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AbstrACt
background Combining immunotherapy and 
antiangiogenic agents is a promising treatment strategy in 
endometrial cancer. To date, no biomarkers for response 
have been identified and data on post- immunotherapy 
progression are lacking. We explored the combination of 
a checkpoint inhibitor (nivolumab) and an antiangiogenic 
agent (cabozantinib) in immunotherapy- naïve endometrial 
cancer and in patients whose disease progressed on 
previous immunotherapy with baseline biopsy for immune 
profiling.
Patients and methods In this phase II trial ( ClinicalTrials. 
gov NCT03367741, registered December 11, 2017), women 
with recurrent endometrial cancer were randomized 2:1 to 
nivolumab with cabozantinib (Arm A) or nivolumab alone 
(Arm B). The primary endpoint was Response Evaluation 
Criteria in Solid Tumors- defined progression- free survival 
(PFS). Patients with carcinosarcoma or prior immune 
checkpoint inhibitor received combination treatment (Arm C). 
Baseline biopsy and serial peripheral blood mononuclear cell 
(PBMC) samples were analyzed and associations between 
patient outcome and immune data from cytometry by time of 
flight (CyTOF) and PBMCs were explored.
results Median PFS was 5.3 (90% CI 3.5 to 9.2) months 
in Arm A (n=36) and 1.9 (90% CI 1.6 to 3.4) months in 
Arm B (n=18) (HR=0.59, 90% CI 0.35 to 0.98; log- rank 
p=0.09, meeting the prespecified statistical significance 
criteria). The most common treatment- related adverse 
events in Arm A were diarrhea (50%) and elevated liver 
enzymes (aspartate aminotransferase 47%, alanine 
aminotransferase 42%). In- depth baseline CyTOF analysis 
across treatment arms (n=40) identified 35 immune- cell 
subsets. Among immunotherapy- pretreated patients 
in Arm C, non- progressors had significantly higher 
proportions of activated tissue- resident (CD103+CD69+) 
ɣδ T cells than progressors (adjusted p=0.009).
Conclusions Adding cabozantinib to nivolumab 
significantly improved outcomes in heavily pretreated 
endometrial cancer. A subgroup of immunotherapy- 
pretreated patients identified by baseline immune 

profile and potentially benefiting from combination with 
antiangiogenics requires further investigation.

IntroduCtIon
Endometrial cancer (EC) is the most 
common gynecologic cancer in North 
America, and its incidence continues to rise.1 
Women with advanced or recurrent EC have 
a poor prognosis (5- year survival <20%).2 
Initial therapy for unresectable recurrent/
metastatic disease is typically carboplatin 
plus paclitaxel. For those with potentially 
endocrine‐sensitive tumors, an endocrine 
therapy trial can be appropriate.1 Response 
rates remain below 50% and responses are 
typically transient.1

Recent EC subclassification has led to an 
increasingly targeted treatment approach 
based on disease biology. EC subtypes with 
high tumor mutational burden (eg, POLE 
mutant/hypermutated and microsatellite 
instability (MSI)) are highly immunogenic 
and exhibit more tumor- specific neoanti-
gens, resulting in increased CD3+ and CD8+ 
tumor- infiltrating lymphocytes and compen-
satory upregulation of immune checkpoints.3 
Pembrolizumab, a monoclonal antibody 
targeting programmed cell death 1 (PD- 1), 
is approved for recurrent MSI- high (MSI- H) 
tumors including EC based on results from 
the single- arm phase II KEYNOTE- 158 study 
(57% objective response rate (ORR) in 49 
patients with MSI- H EC).4 Other agents, such 
as nivolumab, have shown similar activity in 
MSI- H EC5; however, MSI- H tumors repre-
sent only 13%–30% of recurrent ECs and 
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options are required for the microsatellite stable (MSS) 
population.1

As tumor type and accompanying microenvironment- 
specific contexts drive the expression of multiple inhibi-
tory receptors, discovery efforts have focused on targeting 
multiple inhibitory receptors unique to the tumor setting 
to reverse immune system exhaustion and unresponsive-
ness. Combined immuno- oncology (IO) and antiangio-
genic treatment has emerged as a promising strategy, 
demonstrating synergy between treatment mechanisms.6 
Antiangiogenic agents have consistently shown signals 
of activity as treatment for EC,7 and the combination of 
pembrolizumab and lenvatinib (a multiple receptor tyro-
sine kinase inhibitor (TKI)) was approved by the USA 
Food and Drug Administration for patients with advanced 
EC that is not MSI- H or mismatch repair (MMR) defi-
cient and whose disease has progressed following prior 
systemic therapy.8 To date, no biomarkers for response 
have been identified. Most notably, data are absent on 
post- IO progression.

Cabozantinib is a multitargeted TKI with potent 
activity against hepatocyte growth factor receptor (MET), 
vascular endothelial growth factor (VEGF) receptor 2, 
RET, and AXL. Single- agent cabozantinib demonstrated 
response rates of 12%–14% in EC.9 Targeting pathways 
promoting angiogenesis may enhance antitumor immu-
nity and response rates, particularly in MSS EC.10

Our translational randomized phase II trial assessed 
the efficacy and safety of the immune checkpoint inhib-
itor nivolumab plus cabozantinib versus nivolumab alone 
in IO- naïve recurrent EC, and the efficacy of the combi-
nation in disease that had progressed after IO. Base-
line biopsies and serial blood tests for peripheral blood 
mononuclear cell (PBMC) samples were collected for 
immune characterization and identification of potential 
biomarkers of response.

Methods
study design and participants
This open- label randomized phase II trial (NCT03367741), 
conducted through the National Cancer Institute Exper-
imental Therapeutics Clinical Trials Network, assessed 
the activity of cabozantinib combined with nivolumab 
(Arm A) versus nivolumab alone (Arm B) in women 
with advanced, recurrent, or metastatic EC. Eligibility 
criteria included Eastern Cooperative Oncology Group 
(ECOG) performance status 0–2, a diagnosis of measur-
able disease according to Response Evaluation Criteria 
in Solid Tumors (RECIST; version 1.1), regardless of the 
histologic subtype, and radiologic progression after at 
least one line of previous platinum- based chemotherapy. 
There was no restriction on the number of prior treat-
ment lines. Patients had to have normal organ and bone 
marrow function. Exclusion criteria for all arms included: 
prior cabozantinib treatment; known brain metastases; 
concomitant treatment with therapeutic doses of antico-
agulant; recent bleeding history or tumor invading the 

gastrointestinal tract; tumor encasing blood vessels; radio-
graphic evidence of cavitating pulmonary lesions; history 
of bowel obstruction within the preceding 3 months; 
history of autoimmune disease; or concomitant treatment 
with steroids within 7 days before the first dose. In each 
arm, a baseline biopsy (7–28 days before starting treat-
ment) for correlative analysis was mandatory.

Eligible patients were randomized (2:1) to the combi-
nation or monotherapy, stratified according to microsat-
ellite status assessed by genomic analysis, or MMR status 
defined from archival tissue according to local guidelines 
(online supplemental figure S1). Randomized treatment 
allocation was assigned centrally using block random-
ization and a web- based registration system (Oncology 
Patient Enrollment Network). Randomized codes were 
provided by an independent statistician. An exploratory 
cohort (Arm C) included patients previously treated with 
IO (anti- PD- 1, anti- programmed cell death ligand- 1 (PD- 
L1), or anti- PD- L2 therapy, or patients progressing on 
Arm B) or carcinosarcoma histology. Patients in Arm C 
received cabozantinib–nivolumab combination therapy.

The study protocol was compliant with Good Clinical 
Practice guidelines and the Declaration of Helsinki. 
Ethics approval was obtained in the USA and Canada, 
and for all participating centers. All patients provided 
written informed consent.

Procedures
Combination therapy in Arms A and C comprised oral 
cabozantinib 40 mg/day continuously (days 1–28) and 
intravenous nivolumab 240 mg (days 1 and 15) in 28- day 
cycles. Arm B patients received single- agent intravenous 
nivolumab 240 mg (days 1 and 15) every 28 days. In all 
arms, the nivolumab dose was increased to 480 mg every 
28 days after the first four cycles if deemed tolerable by 
the treating physician. Response was assessed by CT scan 
every 8 weeks (±7 days) according to RECIST (version 
1.1). Adverse events (AEs) were graded using Common 
Terminology Criteria for Adverse Events (version 5.0). 
If patients experienced toxicity, the cabozantinib dose 
could be reduced one level to 20 mg daily. Nivolumab 
dose reduction was not permitted.

Patients in Arm B (nivolumab alone) could cross over to 
cabozantinib–nivolumab combination therapy in Arm C at 
the time of progression, provided they still met the eligi-
bility criteria for the exploratory post- IO cohort. A biopsy at 
progression was mandated to analyze changes in the molec-
ular and immunologic landscape after IO treatment. These 
patients were analyzed in Arm C from the time of crossover.

For translational research, each patient provided one 
to two fresh needle- core biopsies before starting treat-
ment and whole blood samples at baseline, cycle 1 day 15 
(C1D15), and progression. The methodology is described 
in the online supplemental appendix.

outcomes
The primary endpoint was progression- free survival 
(PFS), defined as the interval between randomization 
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Figure 1 Patient flow. IO, immuno- oncology.

and disease progression or death from any cause, which-
ever occurred earlier. Secondary endpoints were RECIST- 
defined ORR, overall survival (OS), and safety. Correlative 
studies assessed the immune microenvironment in base-
line fresh tissue biopsy with mass cytometry (cytometry 
by time of flight (CyTOF) using a 36- marker immune 
profiling panel) and potential correlations with clinical 
outcome.

statistical analysis
The trial was designed and powered to detect differences 
in PFS between treatment Arms A and B. A one- sided log- 
rank test with an overall sample size of 54 patients (36 in 
Arm A and 18 in Arm B) would provide 80% power at a 
0.10 significance level to detect a HR of 0.50, assuming 
median OS of 3 months with nivolumab alone. A 5% loss 
to follow- up was assumed for sample size estimation. The 
study was anticipated to last for 24 months.

In Arm C, assuming enrollment of 10 patients in the 
carcinosarcoma cohort and 20 in the post- IO cohort 
(including patients crossing over from Arm B), the 
combination regimen was considered to show an activity 
signal if at least one patient in each cohort achieved a 
partial response (PR) and one had stable disease (SD) 
lasting ≥16 weeks.

results
Patient characteristics
Between January 2018 and December 2019, 82 patients 
were enrolled from 17 Canadian and US centers. Of 
these, 77 were treated and evaluable for analysis: 36 in 
Arm A and 18 in Arm B (figure 1). At the data cut- off 
(May 5, 2020) at planned study closure, median follow- up 
was 15.9 months. Table 1 shows key patient characteris-
tics; most patients were heavily pretreated.

efficacy
PFS was improved with combination therapy (Arm A; 
median 5.3 months, 90% CI 3.5 to 9.2) versus nivolumab 
alone (Arm B; median 1.9 months, 90% CI 1.6 to 3.4) (log- 
rank test p=0.09) (figure 2A). The RECIST ORR was 25% in 
Arm A versus 11% in Arm B. Best response was disease stabi-
lization in 44% of patients in Arm A versus 11% in Arm B, 
resulting in overall clinical benefit rates (PR or SD) of 69% 
versus 22%, respectively (p<0.001) (figure 2B and online 
supplemental figure S4). Immature OS results (events 
in 55% of patients), which may be affected by crossover 
from Arm B to Arm C, showed median OS of 13.0 months 
(90% CI 10.2 to 18.4) in Arm A and 7.9 months (90% CI 6.1 
to not estimable) in Arm B.

In the post- IO treatment cohort (Arm C; n=20), IO 
rechallenge with cabozantinib–nivolumab resulted in 
objective responses in five patients (25%) and SD in 
seven patients (figure 2C). The median duration of SD 
was 5.5 (range 2.6–17.7) months. In the carcinosarcoma 
subgroup of Arm C (n=10), one patient had a durable PR 
(ORR 10%) and five patients had SD, with a median SD 
duration of 3.2 (range 2.8–7.6) months (figure 2C).

safety
Treatment- related toxicities were more frequent with 
combination therapy than with single- agent nivolumab. 
The most common treatment- related AEs in Arm A were 
diarrhea, liver enzyme elevations, fatigue, and hyperten-
sion, typically occurring at grade 1/2 intensity except 
for hypertension (table 2). Serious treatment- related 
AEs occurred in 11 patients (31%) in Arm A, none of 
those in Arm B, and 10 patients (33%) in Arm C. Two 
rare treatment- related and serious AEs occurred with 
combination treatment: one patient in Arm A experi-
enced grade 4 colonic perforation with grade 5 sepsis and 
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Table 1 Patient characteristics

Characteristic
Arm A: cabozantinib+ 
nivolumab (n=36) Arm B: nivolumab (n=18)

Arm C: cabozantinib+ 
nivolumab (n=23)

Median age, years (range) 67 (44–77) 66 (41–83) 6 (53–83)

ECOG performance status, n (%)

  0 13 (36) 10 (56) 14 (61)

  1 19 (53) 8 (44) 9 (39)

  2 4 (11) 0 0

Histology type, n (%)

  Endometrioid 15 (42) 5 (28) 3 post IO (13)

  Serous 11 (31) + 1 unevaluable 10 (56) + 2 unevaluable 5 post IO (22)

  Clear cell features 5 (14) + 2 unevaluable 0 0

  Mixed serous/clear cell/endometrioid 2 (6) 2 (11) 1 post IO (4)

  Adenocarcinoma 3 (8) 1 (6) 3 post IO (13)

  Carcinosarcoma 0 0 10 + 1 post IO (48)

MMR status, n (%)

  MMR intact 34 (94) 18 (100) 18 (78)

  MSI- high 2 (6) 0 5 post IO (22)

Prior treatment lines, n (%)

  2 19 (53) 6 (33) 9 (39)

  ≥3 17 (47) 12 (67) 14 (61)

ECOG, Eastern Cooperative Oncology Group; IO, immuno- oncology; MMR, mismatch repair system; MSI, microsatellite instability.

one patient in Arm C experienced grade 5 tumor lysis 
syndrome. The cabozantinib dose was reduced because 
of AEs in 44% of patients in Arm A and 52% in Arm C. 
Treatment was discontinued for AEs in 14% of patients in 
Arm A (considered probably or possibly related to study 
treatment each in two patients, and unlikely related to 
study treatment in one patient), none of those in Arm B, 
and 17% in Arm C (considered definitely related to study 
treatment in one patient, probably related in one patient, 
and possibly related in three patients).

Immune biomarker analysis
Overall, 40 evaluable baseline biopsies were analyzed using 
a 36- marker CyTOF panel. Unsupervised phenograph clus-
tering of pooled CD45++ epithelial cell- adhesion mole-
cule– cells resulted in 35 unique clusters constituting the 
major immune- cell populations, which were present in 
baseline biopsies of most patients (figure 3).

In Arm A, differential abundance analysis of the 
phenograph- defined clusters showed no statistically signifi-
cant differences between non- progressors (best response 
of PR or SD for ≥3 months) and progressors (best response 
of progressive disease or SD for <3 months) (figure 4A), 
although non- progressors showed a trend toward a higher 
proportion of cluster 3 ɣδ T cells (figure 4B). In Arm C, 
compared with progressors, prior- IO non- progressors 
had a significantly higher proportion of the same cluster 
3 ɣδ T cells, cluster 30 CD45RA+CD27+ CD8 T cells, 
and cluster 32 CD45RA+CD27+ CD4 T cells (figure 4B). 
Tissue- resident (CD103+CD69+) GzmBlow CD8 T cells 

(cluster 13; 3894 cells) and CD11c+CD31+ myeloid cells 
(cluster 33; 149 cells) were significantly more abundant 
in progressors than non- progressors. Several CD45RA+ 
clusters (clusters 28, 32, 24, and 27) were significantly 
more abundant in IO- naïve than IO- pretreated patients, 
whereas activated, tissue- resident (CD103+CD69+) cluster 
3 ɣδ T cells were significantly more abundant in patients 
whose disease progressed on prior IO (figure 4C). Most 
cluster 3 ɣδ T cells were tissue- resident (CD103+, CD69high) 
and PD- 1high, T- cell immunoglobulin and ITIM domain 
(TIGIT)high, CD39high, and Helioshigh, whereas cluster 26 
ɣδ T cells had lower and more variable expression of these 
T- cell activation/checkpoint markers (figure 4D). Overall, 
cluster 3 ɣδ T cells were more abundant in baseline biop-
sies from non- progressors than progressors, whereas the 
total number of cluster 26 ɣδ T cells was similar in the two 
groups (figure 4E) suggesting that cluster 3 ɣδ T cells may 
be important for response to cabozantinib–nivolumab 
combination therapy.

Comparison of baseline biopsies from five Arm B 
patients with progression on nivolumab monotherapy 
who subsequently crossed over to Arm C and had a 
repeat baseline biopsy revealed no significant differ-
ences between pre- nivolumab and post- nivolumab 
biopsies (figure 4F). Paired biopsy data suggest that an 
increase in activated tissue- resident cluster 3 ɣδ T cells 
before cabozantinib–nivolumab combination therapy 
is potentially associated with a more favorable response 
(figure 4G).
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Figure 2 Clinical outcomes. (A) Progression- free survival in Arms A and B. (B) Best response and treatment duration by patient 
in Arms A and B. (C) Best response and treatment duration in Arm C (carcinosarcoma cohort and post- IO cohort). Carcino, 
carcinosarcoma; IO, immuno- oncology; MS, microsatellite; PFS, progression- free survival.

Comparison of γδ t cells from blood and the tumor 
microenvironment
Profiling of ɣδ T cells from serial PBMC samples from 
four crossover patients (from Arm B to Arm C) and four 
whose disease progressed on prior IO (Arm C) resulted 
in 13 unique clusters (figure 5A). Cluster 10, 12, and 13 
ɣδ T cells were primarily from baseline biopsies, whereas 
cluster 4 ɣδ T cells were from both biopsies and PBMCs 
(figure 5B). The remaining clusters comprised primarily 
peripheral ɣδ T cells, suggesting that circulating and tumor 
biopsy ɣδ T cells have different marker expression profiles 
and phenotypes. CD45ROhigh, CD103+CD69+PD- 1+, and 
CD95high ɣδ T cells were detected only in biopsies (cluster 

13), while CD39, granzyme B, TIGIT, and Helios were 
expressed in clusters of ɣδ T cells from biopsies and PBMCs 
(figure 5C,D). C- X- C chemokine receptor (CXCR)3 and 
CXCR5 were expressed primarily in peripheral ɣδ T cells, 
and cluster 11 ɣδ T cells were Ki67+.

There were no significant changes in the proportion 
of peripheral ɣδ T cells at C1D15 (T1) of nivolumab 
monotherapy, or at C1D15 of cabozantinib–nivolumab 
combination therapy (T3; figure 5E,F). The proportion 
of Ki67+ ɣδ T cells (cluster 11) increased in patient A 
during progression on Arm B (T2), then decreased at T3. 
In contrast, Ki67+ ɣδ T cells (cluster 11) increased at T3 
in six of the seven remaining patients.
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Table 2 Most common treatment- related adverse events (any grade in ≥25% of patients or grade ≥3 in ≥10% of patients in 
any arm; treatment related according to investigator assessment)

Adverse event, n (%)

Arm A (n=36) Arm B (n=18) Arm C (n=30)

Any 
grade

Grade 
1/2

Grade 
≥3

Any 
grade

Grade 
1/2

Grade 
≥3

Any 
grade

Grade 
1/2

Grade 
≥3

Any 32 (89) 10 (28) 22 (61) 12 (67) 11 (61) 1 (6) 29 (97) 10 (34) 19 (63)

Diarrhea 18 (50) 15 (42) 3 (8) 1 (6) 1 (6) 0 9 (30) 7 (23) 2 (7)

Aspartate aminotransferase increased 17 (47) 15 (42) 2 (6) 0 0 0 16 (53) 14 (47) 2 (7)

Alanine aminotransferase increased 15 (42) 12 (33) 3 (8) 0 0 0 14 (47) 12 (40) 2 (7)

Fatigue 14 (39) 13 (36) 1 (3) 6 (33) 6 (33) 0 16 (53) 14 (47) 2 (7)

Hypertension 11 (31) 5 (14) 6 (17) 0 0 0 10 (33) 7 (23) 3 (10)

Anorexia 11 (31) 11 (31) 0 1 (6) 1 (6) 0 6 (20) 6 (20) 0

Nausea 11 (31) 10 (28) 1 (3) 2 (11) 2 (11) 0 11 (37) 10 (33) 1 (3)

Weight loss 11 (31) 11 (31) 0 1 (6) 1 (6) 0 6 (20) 6 (20) 0

Mucositis oral 11 (31) 9 (25) 2 (6) 1 (6) 1 (6) 0 3 (10) 3 (10) 0

Platelet count decreased 10 (28) 9 (25) 1 (3) 0 0 0 6 (20) 6 (20) 0

Hypothyroidism 8 (22) 8 (22) 0 1 (6) 1 (6) 0 9 (30) 9 (30) 0

Palmar- plantar erythrodysesthesia 
syndrome

8 (22) 6 (17) 2 (6) 0 0 0 8 (27) 8 (27) 0

Anemia 6 (17) 4 (11) 2 (6) 1 (6) 1 (6) 0 13 (43) 11 (37) 2 (7)

Thyroid- stimulating hormone increased 5 (14) 5 (14) 0 1 (6) 1 (6) 0 8 (27) 8 (27) 0

Lymphocyte count decreased 4 (11) 3 (8) 1 (3) 1 (6) 0 1 (6) 7 (23) 1 (3) 6 (20)

γδ t-cell repertoire diversity analysis
When comparing the diversity profiles of the systemic ɣδ 
repertoire in treatment- naïve patients at T0 versus Arm B 
T1 time points (patients A, D, and E), the two curves are 
either superimposed (illustrating a lack of hierarchical 
clonotype distribution shifts in systemic ɣδ repertoire) or 
show a slight upward shift from T0 to T1 (figure 5G). A 
more pronounced upward shift is seen from T0 to Arm B 
T2 (patient B). Within the progression window (from T0 
to T2, during which all patients in Arm B had progressive 
disease), there were either no significant shifts in the area 
above the diversity profile curve (AAC) or a decrease in 
AAC through the progression zone (figure 5H). As the 
patients entered Arm C and started combination treat-
ment, the AAC shifts distinguished responders from non- 
responders. Patients whose disease continued to progress 
in Arm C showed a sustained descending AAC trend 
over time. These patients also had a more linear diversity 
profile in T3, demonstrating increased evenness in their 
clonotypic frequency distribution, whereas patients who 
started to respond in Arm C demonstrated an ascending 
AAC trend out of the progression window. Characteriza-
tion of the T- cell receptor (TCR) γ VJ gene segment is 
shown in online supplemental figure S7.

dIsCussIon
To the best of our knowledge, this is the first study demon-
strating benefit from cabozantinib–nivolumab combina-
tion therapy in patients with heavily pretreated recurrent 

EC. These results confirm the benefit of combining anti-
angiogenic agents and IO, as observed with pembroli-
zumab and lenvatinib in a less pretreated population.9

Our results were broadly consistent with those 
recently reported from the phase III KEYNOTE- 775 
trial of pembrolizumab–lenvatinib combination therapy 
(median PFS of 6.6 months, median OS of 17.4 months, 
RECIST ORR of 32%)11 given the differences in the 
patient populations. Our study enrolled more heavily 
pretreated patients (predominantly ≥3 prior regimens) 
and included patients with ECOG performance status 
2 and only two patients with MSI- H EC. ORR increased 
with the cabozantinib–nivolumab combination versus 
nivolumab alone and appeared higher than in previous 
reports of single- agent cabozantinib in a similar patient 
population (12%–14%),9 yet we cannot directly assess 
the additive value of cabozantinib in this subgroup. In 
KEYNOTE- 775, grade ≥3 treatment- related AEs occurred 
in 89% of patients receiving pembrolizumab–lenva-
tinib combination therapy compared with 64% with 
the cabozantinib–nivolumab combination in our study. 
Further investigation is required to define patient- 
reported outcomes and potential preventive measures to 
help with the management of AEs.

A limitation of our study may be the control arm choice 
of nivolumab alone rather than standard chemotherapy. 
However, the expected response to single- agent doxoru-
bicin or weekly paclitaxel is ~10%–15%,1 11 similar to that 
observed with nivolumab alone. Our trial was designed as 

Lheureux S, et al. J Immunother Cancer 2022; :e004233. doi:10.1136/jitc-2021-00423310

 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-2021-004233 on 14 M

arch 2022. D
ow

nloaded from
 

https://dx.doi.org/10.1136/jitc-2021-004233
http://jitc.bmj.com/


7

Open access

Figure 3 Overview of immune cell populations present in baseline biopsies. CD45+EpCAM– cells from all 40 patients (16 from 
Arm A (two with MSI- H tumors), 8 from Arm B, and 16 from Arm C (two with MSI- H tumors and five with carcinosarcoma) were 
pooled for unsupervised clustering using phenograph. (A) UMAP visualization shows the distribution of 35 phenograph- defined 
clusters across the major immune cell populations: CD4+ and CD8+ T cells, ɣδ T cells, regulatory T cells (Tregs), B cells, ILCs/
NK cells, and myeloid subsets, as shown by the expression of lineage markers. The 35 phenograph- defined clusters can be 
separated into 7 CD4+ T- cell clusters (including one Treg cluster), 10 CD8+ T- cell clusters, two ɣδ T- cell clusters, seven B- cell 
clusters, three ILC/NK cell clusters, and six myeloid clusters. Each cluster has a unique pattern of marker expression, including 
markers of immune activation and suppression, cellular adhesion, trafficking, and proliferation. (B) UMAPs show the mean 
signal intensity and high- dimensional localization of the markers used to define the major immune cell populations. (C) Single- 
cell heatmap shows the (hierarchical) marker expression profiles that define each of the 35 unique immune cell clusters, 
grouped by immune cell subsets. (D) The baseline immune composition as a proportion of CD45+ EpCAM– cells is shown for 
each patient across all treatment Arms. Patients are ordered by best response, MSI status, histology, and study identifier. All 
major immune populations are present in varying proportions in the baseline biopsies of most patients. CTLA- 4, cytotoxic T- 
lymphocyte antigen- 4; EpCAM, epithelial cell- adhesion molecule; HLA, human leukocyte antigen; ILC, innate lymphoid cell; IO, 
immuno- oncology; MSI, microsatellite instable; MSI- H, microsatellite instable- high; NK, natural killer; PD, progressive disease; 
PD- 1, programmed cell death 1; PD- L1, programmed cell death ligand- 1; PR, partial response; SD, stable disease; TCR, T- cell 
receptor; UMAP, uniform manifold approximation and projection.
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Figure 4 (Continued)
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Figure 4 Comparison of baseline biopsies from non- progressors (best response, PR/SD ≥3 months) and progressors 
(best response, PD/SD <3 months) within Arm A and Arm C. Non- progressors and progressors in Arms A and C included 
patients with endometrioid, clear cell, and serous histotypes (online supplemental table S2). Patients with MSI- H disease or 
carcinosarcoma were excluded. (A) UMAP visualizations show the 35 phenograph- defined immune cell clusters present in the 
baseline biopsies of non- progressors and progressors in Arm A (n=7 per group) and Arm C (n=5 per group). (B) Bar graphs 
show the differential abundance of each immune cell cluster between non- progressors and progressors within Arm A and 
Arm C. Data are presented as the log fold- change (logFC). LogFC >0 indicates more abundant in non- progressors; logFC <0 
indicates less abundant in non- progressors. In Arm A (upper panel), there was no statistically significant difference between 
non- progressors and progressors, although non- progressors showed a non- significant trend toward a higher proportion (>2 
logFC) of cluster 3 ɣδ T cells (3865 cells). In Arm C (lower panel), prior- IO non- progressors had a significantly higher proportion 
(6 logFC; adjusted p=0.009) of the same cluster 3 ɣδ T cells vs progressors. Cluster 30 CD45RA+CD27+ CD8 T cells and 
cluster 32 CD45RA+CD27+ CD4 T cells were also significantly higher in non- progressors than in progressors; however, we 
detected only 18 and 30 cells in each cluster, respectively. There were no significant differences between progressors and 
non- progressors in the proportion of cluster 26 ɣδ T cells. Tissue- resident (CD103+CD69+) GzmBlow CD8 T cells (cluster 13; 
3894 cells) and CD11c+CD31+ myeloid cells (cluster 33; 149 cells) were significantly more abundant in progressors than non- 
progressors. (C) Bar graph showing the differential abundance of each immune- cell cluster between Arm A (n=14) and Arm C 
(n=10). Data are presented as logFC. LogFC >0 indicates more abundant in Arm A; logFC <0 indicates less abundant in Arm A. 
Several CD45RA+ clusters (clusters 28, 32, 24, and 27) were significantly more abundant in IO- naïve (Arm A) than IO- pretreated 
(Arm C) patients, whereas activated, tissue- resident (CD103+CD69+) cluster 3 ɣδ T cells were significantly more abundant 
in patients whose disease progressed on prior IO (see online supplemental figure S5A for CD45RA and CD45RO expression 
in these clusters; see online supplemental figure S5B for selected marker expression in tissue- resident CD8 T- cell clusters). 
(D) Histograms show the signal intensity of selected markers on cells from cluster 3 (red) and cluster 26 (blue). Most cluster 
3 ɣδ T cells were tissue resident (CD103+, CD69high) and PD- 1high, TIGIThigh, CD39high, and Helioshigh, whereas cluster 26 ɣδ 
T cells had lower and more variable expression of these T- cell activation/checkpoint markers. (E) Scatter dot plots showing the 
expression of CD3 and TCR-ɣδ by cluster 3 (red) and cluster 26 (blue) cells in non- progressors (n=12) and progressors (n=20) 
from Arms A, B, and C. The number of events in each cluster is indicated. Overall, cluster 3 ɣδ T cells were more abundant 
in baseline biopsies from non- progressors than progressors (4058 vs 150 events), whereas the total number of cluster 26 ɣδ 
T cells was similar in the two groups (3636 vs 4227 events), suggesting that cluster 3 ɣδ T cells may be important for response 
to cabozantinib–nivolumab combination therapy. (F) UMAPs show the 35 phenograph- defined immune cell clusters present 
in the baseline biopsies of Arm B crossover patients before treatment with nivolumab (pre- nivo), and at the time of crossover 
(post- nivo) to Arm C before the start of combination treatment with cabozantinib–nivolumab (n=5). Differential abundance 
analysis of the phenograph- defined clusters revealed no significant differences between pre- nivolumab and post- nivolumab 
biopsies (online supplemental figure S6A). (G) Graphs depicting the proportion of cells from clusters 18, 3, and 26 pre- nivo 
and post- nivo among CD45+EpCAM– cells. These paired biopsy data further suggest that an increase in activated tissue- 
resident cluster 3 ɣδ T cells before cabozantinib–nivolumab combination therapy is potentially associated with a more favorable 
response. Patient A whose disease progressed on Arm B but responded on Arm C (highlighted in blue) exhibited a 3.8- fold 
increase in the percentage of activated, tissue- resident (CD103+CD69+) GzmBhigh CD8+ T cells (cluster 18), and >5- fold 
increases in the percentage of ɣδ T cells (clusters 3 and 26) following nivolumab monotherapy (see online supplemental figure 
S6B for all clusters). Compared with the crossover patients whose disease progressed in Arm C, the proportion of clusters 
3 and 18 were more than 2- fold higher in patient A post- nivolumab before initiation of combination therapy. Patient B whose 
disease progressed on Arm B but was stable for ≥3 months on Arm C (highlighted in yellow) had a 25- fold increase in cluster 3 
ɣδ T cells following nivolumab monotherapy. *Adjusted p<0.05 by Benjamini- Hochberg method. EpCAM, epithelial cell- adhesion 
molecule; ILC, innate lymphoid cell; IO, immuno- oncology; nivo, nivolumab; MSS, microsatellite stable; NK, natural killer; PD, 
progressive disease; PD- 1, programmed cell death 1; PR, partial response; SD, stable disease; TCR, T- cell receptor; Treg, 
regulatory T cell; UMAP, uniform manifold approximation and projection.

a translational study exploring the potential to improve 
response to immunotherapy, particularly in a heavily 
pretreated population with no standard- of- care options 
available. In the recent non- randomized phase I GARNET 
study, the ORR was 13% with single- agent dostarlimab in 
the MSS cohort.12 To date, no information on molecular 
profiling is available from the GARNET study. Another 
potential criticism is the observed imbalance in prior 
therapy: patients randomized to Arm B (nivolumab 
alone) were more heavily pretreated than those random-
ized to Arm A (combination therapy). This may lead to 
bias when assessing the contribution of cabozantinib to 
clinical outcomes. In addition, there is a risk that patients 
may have crossed over to combination therapy on the 
basis of pseudoprogression rather than true progression 

on single- agent nivolumab. This could complicate analysis 
of patients who crossed over and subsequently responded 
to combination therapy. Pseudoprogression has been 
described in the literature in nivolumab- treated patients 
with ovarian cancer.13 14 However, evidence is limited 
and some reports suggest that pseudoprogression with 
nivolumab may be less common than initially suspected, 
at least in some tumor types.15 16 Long- term OS results 
from the present study may provide further insight.

A strength of our study is the inclusion of specific under-
studied populations of patients with progression after IO 
or with aggressive poor- prognosis carcinosarcoma, who 
have typically been excluded from clinical trials. Cabozan-
tinib–nivolumab combination therapy showed an encour-
aging preliminary signal of activity in carcinosarcoma 
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Figure 5 (Continued)
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Figure 5 Comparison of ɣδ T cells from baseline biopsies and serial PBMC samples. (A) UMAP shows the 13 phenograph- 
defined ɣδ T- cell clusters present in the baseline biopsies (n=32, Arms A, B, and C) and serial PBMCs (n=28 samples, Arms B 
and C). (B) UMAP shows the contribution of cells from baseline biopsies (blue) and PBMCs (multiple colors) to each of the 13 
phenograph- defined ɣδ T- cell clusters. (C) Single- cell heatmap shows the (hierarchical) marker expression profiles that define 
each of the 13 ɣδ T- cell clusters, grouped by whether the majority of cells in each cluster are from PBMCs, a mix of PBMCs and 
biopsies, or biopsies. (D) Signal intensity of select markers on ɣδ T cells from each cluster. (E) Schematic shows the time points 
that serial PBMCs were collected from Arm B and Arm C patients (n=8 patients) for CyTOF analysis. PBMCs were isolated at 
baseline, C1D15, and at progression. (F) Graphs show the proportions of total ɣδ T cells (left) and cluster 11 ɣδ T cells (right) at 
each time point. Patients with a best response while on Arm C of PR (blue) and SD ≥3 months (yellow) are highlighted. (G) The 
top panel shows the diversity profiles (n=14) reconstructed for each patient (n=5 patients) at different time points (Baseline T0, 
Arm B T1, Arm B T2, Arm C T3, time of progression T4). The first three points on each profile demonstrate diversity indices: 
richness, Shannon diversity, and Gini- Simpson diversity, respectively. The rest of the indices depict the effective number 
of species when higher weights are given to the most abundant clonotypes. While more linear profiles illustrate more even 
distribution of clonotypes, high drops in the profile demonstrate skewness of the frequency distribution of clonotypes in the 
repertoire. Bottom panels add more resolution to the diversity profiles by showing the frequency distribution of each repertoire. 
Each point demonstrates a unique clonotype with its frequency shown on the y- axis. Repertoires with dots spanning over a 
wider spectrum of frequencies tend to have larger drops in their diversity profiles. (H) Area above the curve (AAC) of diversity 
profiles. In the progression window there is either no shift or a decrease in AAC in time points associated with Arm B compared 
with baseline T0. Comparing AACs of each point inside the progression window with a point in Arm C for each patient shows 
an increased value of AAC for responders versus a decreased value of AAC for progressors. Patients with microsatellite 
instability- high disease and those with carcinosarcoma were excluded. C1D15, cycle 1 day 15; Cabo, cabozantinib; CDR3, 
complementarity- determining region 3; CTLA- 4, cytotoxic T- lymphocyte antigen- 4; CXCR, C- X- C chemokine receptor; CyTOF, 
cytometry by time of flight; HLA- DR, human leukocyte antigen – DR isotype; IO, immuno- oncology; MSS, microsatellite stable; 
nivo, nivolumab; PBMC, peripheral blood mononuclear cell; PD, progressive disease; PD- 1, programmed cell death 1; PD- 
L1, programmed cell death ligand- 1; PR, partial response; SD, stable disease; UMAP, uniform manifold approximation and 
projection.

histology, for which current treatment options are very 
limited, and our data also suggest that resistance to IO may 
be overcome by combining cabozantinib with nivolumab. 
To our knowledge, this is the first pilot study to assess treat-
ment in the post- IO setting, to investigate mechanisms of 
therapeutic resistance, and to offer a potential treatment 
option following progression on IO.

CyTOF analysis of fresh baseline biopsies provides the 
first high- dimensional insight into the immune micro-
environment of recurrent EC. Unsupervised phenograph 
clustering resulted in 35 unique immune- cell subsets 
including subsets of CD8+ T cells (clusters 2, 13, and 18), 
which differ in their expression of CD103, CD69, and 
PD- 1, as well as Ki67 and human leukocyte antigen—DR 
isotype (both higher in cluster 2; see online supplemental 
figure S5B), CD39 (higher in clusters 2 and 13), granzyme 
B (higher in cluster 18), and ɣδ T cells (cluster 3), which 
together may be targets of PD- 1 blockade. The frequency 
of tissue- resident ɣδ T cells has shown an association with 
favorable outcomes in a pan- cancer meta- analysis of gene 
expression signatures across 39 malignancies.17 We also 
identified a higher proportion of highly activated, tissue- 
resident ɣδ T cells (cluster 3) in patients whose disease 
progressed on IO but benefited from IO rechallenge 
(nivolumab) combined with cabozantinib. We observed 
no significant differences in cluster 26 ɣδ T cells, which 
have lower CD103 and CD69 expression, suggesting that 
the abundance of cluster 3 ɣδ T cells at baseline may be 
uniquely associated with clinical benefit from cabozan-
tinib–nivolumab combination therapy in IO- pretreated 

patients. ɣδ T cells play important roles in both protumor 
and antitumor immunity. In a chemically induced tumor 
model, ɣδ T cells were shown to be protective by killing 
tumor cells in a natural killer group 2 type D- depen-
dent manner18 and by producing interferon-ɣ early in 
the tumor microenvironment.19 Conversely, the pro- 
tumor functions of ɣδ T cells centralize on interleukin 
(IL)- 17 production, which can help recruit neutrophils 
and polymorphonuclear myeloid- derived suppressor 
cells to limit αβ T- cell function.20–22 Additionally, IL- 17 
made by ɣδ T cells can promote angiogenesis via the 
secretion of VEGF and angiopoietin- 2 by tumor cells 
and macrophages.23 24 Whether cabozantinib plays a role 
in dampening ɣδ T cell- mediated angiogenesis should 
be explored further. Additional studies are required 
to expand this immune profiling to larger cohorts of 
patients with advanced EC to evaluate further the prog-
nostic potential of activated, tissue- resident ɣδ T cells in 
IO settings. Although marker expression profiles differ 
between peripheral and tissue- resident ɣδ T cells, further 
TCR analysis in circulating ɣδ T cells may reveal potential 
associations between TCR diversity and response to IO.

In conclusion, our study confirmed the benefit of 
combining IO and antiangiogenic agents for the treat-
ment of recurrent EC, demonstrating antitumor activity 
and tolerability even in heavily pretreated patients and 
patients with carcinosarcoma. Furthermore, our study 
showed the potential benefit of this combination in a 
subset of patients previously exposed to IO, which merits 
further investigation.
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TRANSLATIONAL RESEARCH METHODS 

Core biopsies and peripheral blood mononuclear cells 

Before the start of treatment, one to two fresh needle-core biopsies were obtained 

and shipped overnight in Roswell Park Memorial Institute (RPMI)-1640 medium 

(catalog #11875093; ThermoFisher, Waltham, USA). Biopsies were minced into 

fragments and enzymatically digested for 30 minutes at 37°C into single-cell 

suspensions using the gentleMACS Octo dissociator and human tumor dissociation 

kit (catalog #130-095-929; Miltenyi Biotec, Bergisch Gladbach, Germany) following 

the manufacturer’s protocols. Whole blood was collected from patients at baseline, 

cycle 1 day 15, and at progression. Samples were shipped overnight at ambient 

temperature and peripheral blood mononuclear cells (PBMCs) were isolated by Ficoll 

gradient centrifugation. Briefly, whole blood was centrifuged at 1500 rpm for 

10 minutes at room temperature (no brake; TX-750 rotor, Sorvall ST40R centrifuge, 

ThermoFisher). The cellular component was resuspended in phosphate-buffered 

saline (PBS; catalog #10-010-031; ThermoFisher), overlayed onto a Ficoll gradient 

(catalog #17-5442-03; GE Healthcare, Chicago, USA) and centrifuged at 1000 rpm 

for 25 minutes at room temperature; increasing to 1800 rpm after 5 minutes 

(settings; acceleration = 9, deceleration = 3). PBMCs were collected, and any excess 

red blood cells were removed using ammonium-chloride-potassium lysis buffer 

(catalog #118-156-721; Quality Biological, Gaithersburg, USA). Single-cell 

suspensions and PBMCs were viably frozen in RPMI-1640 medium with 10% 

dimethyl sulfoxide (catalog #BP231-100; ThermoFisher) containing 12.5% human 

serum albumin (catalog #800-125P; Gemini Bio, West Sacramento, USA), and 

cryopreserved in liquid nitrogen before analysis. 
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CyTOF staining and analysis 

Viably frozen single-cell suspensions from biopsy samples and PBMCs were thawed 

and stained with a 36-marker panel (online supplemental table S1). Viably frozen 

single-cell suspensions from biopsy tissues were stained in 10 batches following the 

method described by Gadalla et al.1 PBMCs were stained in four batches. PBMCs 

isolated from a healthy donor (IRB #11-0343) were stained in parallel with each 

batch of patient samples and used as a control for batch correction. Similarly, 

PBMCs isolated from a fresh leukopack (catalog #70500; STEMCELL Technologies, 

Vancouver, Canada) were used as a control for the clinical PBMC samples. PBMC 

samples were barcoded using Cell-ID 20-Plex Pd Barcoding kit (catalog #201060; 

Fluidigm, South San Francisco, USA) in groups of six to seven samples per batch. 

Cells were filtered and cytometry by time of flight (CyTOF) data were acquired at the 

SickKids-UHN Flow and Mass Cytometry Facility on a third-generation Helios mass 

cytometer (Fluidigm). 

Standard CyTOF data-cleaning steps were performed manually using CytoBank 

(catalog #C47384; Beckman Coulter, Brea, USA) to exclude cell aggregates, debris, 

and dead cells, as previously described.2 CD45+epithelial cell-adhesion 

molecule(EpCAM)- cells were gated out for further analysis. The total number of 

CD45+EpCAM- cells acquired ranged from 152 to 74,644 cells/sample, with an 

average of 12,919 cells/sample. PBMC samples were de-barcoded manually using 

FlowJo Software (version 10.6 for Mac; BD Biosciences, Franklin Lakes, USA). 

CD45+ cells were gated out for further analysis. Average number of CD45+ cells 

was 36,000 cells/sample.  
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Using the CytofBatchAdjust R package,3 technical and instrumental variation 

between batches was normalized to the 90th percentile using PBMCs from a healthy 

donor as an anchor sample within each batch (online supplemental figure S2).4 

Subsequently, unsupervised computational clustering was performed on the 

normalized-arcsin transformed data using the phenograph algorithm and 

Rphenograph R package (V0.99.1).5 C-X-C chemokine receptor 3 (CXCR3), 

cytotoxic T-lymphocyte antigen-4 (CTLA-4), Helios, programmed cell death ligand-1 

(PD-L1), CD133, CD31, and CD95 were excluded from clustering because they did 

not vary in the dataset and had no effect in driving the clustering. Excluding markers 

with low variation makes clustering less computationally exhaustive. The distinct 

phenotype of each cluster was visualized in a heatmap generated using the ggplot2 

R package. Uniform manifold approximation and projection (UMAP), using the umap 

R package (V0.2.4.1) was performed to compress and visualize the high-

dimensional data and cell clusters in two dimensions.6 To accommodate the large 

number of cells collected from PBMC samples relative to biopsies, and to meet the 

computational demands to analyze such a large single-cell dataset, we employed a 

faster phenograph algorithm (Fast-PG R package) for cell clustering,7 and used R 

implementation of the “umap-learn” algorithm from the umap R package for 

dimensionality reduction.6 

The differential abundance of immune cell clusters between patient groups was 

determined using the diffcyt-DA-edgeR method from the diffcyt R package (V1.2.23). 

The edgeR method normalizes the number of cells per cluster to the total number of 

cells per sample to enable cluster abundance comparisons between groups.8 The 

results of the differential abundance tests were expressed as log fold-change 
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between groups. P values were adjusted using Benjamini–Hochberg method to 

control for false discovery rate. 

Cell sorting 

Cryopreserved PBMCs were thawed and washed with RPMI-1640 medium 

containing 10% fetal bovine serum (FBS) and 100 μg/mL DNase I (catalog #DN25-

100MG; Sigma-Aldrich, St. Louis, USA). Cells were incubated in PBS with Fc Block 

(catalog #564220; BD Biosciences) and eFluor 506 fixable viability dye (catalog #65-

0866-18; ThermoFisher) for 30 minutes at 4°C. Cells were then stained in 

fluorescence-activated cell-sorting (FACS) buffer (2% FBS in PBS) with anti-CD4-

fluorescein isothiocyanate (1:20; clone RPA-T4; BD Biosciences), anti-CD8a-APC 

(1:100; clone RPA-T8; ThermoFisher), anti-CD3-PE-Cy7 (1:100; clone UCHT1; 

ThermoFisher), and anti-T-cell receptor(TCR)γδ-PE (1:50; clone B1.1; 

ThermoFisher) for 30 minutes at 4°C. Finally, stained cells were washed twice with 

FACS buffer, filtered, and sorted with a FACSAria Fusion Flow Cytometer (BD 

Biosciences).  

TCR hybrid capture sequencing and repertoire diversity analysis 

We applied the CapTCR-seq hybrid capture protocol9 to genomic DNA libraries of 

flow-sorted ɣδ T cells collected from serial PBMCs from timepoints T0, T1, T2, T3, 

and T4 (n=26). However, we had to exclude 12 samples due to their low yield. TCR γ 

gene (TRG) complementarity-determining region 3s (CDR3s) were recovered from 

FASTQ files using MiXCR software (V3.0.12)10 with default parameters for RNA 

sequencing data processing (-p rna-seq -s hsa). As the robustness of diversity 

indices is influenced by sample saturation and could be biased in unsaturated 

samples, we then calculated the completeness of the repertoire to ensure 

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-2021-004233:e004233. 10 2022;J Immunother Cancer, et al. Lheureux S



comparison of samples of equivalent saturation to prevent inaccurate comparisons 

between diversity signatures of different samples. To define a mathematical 

completeness index, the changes in total number of CDR3s as a function of total 

sequencing reads were modeled (using mgcv R package) and the first derivatives of 

the curves were calculated (using gratia R package). Once the confidence intervals 

of the first derivative curves crossed zero and remained on a plateau, samples were 

assumed to have full mathematical coverage. All 14 samples represented in the 

study were mathematically saturated. 

The diversity of the TRG repertoire was analyzed using Hill numbers suggested by 

the framework iNterpolation/EXTrapolation (iNEXT) (using iNEXT R package).11 The 

area above the diversity profile curve (AAC) for each diversity profile was then 

calculated using the MESS R package. However, calculating the significance of the 

AAC shifts was not possible due to the small size of the analyzed samples. VJ gene 

segment pairing was analyzed following the pipeline suggested by Dash et al.12 

Analysis of immune biomarkers 

Viably frozen single-cell suspensions from fresh baseline biopsies were stained with 

a 36-marker CyTOF panel. CD45+EpCAM- cells from all patients across each 

treatment arm were pooled for unsupervised clustering using phenograph. To 

identify immune cell populations that might be associated with clinical benefit from 

cabozantinib and nivolumab combination therapy, we compared the baseline 

immune profile of non-progressors (best response of partial response or stable 

disease lasting for ≥3 months) and progressors (best response of progressive 

disease or stable disease lasting for <3 months) in Arms A and C. Non-progressors 

and progressors in Arm A and C included patients with endometrioid, clear cell, and 
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serous histotypes (online supplemental table S2). Patients with microsatellite 

instability-high disease were excluded from this analysis to allow focus on groups of 

microsatellite stable cases from each arm. Patients with carcinosarcoma, which has 

a different biology, were also excluded from the Arm C analysis. 

Comparison of ɣδ T cells from blood and the tumor microenvironment 

We used CyTOF to profile the ɣδ T cells from serial PBMC samples from patients 

who crossed over from Arm B to Arm C and patients whose disease had progressed 

on prior IO (Arm C) to assess potential effects of nivolumab monotherapy and 

cabozantinib plus nivolumab combination therapy on circulating ɣδ T cells. We 

pooled the ɣδ T cells (live, CD45+CD3+TCR-ɣδ+) from both PBMC and biopsy 

samples and subjected the cells to unsupervised clustering using phenograph. 

Circulating ɣδ T cells were also assessed at serial time points (T0–T4). 

ɣδ T-cell repertoire diversity analysis  

To capture the changes in the repertoire diversity of systemic ɣδ T cells following 

enrollment in Arm B and Arm C, we performed bulk TCR sequencing9 on flow-sorted 

ɣδ T cells from PBMCs. PBMCs were serially collected from four crossover patients 

(from Arm B to Arm C) and one patient who progressed on prior IO (Arm C). To 

quantitatively explain TCR diversity and clonality we constructed diversity profiles for 

each sample,13 which is a continuum of Hill numbers with varying orders of q (online 

supplemental figure S3). 
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Online Supplemental Table S1. CyTOF immune profiling panel 

Channel Marker Clone Custom  

conjugation  

(Y/N)a 

Vendor Catalog number 

89 Y CD45 HI30 N Fluidigm 3089003B 

141 Pr CD45RA HI100 Y BioLegend 304239 

142 Nd HLA-DR L243 Y BioLegend 307651 

143 Nd ICOS DX29 Y BD Biosciences 557801 

145 Nd CXCR3 G025H7 Y BioLegend 353733 

146 Nd CD8a RPA-T8 Y BioLegend 301053 

147 Sm CD4 RPA-T4 Y BioLegend 300541 

148 Nd EpCAMb 9C4 Y BioLegend 324229 

149 Sm FOXP3 236A/E7 Y ThermoFisher 14-4777-82 

150 Nd CD103 B-Ly7 Y ThermoFisher 14-1038-82 

151 Eu CD39 A1 Y BioLegend 328221 

152 Sm CD11c Bu15 Y BioLegend 337221 

153 Eu CD3 UCHT1 Y BioLegend 300443 

154 Sm CD69 FN50 Y BioLegend 310939 

155 Gd CD45RO UCHL1 Y BioLegend 304239 

156 Gd CD14 M5E2 Y BioLegend 301843 

158 Gd CD27 O323 Y BioLegend 302839 

159 Tb CD19 HIB19 Y BioLegend 302247 

160 Gd CD25 M-A251 Y BioLegend 101913 

161 Dy Ki67 Ki-67 Y BioLegend 350523 

162 Dy CD28 CD28.2 Y BioLegend 302937 

163 Dy 4-1BB 4B4-1 Y BioLegend Custom (carrier-free) 

164 Dy Granzyme B GB11 Y BioLegend Custom (carrier-free) 

165 Ho PD-1 EH12.2H7 Y BioLegend 329941 

166 Er CD31b WM59 Y BD Biosciences 550389 

166 Er TIM3c F38-2E2 Y BioLegend 345019 

167 Er CD95 DX2 Y BioLegend 305631 

168 Er CXCR5 MU5UBEE Y ThermoFisher 14-9185-82 

169 Tm TCR-ɣδ 5A6.E9 Y N/A (hybridoma)d N/A 

170 Er CTLA-4 14D3 Y ThermoFisher 14-1529-82 
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Online Supplemental Table S1. CyTOF immune profiling panel 

Channel Marker Clone Custom  

conjugation  

(Y/N)a 

Vendor Catalog number 

171 Yb Helios 22F6 Y BioLegend Custom (carrier-free) 

172 Yb CD127 RDR5 Y ThermoFisher 14-1278-82 

173 Yb NKp46 9E2 Y BD Biosciences 557911 

174 Yb TIGIT MBSA43 Y ThermoFisher 16-9500-82 

175 Lu PD-L1 29E.2A3 Y BioLegend 329719 

176 Yb CD133b Clone 7 Y BioLegend 372802 

176 Yb LAG3c 7H2C65 Y BioLegend Custom (carrier-free) 

191 Ir DNA/Cell ID N/A N Fluidigm 201192B 

193 Ir DNA/Cell ID N/A N Fluidigm 201192B 

195 Pt Cisplatin N/A N BioVision 1550 

209 BI CD16 3G8 N Fluidigm 3209002B 

Vendors: BD Biosciences, NJ, USA; BioVision, CA, USA; BioLegend, CA, USA; Fluidigm, CA, USA; 

ThermoFisher Scientific, MA, USA. 

CTLA-4, cytotoxic T-lymphocyte antigen-4; CXCR, C-X-C chemokine receptor; CyTOF, cytometry by 

time of flight; EpCAM, epithelial cell-adhesion molecule; HLA-DR, human leukocyte antigen – DR 

isotype; LAG3, lymphocyte activation gene-3; N/A, not applicable; PD-1, programmed cell death-1; 

PD-L1, programmed cell death ligand-1; TCR, T-cell receptor; TIGIT, T-cell immunoglobulin and ITIM 

domain. 

aCustom conjugations were carried out by the SickKids-UHN Flow and Mass Cytometry Facility using 

the Multimetal Maxpar kit (Fluidigm) following the manufacturer’s instructions. 

b148Nd-EpCAM, 166Er-CD31, and 176Yb-CD133 were only used to stain single-cell suspensions 

from biopsies. 

c166Er-TIM3 and 176Yb-LAG3 were only used to stain peripheral blood mononuclear cells. 

dTCR-ɣδ antibody was provided by Dr Cynthia Guidos (Hospital for Sick Children Research Institute 

and University of Toronto). 
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Online Supplemental Table S2. Tumor histology of patients included for cytometry by time of flight 

analysis 

Arm Response group Histology 

Endometrioid Serous Clear cell 

A Non-progressors (n = 7) 3 3 1 

Progressors (n = 7) 5 1 1 

C Non-progressors (n = 5) 2 3 0 

Progressors (n = 5) 3 2 0 
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Online Supplemental Figure S2. Variability in mean signal intensity per channel for 

CyTOF batch normalization to the 90th percentile. Mean signal intensity of each 

marker for all single-cell events from each healthy donor PBMC (anchor) replicate 

pre- and post-permutation for biopsy (A) and PBMC (C) panels. Variance of mean 

signal intensities for these same markers pre- and post-permutation for biopsy (B) 

and PBMC (D) panels. CTLA-4, cytotoxic T-lymphocyte antigen-4; CXCR, C-X-C 

chemokine receptor; CyTOF, cytometry by time of flight; HLA-DR, human leukocyte 

antigen – DR isotype; LAG3, lymphocyte activation gene-3; PBMC, peripheral blood 

mononuclear cell; PD-1, programmed cell death-1; PD-L1, programmed cell death 

ligand-1; TIGIT, T-cell immunoglobulin and ITIM domain.  

 

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-2021-004233:e004233. 10 2022;J Immunother Cancer, et al. Lheureux S



Online Supplemental Figure S3. Interpretation of T-cell receptor diversity graphs. A 

diversity profile is a continuum of Hill numbers with varying orders of q. The 

parameter q can be used to emphasize or de-emphasize the weight of abundant or 

rare clonotypes, ie, it dictates the sensitivity of the index to common and rare 

species. q=0 is completely insensitive to clonal frequency; 0<q<1 applies more 

weight on the rare clonotypes; and q>1 puts more weight on the high-frequency 

clonotypes. Thus, when q is low, the Hill numbers are mostly determined by the 

presence or absence of clonotypes, whereas when q is high, only the most frequent 

clonotypes matter. For q→1 (Shannon diversity), all clonotypes are weighted by their 

frequencies and neither of the rare or dominant clones are favored. As q increases, 

all the clonotypes, except for dominant ones, are discounted and the resulting value 

can be interpreted as the effective number of dominant clonotypes in the sample. For 

samples with heterogeneous clone frequency, the big drops in the diversity profiles 

as q increases indicate a high degree of dominance of a few clonotypes in the 

sample (Repertoire III). If the samples had been completely without dominance (a 

theoretically even sample with S equally common clonotypes with all species equally 

likely), all values of q would return the same value of Hill number and thus the 

repertoire would have a more linear diversity profile (repertoire I). 
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Online Supplemental Figure S4. Waterfall plots showing best response according 

to RECIST by histology. (A) Arm A. (B) Arm B. (C) Arm C. Dashed horizontal lines at 

+20% and –30% represent thresholds for progressive disease and partial response, 

respectively, according to Response Evaluation Criteria In Solid Tumors (V1.1). 

A  
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Online Supplemental Figure S5. Marker expression in select cell clusters (from 

biopsies). Viably frozen single-cell suspensions from fresh baseline biopsies were 

stained with a 36-marker cytometry by time of flight panel. CD45+EpCAM- cells from 

all patients (n=40) were pooled for unsupervised clustering using phenograph. (A) 

Histograms show the signal intensity of CD45RA and CD45RO expression on 

clusters that are significantly more abundant in Arm A baseline biopsies (red) or 

more abundant in Arm C baseline biopsies (blue) as shown in figure 4C. (B) 

Histograms show the signal intensity of select markers in clusters 2 (red), 13 (blue), 

and 18 (green) CD8+ T cells from baseline biopsies. EpCAM, epithelial cell-adhesion 

molecule; HLA-DR, human leukocyte antigen – DR isotype; PD-1, programmed cell 

death-1.  
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Online Supplemental Figure S6. Changes in immune cell populations pre- and 

post-nivolumab monotherapy. (A) Bar graph shows the differential abundance of 

each immune cell cluster between Arm B before nivolumab (pre-nivo) and paired 

Arm C after nivolumab (post-nivo) baseline biopsies for Arm B to C crossover 

patients (n=5). Data are presented as the log fold-change (logFC). LogFC >0 

indicates abundant pre-nivo; logFC <0 indicates less abundant pre-nivo. (B) Graphs 

show the proportion of cells from each phenograph-defined cluster pre- and post-

nivo among CD45+EpCAM- cells. Patient A who progressed on Arm B but 

responded on Arm C is highlighted in blue. Patient B who progressed on Arm B but 

had SD ≥3 months on Arm C is highlighted in yellow. Patients with microsatellite 

instability-high disease and those with carcinosarcoma were excluded. EpCAM, 

epithelial cell-adhesion molecule; PD, progressive disease; PR, partial response; 

SD, stable disease.  
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Online Supplemental Figure S7. TRGV-TRGJ gene segment usage. TRGV-TRGJ 

pairing landscapes of peripheral ɣδ T cells collected from three patients at time 

points T1 (left panel) and T3 (right panel). In each plot the left strata illustrate the V 

gene segments and the right strata illustrate the J gene segments. TRGV and TRGJ 

gene segments are connected via alluvia whose thickness is proportional to the 

number of clonotypes with the respective V–J pairing in each repertoire. Each V and 

J gene stratum has a fixed color throughout all panels. Characterization of the TRG 

VJ gene segment usage shifts from T1 to T3 for Patient A (best response: partial 

response), Patient D (best response: progressive disease), and Patient E (best 

response: progressive disease) showed that V gene segments associated with a 

larger number of J gene segments in T3 compared with T1 in the patient who 

partially responded in Arm C, whereas for two patients who continued to progress in 

Arm C, V gene segments associated with either the same number or fewer J gene 

segments in T3 compared with T1. BR, best response; PD, progressive disease; PR, 

partial response; TCR, T-cell receptor; TRG, TCR γ gene. 
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