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ABSTRACT

Antibody-mediated cancer immunotherapy targets inhibitory surface molecules, such as PD1, PD-L1,
and CTLA-4, aiming to re-invigorate dysfunctional T cells. We purified and characterized tumor-
infiltrating lymphocytes (TILs) and their patient-matched non-tumor counterparts from treatment-
naive NSCLC patient biopsies to evaluate the effect of PD1 expression on the functional and
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by knocking down ID3, defining it as a potential regulator of T cell effector function. PD1+ CD4
+ memory TILs display transcriptional patterns consistent with both helper and regulator function,
but can robustly facilitate B cell activation and expansion. Furthermore, we show that expanding ex
vivo-prepared TILs in vitro broadly preserves their functionality with respect to tumor cell killing,
B cell help, and TCR repertoire. Although purified PD1+ CD8+ TILs generally maintain an exhausted
phenotype upon expansion in vitro, transcriptional analysis reveals a downregulation of markers of
T-cell dysfunction, including the co-inhibitory molecules PD1 and CTLA-4 and transcription factors
ID3, TOX and TOX2, while genes involved in cell cycle and DNA repair are upregulated. We find
reduced expression of WNT signaling components to be a hallmark of PD1+ CD8+ exhausted T cells
in vivo and in vitro and demonstrate that restoring WNT signaling, by pharmacological blockade of
GSK3pB, can improve effector function. These data unveil novel targets for tumor immunotherapy
and have promising implications for the development of a personalized TIL-based cell therapy for
lung cancer.

Background

The immune checkpoint receptor programmed cell death 1
(PD1) marks clonally expanding, antigen-specific T cells'.
In cancer, T cells are exposed to chronic antigen stimula-
tion, causing CD8" tumor-infiltrating lymphocytes (TILs)
to enter a state of dysfunction. This “exhausted” state is
characterized by loss of cytotoxic effector functions and
sustained surface expression of PD1 and other co-
inhibitory receptors, such as CTLA-4, LAG3, and TIM3,
as well as overexpression of transcription factors TOX and
TOX2.> Immune checkpoint blockade (ICB) therapies
employ antibodies that prevent engagement of PD1 with
its cognate ligand programmed cell death ligand 1 (PDL1),
thereby triggering the expansion and reactivation of
exhausted tumor-reactive PD1™ CD8" TILs.” Despite their
lack of cytotoxicity, the presence of PD1™ CD8" TILs

predicts response to ICB and correlates with reduced
tumor burden and increased overall survival in resectable
non-small cell lung cancer (NSCLC).*® However, the
majority of patients with lung cancer treated with antibo-
dies targeting PD1/PDLI axis do not derive lasting clinical
benefit from ICB.® Whether the lack of response to ICB is
due to an inability to reinvigorate tumor-resident CD8"
T cells,” a failure to recruit such naive cells from the
periphery, or both remains unclear.® A deeper understand-
ing of the functional and transcriptional consequences of
PD1 expression in tumor-derived CD8" T cells is required
to address this unresolved question.

Although rarely mentioned in the context of immu-
notherapy, CD4" memory T cells play an essential yet
complex part in the host’s defense against cancer,” as they
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have been assigned both immune-activating and immune-
suppressive roles. Compared to their CD8" counterparts,
we know much less about the gene expression programs,
molecular features and function of CD4" T cells in lung
cancer patients. The multifaceted role of CD4" T cells has
important clinical implications when it comes to developing
an adoptive TIL-based therapy using naturally occurring
autologous TILs,'® as it is unclear whether the functional
identity of CD4" TILs, such as surface receptors, transcrip-
tional program, and TCR repertoire are maintained follow-
ing in vitro expansion.'!

Here, we examine the effect of PD1 expression on the func-
tional and transcriptional profiles of CD45RO™ memory CD8"
and CD4" T cells obtained ex vivo from the treatment of naive
NSCLC resected tissue and compare them with T cells derived
from matched uninvolved normal lung tissue. While
PD1"CD8" memory TILs show hallmark features of exhaus-
tion, PD1"CD4" memory TILs are both highly proliferative
and cytotoxic. Moreover, we demonstrate that PD17CD4"
memory TILs are located in close proximity to CD19" B cells
and provide B cell help despite sharing expression of several
co-inhibitory receptors and a core set of transcription factors
that are central regulators of exhaustion with PD1"CD8" mem-
ory TILs. Transcriptional analysis revealed that the transcrip-
tional regulator ID3 is specifically upregulated in PD1"CD8"
TILs and knockdown of ID3 improves tumor cell killing in
wild-type CD8" T cells. We demonstrate that PD1°CD8" and
PD1"CD4" memory TILs generated from in vitro expanded
cultures exhibit generally similar functional patterns compared
with their matched ex vivo counterparts but display some key
transcriptional differences, such as downregulation of compo-
nents of the WNT signaling pathway. Compensating the lack of
WNT signaling through pharmacological inhibition of GSK3f
improves the effector function of in vitro expanded
populations.

Methods
Collection of lung tumor samples

Fresh tumor samples were collected from patients with
NSCLC undergoing primary surgical resection with
a curative intent at Bern University Hospital, Division of
General Thoracic Surgery. Immediately following surgical
resection of tumor, specimens were sent to the Institute of
Pathology, University of Bern, where a pathologist (SB)
dissected tumor and matched uninvolved lung tissue for
further analysis. Uninvolved lung tissue (tumor-free) was
collected from an area at least 5 cm from the tumor mar-
gin. For all specimens, a piece of tumor sample was fixed in
10% formalin for histopathological analysis. The remaining
tissue (tumor and matched uninvolved) was collected and
used to generate single-cell suspensions to perform flow
cytometric, functional and transcriptomic profiling, as
described below. All patients provided informed written
consent for use of their material for research purposes,
which was approved by Ethics Commission of the Canton
of Bern (KEK-BE:2018-01801). See supplement for detailed
Materials and methods and additional references.

Tissue processing, flow cytometric analysis and cell sorting

Single-cell suspensions were generated from surgically
resected tumor and matched uninvolved lung tissue, as
previously described.'” Single cells were stained in buffer
containing Fc block (eBioscience, San Diego, CA, USA) and
incubated with the following fluorescently conjugated
human monoclonal antibodies: CD45, CD3, CD4, CDS8,
CD45R0O, CD56, CD16, PD1, PDL1 (see Table S2). For
fluorescence-activated cell sorting (FACS), cells were sepa-
rated into PD1M&" or PD1'°% subsets following gating on
CD45RO™ T cells for both CD8 and CD4 T cell compart-
ment using either a MoFLo Astrios EQ 6way sorter
(Beckman Coulter, Indianapolis, IN, USA)) or BD FACS
Aria III (BD Biosciences, San Jose, CA, USA). Cells from
tumor and matched uninvolved lung tissue were sorted
directly into collection tubes containing 500 ul lysis buffer
(4 M guanidinium thiocyanate, 30 mM Tris pH 8.0, 1%
Triton-X-100) and processed for RNA isolation, as pre-
viously described."> Total RNA was treated with DNase
I (Qiagen). RNA quantity was assessed on a ND-1000
spectrophotometer (NanoDrop Technologies, Thermo
Scientific). Integrity of RNA (RIN > 8) was assessed with
an Agilent 2100 Bioanalyzer (Agilent Technologies, Santa
Clara, CA, USA). For in vitro expansion of intratumoral
CD4 and CD8 T cells, stained single cells from tumor and
matched uninvolved lung were separated into PD1™¢" or
PD1" subsets following gating on CD45RO* T cells for
both CD8 and CD4 T cell compartment. Sorted T cell
subsets were plated in ultra-low adherent Nunclon sphere
24-well plates (Thermo Scientific) in 500 ul of
ImmunoCult™XF T-cell media supplemented with rhIL-2
(10 ng/ml), rhIL7 (10 ng/ml) and rhIL15 (15 ng/ml) with
3% human AB serum. CD3/CD28/CD2 activator beads
(StemCell Technologies) were included. Fresh media
changes including CD3/CD28/CD2 activator beads were
made every 5 days. From day 20, expanded T cell subsets
were used for downstream experiments or cryopreserved
for later use.

Results

PD1 expression is associated with exhaustion in CD8 but
not CD4 memory TILs

To functionally characterize T cell populations from NSCLC,
we dissociated surgically resected tumor and FACS-sorted
tumor-infiltrating lymphocytes (TILs) and their matching
counterparts from adjacent histologically uninvolved lung tis-
sue (NILs) from 18 NSCLC specimens (8 adenocarcinoma, 10
squamous cell carcinoma). Table 1 presents the clinical and
pathological features for this particular dataset. Following iso-
lation of CD45RO* memory CD4" and CD45RO* memory
CD8" memory T cells, we further stratified both cell types by
expression level of PDI, resulting in four subpopulations
(PD17CD4*, PD1°CD4", PD1"CD8" and PD1°CD8") for
each patients tumor and matched normal sample (Figure 1(a,
b) and Figure S1A). We found that memory PD1" T cells were
more abundant in tumors than in uninvolved tissues (50%
versus 31% in the CD4 and 45% versus 27% in the CD8



Table 1. Patient sets and baseline characteristics of all patients included in this
study.

Flow cytometric T cell

Total analysis set RNAseq set

Variable (n = 35) (n=18) (n=28)

Gender 26 15 6
Male 9 3 2
Female

Histology 17 8 5
Adenocarcinoma 18 10 3
Squamous

Smoking history 18 12 6
Current 29 15 8
Former 2 1 0
Never 5 2
Unknown

Pack years 15 9 5
>50 15 7 3
<50 5 2
Unknown

Tumor Grade 1 1 4
G1 18 8 3
G2 11 6 1
G3 5 3
Unknown

Tumor stage 3 3 3
1A 14 8 1
1A 6 1 3
13} 8 4 1
1B 1 0
1113} 2 1
[\ 1 1
Unknown

Tumor size (cm) 12 6 3
<4 cm 23 12 5
>4 cm

COPD 4 3 1

Prior Tx 1 7 1
Chemotherapy

Survival 24 10 4
Alive 1 8 4
Dead

fraction), suggesting an activated and potentially exhausted
phenotype of TILs (Figure 1(c)). In matched normal controls,
PD17CD4" cells were less abundant than their PD1"CD4"
counterparts (31% versus 42%), while PD1"CD8" and
PD1 CD8" cells were found with about equal frequency (27%
versus 29%) (Figure 1(c)).

Next, we determined the effector potential of the T cell
subpopulations by measuring their ability to expand in vitro
and cytotoxic activity against lung cancer cell lines in a three-
dimensional (3D) tumor spheroid atssay14 (Figure 1(e)). All
four CD4" memory T cell subpopulations expanded well
in vitro (Figure 1(d)) and effectively eliminated A549 lung
adenocarcinoma cells, irrespective of their PD1 status and
whether they originated from tumor or uninvolved tissue,
indicating that their effector potential was intact (Figure 1(f)
and Figure S1B,D). Conversely, amongst the CD8 subpopula-
tions, only tumor-derived PD1"CD8" memory TILs showed
diminished growth capacity in vitro (Figure 1(d)) and failed to
kill A549 lung adenocarcinoma cells (Figure 1(f) and Figure
S1C). Similar patterns of tumor cell killing capacity were also
confirmed against H157 lung squamous cell carcinoma cells
(Figure S1E-F). In contrast, tumor killing capacity of CD8"
T cells from the peripheral blood of healthy donors was intact
irrespective of PD1 status (Figure 1(f) and Figure S1D). We

ONCOIMMUNOLOGY €2019466-3

conclude that high PD1 expression correlates with an
exhausted phenotype in CD8'TILs, but not CD4" TILs or
PD1" CD8" or PD1" CD4" T cells derived from adjacent
normal tissue.

Transcriptional characterization of NSCLC memory T cell
populations

Gene expression patterns of T cell populations derived from
tumor tissue and adjacent matched uninvolved lung from 8
NSCLC specimens was then assessed by RNA Seq. Table 2 pre-
sents the clinical and pathological characteristics of patients
included for the sequencing of CD4" and CD8" memory T cells
based on PD1 expression. Two-dimensional projection of the
transcriptomics data using T-distributed Stochastic Neighbor
Embedding (t-SNE) demonstrated clear separation of CD4 and
CD8 subpopulations into two distinct clusters (Figure 2(a)).
Within those clusters, the projection distinguished samples from
tumor and matched uninvolved tissue, indicating a strong effect
of the microenvironment on both CD4" and CD8" memory
T cells. The expression level of PD1 has a small, but visible
influence on global gene expression, particularly in sorted TILs.

The difference between CD4" and CD8" memory T cells is
also reflected in the number of differentially expressed genes.
Although we determined 664 genes significantly up- or down-
regulated (FDR < 0.05) in both CD4 and CD8 cells sorted from
tumor tissue compared to matched normal tissue, we found
a roughly equal number of CD4- and CD8-specific genes (727
and 821, respectively) (Figure S2B). Interestingly, high PD1
expression had a much more pronounced effect on the number
of significantly changed genes in TILs compared to NILs from
matched uninvolved tissue, in particular in CD8" T cells (820
tumor-specific genes, 74 shared, 33 normal-specific) (Figure
S2C). We also noted a significant overlap of differentially
expressed genes in PD1™ TILs between CD8" and CD4"
T cells, compared to PD1' (259 and 33 genes shared, respec-
tively). PD1 expression is part of the T cell activation transcrip-
tional program, thus it is conceivable that this observation
relates to T cells encountering more antigen in the tumor but
less so in matched uninvolved lung tissue.'®

Gene set enrichment confirmed that downregulation of
GPCR signaling is associated with tumor residence and high
PD1 expression in CD4" and CD8" memory T cells, suggesting
reduced T cell activation in chronically activated TILs
(Figure 2(b)). CD4 and CD8 cells differed with respect to genes
involved in cytokine receptor interaction, with CD4 TILs gen-
erally showing upregulation of such genes, while CD8" TILs,
particularly PD1™ cells, showing downregulation (Figure 2(b)
and Figure S2A). A possible explanation is an increased number
of helper or regulatory T cells within the CD4" TIL population.

To provide a concise overview of the gene expression patterns
found in the different T cell populations, we curated lists of T cell
co-stimulatory and co-inhibitory genes, transcription factors
playing a part in T cell function, as well as genes involved in cell
cycle, mitosis and DNA repair, and plotted their expression as
a heatmap (Figure 2(c)). PD17CD4" and PD1*CD8" memory
TILs displayed high expression of known exhaustion-associated
genes, CTLA4, ENTPD1 (CD39), CD200, LAG3, TIGIT,
HAVCR2 (TIM3)," as well as CD38, and LAYN."® In addition,
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Figure 1. Functional characterization of CD4 and CD8 memory T cells based on PD1 expression in resectable NSCLC. (a) Graphical overview of the four populations of
T cells (TC) isolated for characterization from tumor and matched uninvolved normal lung tissue and analysis strategy. (b) Representative panels showing gating
strategy to isolate CD45RO™ (memory) CD4 and CD8 T cells based on PD1 status from tumor and matched uninvolved lung tissue. (c) Box and whisker plots showing
breakdown of immune cell populations in tumor compared with matched uninvolved lung tissue. Line represents the median (n = 18, biological replicates). (d) Panels
showing cumulative growth curves of eight TC subsets from patient donors in CD4 (upper) and CD8 compartment (lower) (n = 6, biological replicates). (e) Schematic
illustration showing method to assess T cell reactivity. (f) Histograms showing cell death of tumor spheroids generated from red fluorescent protein (RFP)-nuclear
labeled A549 human lung adenocarcinoma cells co-cultured without or with the addition of various T cell subsets at a 1:1 effector-to-target ratio. Tumor cell killing was
monitored in real time and analyzed as a loss of RFP intensity (n = 6 biological replicates). Data are normalized to spheroids with no T cells. Data are displayed as mean +
SD. Data in C by paired Students t-test, two-tailed. Data in d, f, by one-way ANOVA followed by post-hoc Newman-Keuls. **P < .01, ***P < .001; ns, not significant.
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Table 2. Clinical characteristics of patients included for the sequencing of TILs and NTILs.

Former Tumor Tumor Tumor Prior
ID Tumor type Sex Age smoker Pack years grade Stage status Tumor size (cm) COPD %
1 LUAD M 67 y 110 G3 A unk 6.4 n none
2 LUSC F 72 y 100 G2 A unk 1.6 n none
3 LUSC M 62 y 60 G2 1B TP53 6.8 n chemo*
4 LUAD F 64 y 30 G3 A unk 2.6 n none
5 LUSC M 67 y 35 G3 A unk 7.5 n none
6 LUSC M 85 y 30 G2 N/A unk 34 Gold Il none
7 LUAD M 69 y 80 N/A 1B unk 5.2 n none
8 LUSC M 58 y 60 G2 1B unk 9.8 n none

LUAD, lung adenocarcinoma; LUSC, lung squamous cell carcinoma; N/A, not available; unk, unkown; n, no; y, yes.

*Platinol/Navelbine.

PD1*CD4" memory TILs showed elevated expression of
PDCDILGI (CD274/PDL1) and PDCDILG2 (CD273/PDL2),
which negatively regulate T cell effector function by engaging
with PD1'. Moreover, we observed upregulation of MAGEH]1
and CCRS, two genes associated with CD4 regulatory T cell
function in breast'® and lung cancer patients.'” Unlike
PD17CD4" TILs, PD1*CD8" memory TILs are characterized by
downregulation of co-stimulatory molecules, including CD28,
CD40LG, TNFSF8 (CD30LG) and memory-associated genes
IL7R (CD127), SELL (CD62L) and LEF1 (Figure 2(c)). These
changes coincided with downregulation of the memory precursor
gene TCF7 (TCF-1). Furthermore, key transcription factors asso-
ciated with T cell exhaustion, including TOX,**"** TOX2,” and
ID3,** were upregulated in PD1*CD8" memory TILs, whereas
RUNX3, which controls expression of cytotoxicity-related genes,
was downregulated. Expression of cell cycle and DNA repair
genes was generally elevated in both PD1" TILs, particularly in
CD8 TILs (Figure 2(c) and Figure S2A). This finding is interesting
considering the reduced ability of PD1"CD8 TILs to expand
in vitro (Figure 1(d)). Furthermore, WNT signaling was down-
regulated specifically in tumor-derived PD1* CD8 cells (Figure
S2D). Overexpression of several canonical exhaustion-associated
genes (TOX, TOX2, IRF4, CD200, CD38 and CTLA4) were
shared between PD1'CD8" and PD1'CD4" memory TILs
(Figure 2(d)). Additionally, we confirmed co-expression of multi-
ple inhibitory receptors associated with chronic T cell activation
and exhaustion at the protein level by flow cytometric analysis of
PD1*CD8" and PD1"CD4" memory TILs compared with
PD1"CD8" and PD1"CD4" memory TILs (Figure S3A-B). We
confirmed that a subset of PD1*CD8" memory TILs that co-
expressed CD38 and CD101 (CD38"CD101"PD1*CD8" memory
TILs) (Figure S3C), which were previously shown to be associated
with a dysfunctional chromatin state in NSCLC,” exhibited
diminished proliferation compared with CD38 CD101"
PD17CD8" memory TILs (Figure S3C).

We obtained gene signatures corresponding to functional
T cell clusters from a recent single-cell sequencing analysis in
NSCLC" and used them to determine the relative abundance of
those clusters in our FACS sorted T cell populations with single
sample gene set enrichment (ssGSEA). We found that in both
CD4" and CD8" memory TILs, tumor residence and PD1
expression correlated with an exhausted state (C7-CXCL13 and
C6-LAYN clusters, respectively) (Figure 2(e) and Figure S2E).
Conversely, effector cell clusters (C3-CX3CR1 and C3-GNLY)
showed a higher correlation in matched uninvolved lung tissue,
compared with tumor, indicating an immunosuppressive tumor

microenvironment. Naive clusters tracked with both PD1™ TILs
in both CD4 and CD8 compartments. Notably, naive regulatory
T cells were most enriched in matched normal CD4 populations,
while the suppressive regulatory T cell signature (C9-CTLA4)
strongly correlated with tumor PD1" status in CD4" memory
TILs (Figure 2(e) and Figure S2E).

Spatial immune profiling shows PD1* TILs localized to
CD19* B cells and tumor stroma

The presence and degree of infiltration of CD8" T cells within
tumors has been proposed to be associated with prognosis,> as
well as response to treatment.”® However, less is known about
CD4 TILs in NSCLC. Solid tumors are complex ecosystems
whereby TILs interact with tumor cells and cells within the
tumor stroma including tertiary lymphoid structures (TLS)
composed of CD19" B cells.”” Based on the molecular and
functional data generated for PD1* TILs (Figures 1 and 2),
we next performed multiplexed quantitative immunofluores-
cence and IHC-based spatial analysis to detect and quantify the
density (number/mm?) of TILs and their spatial arrangement
(location) in tumor core and stromal areas, as well as TLS using
whole slide images following staining with CD19, PD1, CD4
and CD8 (Figure 3(a) and Figure S4-5S6). We observed a greater
density of PD17CD4" TILs associated CD19" B cell clusters
compared with PD1"CD8" TILs, which may indicate forma-
tion of TLS in both LUAD and LUSC (Figure 3(b,e) and Figure
$4-56). The density of both CD4 and CD8 TILs were found to
be increased in the stromal compartment compared with the
tumor core in both LUAD and LUSC (Figure 3(c,f)). This was
also the case for the localization of CD19" B cells (Figure 3(c,
f)). When we combine both CD4 and CD8 TILs into one
metric, we also find a greater density of TILs within the stroma
compared with tumor core (Figure 3(d,f)). Interestingly, both
absolute number of PD1* TILs (both CD4 and CD8) and
percentage of PD1" TILs also showed greater density in stro-
mal areas compared with tumor core (Figure 3(d,g)).

Knock-down of ID3 in CD8 T cells increases their tumor
killing capacity

Re-invigoration of exhausted CD8 T cells is a key goal of cancer
immunotherapy, so we searched our gene expression data for
candidates that could potentially regulate T cell exhaustion.
Recent work has shown that the transcriptional regulator ID3
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Figure 2. Transcriptional profile of sorted CD8 and CD4 memory T cells based on PD1 expression from matched patient samples in NSCLC. (a) tSNE plot showing the
separation of 8 cell subsets based on biological genotypes, cell type and PD1 expression. Each dot represents a patient (n = 8, biological replicates). (b) Functional
annotation of the differentially expressed genes via GSEA dot plot showing KEGG and reactome pathway enrichment comparing biological genotypes (tumor versus
normal), cell type (CD4 and CD8) and PD1 status (high vs low). (c) Functional heatmap of differentially expressed candidate genes in memory T cells for the following
modules (coinhibitory, stimulatory, transcription factors and cell cycle/DNA repair) separated based on biological genotypes, cell type and PD1 expression. Each bar
represents one patient. (d) Radar plot showing deregulated (up and down) gene programs in CD8 and CD4 TILs based on PD1 status that correlate with exhaustion
based on single cell TIL data in NSCLC from Guo et al." (e) Cluster barplot showing the correlation of prospectively sorted cell fractions to single cell TIL clusters in

NSCLC based on Guo et al."® Each dot represents one patient.

is enriched in dysfunctional TILs in human melanoma and
NSCLC.** We found increased expression of ID3 in CD4"
and CD8" TIL populations, compared to their matched con-
trols (Figure 2(c)). Furthermore, ID3 expressing cells were
most prominently represented in the exhausted CD8 cluster
(C6-LAYN) at the single-cell level (Figure 4(a,b)). Notably, the
expression of ID3 in some cells in the naive cluster (C1-LEF1)

(Figure 4(b)), may reflect the described role of ID3 in T cell
differentiation.?® Conversely, the effector cluster (C3-CX3CR1)
did not show any expression of ID3 (Figure 4(b)). To test if ID3
had a functional role in T cell exhaustion, we knocked-down
ID3 in peripheral blood-derived CD8 T cells using siRNA and
evaluated their capacity to kill A549 lung adenocarcinoma cells
(Figure 1(e)). We found that reduction of ID3 mRNA levels led
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Figure 3. Multiplexed IHC shows the spatial profiles of immune cell infiltrates in LUAD. (a) Representative regions (200x) showing the spatial expression of the indicated
immune markers (CD19, CD4, CD8 and PD-1) in LUAD (pT2bNOMO). (b—d) Individual or selected combinations of the immune markers in A were quantified (10 randomly
selected regions, refer to Figure S3A) and shown. **p < .01; ***p < .001 ****p < .0001 by two-sided student’s t-test. ns, not significant. (e—-g) Individual or selected
combinations of the immune markers in LUSC (pT2bNOMO) sample were quantified (10 randomly selected regions, refer to Figure S3B) and shown. ***p < .001

***%¥p < .0001 by two-sided student’s t-test. ns, not significant.

to significantly increased Kkilling compared to scrambled
siRNAs and no siRNA controls (Figure 4(c,d)). Similar results
were obtained in Jurkat cells (a leukemic T cell line) following
the knockdown of ID3 (Figure S7A and B). We conclude that
ID3 suppresses the effector potential of CD8 cells. Therefore,
strategies aimed at decreasing ID3 expression in CD8 TILs
could help to re-invigorate them from their exhausted state.

PD17CD4* memory TILs facilitate B cell activation and
expansion in vitro

Our transcriptional analysis suggested that PD1*CD4 memory
TILs displayed features of both helper and regulatory T cells
(Figure 2(c)). Zappasodi et al?’ recently identified a population
of CD4 PD1" cells (4PD-1") that were transcriptionally similar
to T follicular helper (Tgy)-like cells, but were functionally
immunosuppressive and correlated with poor patient survival
in NSCLC. Visual inspection of the expression of the signature
genes from this study showed enrichment in CD4" memory
TILs (Figure 5(a)) and ssGSEA analysis demonstrated a relative
enrichment of the T follicular regulatory (Tgg) signature in the
PD1"CD4" memory TIL population (Figure 5(b)). Many of the

genes most enriched in PD1"CD4" memory TILs, such as
CXCL13, CD200, TIGIT and SH2D1A, are also part of a Ty
cell gene signature® (Figure 5(a)). Moreover, PD1*CD4" mem-
ory TILs were enriched in other CD4 helper-related genes,
TNFRSF18 (GITR), TNFRSF4 (OX40) and TOX2.>* Using
ssGSEA, we found equally strong enrichment of the Tgy and the
Tgr signatures in PD17CD4 TILs (Figure 5(b)).

Our spatial profiling demonstrating that CD19" B cell clus-
ters were surrounded by PD17CD4" TILs is suggestive of
functional interaction providing support for the development
of tertiary lymphoid structures (TLS) (Figure 3). This was also
confirmed following in situ staining in additional donors
(Figure 5(c) and Figure S8A). Due to the challenges in differ-
entiating Trr from Ty cells solely based on gene expression
data, we utilized a more functional approach. We FACS-
purified two subsets of PD1"CD4 memory TILs, co-
expressing the tumor-specific antigen receptor CD39,”* based
on CD25 (IL2RA) and CD200 expression and demonstrated
both subsets exhibited robust expansion in culture (Figure
S8B-C). In vitro expanded PD1"CD4" memory TILs were co-
cultured with carboxyfluorescein succinimidyl ester (CFSE)-
labeled CD19" B cells, derived from dissected mediastinal
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Figure 4. Downregulation of ID3 enhances effector function of CD8 T cells. (a) Uniform Manifold Approximation and Projection (UMAP) panels showing projection of
clusters of CD8 TILs marked by color-code based on single cell data from NSCLC tumor lesions by Guo et al.'® Single cells are shown as dots. (b) Bar graphs showing
fraction of ID3 expressing cells enriched within the different single cell CD8 TIL clusters as shown in a. (c) Line graphs showing the kinetics of tumor cell death quantified
as a loss of red fluorescence protein (RFP) intensity following coculture with activated CD8" T cells from blood of healthy donors. Total RFP were normalized to H1437
lung tumor cells cultured with no TILs at time = 0. (d) Bar graphs showing knockdown of ID3 expression in CD8" T cells derived from PBMCs of healthy donors. Data are

displayed as mean + SD. Data in ¢, Data in d.

lymph nodes of lung cancer patients and stimulated with the
TCR activator staphylococcal enterotoxin B (SEB) (Figure
S8D). As compared to B cells stimulated with SEB alone,
culture with SEB-activated PD1"CD4" memory TILs induced
B cell proliferation (38 + 13 versus 2.6 + 0.6%, respectively)
(Figure 5(d)). Proliferating CD19" B cells were observed to
downregulate expression of CD27 and upregulate CD38
(Figure 5(e) and Figure S8F-H). This coincided with an upre-
gulation of homing molecules CXCR5 and CCR7 (Figure 5(f)).
Importantly, the majority of CD19" B cells also upregulate
CD25 but not CD24 (Figure 5(g) and Figure S8F-H) or IL10
(Figure S8E), markers of B regulatory cells. FACS-sorted
PD1"CD45RO*CD4" TILs decrease PD1, CD200 and CD25
expression in culture, as shown in Figure 5(h) (left panel).
However, exposure to SEB in the presence of CD19" B cells
reactivates PD1 expression along with CD200 (Figure 5(i,j))
and CD25 but not CTLA4 (Figure S8L]J) and showed an intact
ability to degranulate, based on increased expression of
CD107a (Figure 5(k)). In contrast, activation of PD17CD4"
memory TILs with SEB alone did not result in any change in
expression of homing receptors CXCR5 and CCR7
(Figure 5(1)). However, similar to PD1, exposure to SEB in
the presence of CD19" B cells increased co-expression of
CXCR5 and CCR?7, which is required to migrate to B cell
zones (Figure 5(1)). Despite the fact that the sorted
PD1"CD4" memory TIL population likely represents
a mixture of both Tgy and Tgy cells, we were able to show
these cells are competent to engage B cells and thus function-
ally behave more like Tgy rather than Ty cells.

Patient T cells expanded in vitro retain their cytotoxic
and helper functions

Adoptive cell therapy (ACT) using autologous TILs expanded
from patient tumors is a promising approach to treat solid
tumors, including metastatic melanoma®**> and NSCLC.*
Presently, it is unclear if and to what extent T cells change
their phenotype under persistent TCR stimulation. To address
this, we generated primary T cell cultures from resected tissue
of NSCLC specimens and expanded T cells under feeder-free
conditions via repetitive rounds of T cell receptor (TCR) liga-
tion, using anti CD3/CD28/CD2 beads in the presence of the
gamma chain (y.) cytokines IL-2, IL-7, and IL-15 (Figure 6(a)).
T cells from single-cell suspensions of uninvolved tissues pro-
liferated more readily than their matched tumor counterparts
(38 x 10° + 12.8 versus 26 x 10° + 7 T cells, respectively)
(Figure S9A). Bulk primary T cell cultures were then FACS
sorted into populations, as previously described (Figure 1(a)).
Compared with the native tumor, in vitro expansion altered the
percentage of CD4 and CD8 subsets, as well as CD4/CD8 ratio
with the extent and direction depending on the donor
(Figure 6(b)). Despite this, there was a consistent decrease in
PD1" expression in both CD8 and CD4 memory TILs follow-
ing expansion (Figure 6(b) and Figure S9B). To quantify shifts
in the composition within the CD4 and CD8 subpopulations,
we performed transcriptomics analysis on each of the in vitro
expanded subpopulation within the CD45RO memory com-
partment, calculated the enrichment of the T cell cluster sig-
natures used previously (Figure 2(e)) and compared the in vitro
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Figure 5. PD1*CD4* memory TILs show features of Try-like cells and are poised to help B cells. Heatmap with unsupervised clustering in (a), and ssGSEA scores in (b),
showing enrichment of a 4PD-1" TIL immunosuppressive signature based on a published dataset by Zappasodi et al.>* and Tgy gene signature by Gu-Trantien et al.3" in
CD4 TILs separated based on genotype (tumor versus normal) and PD1 status (PD1* and PD17). Each column in a represents a patient. () Representative panels
illustrating localization of CD4/PD-1 in relation to CD19" B cells (green) in tumor via confocal imaging. (d) Histograms and proliferation index of carboxyfluorescein
succinimidyl ester (CFSE)-labeled CD19" B cells stimulated (Stim) with staphylococcal enterotoxin B (SEB, 500 ng/ml) alone or SEB cocultured with PD1*CD4 TILs (n = 4—
6, biological replicates). (e) Histograms and frequency of CD38/CD27 subsets in CD19" B cells after stimulation with SEB (500 ng/ml) alone or SEB in presence of PD1
+ CD4 TILs (n = 13, biological replicates). (f) Histograms and frequency of CXCR5*CCR7* expression in stimulated CD19* B cells. (g) Frequencies of CD38/CD27 subsets
for expression of CD24/CD25 stimulated with SEB in the presence of PD1*CD4 TILs. (h) Histograms and change in PD1 expression in CD4 TILs following stimulation with
SEB alone or SEB in presence of CD19" B cells. (i and j) Histograms (i) and frequencies (j) of PD1*CD200™ cells as a % of CD4 TILs stimulated with SEB alone or SEB in the
presence of CD19™ B cells (n = 6, biological replicates). (k) gMFI of degranulation marker CD107a in PD1*CD200* CD4 TILs co-expressing CD25 and CTLA4 (n = 6,
biological replicates). (I) Histogram and frequencies of CXCR5*CCR7* CD4 TILs stimulated with SEB alone or SEB in the presence of CD19 B cells. Data are displayed as
mean + SD. Data in d, e, f, and k by paired Students t-test, two-tailed. Data in h, j and | by one-way ANOVA followed by post-hoc Newman-Keuls. ns, not significant.
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Figure 6. Transcriptional and functional analysis of memory T cells obtained after in vitro expansion from bulk tumor and matched normal specimens in NSCLC. (a)
Graphical overview showing method of the experimental design used to expand T cells from single cell suspension, culture and analysis strategy. (b) Scatter plots
showing % change in CD4 and CD8 subsets, CD4/CD8 ratio and memory TILs based on PD1 expression for ex vivo (primary) compared with in vitro (culture expanded)
TILs from matched patients (n = 10, biological replicates). (c) Functional heatmaps showing relative gene expression levels of selected candidate genes in memory
T cells for the following modules (stimulatory molecules, inhibitory molecules, transcription factors, cell cycle/DNA repair, Wnt signaling) comparing ex vivo and in vitro
memory T cell subsets. Each column represents a matched patient. (d) Cell type radar plots correlating expression profile of ex vivo and in vitro memory T cell subsets to
single cell TC clusters described by Guo et al.’ (e) TCRB repertoire analysis showing the degree to which clonal cells in both the CD4 and CD8 memory compartments
between groups are maintained. Comparison between ex vivo and in vitro samples based on PD1 status. (f) Histograms comparing tumor killing capacity of in vitro
expanded CD8 TILs. Killing capacity measured as loss of RFP intensity. Total RFP normalized to H1437 lung tumor cells cultured with no TILs (n = 4, biological replicates).
(g) Schematic representation of experimental setup and histograms comparing tumor killing capacity of in vitro expanded TILs without or with LiCl (2 mM) treatment
quantified as the frequency of Annexin V expression in EpCAM* primary lung cancer cells. Data were normalized to lung tumor cells cultured without TILs. (n = 6,
biological replicates). (h) Scatter plots showing change in Annexin V expression in CD8 and CD4 TILs in coculture with primary lung tumor cells without or with LiCl
(2 mM) (n = 6 biological replicates). Data in b, g, by paired students t-test, two-tailed. Data in f, g, by one-way ANOVA followed by post-hoc Newman-Keuls. ns, not
significant.



patterns with the ex vivo prepared samples for which there
were matching donors. Patterns of cell-type composition were
preserved well upon expansion in vitro, although the sharp
distinctions between populations observed in vivo were less
pronounced. Importantly, the dysfunctional clusters in both
CD4 (C7-CXCL13) and CD8 (C6-LAYN) remain prominent in
the PD1" TIL population (Figure 6(d)). The PD1"CD4" mem-
ory TIL subset re-isolated from expanded bulk cultures
retained their ability to help B cells (Figure S9F-H). To test
the composition of the TCR clonotype between matched ex
vivo prepared and in vitro expanded populations, we in silico
re-constructed the TCR repertoire from samples with over-
lapping donors (four for CD4 and three for CD8 populations).
Quantification of the overlap of TCR alpha (Figure S9E) and
beta chains (Figure 6(e)) demonstrated that the donor-specific
repertoire was stable in vitro.

Surprisingly we observed a general decrease of PD1 tran-
script levels in all in vitro expanded subpopulations following
persistent TCR stimulation (Figure 6(c)), a finding that was
confirmed at the protein level (Figure 6(b)). This trend toward
a less “exhausted” gene expression profile was further exem-
plified by downregulation of the co-inhibitory molecules
CD200, CD38, CD160, LAYN, and CTLA4 and concomitant
upregulation of co-stimulatory molecules, such as IL2RA
(CD25), TNFRSF4 (CD134) and CD40LG, in in vitro expanded
PD17CD8" memory TILs (Figure 6(c)). Extensive phenotyping
of expanded TILs with a panel of antibodies targeting several
suppressive immune checkpoint molecules using flow cytome-
try confirmed these changes (Figure S9C,D). Furthermore, all
T cell populations downregulated the transcriptional regulators
IRF8, TOX, TOX2, and ID3, which are associated with an
exhausted phenotype. PD1*CD8" TILs upregulate memory/
quiescence-associated genes (SELL, LEF1, CCR8) as well as
cell cycle and DNA repair genes (PLK1, BRCA1) indicating
a more proliferative phenotype. Both in vitro expanded PD1~
and PD1" populations displayed robust killing ability
(Figure 6(f)), indicating that in vitro expansion of CD8" mem-
ory TILs produces functionally intact cells.

Downregulation of the components of the WNT pathway
had already been observed in PD1" CD8" memory TILs in vivo
(Figure S2D) and we observed a further downregulation of
WNT1, WNT10A, and DKK3 upon in vitro expansion in all
T cell populations (Figure 6(c)). As WNT signaling is known to
arrest the development of effector CD8" T cells,”” we examined
whether restoring WNT signaling via inhibition of GSK3f
could further improve T cell function. We found that treating
bulk cultures during the expansion period with the GSK3 B
inhibitor lithium chloride (LiCl) resulted in a reduction in the
CD8 compartment (Figure S10A). However, when bulk TIL
cultures were challenged with a pool of MHC Class I human
peptides including type A influenza, Epstein-Barr virus, and
cytomegalovirus, both CD4 and CD8 TILs increased IFNy
secretion (Figure S10B) and upregulated expression of PDI
and CD80 (Figure S10C). We also found that treating TILs
during expansion with LiCl significantly increased the number
of patient-derived primary lung tumor cells undergoing apop-
tosis, as judged by Annexin V staining, suggestive of enhanced
TIL killing capacity (Figure 6(g)). Moreover, we observed an
upregulation of PD-L1 expression in primary lung cancer cells
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when combined with TILs treated with vehicle but not LiCl
(Figure S10D-E). Subpopulations of CD8 and CD4 TILs based
on PD1 expression also were observed, irrespective of treat-
ment (Figure SIOF-G). Interestingly, TILs with intermediate
and high levels of PD1 were shown to upregulate PD-L1,
irrespective of treatment group (Figure S10F). Despite obser-
ving no difference in PD-L1 expression on TILs between vehi-
cle and LiCl treatment, only TILs pretreated with LiCl
displayed downregulation of Annexin V (Figure 6(h)) sugges-
tive of cell protection. We conclude that expansion of T cells
in vitro could increase the number of autologous tumor-
specific T cells for adoptive transfer and potentially also relieve
some of the tumor-induced dysfunction, partially via restoring
WNT signaling.

Discussion

Adoptive cell transfer of naturally occurring antigen-specific
TILs has great potential as an antitumor therapy. Despite recent
reports of clinical benefit in a number of solid tumors,”®*
important open questions remain, that include the extent of
in vivo T cell persistence,*' the contribution of other cell types,
such as CD4" cells,** and whether the antitumor activity after
PD1 checkpoint blockade originates from re-activation of
exhausted TILs or migration of distinct clones from the periph-
ery. In this report, we compare the phenotypic and transcrip-
tomic profiles of resident memory CD8 and CD4 T cell
populations prepared from NSCLC patient resections with
their in vitro expanded counterparts. T cell expansion using
chronic TCR stimulation resulted in highly heterogeneous
expansion rates for different T cell subtypes, yet the expanded
culture largely maintained their phenotypic and transcriptomic
features, compared to the tissue-resident cells. Importantly, they
retained their ability to efficiently kill tumor targets and pro-
mote B cell proliferation. Some important differences include
downregulation of PD1 expression, both at the protein and
mRNA level, in re-expanded CD8" and CD4" memory TILs
compared with native tumor. In contrast, co-inhibitory recep-
tors, TIM3 (HAVCR2) and LAG3, increased at the mRNA level,
indicating at least a partial maintenance of an exhausted phe-
notype upon in vitro expansion, in line with previous data on
ovarian cancer.”® Furthermore, the stem-like gene TCF7
(TCF1), a T-cell-specific HMG-box containing transcription
factor, remained downregulated in the in vitro expanded
PD1"CD8" memory compartment, even in the presence of
homeostatic y, cytokines IL-7/IL-15,* coinciding with an over-
all decrease in WNT signaling,””” an indication of T cell
dysfunction.** We show that restoring WNT signaling via
a GSK3p inhibitor LiClI*> may provide an important means to
improve the functional capacity of in vitro expanded TILs for
ACT. Lastly, the pool of re-expanded CD8" memory TILs
downregulated TOX, TOX2 and KLRG1, while simultaneously
upregulating CD27, CD28 and CD62L (SELL), arguing against
formation of a terminal or short-lived effector state due to
chronic TCR stimulation. The broad conservation of phenotype
and functionality of expanded TILs is promising. In support of
this, Creelan and colleagues*® provided evidence of safety and
efficacy of patient-derived ex-vivo expanded TILs in phase 1 trial
in a small cohort of patients with advanced stage NSCLC with
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progression on nivolumab. This study demonstrates that adop-
tive TIL therapy is clinically beneficial in patients with ICB-
resistant NSCLC, and lends further support to our approach
used in this study of characterizing the ex-vivo expanded TIL
product. Moving forward, these results suggest that the success
of ACT will be critically dependent on an understanding of the
functional composition of the expanded culture and the careful
selection of the appropriate T cell subpopulation.

Although CD4" memory T cell contribution is essential to
coordinating host immunity against viral pathogens and
chronic infection, the function of CD4 memory TILs in cancer
control is less well studied, compared to their CD8 counter-
parts. The ability of CD4" T cells to substantially modulate
anti-tumor activity is exemplified in a recent finding that high
PD1 expression in CD4" TILs negatively correlates with patient
survival in NSCLC.?® Here, we show that the gene expression
signature in PD17CD4" memory TILs highly correlate with
a suppressor Treg signature,'” although when purified, at
least a subset of PD1"CD4" memory TILs are able to proliferate
and effectively kill tumor cells. This argues that the PD17CD4"
memory T cell compartment is a mixture of cell types, with
potentially antagonistic functionality. Indeed, we show that
PD17CD4" memory TILs are enriched in genes related to both
Tre! and Tgg cells.’® One of the most upregulated genes in
PD1"CD4" memory TILs is the B lymphocyte chemoattractant
CXCL13,”” which, in conjunction with IL-21, triggers the
enrichment of Tgy in germinal centers to coordinate B cell
help. We demonstrate that activation of PD1"CD4" memory
TILs with the enterotoxin SEB induces mediastinal lymph
node-derived B cells to proliferate and upregulate CXCR5,
the receptor of CXCL13 ligand that is highly upregulated in
PD1'CD45RO" CD4 TILs (Figure 5(a)), and the CC-
chemokine receptor CCR7 while they themselves simulta-
neously re-express PD1, CD200, CD25 and CXCR5, known
markers of Ty cells. Importantly, proliferating B cells do not
express CD24 or IL10, two common markers of regulatory
B cells. Interestingly, re-activated PD1°CD4" TILs also upre-
gulate CCR?7. Spatial profiling supports a role for PD1*CD4"
TILs in B cell help, CD19" B cells clusters were surrounded by
PD17CD4" TILs compared with PD1*CD8" TILs. There is
emerging evidence in melanoma that CD8"CD20" TLS
improve the response to immunotherapy resulting in better
overall survival.**** Recently, Thommen and colleagues
demonstrated that TLS and their components, including
PD17CD4" TILs and CXCL13 expression, were predictive for
response to PD1 blockade in NSCLC.”® Therefore, further
studies are necessary to decipher the critical involvement of
the CD19" B cell-PD17CD4" axis in NSCLC prognosis and
response to ICB, which to date is lacking.51

PD17CD8" TILs prepared from NSCLC patients display
the major hallmarks of T cell dysfunction, a reduced pro-
liferative potential and low tumor-killing activity. A key
finding of our study, is that knockdown of ID3 in CD8"
T cells or Jurkat cells results in enhanced effector function.
At the mRNA level, ID3 is enriched in dysfunctional CD8
TILs in both melanoma and NSCLC.** In chronic lympho-
cytic choriomeningitis virus (LCMV) infection in mice, ID3
overexpression was linked with chronic TCR stimulation
and correlated with CD8" T cell exhaustion.”® ID3 is

a member of the helix-loop-helix family of proteins that
act as transcriptional regulators, preventing E proteins, e.g.
E2A and HEB, from binding to DNA and repressing tran-
scription. ID3 has been shown to be critical for the devel-
opmental progression of T cell differentiation® as well as
formation of CD8" memory subsets.”>>* The transcription
factor TOX has recently emerged as a regulator of T cell
exhaustion and as a potential target for immunotherapy.”*
2 TOX is thought to antagonize the function of E proteins
through the upregulation of proteins of the ID family,
including 1D3.>> Notably, scRNA-sequencing data of TILs
in lung cancer patients also demonstrates that TOX is
enriched in the exhausted CD8 T cell cluster.'® Further,
ablation of TOX in CD8" T cells partially restores
function.”** Taken together, ID3 and TOX may have
functionally redundant roles in promoting a dysfunctional
CD8 T cell phenotype resulting from chronic TCR stimula-
tion, making them potential therapeutic targets for immune
oncology. It should be noted that we found that many
transcription factors acting as central regulators of T cell
exhaustion (e.g. ID3, IRF4, TOX and TOX2) and other
exhaustion-associated-genes, such as CD38, ENTPDI or
TIGIT overexpressed in PD17CD8" memory TILs, are also
upregulated in PD1"CD4" memory TILs. Recently it has
been shown that ablation of TOX2 and TOX impairs Try
cell differentiation®® acting as a reminder that drug devel-
opment efforts against such factors must consider that
positive effects in one cell type may be mitigated by adverse
effects in other cell types, as Ty cells are central for
a robust host anti-tumor immune response. The transcrip-
tional regulator ID3 was also increased in CD4 TILs. ID3
appears to be necessary for maintenance of FoxP3 expres-
sion and CD4 Treg suppressive function.”® Loss of ID3
leads to an increase in CD4 Ty9 phenotype that exhibit
potent anti-tumor immunity’’ and adoptive TIL therapy
using tumor-specific CD4 Ty9 cells demonstrates potent
anti-tumor activity.”® Therefore, ID3 may be a more appro-
priate target for anti-tumor immunotherapy in lung cancer
especially in the adoptive cell therapy setting. Despite our
efforts to address the molecular and functional aspects of
TIL dysfunction based on PDI1 expression, our study has
several limitations. First, our study was descriptive in nat-
ure and based on a small sample size, which requires care-
ful interpretation. Second, we did not correlate molecular
signatures in memory PD1* TILs with advanced disease in
NSCLC and whether memory PD1" TIL phenotypes were
associated with favorable outcomes in patients undergoing
ICB. Bernatchez and colleagues™ recently demonstrated
that the molecular state of both infiltrating CD8 and CD4
TILs together with infiltrating B cells not overall number of
infiltrating T cells dictate clinical outcome in NSCLC.
Finally, despite our in vitro functional assays demonstrating
an interplay between PD1"CD4" memory TILs and CD19"
B cells leading to generation of distinct T cell and B cell
phenotypes, we still do not know whether PD1"CD4" TILs
direct CD19" B cells to form new TLS and whether ther-
apeutic  strategies to induce the formation of
PD1*CD4"CD19" tumors would improve responses to
ICB in NSCLC, as recently described in melanoma.*®



Conclusions

Here, we show shared and distinct transcriptional profiles
between CD4 and CD8 PD1" memory TILs in NSCLC.
Importantly, reducing ID3 expression improved CD8 T cell
effector function. Therefore, depending upon the degree to
which the original expression profiles observed in tissue-
resident TILs are represented in the in vitro group following
prolonged expansion in culture, future protocols may need to
be modified to direct or redirect cellular differentiation to
ensure enrichment of memory-precursor/stem-like T cells,
which may correlate with persistence and improved clinical
outcomes. Moreover, defining the optimal conditions for
targeting WNT pathway to improve expanded autologous
TIL product for ACT in NSCLC warrants further
investigation.
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