
1Banchereau R, et al. J Immunother Cancer 2021;9:e002231. doi:10.1136/jitc-2020-002231

Open access 

Intratumoral CD103+ CD8+ T cells 
predict response to PD- L1 blockade

Romain Banchereau,1 Avantika S. Chitre,2 Alexis Scherl,3 Thomas D. Wu,4 
Namrata S. Patil,1 Patricia de Almeida,2,5 Edward E. Kadel, III,1 Shravan Madireddi,2 
Amelia Au- Yeung,6 Chikara Takahashi,6 Ying- Jiun Chen,7,8 Zora Modrusan,7 
Jacqueline McBride,6 Rhea Nersesian,1 Ehab A. El- Gabry,9 Mark D. Robida,9 
Jeffrey C. Hung,3 Marcin Kowanetz,1,10 Wei Zou,11 Mark McCleland,1 
Patrick Caplazi,3 Shadi Toghi Eshgi,6 Hartmut Koeppen,3 Priti S. Hegde,12 
Ira Mellman,2 W. Rodney Mathews,6 Thomas Powles,13 Sanjeev Mariathasan,1 
Jane Grogan,2 William E O'Gorman    6

To cite: Banchereau R, 
Chitre AS, Scherl A, et al.  
Intratumoral CD103+ CD8+ 
T cells predict response to 
PD- L1 blockade. Journal for 
ImmunoTherapy of Cancer 
2021;9:e002231. doi:10.1136/
jitc-2020-002231

 ► Additional material is 
published online only. To view, 
please visit the journal online 
(http:// dx. doi. org/ 10. 1136/ jitc- 
2020- 002231).

RB and ASC contributed equally.
AS, TDW and NSP contributed 
equally.
SM, JG and WEO contributed 
equally.

RB and ASC are joint first 
authors.

SM, JG and WEO are joint senior 
authors.

Accepted 02 March 2021

For numbered affiliations see 
end of article.

Correspondence to
Dr William E O'Gorman;  
 ogormanw@ gene. com

Dr Jane Grogan;  
 jane. grogan@ gmail. com

Dr Sanjeev Mariathasan;  
 sanj@ gene. com

Original research

© Author(s) (or their 
employer(s)) 2021. Re- use 
permitted under CC BY- NC. No 
commercial re- use. See rights 
and permissions. Published by 
BMJ.

AbstrACt
background CD8+ tissue- resident memory T (TRM) 
cells, marked by CD103 (ITGAE) expression, are thought 
to actively suppress cancer progression, leading to the 
hypothesis that their presence in tumors may predict 
response to immunotherapy.
Methods Here, we test this by combining high- 
dimensional single- cell modalities with bulk tumor 
transcriptomics from 1868 patients enrolled in lung 
and bladder cancer clinical trials of atezolizumab (anti- 
programmed cell death ligand 1 (PD- L1)).
results ITGAE was identified as the most significantly 
upregulated gene in inflamed tumors. Tumor CD103+ 
CD8+ T

RM cells exhibited a complex phenotype defined by 
the expression of checkpoint regulators, cytotoxic proteins, 
and increased clonal expansion.
Conclusions Our analyses indeed demonstrate that 
the presence of CD103+ CD8+ T

RM cells, quantified by 
tracking intratumoral CD103 expression, can predict 
treatment outcome, suggesting that patients who respond 
to PD-1/PD- L1 blockade are those who exhibit an ongoing 
antitumor T- cell response.

IntroduCtIon
Checkpoint therapies can induce potent and 
durable clinical responses in subsets of patients 
with cancer across multiple indications. 
Treatment regimens targeting programmed 
cell death 1 (PD-1) or programmed cell 
death ligand 1 (PD- L1) disrupt an inhibitory 
signaling program in T cells that reduces 
their cytolytic activity.1 Thus, blockade of 
PD-1/PD- L1 binding has been hypothesized 
to result in the reinvigoration of these T cells 
and their subsequent killing of tumor cells. 
While a subset of patients achieve robust 
antitumor responses with these therapies, 
many do not, with minimal response rates of 
20%–30% across indications such as mela-
noma, non- small cell lung, urothelial, head 
and neck, gastrointestinal, and hepatocellular 

cancers.2 As such, the variability in clinical 
response to checkpoint inhibitors has gener-
ated interest in the heterogeneity and func-
tion of the intratumoral T cells critical for 
efficacy.3 Much attention has been paid to an 
‘exhausted’ population of CD8+ T cells that 
exhibit multiple checkpoint regulators and 
are presumed to have diminished effector 
function due to chronic antigen exposure.1 
However, the relationship between exhaus-
tion and response to checkpoint blockade is 
controversial. While some studies correlate 
exhaustion to poor clinical outcomes,4–9 
others have defined a subpopulation of 
CD103+ CD8+ tissue- resident memory T 
(TRM) cells that appear exhausted, but are 
also proliferative and associate with cancer 
survival.10

TRM cells are a specialized population of 
T cells responsible for the rapid initiation 
of local immune responses within epithe-
lial tissues, thereby providing protective 
immunity against invading microbes.11 TRM 
cells are broadly distributed in adult human 
tissues such as the skin, lungs, intestines, and 
brain.12 13 Furthermore, TRM cells have been 
implicated in mediating proinflammatory 
responses in autoimmune diseases such as 
psoriasis, alopecia areata, vitiligo, as well as 
ulcerative colitis.14 15 TRM cells are defined 
phenotypically by their expression of CD103 
(integrin αE or ITGAE), which pairs with inte-
grin β7 to form the αEβ7 heterodimer.16–18 
αEβ7 is exclusively expressed in immune cells 
and binds to the epithelial protein E- cad-
herin, mediating intraepithelial lymphocyte 
localization.19

CD103+ TRM cells play an essential role 
in limiting tumor growth20 21 as well as in 
immune surveillance of solid tumors.22 23 

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://jitc.bm

j.com
/

J Im
m

unother C
ancer: first published as 10.1136/jitc-2020-002231 on 7 A

pril 2021. D
ow

nloaded from
 

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://jitc.bm

j.com
/

J Im
m

unother C
ancer: first published as 10.1136/jitc-2020-002231 on 7 A

pril 2021. D
ow

nloaded from
 

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://jitc.bm

j.com
/

J Im
m

unother C
ancer: first published as 10.1136/jitc-2020-002231 on 7 A

pril 2021. D
ow

nloaded from
 

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://jitc.bm

j.com
/

J Im
m

unother C
ancer: first published as 10.1136/jitc-2020-002231 on 7 A

pril 2021. D
ow

nloaded from
 

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://jitc.bm

j.com
/

J Im
m

unother C
ancer: first published as 10.1136/jitc-2020-002231 on 7 A

pril 2021. D
ow

nloaded from
 

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://jitc.bm

j.com
/

J Im
m

unother C
ancer: first published as 10.1136/jitc-2020-002231 on 7 A

pril 2021. D
ow

nloaded from
 

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://jitc.bm

j.com
/

J Im
m

unother C
ancer: first published as 10.1136/jitc-2020-002231 on 7 A

pril 2021. D
ow

nloaded from
 

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://jitc.bm

j.com
/

J Im
m

unother C
ancer: first published as 10.1136/jitc-2020-002231 on 7 A

pril 2021. D
ow

nloaded from
 

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://jitc.bm

j.com
/

J Im
m

unother C
ancer: first published as 10.1136/jitc-2020-002231 on 7 A

pril 2021. D
ow

nloaded from
 

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://jitc.bm

j.com
/

J Im
m

unother C
ancer: first published as 10.1136/jitc-2020-002231 on 7 A

pril 2021. D
ow

nloaded from
 

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://jitc.bm

j.com
/

J Im
m

unother C
ancer: first published as 10.1136/jitc-2020-002231 on 7 A

pril 2021. D
ow

nloaded from
 

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://jitc.bm

j.com
/

J Im
m

unother C
ancer: first published as 10.1136/jitc-2020-002231 on 7 A

pril 2021. D
ow

nloaded from
 

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://jitc.bm

j.com
/

J Im
m

unother C
ancer: first published as 10.1136/jitc-2020-002231 on 7 A

pril 2021. D
ow

nloaded from
 

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://jitc.bm

j.com
/

J Im
m

unother C
ancer: first published as 10.1136/jitc-2020-002231 on 7 A

pril 2021. D
ow

nloaded from
 

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://jitc.bm

j.com
/

J Im
m

unother C
ancer: first published as 10.1136/jitc-2020-002231 on 7 A

pril 2021. D
ow

nloaded from
 

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://jitc.bm

j.com
/

J Im
m

unother C
ancer: first published as 10.1136/jitc-2020-002231 on 7 A

pril 2021. D
ow

nloaded from
 

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://jitc.bm

j.com
/

J Im
m

unother C
ancer: first published as 10.1136/jitc-2020-002231 on 7 A

pril 2021. D
ow

nloaded from
 

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://jitc.bm

j.com
/

J Im
m

unother C
ancer: first published as 10.1136/jitc-2020-002231 on 7 A

pril 2021. D
ow

nloaded from
 

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://jitc.bm

j.com
/

J Im
m

unother C
ancer: first published as 10.1136/jitc-2020-002231 on 7 A

pril 2021. D
ow

nloaded from
 

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://jitc.bm

j.com
/

J Im
m

unother C
ancer: first published as 10.1136/jitc-2020-002231 on 7 A

pril 2021. D
ow

nloaded from
 

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://jitc.bm

j.com
/

J Im
m

unother C
ancer: first published as 10.1136/jitc-2020-002231 on 7 A

pril 2021. D
ow

nloaded from
 

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://jitc.bm

j.com
/

J Im
m

unother C
ancer: first published as 10.1136/jitc-2020-002231 on 7 A

pril 2021. D
ow

nloaded from
 

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://jitc.bm

j.com
/

J Im
m

unother C
ancer: first published as 10.1136/jitc-2020-002231 on 7 A

pril 2021. D
ow

nloaded from
 

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://jitc.bm

j.com
/

J Im
m

unother C
ancer: first published as 10.1136/jitc-2020-002231 on 7 A

pril 2021. D
ow

nloaded from
 

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://jitc.bm

j.com
/

J Im
m

unother C
ancer: first published as 10.1136/jitc-2020-002231 on 7 A

pril 2021. D
ow

nloaded from
 

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://jitc.bm

j.com
/

J Im
m

unother C
ancer: first published as 10.1136/jitc-2020-002231 on 7 A

pril 2021. D
ow

nloaded from
 

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://jitc.bm

j.com
/

J Im
m

unother C
ancer: first published as 10.1136/jitc-2020-002231 on 7 A

pril 2021. D
ow

nloaded from
 

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://jitc.bm

j.com
/

J Im
m

unother C
ancer: first published as 10.1136/jitc-2020-002231 on 7 A

pril 2021. D
ow

nloaded from
 

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://jitc.bm

j.com
/

J Im
m

unother C
ancer: first published as 10.1136/jitc-2020-002231 on 7 A

pril 2021. D
ow

nloaded from
 

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://jitc.bm

j.com
/

J Im
m

unother C
ancer: first published as 10.1136/jitc-2020-002231 on 7 A

pril 2021. D
ow

nloaded from
 

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://jitc.bm

j.com
/

J Im
m

unother C
ancer: first published as 10.1136/jitc-2020-002231 on 7 A

pril 2021. D
ow

nloaded from
 

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://jitc.bm

j.com
/

J Im
m

unother C
ancer: first published as 10.1136/jitc-2020-002231 on 7 A

pril 2021. D
ow

nloaded from
 

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://jitc.bm

j.com
/

J Im
m

unother C
ancer: first published as 10.1136/jitc-2020-002231 on 7 A

pril 2021. D
ow

nloaded from
 

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://jitc.bm

j.com
/

J Im
m

unother C
ancer: first published as 10.1136/jitc-2020-002231 on 7 A

pril 2021. D
ow

nloaded from
 

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://jitc.bm

j.com
/

J Im
m

unother C
ancer: first published as 10.1136/jitc-2020-002231 on 7 A

pril 2021. D
ow

nloaded from
 

http://bmjopen.bmj.com/
http://orcid.org/0000-0003-0753-3355
http://dx.doi.org/10.1136/jitc-2020-002231
http://dx.doi.org/10.1136/jitc-2020-002231
http://crossmark.crossref.org/dialog/?doi=10.1136/jitc-2020-002231&domain=pdf&date_stamp=2021-04-07
http://jitc.bmj.com/
http://jitc.bmj.com/
http://jitc.bmj.com/
http://jitc.bmj.com/
http://jitc.bmj.com/
http://jitc.bmj.com/
http://jitc.bmj.com/
http://jitc.bmj.com/
http://jitc.bmj.com/
http://jitc.bmj.com/
http://jitc.bmj.com/
http://jitc.bmj.com/
http://jitc.bmj.com/
http://jitc.bmj.com/
http://jitc.bmj.com/
http://jitc.bmj.com/
http://jitc.bmj.com/
http://jitc.bmj.com/
http://jitc.bmj.com/
http://jitc.bmj.com/
http://jitc.bmj.com/
http://jitc.bmj.com/
http://jitc.bmj.com/
http://jitc.bmj.com/
http://jitc.bmj.com/
http://jitc.bmj.com/
http://jitc.bmj.com/
http://jitc.bmj.com/
http://jitc.bmj.com/
http://jitc.bmj.com/
http://jitc.bmj.com/
http://jitc.bmj.com/
http://jitc.bmj.com/
http://jitc.bmj.com/
http://jitc.bmj.com/


2 Banchereau R, et al. J Immunother Cancer 2021;9:e002231. doi:10.1136/jitc-2020-002231

Open access 

Consistent with these observations, tumor infiltration with 
CD103+ TRM cells has been associated with better clinical 
outcomes in patients with lung, bladder, endometrial, 
gastric, and colorectal cancers receiving standard of 
care therapies.10 22 24–28 Furthermore, CD103+ CD8+ T 
cells have been shown to preferentially localize in tumor 
epithelium compared with the surrounding stroma, with 
better patient outcomes observed with elevated TRM cell 
frequency within tumor nests.28–30 Expression of CD103 
by TRM cells is primarily induced by exposure to tissue- 
derived cytokines such as tumor growth factor β and 
interleukin-15.31–34 However, it has been reported that 
T- cell receptor (TCR) engagement is also necessary to 
induce CD103 upregulation.35 36 Thus, CD103+ tumor- 
infiltrating T cells may be the progeny of lymph node- 
activated and recirculating T effector (TEFF) or T stem- cell 
memory (TSCM) cells that have recently migrated into 
tumor tissues and differentiated as a result of exposure to 
these cytokines and tumor antigens.37

Elevated expression of immune checkpoint regulators 
such as PD-1 and TIM3 as well as enhanced proliferation 
(Ki-67) and activation (CD38) markers indicate that TRM 
cells have the potential to actively limit tumor growth 
and play a key role in the response to cancer immuno-
therapy.38 In addition, CD103+ CD8+ cells that coexpress 
CD39 (ENTPD1) have been found to be uniquely tumor 
reactive, while their CD39- counterparts are considered 
‘bystander’ cells, often bearing TCRs specific for micro-
bial antigens.35 39 However, this observation remains 
controversial as other studies have found shared TCR 
clonotypes across different CD8+ T- cell subsets, implying 
ongoing differentiation between phenotypes within 
the tumor.40 Importantly, CD39 expression also defines 
CD8+ T- cell clonotypes in tumors that are expanded and 
presumptively activated following anti- PD-1 therapy.39 41 
It thus seems possible that CD103+ TRM cells are poised 
to respond to PD-1/PD- L1 blockade.42 One recent study 
has demonstrated an association between the presence 
of CD103+ CD8+ T cells in lung tumors and patient 
response to checkpoint blockade.43 However, the hypoth-
esis that immune CD103 expression in tumors is predic-
tive of response to cancer immunotherapy has not been 
comprehensively evaluated in large randomized clinical 
trials.

Our previous studies have identified clonally expanded 
CD8+ TEFF cells in blood with shared clonotypes across both 
tumor and adjacent non- neoplastic tissues, suggesting 
that antitumor immunity is characterized by a contin-
uous production of reactive T cells at sites external to the 
tumor.44 These peripherally expanded TEFF cells shared 
clonotypes with tumor TRM cells, indicating differentia-
tion of peripheral TEFF into TRM following migration into 
the tumor. Here, we expand on these studies by focusing 
on intratumoral TRM cells and probe the relationships 
between CD8+ T- cell tumor infiltration, phenotype, prolif-
eration, and clonal expansion using multidimensional 
approaches. Our analysis of a cohort of 1868 patients 
treated with the anti- PD- L1 antibody atezolizumab reveals 

that CD103 expression does indeed closely correlate with 
response to immunotherapy and highlights CD8+ TRM as 
a critical player in the antitumor response.

MAterIAls And Methods
human subjects
Samples analyzed from clinical trials were collected as 
prescreening biopsies obtained from archived paraffin- 
embedded tissue. Patients were required to have tissue 
sent to the central laboratory prior to entry into the study. 
Samples were processed at the time of screening. Tissue 
samples from three clinical trials were used for these 
analyses: (1) OAK (NCT02008227), a phase III random-
ized study comparing atezolizumab (anti- PD- L1 antibody, 
1200 mg every 3 weeks) with docetaxel in patients with 
non- small cell lung cancer (NSCLC) after failure with 
platinum- containing chemotherapy; (2) IMvigor210 
(NCT02108652), a single- arm phase II study investigating 
atezolizumab (1200 mg every 3 weeks) in patients with 
metastatic urothelial carcinoma (mUC); and IMvigor211 
(NCT02302807), a phase III two- arm, randomized, 
controlled study comparing atezolizumab (1200 mg every 
3 weeks) with chemotherapy (docetaxel, paclitaxel, or 
vinflunine) in subjects with locally advanced or mUC 
who have progressed during or following a platinum- 
containing regimen. Fresh tumor samples and matched 
adjacent non- cancerous tissues were procured from a 
commercial vendor (Discovery Life Sciences) as part 
of adult patients undergoing surgical resection. Online 
supplemental table S1 provides details for each individual 
sample such as age, gender, ethnicity, tumor stage, tumor 
histology subtype (if known), tumor area category (if 
known), extent of lymph node spread (if known), and 
metastatic status (if known). Adjacent tissue was required 
to be more than 0.5 cm away from the tumor and defined 
as being free of disease morphology at the discretion of 
the pathologist.

statistical analysis
Comparisons across patient subgroups for ITGAE or 
CD103 immunohistochemistry (IHC) across CD8+ infil-
tration status (desert, excluded, and inflamed) as well 
as ITGAE by PD- L1 levels on immune cells (IC score) 
were completed using a Kruskal- Wallis test with a Dunn 
post hoc test adjusted with Benjamini- Hochberg correc-
tion for multiple comparisons. For statistical analysis of 
markers measured by mass cytometry between CD103+ 
and CD103− CD8+ subpopulations, a two- way analysis of 
variance with Bonferroni correction for multiple compar-
isons was used. Correlation of PD- L1 by mass cytom-
etry with various gates of CD8+ T cells was assessed by a 
Spearman rank test. Statistical significance of differences 
in overall survival (OS) between patient groups subdi-
vided by gene (ITGAE and CD8A) or protein (CD103) 
expression was determined by Cox proportional hazard 
modeling. For all statistical analyses, a p- value of <0.05 
was indicated by ‘*’, p<0.01 by ‘**’, p<0.001 by ‘***’, 
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p<0.0001 by ‘****’ and lack of a significant difference by 
‘n.s.’ (not significant).

data and code availability
All data from bulk RNA sequencing (RNAseq) of patients 
from the IMvigor210 clinical trial were available within the 
European Genome–Phenome Archive (EGA) under acces-
sion number EGAS00001002556 and have also been previ-
ously published.45 The resulting data from mass cytometry 
analyses are deposited in  Flowrepository. org. Single- cell 
RNA sequencing (scRNAseq) and single- cell T cell receptor 
sequencing (scTCRseq) data used in these studies have 
previously been published44 and are available within EGA 
under studies EGAS00001003993 and EGAS00001003994 
and datasets EGAD00001005464 and EGAD00001005465. 
The bladder tumor dataset obtained from Oh et al46 is 
publicly available in the NCBI GEO database under acces-
sion GSE149652. Coordinates for generation of the uniform 
manifold approximation and projection (UMAP) were 
obtained from the authors. There are restrictions to the 
availability of bulk RNAseq datasets from patients enrolled in 
OAK and IMvigor211 clinical trials, but a normalized expres-
sion matrix for ITGAE and CD8A, the only genes included 
from these trials in these studies, is provided in online 
supplemental data file S2.

results
Cohort characteristics
Clinical and biomarker data were obtained from 1868 
patients within three clinical trials in two cancer indica-
tions assessing the clinical benefits of PD- L1 blockade with 
atezolizumab: IMvigor210—a single- arm, phase II study of 
atezolizumab in patients with first- line (n=95) or second- line 
(2L+, n=259) locally advanced or mUC47; IMvigor211—a 
two- arm, phase III randomized study in patients with 2L+ 
locally advanced or mUC comparing atezolizumab to 
chemotherapy48; and OAK—a two- arm, phase III random-
ized study in patients with 2L+ NSCLC comparing atezoli-
zumab to docetaxel.49 IHC for PD- L1 and CD8 as well as 
a bulk RNAseq analysis was performed on formalin- fixed 
paraffin- embedded (FFPE) tumor tissue obtained prior to 
administration of atezolizumab.

In parallel, independently of the clinical trials, six NSCLC 
and three endometrial tumor samples were procured as 
fresh tissue and both tumor and non- cancerous tumor- 
adjacent tissue were analyzed by mass cytometry, scRNAseq, 
and scTCRseq upon dissociation. Patient clinical and demo-
graphic information for these samples is detailed in online 
supplemental table S1.

tumors with high Cd8+ t-cell infiltration are enriched in 
Cd103 (ITGAE) expression
Solid tumors have been categorized into inflamed, 
excluded, and desert phenotypes based on CD8+ T- cell 
infiltration patterns.45 50 In inflamed tumors, CD8+ T cells 
penetrate tumor nests, while they are largely confined to 
the tumor stroma in excluded tumors. Tumors devoid of 

or with extremely low levels of CD8+ T cells are termed 
immune deserts. Transcriptional comparison of inflamed 
versus excluded tumors in IMvigor210 revealed 759 genes 
significantly overexpressed (adjusted p<0.05) in inflamed 
relative to excluded tumors, with ITGAE appearing as one of 
the most highly significant genes (p=3.35×10−18) (figure 1A 
and online supplemental data file S1). Other notable CD8+ 
T cell- associated genes such as CD8A, IFNG, and LAG3 
were also upregulated in inflamed tumors. Expression of 
the hallmark interferon (IFN)- inducible gene GBP1 was 
also strongly associated with CD8 phenotype, indicative of 
ongoing IFN signaling in highly infiltrated tumors. Consis-
tent with these findings and as expected, transcripts associ-
ated with T- cell cytokine production and activation pathways 
were significantly enriched in inflamed tumors, including 
type I and type II IFN as well as TCR and costimulation path-
ways (figure 1B).

Identification of the top 25 transcripts correlated with 
ITGAE expression in IMvigor210 yielded key genes asso-
ciated with the TRM phenotype as well as IFN-γ signaling 
(figure 1C). CD8A and ZNF683, which encodes HOBIT, 
a master regulator of TRM differentiation,18 51 were highly 
correlated with ITGAE, suggesting that CD8+ TRM cells are 
likely the primary source of ITGAE in bulk tumor transcrip-
tomes. ITGAE was highly correlated with FASLG, which is 
associated with TCR activation and can also be transcrip-
tionally induced by type I IFN signaling.52 Furthermore, 
ITGAE was also strongly correlated with the immune 
checkpoints LAG3 and PDCD1 (PD-1), as well as IFNG, 
the IFN- inducible gene GBP5, and IFN-γ-induced chemo-
kines (CXCL9, CXCL10, and CCL5). Regulators of cyto-
toxic degranulation (NKG7) and genes encoding cytotoxic 
proteins (PRF1, GZMA, GZMH, and GZMB) were also asso-
ciated with ITGAE.53

Increased ITGAE expression within inflamed tumors, 
relative to excluded and desert tumors, was observed in 
OAK (NSCLC, p=3.91e-42), IMvigor210 (mUC, p=1.78e-
27), and IMvigor211 (mUC, p=8.58e-54) (figure 1D). 
ITGAE expression was also positively associated with PD- L1 
levels on immune cells (IC score), a previously established 
biomarker of response to immunotherapy,49 in all three 
trials (figure 1E). These observations were confirmed at the 
protein level by IHC for CD103 in FFPE tumor biopsies taken 
from a subset of patients from IMvigor210. Figure 1F shows 
representative images of hematoxylin- and- eosin (H&E) 
stained slides, and IHC for CD8 and CD103 performed 
on adjacent sections from tumor biopsies that correspond 
to each infiltration phenotype. Automated image analysis 
was used to quantify the prevalence of CD103+ cells within 
manually annotated tumor regions of interest. Supporting 
transcriptional observations, we found that CD103 staining 
was enriched in inflamed tumors relative to immune desert 
and excluded tumors (figure 1G). In summary, tumors infil-
trated with CD8+ T cells expressed elevated levels of ITGAE/
CD103 and were enriched in genes associated with TCR 
activation.
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Figure 1 ITGAE/CD103 is upregulated in tumors exhibiting high CD8+ T- cell infiltration. (A) Volcano plot depicting differentially 
expressed genes between patients with inflamed versus excluded CD8+ T- cell infiltration phenotypes in tumors from the 
IMvigor210 clinical trial (mUC) (n=354). Colored dots indicate genes significantly (adjusted p value<0.05) upregulated (red, 
right) or downregulated (blue, left) greater than two- fold (log2FC≥1) in inflamed relative to excluded tumors. Select genes 
representative of cytotoxic T cells and IFN signaling are annotated. (B) Top 20 reactome pathways enriched in inflamed 
tumors relative to excluded tumors ranked by significance (−log10 (p- value) on x- axis). (C) Top 25 genes that correlate with 
ITGAE expression in a bulk RNAseq analysis of tumor samples from the IMvigor210 clinical trial. (D) Comparison of baseline 
ITGAE gene expression across patients categorized into desert, excluded, or inflamed subgroups based on CD8+ T- cell tumor 
infiltration patterns in three clinical trials: OAK (NSCLC, n=669), IMvigor210 (mUC, n=290), and IMvigor211 (mUC, n=778). 
Statistical analysis was conducted within each trial using the Kruskal- Wallis test with Dunn’s post hoc test adjusted with 
Benjamini- Hochberg correction for multiple comparisons. (E) Box plots depicting ITGAE gene expression in bulk RNAseq 
profiles of tumors from OAK (n=725), IMvigor210 (n=353), and IMvigor211 (n=792) clinical trials categorized by low (IC0), mid 
(IC1), or high (IC2/3) PD- L1 expression on immune cells (IC) as measured by IHC. (F) Representative tissue imaging of FFPE 
tumors obtained from a subset of IMvigor210 patients (n=91) stained with H&E for tissue architecture (left), as well as for CD8 
(middle, brown) and CD103 (right, brown) by IHC. (G) Comparison of CD103 IHC between desert (n=26), excluded (n=45), and 
inflamed (n=20) tumor infiltration phenotypes. Statistical analysis was completed using a Kruskal- Wallis test with Dunn’s post 
hoc test adjusted with Benjamini- Hochberg correction for multiple comparisons. ****P<0.0001. FFPE, formalin- fixed paraffin- 
embedded; H&E, hematoxylin- and- eosin; IFN, interferon; IHC, immunohistochemistry; mUC, metastatic urothelial carcinoma; 
n.s., not significant; NSCLC, non- small cell lung cancer; PD- L1, programmed cell death ligand 1; RNAseq, RNA sequencing.

Intratumoral Cd103+ Cd8+ t cells express multiple immune 
checkpoints and Ki-67
To assess the prevalence, distribution, and phenotypes of 
CD103+ immune cells, a 38- parameter mass cytometry panel 
(online supplemental table S2) was applied to freshly disso-
ciated tumors as well as non- cancerous tumor- adjacent tissue 
from six NSCLC and three patients with endometrial cancer. 
CD45+ cells from NSCLC tumors were merged to create a 
single UMAP of the immune microenvironment (figure 2A, 
left). T cells, B cells, NK cells, dendritic cells, macrophages, 
and neutrophils were identified with manual gates and 
projected onto the UMAP as previously described.54 CD103 

expression was primarily restricted to the CD8+ T- cell lineage 
but was also detectable in rare CD4+ T- cell and NK- cell 
subsets (figure 2A, right). Similar results were obtained for 
endometrial tumors (online supplemental figure S1A).

Manual gating analysis was performed on all tumors to 
quantify (1) the total immune cell composition for each 
tumor (online supplemental figure S1B, left), (2) the 
percentage of total CD103 expression attributable to each 
cellular lineage (figure 2B) and (3) the percent of cells 
expressing CD103 within each immune subpopulation 
(online supplemental figure S1B, right). As previously 
described in NSCLC42 and bladder cancer,24 while a small 
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Figure 2 CD103+ cells in tumors are predominantly CD8+ TRM cells and are characterized by Ki-67 and immune checkpoint 
expression. (A) NSCLC patient tumors (n=6) analyzed by mass cytometry, with resulting data for total CD45+ cells (8000 
downsampled cells per sample) aggregated and visualized by UMAP (left). Immune subset identities were determined by 
manual gating and projected onto the UMAP. Expression of CD103 across total CD45+ cells from NSCLC tumors overlaid onto 
the UMAP (right). (B) Frequency of the indicated immune subpopulations of total CD103+ cells for all nine tumors (n=6 NSCLC 
(solid dots), n=3 endometrial cancer (open dots)). (C) Expression pattern for markers of activation and dysfunction for NSCLC 
tumors in aggregate projected onto the UMAP of CD8+ T cells. (D) Comparison of expression frequency of indicated markers 
within CD8+ T cells between CD103+ (red) or CD103− (blue) subsets in either tumor (left) or adjacent tissue (right) across all 
tumor samples (n=9, solid dots for NSCLC, open dots for endometrial). Statistical analysis was conducted using two- way 
analysis of variance with Bonferroni correction for multiple comparisons. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. n.s., not 
significant; NSCLC, non- small cell lung cancer; PD-1, programmed cell death 1; TRM, tissue- resident memory T; UMAP, uniform 
manifold approximation and projection.

subset of NK cells and CD4+ T cells express CD103, CD8+ 
T cells accounted for the majority of CD103+ immune cells 
in the tumor microenvironment (mean of 74%, range of 
67%–85%).

Given the predominant expression of CD103 in CD8+ T 
cells and recent evidence that TRM cells play a role in tumor 
immunity,55 CD8 subsets were further investigated. CD8+ T 
cells from all samples were manually gated and merged to 
create a UMAP, revealing two major CD8+ T- cell populations 
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segregated by CD103 that were observed across all tumors 
analyzed (UMAPs by individual in online supplemental 
figure S1C, NSCLC tumors in figure 2C, and endometrial 
tumors in online supplemental figure S1D). Elevated expres-
sion of proliferation (Ki-67), activation (CD38), and immune 
checkpoint (CTLA-4, TIGIT, TIM3, and PD-1) markers 
was observed in CD103+ cells. In contrast, CD103− cells 
expressed higher levels of CD28, Eomesodermin (EOMES), 
and CD57. CD28 has been proposed as a marker of stem- 
like T cells based on TCF-1 and CD45RO expression in the 
context of renal cell carcinoma.40

We further quantified phenotypic differences between 
CD103+ and CD103− immune cells in tumors as well as non- 
cancerous tumor- adjacent tissue using manual gating anal-
ysis (figure 2D). CD103+ CD8+ T cells in the tumor were 
significantly enriched for Ki-67, CD38, CTLA-4, TIM3, and 
PD-1 expressing cells compared with CD103− CD8+ T cells. 
Few CD8+ T cells were found to express Ki-67, CD38, and 
CTLA-4 in adjacent tissue regardless of their CD103 pheno-
type, implying these markers may be associated with tumor- 
specific activation rather than exclusively being a result of 
their TRM lineage. On the other hand, PD-1 was also elevated 
in CD103+ cells from adjacent tissues, suggesting some 
markers represent a tissue- specific rather than tumor- specific 
phenotype. In contrast, expression of CD28, EOMES, and 
CD57 were enriched in CD103− relative to CD103+ cells in 
both tumor and tumor- adjacent tissues. CD28 and EOMES 
are hallmarks of an effector memory CD8+ phenotype, with 
EOMES suppressing TRM differentiation.18 34 The enrich-
ment for EOMES and CD57 in CD103− cells that expressed 
lower levels of inhibitory receptors was still somewhat unex-
pected as these markers also typically signify exhausted3 and 
senescent56 states, respectively. While both exhaustion and 
senescence are characterized by reduced effector function, 
the molecular pathways involved in these programs have 
been shown to differ.57

The percentage of total CD8+ T cells was not significantly 
correlated with PD- L1 expression on immune cells (CD45+) 
(online supplemental figure S1E). However, the frequency 
of CD103+ CD8+ T cells, and especially Ki-67+ CD103+ 
CD8+ cells, was significantly correlated with PD- L1 positivity 
on tumor- associated immune cells (p=0.0214 and p=0.0013, 
respectively), suggesting that this subpopulation could be 
responsible for inducing PD- L1 expression in the tumor 
microenvironment, for example, via the release of effector 
cytokines (eg, IFN-γ) that drive its expression.58 59

The association of CD103 expression with these pheno-
typic markers was also analyzed for CD4+ T cells as well as 
NK cells in tumor and tumor- adjacent tissue (online supple-
mental figure S2A,B). A smaller fraction of CD4+ T cells 
expressed CD103 (mean of 8.55% in tumor, 13.3% in adja-
cent) relative to the levels found in CD8+ T cells, consistent 
with previous observations.60 In CD4+ T cells overall, Ki-67, 
CD38, CTLA-4, and TIGIT expressions were elevated in 
tumor relative to adjacent tissue, but these differences were 
not stratified by CD103 expression. Only EOMES and CD57 
were elevated specifically in tumor CD103+ CD4+ T cells, the 
inverse of what was seen in tumor CD8+ T cells. NK cells were 

detected at low frequencies in tumor tissue and showed high 
variability in CD103 positivity (online supplemental figure 
S2B). CD57 was the only marker that matched what was 
observed for CD8+ T cells in the tumor for NK cells, where it 
was enriched in CD103− relative to CD103+ subpopulations; 
however, this was the case in adjacent tissue as well. In NK 
cells from adjacent tissue, significant differences based on 
CD103 expression were found for CD38, TIM3, and PD-1. 
Overall, CD8+ T cells were the most abundant CD103+ cell 
population we observed, and the presumably tumor- specific 
activated phenotype of CD103+ CD8+ T cells most likely 
reflects in vivo TCR triggering by tumor antigens.

Cd8+ trM cells coexpress genes associated with dysfunction 
and cytotoxicity
In order to further characterize tumor CD8+ T- cell diver-
sity and clonality, scRNAseq and scTCRseq were applied to 
a subset of the same samples analyzed by mass cytometry 
(NSCLC n=3, endometrial n=3). A UMAP was generated 
for tumor CD8+ T cells and annotated using cluster desig-
nations we previously defined (figure 3A).44 Eight clus-
ters were identified, capturing effector T cells (TEFF, 8.1), 
effector memory T cells (TEM, 8.2), TRM cells (8.3a- c), cells 
experiencing chromatin remodeling (8.4), mitotic cells 
(8.5), and KLRB1- expressing cells (8.6). Cluster annota-
tions were cross- referenced with previous publications that 
revealed similar subpopulations with well- correlated gene 
signatures.44 TRM cells were the predominant CD8+ cell type 
present in the tumor, with 52.6% of cells falling in the 8.3a- c 
clusters combined (figure 3B, left panel, individual frequen-
cies depicted in the right panel). Hierarchical clustering 
was used to visualize differential gene expression between 
clusters (figure 3C). 8.1- TEFF cells were largely defined by 
the expression of the cytotoxic proteins GZMB, GZMH, 
and PRF1, as well as low levels of immune checkpoint regu-
lators. Distinctively high levels of GZMK were observed in 
8.2- TEM along with coexpression of TNF, CD27, CD28, and 
EOMES, indicative of an effector memory phenotype.61 The 
cluster identified as 8.4- Chrom was previously characterized 
as being involved in chromatin remodeling and ongoing 
histone modification, as evidenced by expression of chro-
matin remodeling enzyme CHD1 and long non- coding 
RNA MALAT1, which directly binds components of the 
chromatin remodeling complex.62 The 8.6- KLRB1 cluster 
exhibited uniquely high levels of KLRB1, along with TCF7, 
CCR7, and IL7R, indicating the possibility that this cluster 
represents TSCM cells, a population thought to be essential 
for response to checkpoint inhibition when harboring TCRs 
specific to tumor antigens.63 Importantly, 21% of cells in 
cluster 8.6 expressed the TRAV1-2 conserved TCR domain, 
which is a marker of the mucosal associated invariant T- cell 
lineage, thus suggesting even deeper phenotypic diversity 
within this cluster.64

Three distinct TRM clusters (8.3a- c) were found to 
be stratified by a stepwise increase in ITGAE along 
with immune checkpoint regulators, IFNG, CXCL13, 
and multiple cytotoxic proteins (figure 3C). ZNF683, 
the gene encoding HOBIT, was expressed in all three 
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Figure 3 Tumor CD8 +TRM cells are clonally expanded and express genes associated with cytotoxicity and dysfunction. (A) 
UMAP of CD8+ T cells from NSCLC (n=3) and endometrial (n=3) tumor samples with clusters colored by subset identity as 
analyzed by scRNAseq. (B) Frequency of each CD8+ T- cell cluster among all tumors assessed with samples in aggregate (left) 
or by individual (right). (C) Heatmap depicting relative expression of T cell- associated genes, with a dendogram indicating 
results of hierarchical unsupervised clustering (left), across CD8+ clusters. Genes are globally scaled with an expression range 
from −1 (dark blue) to 1 (yellow). (D) UMAP overlay of genes associated with the TRM phenotype, proliferation, dysfunction, 
as well as genes correlated with ITGAE in the bulk RNAseq and heatmap analyses. Individual cells are colored on a scale of 
gray (0) to red (1) according to the quantile of their expression. (E) Extent of clonal expansion, as determined by scTCRseq, 
for each cell overlaid onto the UMAP (A). The breadth of TCR clonality is represented by dot size and by color, ranging from a 
clone size of 1 (yellow) to greater than 81 (purple). (F) Expression of indicated genes (y- axes) as a function of the size of a given 
clonotype (with clone size rank ordered on the x- axis) for resident memory T- cell phenotype, checkpoint regulator, cytotoxicity, 
and proinflammatory cytokine genes. NSCLC, non- small cell lung cancer; RNAseq, RNA sequencing; scRNAseq, single- cell 
RNA sequencing; scTCRseq, single- cell TCR sequencing; TCR, T- cell receptor; TRM, tissue- resident memory T; UMAP, uniform 
manifold approximation and projection.

clusters but appeared highest in 8.3a and 8.3b. TRM 
cluster 8.3a could represent a transitional state between 
progenitor phenotypes and TRM differentiation as tissue 

residency and stem- like markers (eg, IL7R) overlapped 
in this population.33 Cluster 8.3a may also be resting TRM 
bystander cells. Relatedly, the transcription factor TOX 

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://jitc.bm

j.com
/

J Im
m

unother C
ancer: first published as 10.1136/jitc-2020-002231 on 7 A

pril 2021. D
ow

nloaded from
 

http://jitc.bmj.com/


8 Banchereau R, et al. J Immunother Cancer 2021;9:e002231. doi:10.1136/jitc-2020-002231

Open access 

has emerged as a master regulator of exhaustion; thus, its 
expression is capable of delineating chronically activated 
tumor antigen- specific T cells from bystanders.65 66 Impor-
tantly, TOX programming also inhibits clonal deletion, 
enabling cellular persistence.66TOX expression was absent 
in cluster 8.3a but increased progressively in clusters 8.3b 
and 8.3c. As anticipated by recent studies, TOX expression 
in 8.3b and 8.3c overlapped with phenotypic markers of 
T- cell dysfunction as well as the ATPase ENTPD1 (CD39), 
another putative marker of tumor- specific CD8+ T cells.35

Our mass cytometry analysis demonstrated that a 
subset of CD103+ CD8+ T cells displayed Ki-67 expres-
sion (figure 2C,D), suggesting a proliferative state. While 
cluster 8.3a- c did not express MKI67, a separate cluster 
8.5 expressed high levels of MKI67 and also had the 
highest expression of ITGAE across all clusters, as well 
as robust expression of checkpoint molecules, TOX, 
and ENTPD1 (figure 3C). Importantly, these mitotic 
TRM cells also displayed elevated expression of IFNG, the 
TCR activation- specific marker TNFRSF9 (4- 1BB), and 
CXCL13, which collectively may signify response to tumor 
antigens in vivo prior to tumor excision.

In order to precisely assess the relationship between 
CD103 and CD39 expression, mass cytometry was applied 
to a pair of matched NSCLC tumor and adjacent tissue 
samples (online supplemental figure S3A). Like Ki-67, 
CD39 was selectively expressed on intratumoral CD103+ 
cells, with fivefold less CD39+ CD103+ cells detected in 
the adjacent tissue (online supplemental figure S3B). 
Furthermore, manual gating analysis showed that CD39+ 
CD8+ T cells were a subset of CD103+ cells (online 
supplemental figure S3C). Ki-67 and checkpoint regu-
lators were enriched in CD103+ CD39+ cells relative to 
CD103+ CD39- cells (online supplemental figure S3D,E). 
CD103− CD39− T cells exhibited the lowest frequency of 
positivity for these markers and instead were elevated in 
positivity for CD28, EOMES, and CD57 (online supple-
mental figure S3D,E).

Transcript levels for specific genes of interest were 
displayed via UMAP in order to visualize their expres-
sion with single- cell resolution (figure 3D and online 
supplemental figure S4A). ITGAE, ZNF683, and ENTPD1 
were most localized in the TRM and mitotic clusters. TRM 
clusters were enriched in checkpoint regulators, IFNG, 
CXCL13, and cytotoxicity mediators (eg, GZMH, GZMA, 
and GZMB), whereas MKI67 positivity was only observed 
in the mitotic subset of TRM (8.5). Conversely, GZMK was 
expressed outside of TRM clusters in TEM cells (online 
supplemental figure S4A). Online supplemental figure 
4 depicts UMAP visualizations for additional genes of 
interest that were presented in our heatmap and mass 
cytometry analyses.

tumor trM cells exhibit clonal expansion
Single- cell TCR clonality analysis was then performed 
to associate cellular phenotypes with patterns of clonal 
expansion. Overlaying clone size onto the UMAP (repre-
sented by both data point size and color), we observed that 

cells with high degrees of clonal expansion were mostly 
localized in the 8.3c- TRM cluster (figure 3E). Comparing 
gene expression to clone size in a quantitative manner, 
we found that TRM- associated genes (ITGAE, ITGB7, and 
ZNF683) were most expressed in expanded clonotypes 
(figure 3F). Expression of checkpoints, cytotoxic mole-
cules, and proinflammatory cytokines appeared highest 
in these clones, although they were also detected to a 
lesser extent on smaller clonotypes. In contrast, GZMK 
(figure 3F) along with genes associated with a naive or 
stem- like T- cell state (IL7R, CCR7, and TCF7) (online 
supplemental figure S4B) were primarily expressed in 
cells with the least number of clones.

TCR clonotype sharing between clusters (light gray 
columns) was broadly observed, although with vari-
able frequency, suggesting phenotypic plasticity (online 
supplemental figure S4C). Clusters 8.3b and 8.3c shared 
TCRs, indicating potential intratumoral lineage differ-
entiation. However, some clones (black columns) were 
more restricted to specific clusters. Importantly, mitotic 
cluster 8.5 shared clonotypes primarily with the TRM clus-
ters, further supporting the relationship between in vivo 
proliferation and the tissue- resident phenotype.

Taken together, this suggests that the previously iden-
tified TCR activation signatures in inflamed tumors 
(figure 1B) and CD8+ TRM- specific Ki-67 expression 
(figure 2D) can result in TRM cell proliferation in vivo. 
Furthermore, increased cytolytic protein expression in 
TRM cells as a function of clonal expansion may reflect 
the ability of these cells to control tumor growth, as has 
been described in preclinical models.20 21 These observa-
tions are aligned with previous scRNAseq analyses of the 
lung67 and skin68 69 tumor microenvironment with the 
additional insight provided here that the cell populations 
annotated as exhausted in these previous studies are most 
likely TRM cells.

Reanalysis of a recently published scRNAseq dataset 
of T cells in bladder cancer46 identified a CD8+ T- cell 
subpopulation expressing CD39 transcripts (annotated 
as CD8ENTPD1) that closely resembled the phenotype we 
observed in 8.3c- TRM cells (comparative cluster analysis 
in online supplemental figure S5A). In addition, this 
study also found a proliferative CD8+ population that 
correlated to the mitotic TRM cells in cluster 8.5 (online 
supplemental figure S5A,B). However, relative frequen-
cies of the various CD8+ clusters differed from our obser-
vations in NSCLC (online supplemental figure S5C).

ITGAE/Cd103 expression predicts clinical response to 
immunotherapy
The association between ITGAE expression in pretreat-
ment tumor biopsies and overall survival (OS) was 
assessed in the OAK, IMvigor210, and IMvigor211 cohorts. 
In OAK, increased OS was observed in ITGAEhigh tumors 
from patients treated with atezolizumab but not chemo-
therapy (figures 4A and online supplemental figure S6A), 
with CD8A behaving similarly. When looking at the prog-
nostic capacity of ITGAE in mUC, we again observed that 
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Figure 4 ITGAE/CD103 expression is predictive of response to PD- L1 blockade. (A) Kaplan- Meier curves depicting the OS 
probability of patients with locally advanced or metastatic NSCLC cancer treated with atezolizumab (red) or chemotherapy 
(blue) (OAK) categorized by high (solid line) or low (dotted line) transcriptional expression (median cut- off) of either ITGAE (left 
panel) or CD8A (right panel). P- values are displayed within each panel. (B) Kaplan- Meier curves demonstrating OS in patients 
with mUC from IMvigor210 categorized by high (red) or low (blue) transcriptional expression (median cut- off) of either ITGAE 
(left panel) or CD8A (right panel). HRs and p- values are shown for each gene. (C) Distribution of CD103+ cells in the tumor area 
across a subcohort (n=91) of IMvigor210 biopsies stained for CD103 by IHC. The dotted line indicates the 2% cut- off defining 
CD103high and CD103low patient groups. (D) Correlation of gene expression of ITGAE, as measured by bulk RNAseq analysis 
(TPM, y- axis), to quantification of CD103 protein by IHC (frequency of positive events out of total cells in tumor area, x- axis) for 
the subset of IMvigor210 patient samples analyzed. The Spearman R correlation value is displayed on the graph. (E) Kaplan- 
Meier curves comparing OS for patients defined as CD103high and CD103low in (C). Statistical significance was determined by 
Cox proportional hazard modeling. The HR and p- value are displayed within. HR, hazard ratio; IHC, immunohistochemistry; 
mUC, metastatic urothelial carcinoma; NSCLC, non- small cell lung cancer; OS, overall survival; PD- L1, programmed cell death 
ligand 1; RNAseq, RNA sequencing; TPM, transcripts per million.

patients with ITGAEhigh tumors treated with atezolizumab 
had significantly increased OS relative to their ITGAElow 
counterparts (IMvigor210) (figure 4B and online supple-
mental figure S6B). Remarkably, high CD8A expression 
was not associated with increased OS in this cohort. In the 
randomized trial IMvigor211, ITGAEhigh tumors demon-
strated a modest improvement in OS compared with 
ITGAElow tumors in patients treated with atezolizumab 
but not chemotherapy (online supplemental figure S6C), 
with the highest quartile demonstrating a trend toward 
increased OS in the atezolizumab- treated arm (online 
supplemental figure S6D), a phenomenon not observed 
with CD8A.

CD103 IHC was then performed on a subset of tumors 
from IMvigor210 (n=91) to verify association with clinical 
outcome at the protein level. Based on the distribution 
of CD103+ cells in the tumor area across these patients, a 
≥2% cut- off was selected for CD103 positivity (figure 4C). 
The frequency of CD103+ cells was correlated with 
ITGAE gene expression, as determined by bulk RNAseq 
(figure 4D). Patients were separated into CD103low and 
CD103high subgroups, based on the ≥2% cut- off iden-
tified. CD103high patients (median OS: 17.9 months) 
demonstrated improved OS (HR=0.53, p=0.045) rela-
tive to CD103low individuals (median OS: 9.5 months) 
(figure 4E). Thus, at both the transcriptional and protein 
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Figure 5 Activated tumor antigen- specific CD103+ TRM cells generate biomarker signals of immunotherapy response. PD-1, 
programmed cell death 1; PD- L1, programmed cell death ligand 1; TEFF, effector T; TRM, tissue- resident memory T; TSCM, stem cell 
memory T.

levels, CD103 expression in tumors was associated with 
better OS in patients treated with atezolizumab.

dIsCussIon
Tumor infiltration by CD8+ T cells is an essential step of 
the cancer immunity cycle.70 Recent single- cell studies 
have identified multiple subsets of intratumoral CD8+ 
T cells, including TRM cells which express high levels of 
checkpoint regulators, leading to their characterization as 
being either exhausted9 or dysfunctional.69 The function-
ality of tumor- infiltrating CD8+ T cells is controversial, 
and the relationships between exhausted and tissue- 
resident T cells remain poorly understood.71 Here, we 
show that T- cell exhaustion is associated with a tissue resi-
dent phenotype. Based on these observations, we propose 
a model (figure 5) whereby in the development of anti-
tumor immunity, tumor antigen presentation and lymph 
node activation of TSCM cells lead to TEFF cell egress from 

lymph nodes and circulation into tumor tissue via blood. 
In response to tumor antigens and cytokines present in 
the tumor environment, these cells differentiate into 
TRM cells and secrete IFN-γ, causing the upregulation 
of IFN-γ-inducible genes such as PD- L1.37 The interplay 
between tumor reactive TRM activity and the paracrine 
induction of PD- L1 in tumor and antigen- presenting 
cells thus forms the basis of PD- L1- dependent adaptive 
immune resistance59 72 and may act to prevent activation- 
induced T- cell death.66 As such, PD- L1 biomarker status 
may indicate the existence of an ongoing CD103+ CD8+ 
T- cell immune response, consistent with our observed 
correlation between the frequency of Ki-67+ CD8+ TRM 
and PD- L1+ immune cells (online supplemental figure 
S1E).

While TRM tumor reactivity can be inferred based 
on overt phenotypic signs of chronic stimulation, the 
presumed dysfunctionality of these cells makes it unclear 
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whether TRM activity is a proximal or distal biomarker 
relative to the unknown precise mode of action of PD-1/
PD- L1 blockade. In a ‘reinvigoration’ or reversible exhaus-
tion model, PD-1/PD- L1 checkpoint inhibition should 
function optimally in tumors infiltrated with exhausted 
cells. However, multiple studies suggest the presence of 
an epigenetically programmed terminally exhausted state 
enforced by TOX that is induced early upon chronic 
stimulation and unlikely to be reversible.73 74 Alterna-
tively, it has been shown in preclinical models that PD-1/
PD- L1 checkpoint inhibition acts on self- renewing TSCM 
cells,75 76 but the precise differentiation state and physio-
logical compartment that immune checkpoint inhibition 
targets for clinical efficacy remains obscure. Importantly, 
multiple functional studies suggest that simply the expres-
sion of immune checkpoint regulators such as PD-1, TIM3, 
and LAG3 is insufficient in identifying cells that are inert 
or terminally exhausted and that CD8+ T cells expressing 
these markers produce the same, if not more, inflam-
matory cytokines than cells lacking checkpoints.77–81 
Furthermore, tumor CD8+ TRM cells uniquely expressed 
CXCL13 (figure 3C,D), which has been shown in multiple 
studies to be a distinct functionality of ‘exhausted’ CD8+ 
T cells.3 82 CXCL13 can contribute to tertiary lymphoid 
structure formation, which has been recently linked to 
immunotherapy response.83 Precise identification of the 
subset and phenotypic state that is most poised to directly 
respond to immunotherapy will require further investi-
gation, though our study and others point to a potential 
role for tumor CD8+ TRM cells.

Recent studies have shown that following anti- PD-1 
therapy, novel tumor antigen- specific (based on CD39 
expression) TCR clones are expanded rather than 
clones that had been detected prior to treatment.41 The 
phenomenon of clonal replacement following check-
point therapy does not preclude a ‘pre’ or ‘progenitor’ 
exhaustion model in which T cells that are clonally 
expanded in the tumor prior to treatment are still a rele-
vant direct target of PD-1/PD- L1 blockade. Pre- exhausted 
cells may be ‘potentiated’ and rescued from terminal 
exhaustion by immune checkpoint inhibition. Rather 
than being reinvigorated, implying further clonal expan-
sion, pre- exhausted TRM cells already proliferating and 
involved in tumoricidal activity could potentially break 
the cycle of adaptive immune resistance induced by PD-1 
signaling without expanding dramatically in numbers 
post- treatment. Potentiated tumor lysis could provide 
new tumor antigens (epitope spread) for dendritic cell 
capture in draining lymph nodes, subsequently gener-
ating a systemic immune response resulting in tumor 
infiltration with novel TCR clones. It is possible that 
sustained TRM- mediated antitumor activity causes clonal 
replacement to be a constant feature of the cancer immu-
nity cycle that is accelerated, rather than induced de novo, 
by immune checkpoint inhibition.

Importantly, tumor signatures of immune reactivity 
or ‘exhaustion’ have not universally correlated with 
improved clinical outcomes.4–8 Studies in melanoma 

found patients with high numbers of TCF-1+ TSCM cells and 
low numbers of exhausted cells to have better outcomes 
than patients in whom this ratio is inverted.9 However, 
the TSCM phenotype, in contrast to tumor TRM cells, does 
not overtly display hallmarks of cellular activation, and 
thus tumor reactivity cannot be assumed unless proven 
by other methods.71 In highly immunogenic tumors, it is 
possible that a large fraction of CD8+ T cells, including 
TSCM cells, are tumor antigen- specific and poised to 
respond to checkpoint inhibition, but it is as yet unclear 
whether tumor TSCM content can serve as a biomarker 
in indications other than melanoma. In contrast, the 
TRM phenotype, and CD103 specifically, has been associ-
ated with improved OS in several cancers.10 84 Our data 
revealed potential indication- specific differences in the 
predictive utility of ITGAE relative to CD8A (figure 4). 
This could reflect phenotypic differences in predom-
inant CD8+ T cells between tumor types. In NSCLC, 
where both genes showed similar associations with OS 
(figure 4A), we observed a very high overlap of CD103 
and CD8 (online supplemental figure S1B). In mUC, 
CD8+ CD103+ TRM cells were present at reduced frequen-
cies relative to NSCLC (online supplemental figure S5C); 
thus, the elevated presence of CD8+ CD103− bystander 
cells may explain the superiority of ITGAE over CD8A as 
a biomarker of clinical response in this indication. As 
such, response to immunotherapy is not only connected 
to the extent of CD8+ T- cell infiltration in inflamed versus 
excluded tumors but also the quality and phenotype of 
the cells present. Our initial observation that classifi-
cation as an inflamed tumor was closely tied to CD103 
expression highlights these cells as key players in anti-
tumor responses. The routine inclusion of CD103 as an 
immunotherapy biomarker will enable the extension 
of these observations to other indications that remain 
largely unexplored in this context such as pancreatic 
cancer, renal cell carcinoma, and lymphomas. Further-
more, we believe the quantification of proliferative (or 
Ki-67+) CD103+ TRM cells will have additional value in that 
these cells may be most proximal to the method of action 
of PD- L1 blockade and thus highly predictive of immuno-
therapy response.

Our studies have focused on TRM cells specifically 
within the primary tumor tissue. With the development 
and control of metastases being of significance to patient 
prognosis, a key question is whether CD103+ tumor 
antigen- specific TRM cells are able to leave the tumor 
and circulate to these secondary metastases or whether 
their tissue specificity is permanent. Recent preclinical 
evidence suggests that rather than being confined to 
tissue as a terminal state, TRM cells maintain plasticity and 
can rejoin the circulating pool of T cells as conventional 
memory cells.85 Identifying the phenotypes, clonality, 
and interplay of CD8+ T cells in these distant metastases 
will be of great importance in determining the long- term 
impact of TRM cells on cancer survival outcomes.

Overall, we have identified CD103 as a marker of CD8+ 
T- cell tumor infiltration, and demonstrated that these 
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cells exhibit an activated and proliferative phenotype 
characterized by clonal expansion. CD103 expression, 
both at the transcriptional and protein levels, associates 
with better response to checkpoint blockade. Future 
studies will be necessary to determine whether TRM activity 
is a proximal or distal biomarker of immune checkpoint 
inhibition and how exactly these cells contribute to anti-
tumor responses post- therapy. Further reading material 
are listed in the supplemental material provided.86–97
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Supplementary Materials & Methods 

Bulk RNA Sequencing & Bioinformatics Analyses 

The pathologic diagnosis of each case was confirmed by review of hematoxylin and eosin 

(H&E) stained slides and all samples that advanced to nucleic acid extraction contained a 

minimum of 20% tumor cells. H&E images were marked for macro-dissection by a pathologist. 

RNA (High Pure FFPET RNA Isolation Kit, Roche, Basel, Switzerland) and DNA (QIAamp DNA 

FFPE Tissue Kit, Qiagen, Hilden, Germany) were then extracted from the macro-dissected 

sections. Whole transcriptome profiles were generated using TruSeq RNA Access technology 

(Illumina, San Diego, California). RNAseq reads were first aligned to ribosomal RNA sequences 

to remove ribosomal reads. The remaining reads were aligned to the human reference genome 

(NCBI Build 38) using GSNAP 4.5 version „2013-10-10‟, allowing a maximum of two 

mismatches per 75 base sequence (parameters: „-M 2 -n 10 -B 2 -i 1 -N 1 -w 200000 -E 1 --

pairmax-rna=200000 --clip-overlap). To quantify gene expression levels, the number of reads 

mapped to the exons of each RefSeq gene was calculated in a strand-specific manner using the 

functionality provided by the R package GenomicAlignments86 (Bioconductor). Count data was 

normalized to transcripts-per-million (TPM) and log2-transformed. Gene expression data for 

ITGAE and CD8A by individual are included in Data File S2. To identify genes associated with 

infiltration status, we grouped patients into “inflamed” and “excluded” phenotypes as below. 

Differentially expressed genes between these two groups were determined using the limma R 

package87 and are shown in Data File S1. Pathway enrichment analysis was conducted on the 

Reactome88 database using the ReactomePA R Package.89 Top correlates of ITGAE were 

identified by Pearson correlation.  

 

Immunohistochemical Staining of Paraffin-Embedded Tumor Tissues 

Formalin-fixed paraffin-embedded (FFPE) tumor tissue was stained prospectively for CD8 

(rabbit anti-human CD8 monoclonal antibody, Clone SP16, Catalog No. M3160, Spring 
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Bioscience, Pleasanton, California) and PD-L1 (proprietary diagnostic anti-human PD-L1 

monoclonal antibody, SP142) by immunohistochemistry (IHC) as previously described45. For 

determining CD8+ T cell infiltration status, tumors were categorized into three different 

immunophenotypic classifications based on the prevalence of CD8+ cells in addition to the level 

of infiltration with respect to malignant epithelial cells. Briefly, a cut off <10 CD8+ T cells was 

used to designate the tumors into the “desert” category. If CD8+ cells were seen exclusively in 

the stroma immediately adjacent to the main tumor mass, it was classified as an “excluded” 

phenotype. Tumors were categorized as “inflamed” if CD8+ cells were seen in direct contact of 

the malignant epithelial cells in forms such as a spillover of stromal infiltrates or diffuse 

infiltration of CD8+ cells in tumor cell aggregates or sheets of tumor cells. Samples were scored 

for PD-L1 expression on tumor-infiltrating immune cells (IC), which included macrophages, 

dendritic cells and lymphocytes. Specimens were scored as IHC IC0, IC1, IC2, or IC3 if <1%, 

≥1% but <5%, or ≥5% of IC were PD-L1 positive respectively. PD-L1 scores in patients with 

multiple specimens from different time points or samples were based on the highest score.  

FFPE tissue was stained for CD103 (rabbit anti-human CD103 monoclonal antibody, Clone 

EPR4166(2), Catalog No. ab129202, Abcam, Cambridge, United Kingdom) using a fully 

automated procedure on the BenchMark ULTRA (Roche Tissue Diagnostics, Oro Valley, 

Arizona) staining platform. Antigen retrieval was performed for 64 minutes using ULTRA CC1 

buffer (Catalog No. #950-224, Roche Tissue Diagnostics). The primary antibody was diluted to 

3.0 µg/ml in a PBS-based dilution buffer and applied for 16 minutes at 36°C. Secondary 

antibody application and chromogenic visualization were performed at instrument default times 

using the OptiView DAB IHC Detection Kit (Catalog No. 760-700, Roche Tissue Diagnostics). 

Samples were counterstained for 4 minutes with hematoxylin II (Catalog No. 790-2208, Roche 

Tissue Diagnostics) and post-counterstained for 4 minutes with bluing reagent (Catalog No. 

760-2037, Roche Tissue Diagnostics). 
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Images were scanned and the frequency of CD103+ events out of total cellular events 

quantified using an automated analysis developed with the 2019a version of the Matlab 

software package (MathWorks, Natick, Massachusetts). Regions of interest (ROI‟s) were 

defined by a pathologist. Within the ROI border, cell nuclei marked with hematoxylin or 

CD103/DAB were identified by intensity thresholding and simple morphological filtering. The 

distribution of data was plotted as a histogram and CD103high and CD103low groups were defined 

based on the right tail of the normal distribution (frequency of 2% or greater).  

  

Tissue Dissociation 

Fresh surgical tumor samples were shipped overnight to our institution and handled immediately 

upon arrival. Tumor tissues were digested using collagenase D (0.5 mg/ml) (MilliporeSigma, 

St.Louis, Missouri) and DNase (0.1 mg/ml) (MilliporeSigma) for 15 minutes in a 37°C rotating 

incubator. Tissue samples were then subjected to mechanical dissociation using a gentleMACS 

Octo Dissociator (Miltenyi Biotec, Bergisch Gladback, Germany), followed by an additional 

incubation at 37°C for 10 minutes. Samples were filtered and washed prior to downstream 

applications. Dissociated cell suspensions were either directly stained for mass cytometry 

analysis or enriched for CD3+ T cells by flow cytometry for use in single-cell RNA gene 

expression and TCR V(D)J sequencing.  

 

Peripheral Blood Mononuclear Cell Isolation 

Peripheral blood mononuclear cells (PBMCs) from healthy human donors were isolated using 

50mL Leucosep™ tubes (Greiner Bio-One International, Kremsmünster, Austria) and Ficoll-

Paque™ PLUS (GE Healthcare Life Sciences, Malborough, Massachussetts). Whole blood 

drawn into sodium heparin blood collection tubes was diluted with phosphate-buffered saline 

(PBS) without calcium or magnesium (Lonza, Walkersville, Maryland) and was centrifuged for 
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15 minutes at 800 x g at room temperature (RT). PBMCs were harvested and then washed with 

PBS and subsequently centrifuged for 10 minutes at 250 x g at RT before further processing. 

 

Staining of Healthy Reference PBMC Sample 

Washed PBMCs were resuspended in an appropriate volume of PBS to obtain a cell 

concentration of 107 cells/mL. Cells were incubated with a viability reagent, Cell-ID™ Cisplatin 

(Fluidigm, South San Francisco, California) at a final concentration of 5 μM for 5 minutes on ice. 

Cisplatin was quenched by washing once with 5x volume of MaxPar® Cell Staining Buffer 

(Fluidigm) and centrifuged at 300 x g, then resuspended to a final concentration of 30 million 

cells/mL in staining buffer. To start antibody labeling, 3 million cells were transferred to Falcon® 

5 mL 12 x 75 mm tubes (Corning, Corning, New York) and incubated with 5 μL of Human 

TruStain FcX™ (BioLegend, San Diego, California) for 10 minutes on ice to block Fc receptor 

binding. Healthy PBMCs were stained with CD45-198Pt (in-house conjugation of Clone HI30, 

BioLegend) as a reference to incorporate into each tumor sample as our internal reference 

control and tumor cells were stained with CD45-89Y (Fluidigm) for 30 minutes on ice. Cells were 

washed twice with 4 mL cell staining buffer before being prepared for surface staining. 

 

Staining of Cells for Mass Cytometry Analysis 

Differentially labeled CD45+ samples were combined together as one sample. 20% of CD45-

198Pt labeled healthy PBMCs were incorporated into 3 million tumor cells labeled with CD45-

89Y in a Falcon® 5 mL 12 x 75 mm tube (Corning). A healthy PBMC sample labeled with only 

CD45-198Pt was also used as a reference control sample. A master surface antibody cocktail 

with all metal-conjugated antibodies (50μL of total staining reagent volume) was added to 

samples for cell staining and incubated for 30 minutes on ice. See Table S2 for a list of the 

metal conjugated monoclonal antibodies used in these studies. Cells were washed once with 4 

mL of cell staining buffer before being prepared for intracellular staining by using the FoxP3 
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Staining Buffer Set (eBioscience, San Diego, California). Cells were then resuspended in 1 mL 

of fixation/permeabilization solution for 45 minutes on ice. After incubation, cells were washed 

with 3 mL of permeabilization buffer and centrifuged at 800 x g for 5 minutes and resuspended 

in 50 μL of permeabilization buffer. Cells were then stained for intracellular markers by addition 

of 50 μL of the master intracellular antibody cocktail for 30 minutes on ice. Lastly, the cells were 

washed with 4 mL cell of staining buffer and fixed in a 1 mL solution overnight at 4°C containing 

Cell-ID™ Intercalator-Ir in 1.6% EMS paraformaldehyde (Electron Microscopy Sciences, 

Hatfield, Pennsylvania) diluted with PBS. For NSCLC6, an antibody detecting CD39 (Clone A1, 

BioLegend) was also included in the staining panel.  

 

Acquisition on CyTOF® Instrument 

After overnight fixation, cells were washed with 3 mL of MaxPar® cell staining buffer and 

centrifugated at 800 x g for 5 minutes. After aspiration of the wash buffer and resuspension of 

the cell pellet, another round of wash was performed with 4 mL of MaxPar® Water (Fluidigm). 

Cells were resuspended in 1mL of MaxPar® Water and counted. After obtaining cell counts, 3 

mL of MaxPar® Water was added and cells were pelleted one final time prior to instrument 

acquisition. Before introduction into the Helios™, a CyTOF® System (Fluidigm), pelleted cells 

were resuspended with 1X MaxPar® Water containing EQ™ Four Element Calibration Beads 

(Fluidigm) then filtered using a 12 x 75 mm tube with a 35 μm nylon mesh cell-strainer cap 

(Corning).  

 

Data Processing and Analysis of CyTOF® Data 

All FCS files from each indication were normalized together using the MATLAB® (MathWorks) 

normalizer and analyzed using FlowJo® software (FlowJo, LLC, Ashland, Oregon).  

 

Aggregated UMAP Analysis of Mass Cytometry Data 
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Protein marker expression intensities from mass cytometry analysis were aggregated from 

multiple samples and transformed using the inverse hyperbolic sine function. Dimensionality 

reduction was applied to the transformed expression matrix using the uniform manifold 

approximation and projection (UMAP) package in R53 with the following default parameters: 

min_dist :0.1, n_neighbors: 15, n_components: 2, and metric: euclidean. For each aggregated 

UMAP analysis, individual samples were downsampled to equal cell numbers as follows: 8,000 

cells per sample in CD45+ and CD8+ populations for the aggregated NSCLC analysis, 20,000 

and 12,000 cells per sample in CD45+ and CD8+ populations for the aggregated Endometrial 

analysis respectively, and ~7,500 cells per sample in the analysis of the representative tumor 

and adjacent tissue NSCLC sample. UMAP coordinates were appended to “.fcs” files as 

additional channels for integration with manual gating analysis in FlowJo (FlowJo, LLC). 

 

Flow-Based Sorting of T cells for Single Cell RNA & TCR Clone Sequencing 

The workflow for single-cell RNA sequencing (scRNAseq) and TCR V(D)J sequencing 

(scTCRseq) library preparation, sequencing, and data processing was performed as published 

previously.44 After enzymatic dissociation of tissues, cell suspensions were stained with 

antibodies against EpCAM (Clone 9C4, Catalog No. 324208, BioLegend), CD45 (Clone 2D1, 

Catalog No. 368516, BioLegend), and CD3 (Clone SK7, Catalog No. 564001, BD Biosciences, 

San Jose, California) along with viability markers Calcein Blue AM (ThermoFisher Scientific, 

Waltham, Massachusetts) and 7-AAD (ThermoFisher Scientific). Purified T cell populations 

were obtained by first gating for live cells (Calcein Blue+, 7-AAD-) and subsequently sorting for 

CD3+CD45+EpCAM- events via fluorescence-activated cell sorting (FACS) using a Becton 

Dickinson FACSAria Fusion Cell Sorter comprised of four lasers (405 nm, 488 nm, 561 nm, 638 

nm) (Becton Dickinson, Franklin Lakes, New Jersey).  

   

Single-Cell RNA & TCR V(D)J Library Preparation 
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T cells enriched by FACS were used to prepare libraries for scRNAseq and scTCRseq using the 

Chromium Single Cell 5‟ Library and Gel Bead Kit v1 (10x Genomics, Pleasanton, California) 

according to manufacturer‟s instructions. Briefly, the cell density and viability of sorted T cells 

from tumors and adjacent tissues were determined with a Vi-CELL XR cell counter (Beckman 

Coulter, Pasadena, California). Approximately 10,000 FACS-sorted CD3+ immune cells (90-

95% viability) were encapsulated into droplets, aiming to achieve ~6,000 cells per sample. After 

Gel Bead-in-Emulsion reverse transcription (GEM-RT), droplets were disrupted and barcoded 

cDNA was purified with DynaBeads MyONE SILANE (Thermofisher Scientific) and cleaned up. 

This was followed by 14 cycles of PCR amplification. The cDNA was used to construct both 5‟ 

gene expression libraries as well as TCR V(D)J target enriched libraries. For TCR target 

enrichment, cDNA was first amplified with two PCR reactions with 10 cycles each using nested 

primers provided in the Chromium Single Cell V(D)J Enrichment Kit, Human T cell (10x 

Genomics), and then proceeded to TCR library generation. Libraries for both scRNAseq and 

V(D)J were profiled using the Bioanalyzer High Sensitivity DNA Kit (Agilent Technologies, Santa 

Clara, California) and quantified with a Kapa Library Quantification Kit (Kapa Biosystems, 

Wilmington, Massachusetts). Single-cell RNAseq libraries were sequenced in one lane of 

HiSeq4000 (Illumina); single-cell TCR V(D)J libraries were pooled and then sequenced in one 

lane of HiSeq2500 (Illumina). Sequencing was done according to the manufacturer‟s 

specifications (10x Genomics).  

 

Processing of scRNAseq Data 

scRNAseq data were processed using the Cell Ranger software (10x Genomics). Illumina base 

call (BCL) files were converted to FASTQ files with the command „cellranger mkfastq‟. 

Expression data were processed with „cellranger count‟ on the pre-built human reference set of 

30,727 genes. Cell Ranger performed default filtering for quality control, and produced for each 

sample a barcodes.tsv, genes.tsv, and matrix.mtx file containing counts of transcripts for each 
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gene in each single cell, which we parsed using a script in R to create a count matrix for each 

sample. Single cells were identified by unique barcodes. In total, scRNAseq data were obtained 

on 30,611,692 transcripts in 26,951 CD8+ T cells. 

 

Processing of scTCRseq Data 

TCRseq data for each sample were processed using Cell Ranger software with the command 

„cellranger vdj‟ using a custom reference set of 30,727 genes, based on human reference 

genome GRCh38 and RefSeq gene models.90 For each sample, Cell Ranger generated an 

output file, filtered_contig_annotations.csv, containing TCR α-chain and β-chain CDR3 

nucleotide sequences for single cells that were identified by barcodes. Clonotypes were re-

grouped across tumor samples for each patient, requiring that they share all reported α-chain 

and β-chain CDR3 consensus nucleotide sequences in common. Clonotypes were assigned an 

expansion pattern based on their clone sizes in the tumor.  

 

Cluster Visualization of scRNAseq Data for Combined CD8+ T cells 

Count matrices for each sample were processed using Seurat91 using the SCTransform 

procedure with default parameters to perform a regularized negative binomial regression based 

on the 3,000 most variable genes. Normalized datasets for each patient were combined using 

the FindIntegrationAnchors and IntegrateData functions in Seurat with the default value of 30 

dimensions. The resulting datasets for the 26,951 CD8+ T cells from the 6 patients were then 

combined using the FindIntegrationAnchors and IntegrateData functions in Seurat with the 

default value of 30 dimensions. The integrated dataset was scaled and processed under 

principal components analysis using the ScaleData and RunPCA functions in Seurat. Two-

dimensional map coordinates were generated using the RunUMAP procedure. Cluster 

definitions were generated using data for total T cells (including both CD8+ and non-CD8 

populations) from multiple tissue sampling sites (tumor, non-diseased adjacent tissue, and 

BMJ Publishing Group Limited (BMJ) disclaims all liability and responsibility arising from any reliance
Supplemental material placed on this supplemental material which has been supplied by the author(s) J Immunother Cancer

 doi: 10.1136/jitc-2020-002231:e002231. 9 2021;J Immunother Cancer, et al. Banchereau R



blood).44 Briefly, cluster analysis was performed using the FindNeighbours procedure and the 

FindClusters procedure at a resolution of 1.6, larger than the default value of 0.8, in order to 

obtain a finer resolution of cell subtypes, yielding 8 clusters of CD8+ T cells. The FindMarkers 

procedure in Seurat was run on each cluster to obtain biomarker genes upregulated in that 

cluster. Data were computationally clustered specifically for this study and only annotations, not 

the clusters themselves, were used from Wu et al., 2020. Our analysis focused on tumor CD8+ 

T cells which, being a single cellular lineage from one tissue in the context of this broader 

analysis, are inherently more closely related to one another and thus the clusters may not 

appear entirely distinct in the UMAP. 

  

Integration of scRNAseq and scTCRseq Data 

Clonal expansion pattern information from TCRseq is applied to clones, whereas cluster 

assignments from RNAseq are applied to individual cells, based on their transcriptional profiles. 

Therefore, a given clone may contain a diverse set of cells belonging to different phenotypic 

clusters. To integrate the data, we assigned expansion patterns from clones to their constituent 

cells. Clones were assigned a primary cluster, based on the cluster with the largest 

representation of cells in the clone. In cases of ties, in which the two largest representative 

clusters had equal counts, we assigned no primary cluster to that clone.    

 

Software & Data Representation of scRNAseq and scTCRseq Analyses 

Data were collected using Cell Ranger software (10x Genomics) v.2.2.0.90 Data were analysed 

using Perl v.5.18.2, R v.3.6.0, and the following packages and versions in R for analysis: 

Seurat, 3.0.291; SingleR, 1.0.192; RankProd, 3.11.093; GSEABase, 1.47.0; limma, 3.41.1587 

annotate, 1.63.0; homologene, 1.4.68.19.3.27; mouse4302.db, 3.2.3; cocor, 1.1-394; and iNEXT, 

2.0.1995. Two-dimensional gene expression maps were generated using coordinates from the 

UMAP algorithm53 as implemented in the umap-learn module v.0.3.10 in Python v.3.6.0, run 
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under R using reticulate v.1.13. Figures were produced using the following packages and 

versions in R: colorspace, 1.4-196 RColorBrewer, 1.1-2; pheatmap, 1.0.12; and superheat, 

0.1.097. 
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Supplementary Figure Titles & Legends 

Figure S1. Extended Data for Mass Cytometry Analysis & Aggregate UMAPs for Endometrial Tumor 

Samples. (A) Resultant UMAP clusters derived from total CD45+ cells from endometrial patient tumors 

(N=3) as analyzed by mass cytometry (left). Immune subpopulations were defined by manual gating and 

immune subtypes projected onto the UMAP. Expression pattern of CD103 across CD45+ cells overlaid 

onto the UMAP (right). (B) Frequency of immune cell subpopulations amongst CD45+ cells across nine 

patient tumor samples (N=6 NSCLC, solid dots; N=3 Endometrial, open dots) (left). Frequency of cells 

expressing CD103 within the indicated immune subsets (right). (C) UMAPs of CD8+ T cells for each 

individual patient sample depicting variation in cellular distribution amongst immune subpopulations for 

NSCLC (top two rows) or Endometrial (bottom row) tumors. Aggregate UMAPs were generated 

separately for each tumor indication. (D) Expression of proliferation and dysfunction markers in 

Endometrial tumors (N=3) overlaid onto the aggregate UMAP of CD8+ T cells. (E) Correlation of the 

percentage of PD-L1-expressing cells out of total CD45+ cells to the frequency of CD8+ T cells (top), 

CD103+ cells within CD8+ T cells (middle), or proliferating (Ki-67+) CD103+ CD8+ T cells (bottom) as 

analyzed by mass cytometry on freshly procured tumors. Data from NSCLC tumors is indicated by solid 

dots and endometrial tumors depicted by open dots. The Spearman correlation coefficient is displayed on 

each plot alongside the resultant p-value. *p<0.05, **p<0.01, n.s.= not significant.  

 

Figure S2. Comparison of CD103+ and CD103- CD4+ T cells and NK cells. (A) Frequency of positivity 

for indicated markers of proliferation, activation, and dysfunction between CD103+ (red) and CD103- 

(blue) subsets of CD4+ T cells in either tumor (left) or adjacent (right) tissues in NSCLC (closed circles) 

and Endometrial (open circles) tumors. (B) Parallel analysis as done in (A) for CD103+ (red) and CD103- 

(blue) subsets of NK cells. Statistical significance was determined using a Two-Way ANOVA with a 

Bonferroni Correction for multiple comparisons. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, n.s.= not 

significant. 
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Figure S3. CD39 Further Enriches for Ki-67 and Immune Checkpoint Expression Within the CD103+ 

CD8+ Compartment. (A) CD8+ T cells from tumor and adjacent tissues from NSCLC (N=1, NSCLC6) 

were hand gated by manual analysis, merged, and clustered to generate a single UMAP. Data is 

displayed in a tissue-specific manner, with tumor (left) and adjacent (right) represented as individual 

UMAPs. (B) Expression of CD103 (top) and CD39 (bottom) overlaid onto the UMAP for CD8+ T cells 

shown in tumor (left) as well as non-diseased adjacent (right) tissues. (C) Bivariate plots depicting CD103 

(x-axis) and CD39 (y-axis) within CD8+ T cells. (D) Percentage of cells expressing the indicated markers 

for double negative (blue), CD103 single-positive (purple), and CD103+CD39+ (orange) subpopulations. 

(E) Expression of indicated proteins overlaid onto the merged UMAP of CD8+ T cells from (A) for tumor 

(top) and adjacent (bottom) tissues.  

 

Figure S4. Extended Data for Matched scRNAseq and scTCRseq Analysis of Tumor Samples. (A) Gene 

expression of the indicated individual genes in tumor CD8+ T cells overlaid onto the UMAP. Individual 

cells are colored on a scale of gray (0) to red (1) according to the quantile of their expression. (B) 

Expression of indicated genes associated with a naive/stem-like phenotype (y-axis) plotted according to 

the size of a given clonotype (rank ordered on the x-axis). (C) TCR clone composition and phenotype 

sharing across clusters. Clonotypes are grouped by their primary cluster assignment on the x-axis, as 

indicated by dot color (Green: 8.2-TEM, Blue: 8.3a-TRM, Purple: 8.3b-TRM, Red: 8.3c-TRM). Heatmap 

demonstrates the fraction of each clonotype that falls into each cluster phenotype, depicted as a gradient 

from 0% (white) to 100% (black). Within each primary cluster, clones are rank ordered according to 

gradation of cell fraction. The sum clone size of each clonotype is indicated at the top.  

 

Figure S5. CD8+ T cell Phenotypes in the Bladder Tumor Microenvironment. (A) Heatmap depicting 

cross-referencing of CD8+ T cell cluster definitions from our dataset (x-axis) with those determined by Oh 

et al. (y-axis) in a bladder tumor dataset with color intensity indicating extent of correlation. (B) Cluster 
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definitions, as determined by our analysis, projected onto the UMAP of CD8+ T cells in bladder tumors 

from Oh, et al. (C) Frequency of various indicated clusters in CD8+ T cells from bladder tumors.  

 

Figure S6. Extended Data for Survival Analyses of ITGAE and CD8A in Clinical Trials of Immunotherapy 

Treatment. (A) Kaplan-Meier curves showing the probability of overall survival of patients from OAK 

(NSCLC) treated with either atezolizumab (top panels) or chemotherapy (docetaxel) (bottom panels) 

categorized by quartiles (Q1: lowest, Q4: highest) of transcriptional expression of either ITGAE (left 

panels) or CD8A (right panels). (B) Kaplan-Meier curves showing the probability of overall survival of 

patients from IMvigor210 (bladder) treated with atezolizumab categorized by quartiles (Q1: lowest, Q4: 

highest) of transcriptional expression of either ITGAE (left panel) or CD8A (right panel). Statistical 

significance was determined by Cox proportional hazards modeling. p-values are displayed within each 

panel. Kaplan-Meier curves showing the probability of OS of patients from IMvigor211 (bladder) treated 

with either atezolizumab (top panels) or chemotherapy (docetaxel, paclitaxel, or vinflunine) (bottom 

panels) categorized by median (high in red, low in blue) (C) or quartiles (Q1: lowest, Q4: highest) (D) of 

transcriptional expression of either ITGAE (left panels) or CD8A (right panels). p-values and hazard ratios 

(where applicable) are displayed within each panel. Statistical significance for all analyses was 

determined by Cox-proportional hazards modeling. 
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Table S1. Patient Characteristics & Tumor Metadata by Individual for Tissue Samples Analyzed 

by Mass Cytometry, scRNAseq, and scTCRseq.  

 

Sample 

Code 
NSCLC1 NSCLC2 NSCLC3 NSCLC4 NSCLC5 NSCLC6 Endo1 Endo2 Endo3 

Matched 

scRNAseq 
NA NA NA Y Y Y Y Y Y 

Donor ID D37070 D37075 D37079 D37084 D37073 D39903 D40221 D40222 D40220 

Tumor 

Indication 
NSCLC NSCLC NSCLC NSCLC NSCLC NSCLC 

Endome-

trial 

Endome-

trial 

Endome-

trial 

Age 72 83 51 60 55 67 62 59 61 

Gender F M M F M F F F F 

Ethnicity White White White White White White 

Native 

Hawaiian 

& Other 

Pacific 

Islander 

White White 

Tumor 

Stage 
Ia IIa III I III 

Not 

Available 
I I I 

Histology 

Subtype 

Adenoca

-rcinoma 

Squamo-

us Cell 

Carcino-

ma 

Squamo-

us Cell 

Carcino-

ma 

(Keratiniz

-ing) 

Squamo-

us Cell 

Carcino-

ma 

(Nonkera

-tinizing) 

Not 

Available 

Not 

Available 

Adenoca-

rcinoma 

Endomet-

rioid 

Carcino-

ma 

Adenoca-

rcinoma 

T 

(Area of 

Cancer) 

T1b T2b T2a T2a T4 
Not 

Available 
T1a T1a T1a 

N 

(Lymph 

Node 

Spread) 

N0 N0 N2 N0 N1 
Not 

Available 
N0 N0 N0 

M 

(Metastasis) 

MX 

 

MX 

 

MX 

 

MX 

 

MX 

 

Not 

Available 

MX 

 

MX 

 

MX 
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Table S2. Antibody Information for Mass Cytometry Panel Used to Assess Tumor Phenotypes.  

 

Mass Metal Target Source Vendor Clone 
Catalog 

No. 

Lot 

Number 

89 Y CD45 Fluidigm  HI30 3089003B 2291710 

113 In EpCAM Custom Biolegend 9C4  In-house 

115 In CD57 Custom Biolegend HCD57  In-house 

140 Ce EQ Beads      

141 Pr Perforin Custom Abcam B-D48  In-house 

142 Nd CCR4 Custom R&D 205410  In-house 

143 Nd 
CD127/ 

CD137/CCR8 

Fluidigm/ 

Custom 
Biolegend 

A019D5/ 

4B4-1/ 

L263G8 

3143012B 
2191516 

In-house 

144 Nd Granzyme B Custom Biolegend GB11  In-house 

145 Nd CD4 Fluidigm  RPA-T4 3145001B 1931719 

146 Nd CD8 Fludigm  RPA-T8 3146001B 1671716 

147 Sm CD11c Fluidigm  Bu15 3147008B 0731704 

148 Nd CD56 Custom Miltenyi REA196  In-house 

149 Sm Granzyme A Custom Biolegend CB9  In-house 

150 Nd CD103 Custom Biolegend Ber-ACT8  In-house 

151 Eu ICOS Custom eBioscience ISA-3  In-house 

152 Sm 
CD155 (PVR)/ 

CD39 
Custom Biolegend SKII.4/A1  In-house 

153 Eu TIM3 Custom R&D 344823  In-house 

154 Sm CD3 Fluidigm  UCHT1 3154003B 1351723 
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155 Gd CD27 Fluidigm  L128 3155001B 1031712 

156 Gd CXCR3 Fluidigm  G025H7 3156004B 1681613 

157 Gd CD14 Custom  M5E2  In-house 

158 Gd OX40 Custom Genentech 1A7.gr.1  In-house 

159 Tb CD226 Custom BD DX11  In-house 

160 Gd Tbet Fluidigm  4B10 3160010B 1061601 

161 Dy CTLA4 Custom Biolegend BNI3  In-house 

162 Dy Foxp3 Fluidigm  PCH101 3162011A 0731702 

163 Dy Eomes Custom eBioscience WD1928  In-house 

164 Du CD161 Fluidigm  HP-3G10 3164009B 
3271610 

 

165 Ho CD19 Fluidigm  HIB19 3165025B 3121611 

166 Er NKG2D Fluidigm  ON72 3166016B 0091703 

167 Er CCR7 Fluidigm  G043H7 3167009A 0241815 

168 Er Ki-67 Fluidigm  Ki-67 3168007B 0861703 

169 Tm CD25 Fluidigm  2A3 3169003B 1931713 

170 Er CD45RA Fluidigm  HI100 3170010B 0981521 

171 Yb PD-L1 Custom Genentech 14D3  In-house 

172 Yb CD28 Custom Biolegend CD28.2  In-house 

173 Yb TIGIT Fluidigm  MBSA43 3999999-5 1461701 

174 Yb HLA-DR Fluidigm  L243 3174001B 0041719 
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175 Lu PD-1 Fluidigm  EH12.2H7 3175008B 2431709 

176 Yb CD38 Custom Biolegend HIT2  In-house 

191 Ir Nucleic Acid Fluidigm   201192A 2451506A 

192 Pt Cisplatin Fluidigm   201064 0671809 

193 Ir Nucleic Acid Fluidigm   201192A 2451506A 

195 Pt Cisplatin Fluidigm   201064 0671809 

209 Bi CD16 Fluidigm  3G8 3209002B 2031601 
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 frequency of CD8+ T cells (top), CD103+ cells within CD8+ T cells (middle), or proliferating (Ki-67+) CD103+ CD8+ T 

cells (bottom) as analyzed by mass cytometry on freshly procured tumors. Data from NSCLC tumors is indicated by solid 

dots and endometrial tumors depicted by open dots. The Spearman correlation coefficient is displayed on each plot 

alongside the resultant p-value. *p<0.05, **p<0.01, n.s.= not significant. 
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Figure S2. Comparison of CD103+ and CD103- CD4+ T cells and NK cells. (A) Frequency of positivity for indicated 

markers of proliferation, activation, and dysfunction between CD103+ (red) and CD103- (blue) subsets of CD4+ T cells 

in either tumor (left) or adjacent (right) tissues in NSCLC (closed circles) and Endometrial (open circles) tumors. (B) 

Parallel analysis as done in (A) for CD103+ (red) and CD103- (blue) subsets of NK cells. Statistical significance was 

determined using a Two-Way ANOVA with a Bonferroni Correction for multiple comparisons. *p<0.05, **p<0.01, 

***p<0.001, ****p<0.0001, n.s.= not significant.
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Figure S4. Extended Data for Matched scRNAseq and scTCRseq Analysis of Tumor Samples. (A) Gene expression of 

the indicated individual genes in tumor CD8+ T cells overlaid onto the UMAP. Individual cells are colored on a scale of 

gray (0) to red (1) according to the quantile of their expression. (B) Expression of indicated genes associated with a 

naive/stem-like phenotype (y-axis) plotted according to the size of a given clonotype (rank ordered on the x-axis). (C) 

TCR clone composition and phenotype sharing across clusters. Clonotypes are grouped by their primary cluster assign-

ment on the x-axis, as indicated by dot color (Green: 8.2-T
EM

, Blue: 8.3a-T
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, Purple: 8.3b-T
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, Red: 8.3c-T
RM

). Heatmap 

demonstrates the fraction of each clonotype that falls into each cluster phenotype, depicted as a gradient from 0% 

(white) to 100% (black). Within each primary cluster, clones are rank ordered according to gradation of cell fraction. The 

sum clone size of each clonotype is indicated at the top. 
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Figure S5. CD8+ T cell Phenotypes in the Bladder Tumor Microenvironment. (A) Heatmap depicting cross-referencing 

of CD8+ T cell cluster definitions from our dataset (x-axis) with those determined by Oh et al. (y-axis) in a bladder tumor 

dataset with color intensity indicating extent of correlation. (B) Cluster definitions, as determined by our analysis, project-

ed onto the UMAP of CD8+ T cells in bladder tumors from Oh, et al. (C) Frequency of various indicated clusters in CD8+ 

T cells from bladder tumors. 
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Figure S6. Extended Data for Survival Analyses of ITGAE and CD8A in Clinical Trials of Immunotherapy Treatment. (A) 

Kaplan-Meier curves showing the probability of overall survival of patients from OAK (NSCLC) treated with either atezoli-

zumab (top panels) or chemotherapy (docetaxel) (bottom panels) categorized by quartiles (Q1: lowest, Q4: highest) of 

transcriptional expression of either ITGAE (left panels) or CD8A (right panels). (B) Kaplan-Meier curves showing the 

probability of overall survival of patients from IMvigor210 (bladder) treated with atezolizumab categorized by quartiles 

(Q1: lowest, Q4: highest) of transcriptional expression of either ITGAE (left panel) or CD8A (right panel). Kaplan-Meier 
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curves showing the probability of OS of patients from IMvigor211 (bladder) treated with either atezolizumab (top panels) 

or chemotherapy (docetaxel, paclitaxel, or vinflunine) (bottom panels) categorized by median (high in red, low in blue) 

(C) or quartiles (Q1: lowest, Q4: highest) (D) of transcriptional expression of either ITGAE (left panels) or CD8A (right 

panels). p-values and hazad ratios (where applicable) are displayed within each panel. Statistical significance for all 

analyses was determined by Cox-proportional hazards modeling. 
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