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ABSTRACT
Background  Adjuvant immune checkpoint inhibitor 
(ICI) immunotherapies have significantly reduced the 
recurrence rate in high-risk patients with stage III 
melanoma compared with surgery alone. However, 48% of 
anti-PD-1-treated patients will develop recurrent disease 
within 4 years. There is a need to identify biomarkers of 
recurrence after adjuvant ICI to enable identification of 
patients in need of alternative treatment strategies. As 
cytotoxic T cells are critical for the antitumor response 
to anti-PD-1, we sought to determine whether specific 
subsets were predictive of recurrence in anti-PD-1-treated 
high-risk patients with stage III melanoma.
Methods  Associations with recurrence in patients with 
stage III melanoma were sought by analyzing resection 
specimens (n=103) taken prior to adjuvant nivolumab/
pembrolizumab±low-dose/low-interval ipilimumab. 
Multiplex immunohistochemistry was used to quantify 
intratumoral CD8+ T-cell populations using phenotypical 
markers CD39, CD103, and PD-1.
Results  With a median follow-up of 19.3 months, 
37/103 (36%) of patients had a recurrence. Two CD8+ 
T-cell subpopulations were significantly associated with 
recurrence. First, CD39+ tumor-resident memory cells 
(CD39+CD103+PD-1+CD8+ (CD39+ Trm)) comprised 
a significantly higher proportion of CD8+ T cells in 
recurrence-free patients (p=0.0004). Conversely, 
bystander T cells (CD39−CD103−PD-1−CD8+) comprised 
a significantly greater proportion of T cells in patients 
who developed recurrence (p=0.0002). Spatial analysis 
identified that CD39+ Trms localized significantly closer 
to melanoma cells than bystander T cells. Multivariable 
analysis confirmed significantly improved recurrence-
free survival (RFS) in patients with a high proportion of 
intratumoral CD39+ Trms (1-year RFS high 78.1% vs low 
49.9%, HR 0.32, 95% CI 0.15 to 0.69), no complete lymph 
node dissection performed, and less advanced disease 
stage (HR 2.85, 95% CI 1.13 to 7.19, and HR 1.29, 95% 
CI 0.59 to 2.82). The final Cox regression model identified 
patients who developed recurrence with an area under 

the curve of 75.9% in the discovery cohort and 69.5% in 
a separate validation cohort (n=33) to predict recurrence 
status at 1 year.
Conclusions  Adjuvant immunotherapy-treated patients 
with a high proportion of CD39+ Trms in their baseline 
melanoma resection have a significantly reduced risk 
of melanoma recurrence. This population of T cells 
may not only represent a biomarker of RFS following 
anti-PD-1 therapy, but may also be an avenue for 
therapeutic manipulation and enhancing outcomes for 
immunotherapy-treated patients with cancer.

INTRODUCTION
Immune checkpoint inhibitors (ICIs) have 
significantly advanced the treatment of many 

WHAT IS ALREADY KNOWN ON THIS TOPIC
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anoma, many patients experience melanoma re-
currence following therapy. Due to their vital role in 
immunotherapy response, CD8+T-cell populations 
could act as potential biomarkers for recurrence and 
indicate mechanisms of immunotherapy resistance.

WHAT THIS STUDY ADDS
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lations infiltrating metastatic melanoma, we identi-
fied a CD39+CD103+PD-1+ population which was 
strongly associated with improved recurrence-free 
survival.
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cancers, particularly melanoma. Adjuvant pembrolizumab 
and nivolumab (anti-PD-1 ICI) significantly improve the 
recurrence-free survival (RFS) of patients with stage III 
melanoma over surgery alone1 or adjuvant ipilimumab,2 
with a 3-year RFS of 64% for pembrolizumab compared 
with 44% for surgery alone.3 Additionally, adjuvant ipili-
mumab (anti-CTLA-4 ICI) improves overall survival 
compared with surgery alone,4 5 however, with significant 
toxicity. The combination of anti-PD-1 with anti-CTLA-4 in 
the neoadjuvant setting6 7 or for resected stage IV disease8 
has demonstrated prolonged RFS, although a trial of adju-
vant combination therapy of nivolumab with low-dose/
low-interval anti-CTLA-4 was negative.9 Regardless, in 
the adjuvant setting, a significant proportion of patients 
will experience disease recurrence and treatment-related 
toxicity will remain an important problem.1 2 10–12 As such, 
predictive biomarkers are needed to stratify patients by 
their potential to recur in an attempt to better determine 
risk/benefit for individual patients, for example identi-
fying patients who do not require adjuvant treatment and 
those who will recur following adjuvant anti-PD-1, who 
require additional treatments such as combination with 
BRAF/MEK inhibitors or alternative therapies to prevent 
recurrence in these high-risk patients.

While the exact mechanisms underpinning recur-
rence in ICI-treated patients remain unclear, much of 
the research into predictive biomarkers has focused on 
the patient immune response.13 In recent years, the most 
widely used biomarker in this context has been tumor 
programmed death ligand-1 (PD-L1) expression.14–17 
The use of PD-L1 as a biomarker stems from trials which 
demonstrated that adjuvant anti-PD-1-treated patients 
with melanoma with PD-L1-positive tumors had a 3-year 
RFS of 65%, compared with 57% for patients with PD-L1-
negative tumors.3 However, patients with PD-L1-negative 
tumors still derived significant benefit from therapy 
compared with placebo. Therefore, PD-L1 expression is 
not routinely used as a biomarker to select treatment in 
melanoma. Forty-eight percent of melanomas have muta-
tions in the BRAF gene, with the BRAF V600E mutation 
being the most common of these. Approximately 80% 
of tumors with this mutation are susceptible to targeted 
therapy with combined BRAF inhibitor and MEK inhib-
itor therapy.18–22 Recent studies have also found that 
tumor mutation burden (TMB) and interferon gamma 
(IFN-γ) show promise as biomarkers for response to 
anti-PD-1+anti-CTLA-4 in the neoadjuvant setting,7 and 
anti-PD-1 with or without anti-CTLA-4 in the advanced 
setting.21 Investigation of TMB and IFN-γ has stemmed 
from the consistent demonstration of strong associations 
between increased CD8+ T-cell infiltration and improved 
response to anti-PD-1 therapy in patients with advanced-
stage metastatic disease.22 23 Further phenotyping of 
tumor-infiltrating CD8+T cells, particularly the expres-
sion of PD-1, CD103, and CD39, has revealed stronger 
associations with the anti-PD-1 response in patients with 
advanced stage melanoma than on CD8 T-cell numbers 
alone.24 As well as being an immune checkpoint targeted 

by anti-PD-1 therapy, PD-1 is also upregulated by chron-
ically antigen-experienced and potentially exhausted 
CD8+ T cells.23 25 The integrin protein CD103 is under-
stood to be a marker of tumor residency.24 CD103 allows 
CD8+ T cells to be retained in inflamed tissues such as 
sites of infection and the tumor microenvironment 
(TME),26 and as such, CD103+CD8+ T cells are termed 
‘tissue-resident memory cells (Trms)’.27 28 CD39 has 
also gained interest in recent years due to its proposed 
role as a marker of specificity for tumor antigens when 
expressed by CD8+ T cells in the TME. Since this func-
tion is yet to be proven, and due to the fact that CD39 is 
often coexpressed with PD-1 and CD103, it is currently 
better described as a marker of tumor reactivity rather 
than antigen specificity.29–31

This study sought to determine the association of 
specific T-cell phenotypes with recurrence in patients 
with stage III melanoma treated with adjuvant anti-PD-1 
monotherapy or combination anti-PD-1 and low-dose/
low-interval anti-CTLA-4 therapy (n=103). The findings 
were validated in an independent cohort (n=33).

METHODS
Cohort and study design
A retrospective discovery cohort of consecutive patients 
with available resected stage III melanoma tissue—
including both nodal and in-transit metastases—who 
were treated with adjuvant anti-PD-1 monotherapy or 
combination anti-PD-1 and anti-CTLA-4 therapies at 
Melanoma Institute Australia, Sydney, between May 2015 
and December 2018 was collected (n=103, table  1). Of 
these, 77 received anti-PD-1 monotherapy and 26 received 
anti-PD-1 + very low-dose anti-CTLA-4 (1 mg/kg every 
6 weeks) combination therapy. This dosage of combi-
nation therapy conferred no survival benefit compared 
with PD-1 monotherapy.9 A subsequent validation cohort 
using identical selection criteria was identified for valida-
tion of a predictive model of recurrence (n=33). The vali-
dation cohort consisted of consecutive patients treated 
from January 2019 to December 2019 with available 
biospecimens. All patients in this cohort received anti-
PD-1 monotherapy. The primary endpoint was melanoma 
recurrence following resection of the stage III tumor, with 
RFS defined as the time from adjuvant PD-1 treatment 
start to recurrence. Resected stage III melanoma tissues 
were fixed in 10% buffered formalin and embedded in 
paraffin. H&E-stained slides were reviewed by a pathol-
ogist (AJC) to assess the suitability of each sample for 
downstream multiplex fluorescent immunohistochem-
istry (mIHC). Samples were considered appropriate for 
analysis if there were at least 100 viable tumor cells on 
a given slide. Twelve patients (8.8%) lacked sufficient 
viable tumor cells and were excluded, leaving tissue 
from 124 patients available for analysis (discovery n=91, 
validation n=33). BRAF mutation status was determined 
using either IHC with the BRAF VE1 antibody (n=103)32 
or genetic testing (n=28). As only the V600E status could 
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be determined for the majority of patients, we classified 
BRAF mutation status as either V600E or non-V600E/WT.

PD-L1 and multiplex immunohistochemistry
Formalin-fixed paraffin-embedded tissue was cut at 3 µm 
thickness for mIHC or 4 µm thickness for PD-L1 IHC. 
Tissue was mounted on Superfrost Plus slides (Thermo 
Fisher Scientific) and air-dried overnight. Slides were 
then placed in a vacuum sealed dehydrator for short-term 
storage and removed immediately prior to staining. Inves-
tigators (GHA) were blinded to patient recurrence status 
throughout staining and image analysis.

Singleplex PD-L1 IHC was performed following depa-
raffinization, dehydration, and antigen retrieval in a 
pressurized decloaking chamber (Biocare Medical). 
Slides were placed in AR 9 buffer (Akoya Biosciences) 
and heated to 110°C for 20 min, then cooled to room 
temperature in a water bath. Staining was performed on 
a Dako Autostainer Plus (Agilent Technologies). First, 
endogenous peroxidase activity was blocked by incu-
bating slides in 3% H2O2 (Sigma-Aldrich) for 10 min, 
then slides were incubated with the primary antibody for 
PD-L1 (Cell Signaling, E1L3N, 1:200) for 45 min. Slides 
were then incubated with Mach 3 Rabbit probe (Biocare 
Medical) for 20 min followed by Mach 3 Rabbit HRP 
(Biocare Medical) for 20 min. Slides were then incubated 
with Betazoid DAB Chromogen Kit (Biocare Medical) 
for 5 min and counterstained using Mayer’s hematoxylin 
(Sigma-Aldrich) for 10 min. After a final rise with H2O, 
slides were rehydrated and coverslipped. PD-L1 staining 
was interpreted and scored by a clinical pathologist 
(AJC). PD-L1 status was defined as positive if there was 
partial or complete membrane staining in at least 1% of 
tumor cells.33

Multiplex IHC staining was performed in an intel-
liPATH FLX Automated Slide Stainer (Biocare Medical). 
First, endogenous peroxidase activity was blocked by 
incubating slides in 3% H2O2 for 10 min, then slides 
were incubated in sequential rounds of primary antibody 
for either PD-1 (Abcam, EPR4877(2), 1:1500), CD103 
(Abcam, EPR4166(2), 1:1500), CD8 (Dako, C8/144B, 
1:1500), CD3 (Cell Marque, MRQ-39, 1:1500), CD39 

Table 1  Clinicopathological characteristics of patient 
cohorts

Patient 
characteristics

Discovery 
(n=103)

Validation 
(n=33)

Age (years), mean 
(range)

59.9 (29.0–79.8) 65.2 (22.0–82.0)

Age (>median), n (%)

 � ≤60 54/103 (52.4) 10/33 (30.3)

 �  60 49/103 (47.6) 23/33 (69.7)

Sex, n (%)

 � Female 35/103 (34.0) 8/33 (24.2)

 � Male 68/103 (66.0) 25/33 (75.8)

BRAF, n (%)

 � non-V600E/WT 70/94 (74.5) 27/33 (81.8)

 � V600E 24/94 (25.5) 6/33 (18.2)

Time to stage III from primary melanoma (months), n (%)

 � Concurrent 45/84 (53.6) 18/33 (54.5)

 � 3–6 months 6/84 (7.1) 2/33 (6.1)

 � 6 months–1 year 5/84 (6.0) 1/33 (3.0)

 � 1–2 years 10/84 (11.9) 2/33 (6.1)

 � >2 years 18/84 (21.4) 10/33 (30.3)

Stage III, n (%)

 � IIIA 9/103 (8.7) 0/33 (0)

 � IIIB 39/103 (37.9) 15/33 (45.5)

 � IIIC 54/103 (52.4) 17/33 (51.5)

 � IIID 1/103 (1.0) 1/33 (3.0)

Stage III detail, n (%)

 � Nodal only 84/103 (81.6) 24/33 (72.7)

 � ITM only 14/103 (13.6) 6/33 (18.2)

 � Both nodal/ITM 5/103 (4.9) 3/33 (9.1)

LN status, n (%)

 � Microscopic 40/89 (44.9) 9/27 (33.3)

 � Macroscopic 49/89 (55.1) 18/27 (66.7)

CLND performed, n (%)

 � No 36/94 (38.3) 19/33 (57.6)

 � Yes 58/94 (61.7) 14/33 (42.4)

CLND site, n (%)

 � Neck 17/58 (29.3) 3/14 (21.4)

 � Axilla 27/58 (46.6) 3/14 (21.4)

 � Groin 12/58 (20.7) 4/14 (28.3)

 � Multiple 2/58 (3.4) 4/14 (28.3)

Number of nodes involved, n (%)

 � 0–1 28/58 (48.3) 16/27 (59.3)

 � 2–3 14/58 (24.1) 9/27 (33.3)

 � ≥4 16/58 (27.6) 2/27 (7.4)

Extranodal spread, n (%)

 � No 31/57 (54.4) 15/27 (55.6)

 � Yes 26/57 (45.6) 12/27 (44.4)

Continued

Patient 
characteristics

Discovery 
(n=103)

Validation 
(n=33)

LDH (categorized), n (%)

 � Normal 95/96 (99.0) 32/33 (97.0)

 � Elevated 1/96 (1.0) 1/33 (3.0)

PD-L1 status (>1%), n (%)

 � Negative 64/102 (62.7) 11/30 (36.7)

 � Positive 38/102 (37.3) 19/30 (63.3)

*More than 10% of the data are missing for time to stage III.
CLND, completion lymph node dissection; ITM, intransit 
metastases; LN, lymph node.

Table 1  Continued
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(Abcam, EPR20627, 1:2000), or SOX10 (Biocare Medical, 
BC34, 1:200) for 30 min. Slides were then incubated with 
either Mach 3 Rabbit probe (Biocare Medical) for 10 min 
followed by Mach 3 Rabbit HRP (Biocare Medical) for 
10 min, or Opal Polymer HRP Ms+Rb (Akoya Biosciences) 
for 30 min as outlined in online supplemental table 1. 
The slides were then incubated in Opal fluorophore 
(1:100) diluted in 1X Plus Amplification Diluent (Akoya 
Biosciences) for 10 min. Following each Opal detection, 
slides were stripped via antigen retrieval as previously 
mentioned before each antibody in the multiplex. Single 
color control, multiplex control, and unstained control 
slides were stained alongside patient samples to deter-
mine background staining and create a spectral library 
for spectral unmixing. Following the addition of Opal for 
the final antibody, the slides were incubated for 5 min with 
Spectral DAPI (1:2000, Akoya Biosciences) diluted in Tris-
buffered saline with 0.1% Tween® 20 Detergent (TBST). 
Slides were coverslipped in Prolong Diamond Antifade 
Mountant (Thermo Fisher Scientific) and allowed to cure 
at room temperature overnight before imaging.

Multispectral imaging
All imaging was performed using a Vectra V.3.0.5 Auto-
mated Quantitative Pathology Imaging system (Akoya 
Biosciences). 20X resolution images covering the entire 
tumor for each patient sample were acquired using the 
4',6-diamidino-2-phenylindole (DAPI), Fluorescein-5-
isothiocyanate (FITC), Cy3, Texas Red, and Cy5 chan-
nels. Spectral unmixing was performed in inForm V.2.4.2 
(Akoya Biosciences) using a spectral library created from 
signals acquired from single color controls.

Image analysis
Image analysis was performed in HALO V.3.0.1 (Indica 
Labs). Following unmixing, multispectral images were 
stitched together to create a single high-resolution multi-
spectral image for each patient’s tumor. In both nodal and 
in-transit samples, analysis was limited to intratumoral 
regions manually annotated by a clinical pathologist 
(AJC). Cell segmentation used an algorithm based on the 
presence of nuclear DAPI or SOX10 staining. Positivity 
thresholds for each marker were set based on cytoplasmic 
or nuclear staining intensity and were reviewed across all 
samples. Data for each cell’s expression of all the markers 
and x and y locations within the tissue were stored in 
HALO for spatial analysis and exported for cell pheno-
typing in Spotfire V.7.11.1 (TIBCO). CD8+ T cells were 
phenotyped into eight groups based on their expression 
of CD39, CD103, and PD-1, and named sequentially from 
population 1 (P1) to population 8 (P8). In accordance 
with current literature,29 30 CD39+CD103+PD-1+CD8+ T 
cells (P1) will be referred to as CD39+ tumor-resident 
memory CD8+ T cells (CD39+ Trm), and CD39−CD103−
PD-1− CD8+ T cells (P8) as bystanders. Cell counts for 
each CD8+ T-cell phenotype were exported from Spot-
fire. Samples with  <100 cells of a particular phenotype 
were removed from analysis of that phenotype. Further 

analyses were performed on P1, P5, and P8 due to 
their associations with recurrence and their biological 
significance.

Spatial analysis
Spatial analysis was performed using the HALO Spatial 
Analysis module (Indica Labs). Melanoma cells, CD8+ 
T cells, CD39+CD103+PD-1+CD8+ T cells, CD39-
CD103+PD-1+ CD8+ T cells and CD39−CD103−PD-1− 
CD8+ T cells were phenotyped and plotted onto a spatial 
plot. The proximity analysis tool was used to identify the 
average distance of each CD8+ T-cell phenotype from 
melanoma cells, as well as the percentage of cells within 
each phenotype within 20 µm of a melanoma cell. Spatial 
data were exported for all three phenotypes in each 
spatial plot.

Statistical analysis
Statistical analysis of CD8+ T-cell population compo-
sition and spatial distribution was performed using 
an unpaired non-parametric Mann-Whitney test or 
paired non-parametric Friedman’s test, respectively, in 
GraphPad Prism V.8. Samples were excluded from CD8+ 
T-cell population percentage composition analyses if they 
contained  <100 CD8+ T cells. Correlation analysis was 
performed using corrplot package V.0.84 in R.

Clinical factors (as defined in table 2) and CD8+ T-cell 
populations were analyzed using a univariable Cox 
proportional hazard model. Given the limited number of 
events in the discovery cohort, a final predictive model 
was derived using multivariate models of predictive 
factors including CD8+ T cells and another clinical factor 
that maximized the predictive performance (C-statistics) 
of the model. The calibration performance of the model 
was done using calibration plots. Afterwards, external 
validation was performed by applying the coefficients and 
the baseline hazard of the discovery cohort to the inde-
pendent cohort. Kaplan-Meier method and log-rank test 
were performed to determine the association between 
RFS and T-cell phenotypes including CD8+T cells (per 
mm2, CD39+ Trm (% of CD8+) and bystanders (% of 
CD8+). Patients were divided into those above or below 
the median for each phenotype. All statistical analyses 
were performed using R V.3.6.3 and SAS V.9.4. P values 
of <0.05 were considered statistically significant in all 
analyses.

RESULTS
Patient characteristics
A consecutive discovery cohort of 103 patients with 
resected stage III melanoma—both nodal and in-transit 
metastases—who were treated with anti-PD-1-based adju-
vant therapy were included. Baseline clinical data and 
melanoma tissue were collected for the eligible patients 
(table  1), with suitable tissue available for 91 patients. 
The median follow-up from the start of anti-PD-1 was 19.3 
months (95% CI 15.4 to 21.5 months) across the cohort. 

https://dx.doi.org/10.1136/jitc-2022-004771
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Table 2  Univariable and multivariable Cox regression of recurrence-free survival

Variable

Univariable Multivariable

HR (95% CI) P value HR (95% CI) P value

Gender

 � Female 1 0.7880

 � Male 1.10 (0.55 to 2.19)

Age (years)

 � ≤60 1 0.1136

 � >60 1.69 (0.88 to 3.25)

Breslow thickness (mm)

 � <1.0 1 0.3058

 � 1.0–2.0 0.42 (0.14 to 1.27)

 � 2.1–4.0 0.42 (0.15 to 1.20)

 � >4.0 0.35 (0.11 to 1.11)

Mitoses

 � 0/<1 1 0.1187

 � 1–3 0.10 (0.01 to 0.87)

 � 4–10 0.11 (0.01 to 0.97)

 � >10 0.06 (0.01 to 0.61)

BRAF

 � NonV600E/WT 1 0.5124

 � V600E 1.27 (0.63 to 2.56)

Ulceration

 � No 1 0.5294

 � Yes 1.27 (0.60 to 2.67)

Primary site

 � Cutaneous 1 0.4699

 � Acral 0.63 (0.09 to 4.64)

 � Occult 0.54 (0.19 to 1.52)

Stage III

 � A/B 1 0.0375 1 0.5237

 � C/D 2.08 (1.04 to 4.15) 1.29 (0.59 to 2.82)

Stage III detail

 � Nodal only 1 0.5942

 � ITM only 0.66 (0.23 to 1.88)

 � Both nodal/ITM 0.49 (0.07 to 3.56)

Time to stage III

 � Concurrent 1 0.3919

 � 3–6 months 2.19 (0.63 to 7.67)

 � 6 months–1 year 1.30 (0.29 to 5.74)

 � 1–2 years 1.10 (0.36 to 3.35)

 � >2 years 2.14 (0.94 to 4.85)

LN status

 � Microscopic 1 0.2765

 � Macroscopic 1.48 (0.73 to 3.02)

CLND performed

 � No 1 0.0206 1 0.0267

Continued
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Variable

Univariable Multivariable

HR (95% CI) P value HR (95% CI) P value

 � Yes 2.69 (1.16 to 6.20) 2.85 (1.13 to 7.19)

CLND site

 � Neck 1 0.0029

 � Axilla 0.51 (0.21 to 1.22)

 � Groin 0.44 (0.14 to 1.40)

 � Multiple 10.98 (1.98 to 60.94)

Number of nodes

 � 0–1 1 0.0021

 � 2–3 1.12 (0.38 to 3.36)

 � ≥4 4.20 (1.76 to 10.04)

Extranodal spread

 � No 1 0.1794

 � Yes 1.70 (0.78 to 3.68)

White cell count

 � Below median 1 0.4716

 � Above median 1.29 (0.65 to 2.55)

Neutrophil

 � Below median 1 0.4531

 � Above median 0.77 (0.38 to 1.53)

Lymphocyte

 � Below median 1 0.2501

 � Above median 0.67 (0.34 to 1.33)

Neutro:lympho ratio

 � Below median 1 0.5433

 � Above median 0.81 (0.41 to 1.61)

Monocyte

 � Below median 1 0.8997

 � Above median 0.96 (0.48 to 1.90)

Eosinophil

 � Below median 1 0.6674

 � Above median 0.86 (0.43 to 1.73)

Basophil

 � Below median 1 0.9861

 � Above median 0.99 (0.49 to 2.00)

CD8+ T cells (cells/mm2)

 � Below median 1 0.7760

 � Above median 1.10 (0.56 to 2.16)

CD39+CD103+PD-1+ % of CD8+ T cells

 � Below median 1 0.0097 1 0.0036

 � Above median 0.39 (0.19 to 0.79) 0.32 (0.15 to 0.69)

CD39-CD103-PD-1 % of CD8+ T cells

 � Below median 1 0.1603

 � Above median 1.64 (0.82, 3.28)

CD8+ average distance to Mel

Table 2  Continued

Continued
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From the total cohort, 66 (64%) patients remained 
recurrence-free (RF) for the duration of the follow-up 
period and 37 (36%) experienced recurrence (R), with 
a 12-month RFS rate of 67.9% (95% CI 59.4% to 77.5%). 
The median time to recurrence was 5.3 months (95% CI 
2.8 to 7.1 months). All recurrence-free patients had >10 
months of follow-up.

Three phenotypically distinct CD8+ T-cell populations are 
significantly associated with recurrence
Staining and analysis were first performed in a discovery 
cohort (n=91) to examine the expression of CD39, 
CD103, and PD-1 on CD8+ T cells within melanoma 
tumor tissue, with individual melanoma cells identified 
by SOX10 expression (figure 1A).

T cell and CD8+ T-cell numbers were first quanti-
fied per square millimetre of tumor. T cell density was 
higher in recurrence-free patients, but not significantly 
so (R mean=1571 cells/mm2, RF mean=2652 cells/mm2; 
p=0.1278). As expected, CD8+ T-cell density was signifi-
cantly higher in recurrence-free patients (R mean=517.6 
cells/mm2, RF mean=1476 cells/mm2; p=0.0016; 
figure  1B,C). We then divided CD8+ T cells into eight 
phenotypically distinct populations based on their expres-
sion of CD39, CD103, and PD-1 (figure 1D). This classi-
fication encompasses all possible combinations of these 
three markers. From here, we examined the composition 

of the CD8+ T-cell compartment as a percentage of each 
of these eight populations (figures  1E,F and 2B and 
online supplemental figure 1). Based on their phenotype, 
P1 will be referred to as CD39+ tumor-resident memory 
CD8+ T cells (CD39+ Trm/P1), and P8 as bystanders/
P8, in accordance with current literature.29 30 34 35 
Upon analysis, we found that three CD8+ T-cell popu-
lations were significantly different between recurrence 
and recurrence-free patients (figure  1E). The first of 
these, CD39+ Trm/P1, was characterized as CD39+C-
D103+PD-1+ and comprised a significantly higher propor-
tion of the CD8+ T-cell compartment in recurrence-free 
patients (R mean=7.652%, RF mean=15.22%; p=0.0004). 
The second population, P8, was phenotyped as CD39-
CD103-PD-1- and was significantly higher in recurrence 
patients (R mean=30.10, RF mean=15.18; p=0.0002). 
Finally, a smaller population, P5, phenotyped as CD39-
CD103+PD-1+, was significantly higher in recurrence-
free patients (R mean=5.009%, RF mean=8.629%; 
p=0.0008). We also performed correlation analysis of the 
CD8+ T-cell phenotypes, finding a negative correlation 
between CD39+ Trm/P1 and bystanders/P8 (figure 2A). 
Due to low numbers of patients treated with combina-
tion therapy (n=26), the impact of therapy type on CD8+ 
T-cell populations could not be adequately assessed 
(online supplemental figure 2).

Variable

Univariable Multivariable

HR (95% CI) P value HR (95% CI) P value

 � Below median 1 0.1171

 � Above median 0.53 (0.24 to 1.17)

CD39+CD103+PD-1+CD8+ average distance to Mel

 � Below median 1 0.2473

 � Above median 0.60 (0.26 to 1.42)

CD39-CD103-PD-1-CD8+ average distance to Mel

 � Below median 1 0.1311

 � Above median 0.54 (0.25 to 1.20)

%CD8+ >20 μm of Mel

 � Below median 1 0.4267

 � Above median 1.36 (0.64 to 2.91)

%CD39+CD103+PD-1+CD8+ >20 μm of Mel

 � Below median 1 0.6022

 � Above median 0.80 (0.35 to 1.85)

%CD39-CD103-PD-1-CD8+ >20 μm of Mel

 � Below median 1 0.6283

 � Above median 1.21 (0.56 to 2.62)

PD-L1 status (>1%)

 � Negative 1 0.5560

 � Positive 0.81 (0.41 to 1.63)

CLND, completion lymph node dissection; Mel, melanoma.

Table 2  Continued

https://dx.doi.org/10.1136/jitc-2022-004771
https://dx.doi.org/10.1136/jitc-2022-004771
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CD39+ Trms localize within close proximity of melanoma cells
CD8+T cells, CD39+Trm/P1, P5, bystanders/P8, and 
melanoma cells underwent spatial analysis to deter-
mine the proximity of each CD8+ T-cell population to 

melanoma cells (figure  3A). First, we measured CD8+ 
T-cell infiltration by comparing the distance from a mela-
noma cell to the nearest CD8+ T cell, CD39+ Trm/P1, P5, 
or bystander/P8 between recurrence and recurrence-free 

Figure 1  mIHC identifies significant CD8+ T-cell populations in adjuvant PD-1-treated patients with stage III melanoma. 
(A) mIHC was performed on pre-treatment stage III melanoma FFPE tissue from patients receiving adjuvant anti-PD-1 
immunotherapy. Tumors were stained for CD3 (green), CD8 (yellow), CD39 (magenta), CD103 (cyan), PD-1 (orange), SOX10 (red) 
and DAPI (blue). Analysis was limited to intratumoral regions of tissue (highlighted in yellow). (B) Intratumoral T cells and CD8+ 
T cells CD8+ T cells were quantified per square millimetre of tumor and compared between recurrence patients and recurrence-
free patients. Statistical differences were calculated using a non-parametric Mann-Whitney test (n=91). (C) Representative 
mIHC-stained FFPE sections from an RF patient and an R patient. (D) CD8+ T cells were divided into eight phenotypically 
distinct populations based on the expression of CD39, CD103 and PD-1. (E) Each population was quantified as a percentage 
of total CD8+ T cells in the discovery and validation cohorts. Recurrence-free patients have >10 months f/o. Samples 
with <100 CD8+T cells were excluded from this analysis (n=84). (F) Composition of the CD8+ T-cell compartment in Recurrence-
free patients versus recurrence patients as a percentage of each population in all patients (n=84). FFPE, formalin-fixed paraffin-
embedded; mIHC, multiplex fluorescent immunohistochemistry
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patients. As investigated previously by Gide et al,36 we 
used 20 µm as a cut-off for proximity of each pheno-
type to melanoma. we found that a significantly higher 
percentage of melanoma cells were closer (within 20 µm) 
to CD39+ Trm in recurrence-free patients compared with 
recurrence patients (CD39+ Trm/P1 R mean=2.169%, 
CD39+ Trm/P1 RF mean=7.248%, p=0.0003; P5 R 
mean=4.654%, RF mean=5.778%, p=0.0747; bystanders/
P8 R mean=6.555%, bystanders/P8 RF mean=6.159%, 

p=0.8628; figure 3B). By measuring the average distance 
from melanoma cells to each CD8+ T-cell pheno-
type, we found that melanoma cells were significantly 
closer to CD8+ and CD39+ Trm/P1 in recurrence-free 
than in recurrence patients (CD8 R mean=147.2 µm, 
CD8 RF mean=101.5 µm, p=0.0262; CD39+ Trm/P1 R 
mean=679.2 µm, CD39+ Trm/P1 RF mean=303.7 µm, 
p=0.0011; P5 R mean=493.2 µm, RF mean=252.6 µm, 
p=0.0564; bystanders/P8 R mean=278.9 µm, bystanders/

Figure 2  Patient CD8+ T-cell population and clinical profiles. (A) Correlation plot of all eight CD8+ T-cell phenotypes. Each 
population was expressed as a % of total CD8+ T cells and correlated with all other populations. (B) Patients were sorted from 
left to right by P1% of CD8+ T cells and split into recurrence-free patients and patients who had a recurrence. Profiles of the 
CD8+ T-cell compartment were generated for each patient. BRAF mutation and PD-L1 positivity information were also collected 
for each patient.
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P8 RF mean=216.4 µm, p=0.7627; figure  3B). This indi-
cates that of the three populations analyzed, CD39+ 
Trm/P1 is most likely to infiltrate and be in contact with 
the tumor cells of patients who remain recurrence-free. 
Based on similar previous studies,22 we also measured 
the percentage of each population within 20 µm of mela-
noma. Due to the issues posed by low P5 cell numbers 
in the previous analysis, we chose to focus our remaining 
analysis on CD39+ Trm/P1 and bystanders/P8. We 
showed that a significantly higher percentage of CD39+ 
Trm/P1 were within 20 µm of melanoma than both 
total CD8+ T cells and bystanders/P8 (CD8 42.36%, 

CD39+ Trm/P1 45.35%, bystanders/P8 37.63%, CD8 vs 
CD39+ Trm/P1 p=0.0122, CD39+ Trm/P1 vs bystanders/
P8 p<0.0001; online supplemental figure 3). We also 
measured the average distance of each T-cell phenotype 
to the nearest melanoma cell. This demonstrated that the 
distance from CD39+ Trms/P1 to the nearest melanoma 
cell was significantly closer than that of CD8+ T cells and 
bystanders/P8, while bystanders were additionally signifi-
cantly further from melanoma cells than CD8+T cells 
(CD8+=5.38μm, CD39+ Trm/P1=36.67 µm, bystanders/
P8=56.24 µm, CD8+vs CD39+ Trm/P1, p<0.0001, CD39+ 
Trm/P1 vs bystanders/P8 p<0.0001, CD8 vs bystanders/

Figure 3  P1 proximity to melanoma is significantly closer than that of P5 or P8. (A) Spatial plot of melanoma, CD8+ T cells, 
P1 and P8. CD8+ T-cell populations within 20 µm proximity of melanoma cells are highlighted and line to nearest melanoma 
shown. (B) Spatial distribution of CD8+ T cells, P1, P5 and P8 in patients who had a recurrence (n=33) and patients who 
were recurrence-free (n=55). Percent of melanoma within 20 µm of each CD8+ T-cell population, and the average distance of 
melanoma to each population was quantified overall (n=84).

https://dx.doi.org/10.1136/jitc-2022-004771
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P8, p=0.0173; online supplemental figure 4). Both 
measures found that CD39+ Trms/P1 were significantly 
closer to melanoma cells than bystanders/P8 and total 
CD8+ T cells.

High CD8+ T-cell density and high proportions of CD39+ Trm 
are associated with improved RFS time
We then performed RFS Kaplan-Meier analysis stratified by 
the median and quartiles of each CD8+ T-cell phenotype 
(figure 4A–C and online supplemental figures 4 and 5). 
Based on the median, there was no significant difference 
in RFS between patients with high and low total CD8+ T 
cells/mm2 (1-year RFS high 63.4% vs low 64.2%; p=0.77). 
However, patients with high proportions of CD39+ Trm/
P1 in their tumors had a significantly longer RFS than 
those with low proportions (1-year RFS high 78.1% vs low 
49.9%; p=0.0073) with the median RFS not reached, and 
patients with the highest proportion of CD39+ Trm/P1 as 
quartiles had a 1-year RFS of 95% (online supplemental 
figure 4B). Median RFS for patients with low CD39+ Trm/
P1 was 11.8 months and was not reached for patients with 
high CD39+Trm/P1. There was no association between 
bystander/P8 infiltration and RFS (1-year RFS high 
54.6% vs low 73.2%, p=0.21). Univariable analysis of 
clinical and T-cell phenotypical data showed that more 
advanced stage of disease, performance of completion 
lymph node dissection (CLND), increased number of 
melanoma-positive lymph nodes and lower proportions of 
CD39+ Trm/P1 were associated with recurrence (table 2 
and figure  4D). Lactate dehydrogenase (LDH) was not 
assessed in the univariate analysis as only one patient had 
an elevated baseline result. PD-L1 status was not signifi-
cantly associated with recurrence regardless of the cut-off 
values used (table 2 and online supplemental figure 6). 
After excluding patients with missing clinical data, multi-
variate Cox regression analysis was then performed on 64 
patients with clinical data combined with the proportion 
of intratumoral CD39+ Trms. Forward selection proce-
dure was used to select the best model based on area 
under the curve (AUC) to classify patients at 1-year RFS 
from treatment start date. The final predictive multivari-
able model for recurrence included proportion of intra-
tumoral CD39+ Trms/P1 (median=8.226%, p=0.0022), 
CLND performed (p=0.0267), and stage (p=0.5237) 
(table 2). Receiver operating characteristic curve analysis 
at 1-year RFS based on the multivariable model achieved 
an AUC of 75.9% (95% CI 65.3% to 86.5%). The model 
was applied to an independent validation cohort (n=33), 
with a median follow-up of 19.8 months (95% CI 15.4 
months to 21.5 months) from start of therapy. All patients 
in this cohort received anti-PD-1 monotherapy, with 10 
(25.6%) recurrence events. When applying the model to 
this cohort, the C-statistics became 69.5% (95% CI 48% 
to 91%) (figure 4E). The calibration plot comparing RFS 
Kaplan-Meier curves by risk groups indicated that the 
predictive model was well calibrated, with good agree-
ment of the survival curves for all risk groups between the 
discovery and the validation cohorts (figure 4F).

DISCUSSION
Although adjuvant anti-PD-1 ICI therapy has significantly 
improved the RFS for patients with high-risk resected 
stage III melanoma,1–3 12 many patients still recur. Despite 
many biomarkers for anti-PD-1 response being tested in 
the metastatic setting, none have translated into regular 
use in the clinic and improved patient care. In this study, 
we have performed a detailed and unique spatial and 
phenotypic characterization of the CD8+ T cell infil-
trate in human stage III melanomas and have identified 
CD39+ tumor-resident memory CD8+ T cells (CD39+C-
D103+PD-1+, CD39+Trm/P1) as a critical population for 
RFS following immunotherapy. Of the CD8+ T cell popu-
lations studied, CD39+ Trm/P1 localize within the closest 
proximity to melanoma cells, suggesting their antitumor 
activity. Importantly, patients with a high proportion of this 
CD8+ T cell subpopulation had a significantly prolonged 
RFS compared with those with a low proportion (median 
1-year RFS 79% vs 50%). A predictive multivariable model 
including the proportion of CD39+ Trms and clinical vari-
ables achieved an AUC of 75.9% in a discovery cohort 
and 69.5% in a separate validation cohort, demonstrating 
potential utility of this rapid and low-cost methodology to 
individualize risk of recurrence with adjuvant anti-PD-1.

Identifying T-cell subsets which initiate response to 
anti-PD-1 treatment and effectively control tumors has 
been the subject of intense research. A number of studies 
in different solid tumors pointed to a possible role for 
tumor-resident CD8+ T cells which express PD-1.24 
However, a sizeable fraction of CD8+ T cells infiltrating 
tumors, including resident CD8+ T cells, are not tumor 
specific.29 Emerging data point to the expression of CD39 
as a marker of tumor reactivity in humans.29 30

The current study highlights a critical subset of tumor-
resident CD8+ T cells that could be crucial for response to 
anti-PD-1 treatment. In our study, CD39+ Trm/P1, which 
expresses CD39, CD103, and PD-1, made up a signifi-
cantly higher proportion of CD8+ T cells infiltrating 
the tumors of recurrence-free patients, while bystander 
T cells/P8, which are negative for CD39, CD103, and 
PD-1, were increased in recurrence patients. Based on its 
phenotype, CD39+ Trm/P1 is likely to be tumor-resident, 
tumor antigen-specific, and highly differentiated, as well 
as responsive to anti-PD-1 therapy. Conversely, bystander 
T cells/P8 are negative for all three of these markers and 
are less likely to be tumor-reactive, raising questions as 
to their exact function in the TME and mechanisms of 
their recruitment. Our data also show that P5 (CD39−
CD103+PD-1+) was also associated with RFS; however, to 
a lesser extent than P1. This suggests that P5 could be 
a tumor-resident population, but non-tumor reactive. 
Previous studies have shown that non-tumor-specific 
resident memory T cells could also contribute to tumor 
clearance37; however, their role in immunotherapy is 
unclear. While the exact antigen specificity of these popu-
lations remains in question, other studies have investi-
gated the clonality of similar populations to CD39+ Trm/
P1 and bystanders/P8. These have found that CD8+ T 

https://dx.doi.org/10.1136/jitc-2022-004771
https://dx.doi.org/10.1136/jitc-2022-004771
https://dx.doi.org/10.1136/jitc-2022-004771
https://dx.doi.org/10.1136/jitc-2022-004771
https://dx.doi.org/10.1136/jitc-2022-004771
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Figure 4  High P1/CD39+ Trm is significantly associated with RFS. Kaplan-Meier curves were plotted for patients with high 
CD8+ (A), P1 (B), P8 (C) cell counts against low counts. High versus low groups were determined by the median value for each 
cell population. Median RFS is shown where it is reached. Statistical differences were calculated using a log-rank test. (D) A 
forest plot was created from univariable Cox regression analysis. Horizontal bars indicate 95% CI. (E) The receiver operating 
characteristic curve shows the predictive capability of a predictive multivariable model for RFS including P1/CD39+ Trm% of 
CD8+ T cells, stage and CLND (discovery n=64, validation n=33). (F) Calibration plot compares RFS Kaplan-Meier curves for 
risk groups as defined by the MVA model in the discovery and validation cohorts. AUC, area under the curve; CLND, completion 
lymph node dissection; P1, population 1; P8, population 8; RFS, recurrence-free survival; Trm, tissue-resident memory cell.
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cells similar to CD39+ Trm/P1 are more highly clonal, 
while cells similar to bystanders are less clonal, further 
supporting the notion that CD39+ Trm/P1 may have 
undergone tumor antigen-specific clonal expansion, 
while bystanders/P8 represent circulating non-tumor-
specific T-cell populations.29 38

Our study used spatial analysis to provide some insight 
into the functionality of CD39+ Trm/P1 and bystander T 
cells/P8. We found that CD39+ Trm/P1 localized closer 
to melanoma cells, indicating its anti-tumor cytotoxicity.22 
On the other hand, bystanders/P8 were more distant. 
This further supports the idea that CD39+ Trm/P1 are 
more melanoma-reactive, while bystanders/P8 are non-
tumor specific. Furthermore, Simoni et al found that 
tumor-infiltrating CD39- CD8+ T cells, while not specific 
for tumor antigens, can be specific for viral antigens.29 
Since bystanders/P8 do not localize closely to melanoma 
cells, the possibility that they could recognize non-tumor 
antigens in the TME and function as bystanders warrants 
investigation. Importantly, the role for CD39+ Trm/P1 in 
immunotherapy is particularly notable due to its expres-
sion of PD-1. As CD39+ Trm/P1 was likely to be reacti-
vated by anti-PD-1 therapy, the finding that they localize 
in close proximity to melanoma cells suggests that they 
are well primed for a highly effective antitumor cytotoxic 
response. By contrast, P8 lacks PD-1 expression and is 
unlikely to contribute to this response. The roles of the 
other six CD8+ T-cell populations identified in our study 
are less clear. We observed positive correlations between 
populations based on PD-1 expression, suggesting that 
mechanisms of PD-1 expression may not be entirely 
linked to those of CD39 and CD103. Correlations also 
appear to form a gradient from CD39+ Trm/P1 to 
bystanders/P8, suggesting that cells with similar pheno-
types are more likely to be found in the same tumors. We 
also observed a strong negative correlation between our 
P4 (CD39+CD103−PD-1−) and P5 populations (CD39−
CD103+PD-1+), which is not unexpected due to their 
opposing phenotypes. Functional analyses would greatly 
complement these correlations and provide biological 
insights. Some direction is provided from Li et al’s inves-
tigation in human melanoma, finding that CD8+ T cells 
exist on a gradient from ‘cytotoxic’ to ‘dysfunctional’.39 
The existence of this gradient, observed in both studies, 
suggests the possibility that P2–P7 in our study are transi-
tional forms, and that CD39+ Trm/P1 and bystanders/P8 
are the opposing endpoints of this transition. More work 
is needed to determine the eventual fate and function-
ality of P2–P7. An interesting note in this regard is that 
neoantigen expression by tumors is in constant flux and 
the CD8+ T-cell antigen repertoire tends to reflect this,40 
highlighting a potential rationale for the multiple CD8+ 
T-cell phenotypes observed in this study. Furthermore, 
recent studies suggest that in the context of ex vivo CD8+ 
T cells used for adoptive cell therapy, tumor-specific 
CD39− CD8+ T cells may act as a stem cell-like popula-
tion which upregulates CD39 on differentiation, rather 
than as true bystanders.41 However, further investigations 

of CD39− CD8+ T cells are needed in the tumors of ICI-
treated patients.

While median RFS was not reached for high CD39+ 
Trm/P1 patients, low CD39+ Trm/P1 patients had a 
median RFS of only 11.8 months. Since our biomarker 
analysis was performed on pretreatment samples, using 
CD39+ Trm/P1 as a biomarker could allow for treatment 
decision-making prior to adjuvant therapy for patients 
likely to recur, for example, providing BRAF-targeted 
therapy rather than ICI in BRAF mutant patients with low 
CD39+ Trm42 or neoadjuvant anti-PD-1+ anti-CTLA-4 for 
BRAF wt patients.6 7 22 Indeed, a potential application of 
this biomarker could be in pre-treatment biopsies taken 
in the neoadjuvant setting.43 Another possibility could be 
a more thorough investigation of drug targets in patients 
with low CD39+ Trm/P1, allowing for the administration 
of personalized therapies,44 as well as increased moni-
toring following surgery. Furthermore, while CLND was 
included in our MVA model, it is often associated with 
other factors of nodal disease severity such as the number 
of nodes positive and macroscopic/microscopic disease. 
While we were unable to include all categories in our 
MVA model, inclusion of these categories in predictive 
modeling could be of importance for future studies.

The nature of our patient cohort imposed some limita-
tions on the association of CD8+ T-cell populations with 
clinical data. PD-L1 status was not associated with recur-
rence in our cohort, which may be due to the high number 
of patients for whom PD-L1 status could not be accu-
rately interpreted from IHC staining. We also observed a 
considerable imbalance in the PD-L1 status between the 
discovery and validation cohorts, which may reflect the 
reduced size of the validation cohort or differences in 
tissue suitability for PD-L1 staining. Nevertheless, since we 
did not find significant associations between PD-L1 status 
and CD8+ T-cell population composition, this imbalance 
between cohorts should not impact the findings of our 
study. Furthermore, BRAF mutations other than V600E 
were excluded from analysis since the majority of BRAF 
testing used VE1 IHC to detect the V600E mutation only. 
Our multivariable analysis was limited by low patient 
numbers in specific subgroups. The predictive capacity 
of CD39+ Trm/P1 specifically in the context of anti-PD-1 
therapy remains to be fully established. To do so, CD39+ 
Trm/P1 would need to be assessed in the tumors of 
patients with melanoma receiving BRAF/MEK inhibitors 
or surgery alone. Finally, the small number of patients 
who did not receive PD-1 monotherapy but received 
combination with CTLA-4 would not impact the analysis 
and findings, as the anti-CTLA-4 was administered at low 
dose and low frequency and was recently shown to be 
equivalent to anti-PD-1 alone.9

This study highlights two phenotypically distinct CD8+ 
T-cell populations, CD39+ Trm (P1=CD39+CD103+PD-1+) 
and bystanders (P8=CD39−CD103−PD-1−). The pheno-
types and associations with recurrence of these popula-
tions raise important questions regarding the recruitment 
and activity of CD8+ T cells in the TME. Furthermore, 
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given the results of our Kaplan-Meier and multivariable 
analyses, evaluation of CD39+ Trm in pretherapy mela-
noma tissue may have immediate clinical utility to predict 
which patients are likely to remain recurrence-free 
following anti-PD-1 therapy and to allow for treatment 
stratification in patients with stage III melanoma.
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