci-
translmed.3004916.

21. Doubrovina, E., Carpenter, T., Pankov, D., Selvakumar, A., Hasan, A., and O’Reilly,
R.J. (2012). Mapping of novel peptides of WT-1 and presenting HLA alleles that
induce epitope-specific HLA-restricted T cells with cytotoxic activity against WT-
1(+) leukemias. Blood 120, 1633–1646. https://doi.org/10.1182/blood-2011-11-
394619.

22. Gerdemann, U., Keirnan, J.M., Katari, U.L., Yanagisawa, R., Christin, A.S., Huye, L.E.,
Perna, S.K., Ennamuri, S., Gottschalk, S., Brenner, M.K., et al. (2012). Rapidly gener-
atedmultivirus-specific cytotoxic T lymphocytes for the prophylaxis and treatment of
viral infections. Mol. Ther. 20, 1622–1632.

23. Papadopoulou, A., Gerdemann, U., Katari, U.L., Tzannou, I., Liu, H., Martinez, C.,
Leung, K., Carrum, G., Gee, A.P., Vera, J.F., et al. (2014). Activity of broad-spectrum
T cells as treatment for AdV, EBV, CMV, BKV, and HHV6 infections after HSCT.
Sci. Transl. Med. 6, 242ra83. https://doi.org/10.1126/scitranslmed.3008825.

24. Orio, J., Carli, C., Janelle, V., Giroux, M., Taillefer, J., Goupil, M., Richaud, M., Roy,
D.C., and Delisle, J.S. (2015). Early exposure to interleukin-21 limits rapidly gener-
ated anti-Epstein-Barr virus T-cell line differentiation. Cytotherapy 17, 496–508.
https://doi.org/10.1016/j.jcyt.2014.12.009.

25. Sun, F., Guo, Z.S., Gregory, A.D., Shapiro, S.D., Xiao, G., and Qu, Z. (2020). Dual but
not single PD-1 or TIM-3 blockade enhances oncolytic virotherapy in refractory lung
cancer. J. Immunother. Cancer 8, e000294. https://doi.org/10.1136/jitc-2019-000294.

26. Liu, J., Zhang, S., Hu, Y., Yang, Z., Li, J., Liu, X., Deng, L., Wang, Y., Zhang, X., Jiang,
T., and Lu, X. (2016). Targeting PD-1 and tim-3 pathways to reverse CD8 T-cell
exhaustion and enhance ex vivo T-cell responses to autologous dendritic/tumor vac-
cines. J. Immunother. 39, 171–180. https://doi.org/10.1097/CJI.0000000000000122.

27. Hagen, J., Zimmerman, R., Goetz, C., Bonnevier, J., Houchins, J.P., Reagan, K., and
Kalyuzhny, A.E. (2015). Comparative multi-donor study of IFNgamma secretion
and expression by human PBMCs using ELISPOT side-by-side with ELISA and
flow cytometry assays. Cells 4, 84–95. https://doi.org/10.3390/cells4010084.

28. Karlsson, A.C., Martin, J.N., Younger, S.R., Bredt, B.M., Epling, L., Ronquillo, R.,
Varma, A., Deeks, S.G., McCune, J.M., Nixon, D.F., and Sinclair, E. (2003).
Comparison of the ELISPOT and cytokine flow cytometry assays for the enumeration
of antigen-specific T cells. J. Immunol. Methods 283, 141–153. https://doi.org/10.
1016/j.jim.2003.09.001.

29. Quan, L., Chen, X., Liu, A., Zhang, Y., Guo, X., Yan, S., and Liu, Y. (2015). PD-1
blockade can restore functions of T-cells in epstein-barr virus-positive diffuse large
B-cell lymphoma in vitro. PLoS One 10, e0136476. https://doi.org/10.1371/journal.
pone.0136476.

30. Latchman, Y.E., Liang, S.C., Wu, Y., Chernova, T., Sobel, R.A., Klemm, M., Kuchroo,
V.K., Freeman, G.J., and Sharpe, A.H. (2004). PD-L1-deficient mice show that PD-L1
ber 2022

https://doi.org/10.3389/fimmu.2020.00276
https://doi.org/10.3390/cancers12030683
https://doi.org/10.1177/2515135520933509
https://doi.org/10.1177/2515135520933509
https://doi.org/10.1186/s12967-015-0495-z
https://doi.org/10.1186/s12967-015-0495-z
http://refhub.elsevier.com/S2329-0501(22)00141-3/sref5
http://refhub.elsevier.com/S2329-0501(22)00141-3/sref5
https://doi.org/10.3390/cancers13040598
https://doi.org/10.1158/2159-8290.CD-18-0367
https://doi.org/10.1158/2159-8290.CD-18-0367
https://doi.org/10.1007/s10147-019-01588-7
https://doi.org/10.1007/s10147-019-01588-7
https://doi.org/10.3390/cancers12030738
https://doi.org/10.3390/cancers12030738
https://doi.org/10.1038/s41422-020-0277-x
https://doi.org/10.1182/blood-2010-04-278739
https://doi.org/10.1182/blood-2010-10-310425
https://doi.org/10.1084/jem.20100643
https://doi.org/10.1084/jem.20100643
https://doi.org/10.1186/s40364-020-0185-8
https://doi.org/10.1186/s40364-020-0185-8
https://doi.org/10.4049/jimmunol.1302290
https://doi.org/10.4049/jimmunol.1302290
https://doi.org/10.1172/JCI67008
https://doi.org/10.1016/j.cell.2018.05.060
https://doi.org/10.1016/j.cell.2018.05.060
https://doi.org/10.1146/annurev-immunol-032414-112326
https://doi.org/10.1111/imm.12472
https://doi.org/10.1126/scitranslmed.3004916
https://doi.org/10.1126/scitranslmed.3004916
https://doi.org/10.1182/blood-2011-11-394619
https://doi.org/10.1182/blood-2011-11-394619
http://refhub.elsevier.com/S2329-0501(22)00141-3/sref22
http://refhub.elsevier.com/S2329-0501(22)00141-3/sref22
http://refhub.elsevier.com/S2329-0501(22)00141-3/sref22
http://refhub.elsevier.com/S2329-0501(22)00141-3/sref22
https://doi.org/10.1126/scitranslmed.3008825
https://doi.org/10.1016/j.jcyt.2014.12.009
https://doi.org/10.1136/jitc-2019-000294
https://doi.org/10.1097/CJI.0000000000000122
https://doi.org/10.3390/cells4010084
https://doi.org/10.1016/j.jim.2003.09.001
https://doi.org/10.1016/j.jim.2003.09.001
https://doi.org/10.1371/journal.pone.0136476
https://doi.org/10.1371/journal.pone.0136476


www.moleculartherapy.org
on T cells, antigen-presenting cells, and host tissues negatively regulates T cells. Proc.
Natl. Acad. Sci. USA 101, 10691–10696. https://doi.org/10.1073/pnas.0307252101.

31. Rosenberg, S.A., Restifo, N.P., Yang, J.C., Morgan, R.A., and Dudley, M.E. (2008).
Adoptive cell transfer: a clinical path to effective cancer immunotherapy. Nat. Rev.
Cancer 8, 299–308.

32. Lee, J., Su, E.W., Zhu, C., Hainline, S., Phuah, J., Moroco, J.A., Smithgall, T.E.,
Kuchroo, V.K., and Kane, L.P. (2011). Phosphotyrosine-dependent coupling of
Tim-3 to T-cell receptor signaling pathways. Mol. Cell Biol. 31, 3963–3974. https://
doi.org/10.1128/MCB.05297-11.

33. Das, M., Zhu, C., and Kuchroo, V.K. (2017). Tim-3 and its role in regulating anti-tu-
mor immunity. Immunol. Rev. 276, 97–111. https://doi.org/10.1111/imr.12520.

34. Ahn, E., Araki, K., Hashimoto, M., Li, W., Riley, J.L., Cheung, J., Sharpe, A.H.,
Freeman, G.J., Irving, B.A., and Ahmed, R. (2018). Role of PD-1 during effector
CD8 T cell differentiation. Proc. Natl. Acad. Sci. USA 115, 4749–4754. https://doi.
org/10.1073/pnas.1718217115.

35. Bardhan, K., Anagnostou, T., and Boussiotis, V.A. (2016). The PD1:PD-L1/2 pathway
from discovery to clinical implementation. Front. Immunol. 7, 550. https://doi.org/
10.3389/fimmu.2016.00550.

36. Mujib, S., Jones, R.B., Lo, C., Aidarus, N., Clayton, K., Sakhdari, A., Benko, E., Kovacs,
C., and Ostrowski, M.A. (2012). Antigen-independent induction of Tim-3 expression
on human T cells by the common gamma-chain cytokines IL-2, IL-7, IL-15, and IL-21
is associated with proliferation and is dependent on the phosphoinositide 3-kinase
pathway. J. Immunol. 188, 3745–3756. https://doi.org/10.4049/jimmunol.1102609.

37. Odorizzi, P.M., Pauken, K.E., Paley, M.A., Sharpe, A., and Wherry, E.J. (2015).
Genetic absence of PD-1 promotes accumulation of terminally differentiated ex-
hausted CD8+ T cells. J. Exp. Med. 212, 1125–1137. https://doi.org/10.1084/jem.
20142237.

38. Qiu, M.K., Wang, S.C., Dai, Y.X., Wang, S.Q., Ou, J.M., and Quan, Z.W. (2015). PD-1
and tim-3 pathways regulate CD8+ T cells function in atherosclerosis. PLoS One 10,
e0128523. https://doi.org/10.1371/journal.pone.0128523.

39. Friese, C., Harbst, K., Borch, T.H., Westergaard, M.C.W., Pedersen, M., Kverneland,
A., Jönsson, G., Donia, M., Svane, I.M., and Met, Ö. (2020). CTLA-4 blockade boosts
the expansion of tumor-reactive CD8(+) tumor-infiltrating lymphocytes in ovarian
cancer. Sci. Rep. 10, 3914. https://doi.org/10.1038/s41598-020-60738-4.

40. Rudqvist, N.P., Pilones, K.A., Lhuillier, C., Wennerberg, E., Sidhom, J.W., Emerson,
R.O., Robins, H.S., Schneck, J., Formenti, S.C., and Demaria, S. (2018). Radiotherapy
Molecular The
and CTLA-4 blockade shape the TCR repertoire of tumor-infiltrating T cells. Cancer
Immunol. Res. 6, 139–150. https://doi.org/10.1158/2326-6066.CIR-17-0134.

41. Han, J., Duan, J., Bai, H., Wang, Y., Wan, R., Wang, X., Chen, S., Tian, Y., Wang, D.,
Fei, K., et al. (2020). TCR repertoire diversity of peripheral PD-1(+)CD8(+) T cells
predicts clinical outcomes after immunotherapy in patients with non-small cell
lung cancer. Cancer Immunol. Res. 8, 146–154. https://doi.org/10.1158/2326-6066.
CIR-19-0398.

42. Snook, J.P., Soedel, A.J., Ekiz, H.A., O’Connell, R.M., and Williams, M.A. (2020).
Inhibition of SHP-1 expands the repertoire of antitumor T cells available to respond
to immune checkpoint blockade. Cancer Immunol. Res. 8, 506–517. https://doi.org/
10.1158/2326-6066.CIR-19-0690.

43. Noviello, M., Manfredi, F., Ruggiero, E., Perini, T., Oliveira, G., Cortesi, F., De
Simone, P., Toffalori, C., Gambacorta, V., Greco, R., et al. (2019). Bone marrow cen-
tral memory and memory stem T-cell exhaustion in AML patients relapsing after
HSCT. Nat. Commun. 10, 1065. https://doi.org/10.1038/s41467-019-08871-1.

44. Boudreau, G., Carli, C., Lamarche, C., Rulleau, C., Bonnaure, G., Néron, S., and
Delisle, J.S. (2019). Leukoreduction system chambers are a reliable cellular source
for the manufacturing of T-cell therapeutics. Transfusion 59, 1300–1311. https://
doi.org/10.1111/trf.15121.

45. Dahmani, A., Janelle, V., Carli, C., Richaud, M., Lamarche, C., Khalili, M., Goupil, M.,
Bezverbnaya, K., Bramson, J.L., and Delisle, J.S. (2019). TGFbeta programs central
memory differentiation in ex vivo-stimulated human T cells. Cancer Immunol.
Res. 7, 1426–1439. https://doi.org/10.1158/2326-6066.CIR-18-0691.

46. Wolf, F.A., Angerer, P., and Theis, F.J. (2018). SCANPY: large-scale single-cell gene
expression data analysis. Genome Biol. 19, 15. https://doi.org/10.1186/s13059-017-
1382-0.

47. Levine, J.H., Simonds, E.F., Bendall, S.C., Davis, K.L., Amir, E.a.D., Tadmor, M.D.,
Litvin, O., Fienberg, H.G., Jager, A., Zunder, E.R., et al. (2015). Data-driven pheno-
typic dissection of AML reveals progenitor-like cells that correlate with prognosis.
Cell 162, 184–197. https://doi.org/10.1016/j.cell.2015.05.047.

48. Nazarov, V.I., Pogorelyy, M.V., Komech, E.A., Zvyagin, I.V., Bolotin, D.A., Shugay,
M., Chudakov, D.M., Lebedev, Y.B., and Mamedov, I.Z. (2015). tcR: an R package
for T cell receptor repertoire advanced data analysis. BMC Bioinf. 16, 175. https://
doi.org/10.1186/s12859-015-0613-1.
rapy: Methods & Clinical Development Vol. 27 December 2022 245

https://doi.org/10.1073/pnas.0307252101
http://refhub.elsevier.com/S2329-0501(22)00141-3/sref31
http://refhub.elsevier.com/S2329-0501(22)00141-3/sref31
http://refhub.elsevier.com/S2329-0501(22)00141-3/sref31
https://doi.org/10.1128/MCB.05297-11
https://doi.org/10.1128/MCB.05297-11
https://doi.org/10.1111/imr.12520
https://doi.org/10.1073/pnas.1718217115
https://doi.org/10.1073/pnas.1718217115
https://doi.org/10.3389/fimmu.2016.00550
https://doi.org/10.3389/fimmu.2016.00550
https://doi.org/10.4049/jimmunol.1102609
https://doi.org/10.1084/jem.20142237
https://doi.org/10.1084/jem.20142237
https://doi.org/10.1371/journal.pone.0128523
https://doi.org/10.1038/s41598-020-60738-4
https://doi.org/10.1158/2326-6066.CIR-17-0134
https://doi.org/10.1158/2326-6066.CIR-19-0398
https://doi.org/10.1158/2326-6066.CIR-19-0398
https://doi.org/10.1158/2326-6066.CIR-19-0690
https://doi.org/10.1158/2326-6066.CIR-19-0690
https://doi.org/10.1038/s41467-019-08871-1
https://doi.org/10.1111/trf.15121
https://doi.org/10.1111/trf.15121
https://doi.org/10.1158/2326-6066.CIR-18-0691
https://doi.org/10.1186/s13059-017-1382-0
https://doi.org/10.1186/s13059-017-1382-0
https://doi.org/10.1016/j.cell.2015.05.047
https://doi.org/10.1186/s12859-015-0613-1
https://doi.org/10.1186/s12859-015-0613-1
http://www.moleculartherapy.org

	Combined PD-L1 and TIM3 blockade improves expansion of fit human CD8+ antigen-specific T cells for adoptive immunotherapy
	Introduction
	Results
	Multiple stimulations are detrimental to antigen-specific T cell expansion ex vivo
	Combination of PD-L1/PD-1 axis and TIM3 blockade significantly increases antigen-specific CD8+ T cell expansion
	Double immune checkpoint blockade generates functional antigen-specific T cells
	PD-L1/TIM3 blockade imparts no consistent gene expression signatures to expanded antigen-specific CD8+ T cells
	The benefits of dual PD-L1 and TIM3 blockade extend to TAA-specific T cells but not to all T cell manufacturing protocols

	Discussion
	Materials and methods
	Donors and cellular procurement
	Dendritic cells differentiation and antigen pulsing
	Antigen-specific T cell expansion and rapid polyspecific T cell line generation
	CAR T cell generation
	Flow cytometry
	IFN-γ ELISpot
	Flow cytometry-based cytotoxicity assay
	scRNA-seq and high-throughput TCR sequencing
	Statistical analysis

	Data availability
	Supplemental information
	Acknowledgments
	Author contributions
	Declaration of interests
	References


