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ABSTRACT
Objective  Immune checkpoint inhibitors (ICI) that block 
the programmed cell death 1 (PD-1) pathway have shown 
promise with limited benefit. We and others have shown 
in small patient cohorts that an early proliferative CD8 
T-cell response in the blood may be predictive of clinical 
response. However, these studies lack detailed analyses 
and comparisons between monotherapy and combination 
therapies.
Methods and analysis  We analysed longitudinal blood 
samples from 103 patients with cancer who received 
αPD-1 monotherapy or combined with anti-cytotoxic 
T lymphocyte-associated protein 4 (αCTLA-4) or 
chemotherapy. Transcriptional analysis of CD8 T cells 
after the first treatment cycle with effector cells generated 
following yellow fever virus (YFV-17D) vaccine-induced 
infection was also compared.
Results  An early proliferative (Ki-67+) CD8 T-cell response 
was observed after cycle 1 in 60 patients (58.3%). Patients 
with early-and-sustained proliferative responses (cycle 
1 and beyond) had better clinical responses and survival 
than patients with an early-but-limited response (p=0.02). 
The proliferating cells had an effector-like phenotype. The 
transcriptional profiles of the effector-like CD8 T cells were 
similar irrespective of treatment type or clinical response 
but distinct from that of YFV-specific effector CD8 T cells.
Conclusions  Our data suggest that early proliferative 
CD8 T-cell response in the blood is predictive, and that an 
early-and-sustained proliferative response may further 
identify patients with prolonged survival. The ICI-induced 
effector-like CD8 T cells are transcriptionally distinct 
from highly functional YFV-specific cells, suggesting 
opportunities for improved T-cell effector function with 
combination therapies for better clinical outcome.

INTRODUCTION
The expansion and reinvigoration of T cells 
by immune checkpoint inhibitors (ICI) 

such as antibodies against programmed cell 
death 1 (PD-1) and CTLA-4 has significantly 
impacted the clinical management of patients 
with cancer.1–7 Immunological responses are 

WHAT IS ALREADY KNOWN ON THIS TOPIC
	⇒ We and others have previously shown in small co-
horts of patients that anti-programmed cell death 1 
(αPD-1) induced CD8 T cell proliferation in the blood 
is detected early within 2–3 weeks after the first 
infusion and early response correlates with clinical 
response.

WHAT THIS STUDY ADDS
	⇒ Our study is an extension of our previous study 
with a larger cohort where we confirm our previ-
ous findings. Here we further show that among 
early responders, patients who have a sustained 
proliferative CD8 response (beyond one cycle) have 
better clinical outcomes and survival compared with 
patients with limited CD8 response. We also show 
that immune checkpoint inhibitors (ICI)-induced 
effector-like CD8 T cells are not transcriptionally 
different between treatment modalities or clinical 
responses. Importantly, the effector-like cells gen-
erated after αPD-1 therapy are transcriptionally 
and phenotypically different from highly functional 
effectors and memory cells generated after yellow 
fever vaccination.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

	⇒ Our research shows that the transcriptional pro-
file of CD8 effectors generated after ICI treatment 
leaves room for improvement and new combination 
therapies may be helpful in improving the quality of 
these CD8 effector cells.
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evident in up to two-thirds of patients with cancer who 
receive ICI.8 9 However, the clinical response rates for 
patients treated with ICI alone or in combination with 
other therapies range between 20% and 50%.9–12 Thus, 
there is a need to identify early predictive biomarkers to 
better assess clinical efficacy during treatment.

We have previously demonstrated that a burst of prolif-
erative effector CD8 T cells is evident in the peripheral 
blood during the early treatment phase of PD-1 blockade 
and that this immunological response in the blood is a 
potential predictive biomarker for effective immuno-
therapy.8 The proliferative CD8 T-cell response is not 
indiscriminate, as a minimal response is observed in 
Epstein-Barr virus-specific PD-1+ cells. Other studies have 
reported similar findings showing the proliferation of 
PD-1+ CD8 T cells in the blood as early as 1 week after 
the initial infusion of PD-1-targeted monotherapy in 
small cohorts of patients with melanoma and and thymic 
tumours with evidence of the same T cell receptor (TCR) 
clonotypes present in the blood and tumour.9 13

However, the temporal patterns and predictive value of 
the proliferative CD8 T cells for patients who receive PD-1-
targeted therapy in combination with other therapies such 
as chemotherapy and anti-CTLA-4 have not been deter-
mined. Additionally, the transcriptional profile of prolif-
erating CD8 T cells induced by PD-1-targeted therapy in 
patients with cancer has not been directly compared with 
highly functional effector cells that are induced after acute 
viral infection in humans. In this study, we prospectively 
assessed the proliferating CD8 T cells in a larger cohort of 
103 patients with 17 different cancer types. We compared 
the proliferative response and clinical outcomes in 
patients who received PD-1-targeted therapy alone or in 
combination with chemotherapy (αPD-1/chemo) or anti-
CTLA-4 (αPD-1/αCTLA-4). Furthermore, we evaluated 
the transcriptional profile of the proliferating PD-1+ CD8 
T cells from patients who received ICI and compared it to 
highly functional effector cells induced after vaccination 
with the live attenuated yellow fever virus vaccine (YFV-
17D) that causes an acute infection.

MATERIALS AND METHODS
Study design and participants
Patients with cancer who received care at the Winship 
Cancer Institute at Emory University were consented after 
approval by an institutional review board. Study partici-
pants received PD-1-targeted therapy (pembrolizumab, 
nivolumab, atezolizumab or durvalumab) alone (68 
patients) or in combination with chemotherapy (carbo-
platin and pemetrexed, 9 patients) or αCTLA-4 therapy 
(ipilimumab or tremelimumab, 26 patients) every 2–4 
weeks as part of standard care or as part of a clinical trial. 
Study participants (n=103) were enrolled in the study 
from April 2017 to September 2018. Baseline peripheral 
blood was drawn prior to the first treatment infusion on 
the same day. Post cycle treatment blood samples were 
collected between 2 and 6 weeks, immediately prior to 

each subsequent treatment infusion. Clinical response 
to treatment was evaluated using the Response Evalua-
tion Criteria in Solid Tumours (RECIST) V.1.1 criteria 
on radiological restaging performed between 6 and 12 
weeks after treatment initiation and review of oncology 
notes. Patients who had complete or partial response 
were grouped together as objective response. The clinical 
response data were obtained from the clinical notes in 
the electronic medical records of the patients and were 
reflective of the independent assessments of the treating 
oncologists and radiologists. The oncologists and radiolo-
gists did not have access to the proliferative data and were 
thus blinded to the immunological response. Baseline 
tumour burden was determined using the most recent 
imaging information prior to treatment initiation and 
estimated based on the RECIST V.1.1 criteria when avail-
able. Overall survival was assessed from the date of treat-
ment initiation to the date of death or date of last visit/
lost to follow-up at the conclusion of the study. Follow-up 
time ranged between 1 and 40 months. Immune-related 
adverse events were graded according to the American 
Society of Clinical Oncology guidelines.14

Flow cytometric analysis
Peripheral blood mononuclear cells (PBMCs) were 
isolated using BD vacutainer CPT tubes (BD Biosci-
ences) according to the procedures described8 and 
stained for markers of interest (CD3 (UCHT1), CD8 
(RPTA-T8), CD4 (RPA-T4), FOXP3 (236A/E7), CD45RA 
(2H4LDH11LDB9), CCR7 (150 503), Ki67 (B56), PD-1 
(EH12.2H7), IgG4 (HP-6025), HLA-DR (1243), CD38 
(HIT2), CD28 (CD28.2), TIM-3 (F38-2E2), and granzyme 
B (GB11)) after red blood cell lysis. The antibodies were 
purchased from BioLegend, eBiosciences or BD Biosci-
ences. For patients who received αPD-1 antibody as treat-
ment (pembrolizumab or nivolumab), PD-1 expression 
was also detected using a biotinylated anti-IgG4 (Sigma) 
followed by a streptavidin-conjugated fluorophore 
(BioLegend). FOXP3 Fixation Kit (eBiosciences) was 
used for the intracellular staining of Ki67, FOXP3 and 
granzyme B. Near Infrared Dead Cell Stain Kit (Life Tech-
nology) was used to discriminate between live and dead 
cells from frozen PBMCs. Stained samples were acquired 
using the LSR II Flow Cytometer (BD Biosciences) and 
analysed using the FlowJo software (Tree Star). A prolif-
erative (Ki67+) response was defined as a 1.5-fold or more 
increase from baseline Ki67 expression in the T cells.

Cell sorting and RNA sequencing
CD38+HLA-DR+CD8+ T cells from 13 patients with early 
proliferative responses were sorted from frozen PBMCs 
from post cycle 1 samples using an FACSAria II (BD 
Biosciences) for bulk RNA sequencing analysis. Of these 
patients, eight had objective responses (complete or partial 
response; OR) or stable diseases (SD) and five progressed 
(PD) clinically. Nine of the patients received mono-
therapy (four clinical responders and five clinical non-
responders) and four patients received αPD-1/αCTLA-4 
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(all clinical responders). Naïve (CCR7+CD45RA+) CD8 T 
cells were also sorted from 9 of the 13 patients for compar-
ison. RNA from the sorted cells was purified with the 
AllPrep DNA/RNA micro kit (QIAGEN) and sequenced 
on Illumina HiSeq platform. Following sequencing, reads 
were aligned to the human hg38 reference genome using 
HISAT2.15 Expression counts were quantified using featu-
reCounts function of the Subread package. Normalisa-
tion and differential expression analysis were done in R 
using the DESeq2 package.16 RNA sequencing of naive 
and YFV-tetramer+ effector (days 14, 21 and 28) and long-
term memory (>3 years) CD8 T cells was done as previ-
ously described.17

Transcriptomic expression analysis was performed 
in R using the edgeR package and the thresholds for 
identifying differentially expressed genes were set to 
false discovery rate (FDR) <0.05 and log2FC>1. Raw 
counts were normalised by a model known as counts 
per million reads mapped for appropriate inter-sample 
comparisons. Principal component analysis (PCA) and 
heat maps of selected genes were generated with the R 
package ‘ggbiplot’ and ‘pheatmap’, respectively. For 
each comparison, we then performed Gene Set Enrich-
ment Analysis (GSEA) to determine the overlap of differ-
entially expressed genes by comparing them to various 
Molecular Signatures Database V.7.1. For comparison 
between patients with cancer and YFV vaccinees,17 gene 
expression was normalised using corresponding naïve 
samples before further analysis.

Statistical analysis
Categorical variables were summarised as frequency 
or percentages and evaluated using the χ2 test or Fish-
er’s exact test, where appropriate, with corresponding 
p values. Continuous variables were reported as median 
with range or mean with SD, and were evaluated using 
analysis of variance. Analysis of different T-cell subsets 
within the same sample was evaluated using the Wilcoxon 
test. The Kaplan-Meier method was used to generate 
survival curves which were then compared using the log-
rank test. Statistical analyses were performed using the 
Prism software (GraphPad V.9.4.0) and SAS V.9.4 (SAS 
Institute, Cary, North Carolina, USA) and a significant 
value was set at less than 0.05. All tests were two-sided 
unless otherwise noted.

The Strengthening the Reporting of Observational 
Studies in Epidemiology cohort reporting guidelines 
were used.18

Patients or the public were not involved in the design, 
or conduct, or reporting, or dissemination plans of our 
research.

RESULTS
Patient characteristics and schematic diagram of PD-1-
targeted treatment cycles
The clinicopathological characteristics of the patients 
are listed in online supplemental tables 1,2. Patients with 

non-small cell lung cancer (NSCLC) comprised 48.5% 
(50/103 patients) of the study population, 8.7% (9/103 
patients) had melanoma and 42.7% (44/103 patients) 
had other cancer types including urological, head and 
neck, hepatocellular and neuroendocrine malignancies. 
68 patients (66%) received PD-1-targeted monotherapy 
and the rest received combination therapy (online 
supplemental table 1; therapy type and online supple-
mental table 2). Nine patients received αPD-1/chemo 
and 26 patients received αPD-1/αCTLA-4. For T-cell anal-
ysis, blood was obtained from the patients at the indicated 
time points (figure 1A).

Phenotype of proliferating T cells in the peripheral blood of 
patients receiving PD-1-targeted therapy
To evaluate the changes in the T-cell response in the 
blood after PD-1-targeted treatment, T cells were isolated 
from PBMCs at baseline and after each treatment cycle. 
The gating strategy for CD8 T cells is shown in figure 1B. 
The proportion of Ki67+ CD8 T cells in the blood 
varied between patients at baseline (0.9%–32.7%), but 
an expansion of these cells was evident for most of the 
patients after receiving PD-1-targeted therapy (figure 1C, 
D). The frequency of Ki67+ cells increased significantly 
after the first treatment cycle (post-C1) for most patients 
(figure 1D,E). Overall, 63 of 103 patients (61.2%) had a 
proliferative CD8 T-cell response of greater than or equal 
to a 1.5-fold increase in the frequency of Ki67+ cells at 
any time point over the course of three cycles of treat-
ment. The major population of the proliferating CD8 T 
cells post-C1 was PD-1+ (figure 1F,G) and these cells had 
an activated phenotype with most of the cells expressing 
human leukocyte antigen-DR isotype (HLA-DR) and 
CD38 (figure 1H). Most of the proliferating CD8 T cells 
also exhibited an effector memory-like (CD45RAneg/
CCR7neg) phenotype, and expressed PD-1 (figure  1I,J). 
Furthermore, most of the proliferating PD-1+ CD8 cells 
expressed granzyme B (figure 1K) as well as co-stimula-
tory molecules such as CD28 (figure 1L). A small fraction 
of the PD-1+Ki67+ CD8 T cells expressed inhibitory mole-
cules like T cell immunoglobulin and mucin domain-
containing protein 3 (TIM-3) (figure  1M). Increases in 
the proportions of Ki67+CD4+, total FOXP3+CD4+ (Treg) 
and Ki67+ Treg cells were also observed post-C1 (online 
supplemental figure 1); however, the largest fold increase 
was observed in the CD8 T-cell subset (2.3 vs 1.6 (CD4) 
and 1.5 (Treg)).

Proliferative T-cell responses based on therapy type
We observed variation in the magnitude of the fold change 
in proliferating CD8 T cells irrespective of therapy type 
and there was no difference in the average fold change 
in Ki67+ CD8 T cells post-C1 (2.14 (monotherapy) vs 
2.12 (αPD-1/αCTLA-4) vs 2.14 (αPD-1/chemo); online 
supplemental figure 2A,B). Patients who received αPD-1/
chemo maintained on average, ≥1.5-fold increase in Ki67+ 
cells over the treatment cycles. The average fold increase 
in proliferating CD8 T cells dropped to 1.4 and then 
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https://dx.doi.org/10.1136/bmjonc-2024-000328
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Figure 1  Peripheral CD8 T-cell response and phenotype after PD-1-targeted therapy. (A) Schematic diagram of 
treatment, blood collection, and T-cell analysis from patients. (B) Gating strategy for CD8 T-cell analysis by flow cytometry. 
(C) Representative dot plots of the proportion of Ki67+ of CD8 T cells before and after cycle 1 (post C1). (D) Fold change of 
Ki67+ CD8 T cells before and after treatment cycles. Shaded area in the graphs indicates the 1.5-fold cut-off for an early 
proliferative response. (E) Summary plot of the percent Ki67+ CD8 T cells before and after cycle 1. (F) Representative dot plots 
from two patients showing pretreatment and post-C1 proportion of Ki67 and PD-1 expression in CD8 T cells. (G) Fold change in 
Ki67+ CD8 T cells in PD-1neg and PD-1+ subsets for each patient after the first cycle of treatment. (H–J) Representative contour 
plots and summary graphs of CD38 and HLA-DR (H) CD45RA and CCR7 (I) and PD-1 (J) expression on Ki67+ CD8 T cells (red) 
in comparison with naïve CD8 T cells (black). (K–M) Representative contour plots and summary graphs for granzyme B (K) co-
stimulatory molecules (CD28 (L) and inhibitory molecule TIM-3 (M) expression on PD-1+Ki67+ CD8 (red) and naïve (black) cells 
after C1. Bar graphs/horizontal lines and error bars represent mean and SD, respectively. P values represent Wilcoxon tests. 
PD-1, programmed cell death 1.
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increased to 2.52 after cycles 2 and 3, respectively, in the 
αPD-1/αCTLA-4 cohort. In the PD-1-targeted mono-
therapy group, the fold change in Ki67+ cells fell to 1.26 
and 1.4 after cycles 2 and 3, respectively. The fold increase 
in proliferating cells was significantly higher in the PD-1+ 
subset in the monotherapy and αPD-1/αCTLA-4 groups 
(online supplemental figure 2C). In general, there was 
minimal variation in the proportion of circulating Treg 
cells irrespective of treatment type (online supplemental 
figure 3). There was no reduction in the proportion of 
Treg cells and the proportion of proliferating Treg cells 
significantly increased post-C1 only in the monotherapy 
group.

Clinical response and overall survival in patients treated with 
PD-1-targeted therapy
At radiological restaging and clinical review based on 
RECIST V.1.1 criteria, OR was achieved in 11 patients 
(10.6%), SD was observed in 53 patients (51.5%) and PD 
was noted in 32 patients (31.1%) (online supplemental 
table 3). Similar clinical responses were observed in 
patients irrespective of sex, age, smoking status, perfor-
mance status, prior radiation status, tumour burden, 
tumour type or the type of therapy received. However, 
patients who received PD-1-targeted therapy as first-line 
therapy had better clinical responses, with 9 of 44 (20.4%) 
patients achieving OR in contrast to 1 of 44 patients who 
received PD-1-targeted therapy as second line or later 
line of therapy (online supplemental table 3; line of PD-1-
targeted therapy). Patients who had grade 2–4 immune-
related adverse events (irAEs) also had better clinical 
responses in comparison to patients who had grade 1 or 
no irAE (online supplemental table 3; irAEs). The fold 
change in proliferative CD8 T-cell response over the 
weeks of treatment for all study participants is presented 
by the clinical response in online supplemental figure 4.

Quantitative changes in tumour burden from baseline 
available for all the study participants are shown using 
waterfall plot (figure 2A). Patients with OR or SD after 
initiation of any modality of PD-1-targeted therapy had 
improved overall survival compared with patients with 
PD (figure 2B). The survival trends were similar among 
patients who received PD-1-targeted monotherapy 
alone (figure  2C). However, no significant differences 
in overall survival were observed among patients who 
received combination therapy based on clinical response 
(figure 2D).

Early proliferative CD8 T-cell response in the peripheral blood 
is associated with clinical response
We previously ascertained that a proliferative CD8 T-cell 
response of ≥1.5-fold above baseline Ki67+ cells within 
4–6 weeks after the beginning of treatment may be asso-
ciated with improved clinical outcome.8 To validate these 
findings, we categorised patients into early or delayed/
no proliferative response groups based on the detec-
tion of ≥1.5-fold increase in Ki67+ CD8 T cells within 4 
weeks post-C1 (C1; early proliferative response) or at 

later time points (delayed/no proliferative response). 
60 of 103 patients (58.3%) had an early proliferative 
response. Much less variation in the proportion of Ki67+ 
cells was seen in patients with delayed/no proliferative 
response over the three cycles of treatment and most of 
them (>90%) did not reach the threshold for prolifera-
tive response at any time point during treatment. Radio-
logical restaging or clinical review could not be obtained 
for seven patients (6.8%) due to symptomatic deteriora-
tion and were thus not included in the clinical response 
analyses.

Of the 96 patients with available clinical response data, 
an early proliferative CD8 T response was detected in 57 
patients (59.4%) while 39 patients (40.6%) had a delayed/
no response (figure  2E). As we reported before, early 
proliferative response was associated with clinical response 
(figure 2F). Ten (17.5%) patients with early proliferative 
CD8 T-cell response achieved OR in comparison with 1 
patient (2.6%) in the delayed/no response group. 36 of 
62 patients (58.1%) who received monotherapy and 21 
of 34 patients (61.8) who received combination therapy 
had an early proliferative response (figure 2G,H). Seven 
of nine patients (77.8%) who received αPD-1/chemo 
had an early proliferative response and 14 of 26 patients 
(53.8%) who received αPD-1/αCTLA-4 had an early 
proliferative response (online supplemental figure 5A,B). 
In our patient cohort, no significant differences in clin-
ical response were seen in patients based on tumour type 
or PD-1-targeted monotherapy (online supplemental 
table 4). However, a strong association was observed 
between early proliferative response and clinical response 
in patients who received combination therapy. Of the 25 
patients who received αPD-1/αCTLA-4, 13 of 14 (92.9%) 
of the early proliferative responders achieved OR or SD 
(online supplemental figure 5C). All the patients who 
received αPD-1/chemo achieved OR (two early prolifera-
tive responders) or SD (five early proliferative responders 
and two delayed/non-responders; online supplemental 
figure 5D). Among the early proliferative responders, 
clinical response was significantly associated with NSCLC, 
combination therapy, irAE and PD-1-targeted therapy as 
first-line treatment (online supplemental table 5).

Early-and-sustained proliferative response is associated with 
clinical response and overall survival
A subset of patients maintained a proliferative response 
of ≥1.5-fold increase in Ki67+ CD8 T cells over at least two 
consecutive cycles of treatment. Therefore, we evaluated 
the impact of sustained proliferative CD8 T-cell responses 
on the clinical outcome of the study participants. A 
complete set of blood samples from post-C1, post-C2 
and post-C3 were available from 85 of 103 patients. 56 
of 85 patients received PD-1-targeted monotherapy and 
29 patients received combination therapy, of which 9 
received αPD-1/chemo and 20 received αPD-1/αCTLA-4.

27 of 85 patients (31.8%) maintained a ≥1.5-fold 
increase in Ki67 over two cycles of treatment. Of those 
patients, 26 of 27 had sustained proliferative responses 
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Figure 2  Association of early proliferative response with clinical response and overall survival. (A) Waterfall plots showing 
change in tumour size at the time of follow-up imaging (6–12 weeks) from baseline for all patients. Patients who received 
monotherapy are indicated with closed bars and those who received PD-/chemo or PD-1/CTLA-4 are indicated with open bars. 
(B–D). Overall survival of all patients (B) patients who received monotherapy (C) and those who received combination therapy 
(B) based on clinical response. OR (objective response), SD (stable disease), PD (progressive disease). P values of log-rank 
test. (E) Spider plot showing fold change of Ki67+ CD8 T cells after each cycle of treatment for early proliferative responders 
and delayed/no responders. (F) Proportion of patients with early or delayed/no proliferative response who had OR, SD, or PD 
(p value of χ2 test). (G–H) Spider plots showing fold change of Ki67+ CD8 T cells after each treatment cycle in patients who 
received monotherapy (G) or combination therapy (H). Shaded area in the graphs (E, G, H) indicates the 1.5-fold cut-off for early 
proliferative responses. PD-1, programmed cell death 1.
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between C1 and C2 while one patient had a sustained 
response over C2 and C3. 16 patients had sustained prolif-
erative responses over all three cycles. Two of 85 patients 
had symptomatic deterioration and one of those patients 
had sustained proliferative responses. 26 of 83 patients 
(31.3%; excluding the 2 patients with symptomatic 
deterioration) maintained a ≥1.5-fold increase in Ki67 
expression over two consecutive cycles and this sustained 
response was also strongly associated with clinical response 
(figure 3A). This cohort of 26 patients included five who 
received αPD-1/chemo, 9 who received αPD-1/αCTLA-4 
and 12 who received PD-1-targeted monotherapy.

To further evaluate the associations between sustained 
proliferative responses with early proliferative responses 
and treatment type, we categorised patients with early 
proliferative responses into early-and-sustained (≥1.5-
fold increase in Ki67 post-C1 and C2) and early-but-
limited (≥1.5-fold increase in Ki67 post-C1 only) groups 
(figure  3B). More patients who received combination 
therapy had early-and-sustained proliferative responses 
than the monotherapy group (figure  3C). Majority of 
the patients who received αPD-1/chemo (5/6; 83.3%) 

and those who received αPD-1/αCTLA-4 (8/11; 72.7%) 
had sustained proliferative responses. In comparison with 
the subset of patients with an early-but-limited prolifera-
tive response, patients with an early-and-sustained prolif-
erative response had significantly better overall survival 
(figure 3D).

Transcriptional profile of proliferating ICI-induced effector-
like CD8 T cells from the peripheral blood of patients with 
cancer
RNA sequencing analysis was performed on bulk activated 
effector-like CD8 T cells sorted from the post-C1 blood 
samples of 13 early proliferative responders (figure 4A). 
Naïve cells were also sorted from 9 of the 13 patients for 
comparison. As expected, PCA showed that naïve cells 
from the patients clustered together and were distinct from 
the ICI-induced effector-like cells (figure 4B,C). Similar 
to what was observed by flow cytometric analysis, a heat 
map of selected immune marker genes in cells revealed 
a very distinct transcriptional profile of the effector-like 
cells in comparison to the naïve cells (figure  4D). The 
ICI-induced effector-like cells expressed higher levels of 

Figure 3  Association between sustained proliferative response and clinical response and overall survival. (A) Clinical response 
of patients who had sustained vs unsustained or no proliferative response; p value of χ2 test. (B) Fold change in Ki67+ CD8 T 
cells from patients with early-and-sustained proliferative responses and patients with early-but-limited proliferative responses. 
Shaded area represents 1.5-fold cut-off for early proliferative responses. (C) Proportion of patients with early-and-sustained 
proliferative responses and those with early-but-limited responses among patients who received PD-1-targeted monotherapy, 
PD-1/chemo, or PD-1/CTLA-4. P value is of Fisher’s exact test. (D) Overall survival of early-and-sustained proliferative 
responders and early-but-limited proliferative responders. P value of log-rank test. OR, objective response; PD, progressive 
disease; PD-1, programmed cell death 1; SD, stable disease.
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Figure 4  Transcriptional profile of ICI-induced effector-like CD8 T cells from the peripheral blood of patients with cancer. 
(A) Patient samples and sorting strategy for ICI-induced effector-like (HLA-DR+CD38+) and naïve (CD45RA+CCR7+) CD8 T 
cells from early proliferative responders for bulk RNA sequencing (after cycle 1). (B) Principal component analysis of the naïve 
and ICI-induced effector-like CD8 T cells. (C) MA plot displaying the log2 fold-change compared with log2 mean expression 
generated using a DESeq2 data set, with default log2 fold-change thresholds of −2 and 2 for naive CD8 T cells versus ICI-
induced CD8 T cells. (D) Heat-map of relative expression of selected immune-related genes in naïve and ICI-induced effector-
like CD8 T cells from the peripheral blood of early proliferative responders. Scales of color represent Z-scores. (E–F) MA plot 
displaying the log2 fold-change compared with log2 mean expression for combination therapy versus monotherapy (E) and PD 
versus OR/SD responses (F). ICI, immune checkpoint inhibitors; Ipi,ipilimumab; Nivo, nivolumab; OR, objective response; PD, 
progressive disease; SD, stable disease.
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effector molecules such as GZMB, GZMA and PRF1 and 
inhibitory molecules such as PDCD1, HAVCR2, CTLA-4, 
LAG3 and CD244. In contrast, the naïve cells expressed 
higher levels of IL7R, SELL, TCF7, CCR7 and IL2RA.

Effector-like CD8 T cells have similar transcriptional profiles 
irrespective of treatment type or clinical response
Comparative analysis between effector-like CD8 T cells 
from the PD-1-targeted monotherapy and αPD-1/
αCTLA-4 groups yielded minimal differences in the 
number of differentially expressed genes (figure 4E). In 
fact, we observed only 117 genes differentially expressed 
between monotherapy and combination therapy. We 
also evaluated the transcriptional profile of patients who 
showed clinical response (clinical responders) from 
patients who progressed (non-responders). Of note, 
all the clinical non-responders received monotherapy. 
Similar to our observations for treatment type, there 
were minimal differences in differentially expressed 
genes between clinical responders and non-responders 
(figure 4F).

Comparison of the transcriptional profiles of effector-like 
CD8 T cells induced by ICI in patients with cancer and highly 
functional effector cells induced by acute yellow fever 
infection in healthy volunteers
Blockade of the PD-1 pathway results in a proliferative 
burst and the generation of new effector cells from PD-1+ 
stem-like progenitor CD8 T cells19. However, how the tran-
scriptional profile of the new effector cells compares to 
that of highly functional effectors has not been evaluated. 
Effector YFV-specific CD8 T cells isolated between days 14 
and 28 after immunisation are highly functional effectors 
that confer protective immunity.17 Thus, we investigated 
whether the ICI-induced effector-like cells proliferating 
after cycle 1 were similar to effector cells generated after 
YFV. We compared the ICI-induced effector-like cells with 
conventional effector and memory cells that develop after 
the resolution of the acute viral infection (figure 5A,B). 
PCA showed that effector cells generated after YFV were 
quite different from the effector-like cells that were 
induced by ICIs in our cohort (figure  5C). Further-
more, memory cells derived from the YFV also clus-
tered separately from naïve, YFV-induced effectors and 
the ICI-induced effector-like cells. There were approx-
imately 2400 differentially-expressed genes (DEGs) 
between the ICI-induced effector-like cells (compared 
with naïve cells from patients with cancer) and the YFV 
effector cells (compared with naïve cells from YFV), and 
approximately 2000 DEGs were shared between the two 
effector states (figure 5D). Many immune-related genes 
were also differentially expressed. GSEA analysis focused 
on immune-related genes demonstrated upregulation 
of gene sets related to interleukin 10 (IL-10), IL-4 and 
IL-13 signalling, and nuclear factor kappa light chain 
enhancer of activated B cells (NFkB) pathway in the ICI-
induced effector-like cells (figure 5E). In the YFV-specific 
effector cells, there was an enrichment for histone 

acetylase, beta-catenin/T cell factor (TCF) transactiva-
tion complexes and DNA damage checkpoint genes. 
Effector markers such as PRF1, GZMA, IL2RB, IL2RG, 
KLRG1 and PRDM1 were more upregulated in effector 
YFV-specific cells than the ICI-induced effector-like cells 
(figure 5F). In contrast, more inhibitory markers such as 
TOX, HAVCR2, CTLA4, CD244 and PDCD1 were upregu-
lated in the ICI-induced effector-like cells similar to the 
transcriptional profile of effector cells in other tumour 
and chronic viral models.19–23 Some effector and inhibi-
tory markers such as GZMB and LAG3 were upregulated 
on both effector YFV-specific and ICI-induced effector-
like cells. Additional differences in genes involved in 
transcriptional regulation (eg, EOMES, PRDM1, LEF1 and 
FOXP1), kinases (eg, MTOR, LCK, JAK2 and PIK3CA), 
cytokine expression (eg, XCL1, XCL2, CXCL13, CXCL16, 
IL-10) and G-protein receptors (eg, NR4A3 and S1PR4) 
were observed between the ICI-induced effector-like and 
YFV-specific effector cells (online supplemental figure 6).

DISCUSSION
Cancer immunotherapy using ICI is being rapidly inte-
grated into the standard of care for patients with cancer. 
However, only a fraction of patients derives clinical benefit. 
Thus, there is a need to identify predictive biomarkers 
of response for patients receiving ICI. As we and others 
have shown, tumour-specific CD8 T cells are present in 
the blood9 24 25 and T-cell responses to PD-1 blockade can 
be monitored by assessing changes in Ki67+PD-1+ CD8 
T cells in the blood over the course of treatment.8 9 24 
We previously determined that proliferating PD-1+ CD8 
T cells in the blood during PD-1-targeted monotherapy 
may be a useful tool in predicting clinical response in a 
small cohort of patients with NSCLC.8 We report similar 
findings in this study with a larger cohort and multiple 
cancer types for PD-1-targeted monotherapy and extend 
our findings to αPD-1/chemo and αPD-1/αCTLA-4 
combination therapies. In addition, we now demonstrate 
an association between early proliferative response and 
overall survival. Furthermore, an early-and-sustained 
proliferative response appears to be a stronger predictor 
of clinical response and overall survival, suggesting that 
the administration of at least two cycles of PD-1-targeted 
therapy may be necessary for better prognostication of 
clinical outcomes. An in-depth analysis of the transcrip-
tional profile of the proliferative cells in blood induced 
after monotherapy or αPD-1/αCTLA-4 showed that these 
cells had similar transcriptional profile irrespective of clin-
ical outcome (clinical responders vs non-responders) or 
treatment type (monotherapy vs combination therapy). 
In contrast, these ICI-induced effector-like cells from 
patients were transcriptionally distinct from highly func-
tional effector and memory T cells derived from YFV.

Analysis of the transcriptional gene signature of T 
cells provides important insights into functional states 
and strategies to improve function. To our knowledge, a 
comparison of the transcriptional profile of ICI-induced 

https://dx.doi.org/10.1136/bmjonc-2024-000328
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Figure 5  Comparison of transcriptional profiles between ICI-induced effector-like CD8 T cells and effector and memory CD8 
T cells derived from YFV. (A–B) Schematic diagram of the isolation and sorting of effector and memory YFV-specific CD8 T cells 
(sorted by tetramer) after vaccination17. (C) Principal component analysis of ICI-induced effector-like CD8 T cells from early 
proliferative responders, effector and memory YFV-specific cells, and naïve CD8 T cells from patients with cancer and YFV. 
Gene expression in the ICI-induced effector-like and effector and memory YFV-specific CD8 T cells were normalised to the 
average of expression of naïve samples from the corresponding counterpart. (D) Venn diagram depicting the number of shared 
and differentially expressed genes expressed in ICI-induced effector-like CD8 T cells, effector YFV-specific and memory YFV-
specific cells. Circle size represents negative log p value. (E) Gene Set Enrichment Analysis of the ICI-induced effector-like CD8 
T cells from early proliferative responders and effector YFV-specific cells. NES - normalized enrichment score. (F) Heat-map of 
selected immune-related genes showing relative expression between naïve, ICI-induced effector-like, effector YFV-specific and 
memory YFV-specific cells. Scales of color represent Z-scores. ICI, immune checkpoint inhibitors; IL, interleukin; YFV, yellow 
fever virus.
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effector-like CD8 T cells and effector and/or memory 
cells derived from vaccination or infection has not been 
done. In this study, we compare effector CD8 T cells 
from patients with cancer to highly functional effector 
and memory cells generated from YFV that are ideal 
effectors for a protective immune response.17 Data from 
our transcriptional analyses show that the proliferating 
effector-like cells isolated from the blood of patients 
with cancer are distinct from virus-specific effector and 
memory cells isolated from the blood of healthy individ-
uals after YFV. The effector-like cells that expand after 
PD-1 blockade express a number of inhibitory markers 
similar to existing effector cells present in the tumour 
microenvironment.20–22 Thus, while there is a positive 
association between the early proliferative response and 
clinical outcome, our transcriptional comparison of ICI-
induced effector-like cells and YFV effectors indicates that 
the quality of the ICI-effector-like cells could be improved 
to enhance clinical efficacy. Our recent preclinical studies 
have shown that PD-1-targeted therapy in combination 
with the cytokine IL-2 modifies the transcriptional profile 
of differentiating effector cells that results in the accu-
mulation of transcriptionally and epigenetically distinct 
effectors resembling highly functional effectors.23 26 These 
findings provide a framework to design more effective 
combinatorial approaches for cancer immunotherapy.

In summary, early-and-sustained proliferative CD8 T 
cells in the blood serve as a predictive biomarker for clin-
ical response and survival for patients with cancer. Combi-
nation therapy also confers better clinical outcomes 
than PD-1-targeted monotherapy. Thus, combinatorial 
approaches that direct CD8 T-cell differentiation towards 
highly functional effectors may further enhance the effi-
cacy of immunotherapy for patients with cancer.

Author affiliations
1Emory Vaccine Center, Emory University School of Medicine, Atlanta, Georgia, USA
2Department of Pathology, Case Western Reserve University School of Medicine, 
Cleveland, Ohio, USA
3Case Comprehensive Cancer Center, Case Western Reserve University School of 
Medicine, Cleveland, Ohio, USA
4Seidman Cancer Center, University Hospitals Cleveland Medical Center, Cleveland, 
Ohio, USA
5Department of Microbiology and Immunology, Emory University School of Medicine, 
Atlanta, Georgia, USA
6Department of Hematology and Medical Oncology, Oregon Health & Science 
University, Portland, Oregon, USA
7Laboratory of Molecular Immunology and the Immunology Center, National Heart 
Lung and Blood Institute, Bethesda, Maryland, USA
8Department of Oncology, University of Torino, Torino, Piemonte, Italy
9Center for Vaccinology, Geneva University Hospitals, Geneve, Genève, Switzerland
10Department of Pediatrics, Gynecology & Obstetrics, University of Geneva, Geneve, 
Switzerland
11Department of Urology, Emory University School of Medicine, Atlanta, Georgia, USA
12Department of Biostatistics and Bioinformatics, Emory University Rollins School of 
Public Health, Atlanta, Georgia, USA
13Departments of Otolaryngology and Microbial Infection & Immunity, The Ohio 
State University, Columbus, Ohio, USA
14Department of Epidemiology and Biostatics, University of Illinois Chicago, Chicago, 
Illinois, USA
15Department of Biostatistics, Emory University Rollins School of Public Health, 
Atlanta, Georgia, USA

16Deparment of Hematology and Oncology, Emory University School of Medicine, 
Atlanta, Georgia, USA
17Winship Cancer Institute, Emory University School of Medicine, Atlanta, Georgia, 
USA
18Tisch Cancer Institute, Mount Sinai School of Medicine, New York, New York, USA

Acknowledgements  We thank Lakreesha Woods for coordinating study participant 
schedules and assisting with sample collection.

Contributors  RCO, THN, SSR and RA designed research. RCO, THN, KM, CSE, CD, 
AW, RP and AOK performed research. RCO, THN, PL, AM, DYC, DM, HK, YZ, ZC, JMS, 
WJL, RA and SSR analysed the data. RCO, THN, WJL, RA and SSR wrote and edited 
the manuscript. All authors have agreed to the submission of the manuscript and 
take full responsibility for the work and/or the conduct of the study, had access to 
the data, and controlled decision to publish.

Funding  Research reported in this publication was supported in part by the 
National Cancer Institute of the National Institutes of Health under Award Number 
P50CA217691, the Emory Flow Cytometry Core that is subsidised by the Emory 
University School of Medicine with additional support provided by the National 
Center for Georgia Clinical & Translational Science Alliance of the National Institutes 
of Health under Award Number UL1TR002378 and the Emory Integrated Genomics 
Core shared resource of Winship Cancer Institute of Emory University and NIH/NCI 
under award number P30CA138292. WJL and PL were supported by the Division of 
Intramural Research, National Heart, Lung and Blood Institute, NIH. The content of 
this manuscript is solely the responsibility of the authors and does not necessarily 
represent the official views of the National Institutes of Health.

Competing interests  RA has patents related to the PD-1 inhibitory pathway.

Patient and public involvement  Patients and/or the public were not involved in 
the design, or conduct, or reporting, or dissemination plans of this research.

Patient consent for publication  Not applicable.

Ethics approval  This study involves human participants and was approved by 
Emory University Institutional Review Board, WINSHIP2556. Participants gave 
informed consent to participate in the study before taking part.

Provenance and peer review  Not commissioned; externally peer reviewed.

Data availability statement  Data are available upon reasonable request. All data 
relevant to the study are included in the article or uploaded as supplementary 
information.

Supplemental material  This content has been supplied by the author(s). It has 
not been vetted by BMJ Publishing Group Limited (BMJ) and may not have been 
peer-reviewed. Any opinions or recommendations discussed are solely those 
of the author(s) and are not endorsed by BMJ. BMJ disclaims all liability and 
responsibility arising from any reliance placed on the content. Where the content 
includes any translated material, BMJ does not warrant the accuracy and reliability 
of the translations (including but not limited to local regulations, clinical guidelines, 
terminology, drug names and drug dosages), and is not responsible for any error 
and/or omissions arising from translation and adaptation or otherwise.

Open access  This is an open access article distributed in accordance with the 
Creative Commons Attribution Non Commercial (CC BY-NC 4.0) license, which 
permits others to distribute, remix, adapt, build upon this work non-commercially, 
and license their derivative works on different terms, provided the original work is 
properly cited, appropriate credit is given, any changes made indicated, and the use 
is non-commercial. See: http://creativecommons.org/licenses/by-nc/4.0/.

ORCID iDs
Rebecca C Obeng http://orcid.org/0000-0001-8624-7108
Haydn Kissick http://orcid.org/0000-0001-7624-5598

REFERENCES
	 1	 Barber DL, Wherry EJ, Masopust D, et al. Restoring function 

in exhausted Cd8 T cells during chronic viral infection. Nature 
2006;439:682–7. 

	 2	 Herbst RS, Soria J-C, Kowanetz M, et al. Predictive correlates of 
response to the anti-PD-L1 antibody Mpdl3280A in cancer patients. 
Nature 2014;515:563–7. 

	 3	 Hodi FS, O’Day SJ, McDermott DF, et al. Improved survival with 
Ipilimumab in patients with metastatic Melanoma. N Engl J Med 
2010;363:711–23. 

http://creativecommons.org/licenses/by-nc/4.0/
http://orcid.org/0000-0001-8624-7108
http://orcid.org/0000-0001-7624-5598
http://dx.doi.org/10.1038/nature04444
http://dx.doi.org/10.1038/nature14011
http://dx.doi.org/10.1056/NEJMoa1003466


12 Obeng RC, et al. BMJ Oncology 2024;3:e000328. doi:10.1136/bmjonc-2024-000328

Original research Open access

	 4	 Leach DR, Krummel MF, Allison JP. Enhancement of antitumor 
immunity by CTLA-4 blockade. Science 1996;271:1734–6. 

	 5	 Powles T, Eder JP, Fine GD, et al. Mpdl3280A (anti-PD-L1) treatment 
leads to clinical activity in metastatic bladder cancer. Nature 
2014;515:558–62. 

	 6	 Tumeh PC, Harview CL, Yearley JH, et al. PD-1 blockade induces 
responses by inhibiting adaptive immune resistance. Nature 
2014;515:568–71. 

	 7	 Zajac AJ, Blattman JN, Murali-Krishna K, et al. Viral immune evasion 
due to persistence of activated T cells without Effector function.  
J Exp Med 1998;188:2205–13. 

	 8	 Kamphorst AO, Pillai RN, Yang S, et al. Proliferation of PD-1+ Cd8 T 
cells in peripheral blood after PD-1-targeted therapy in lung cancer 
patients. Proc Natl Acad Sci U S A 2017;114:4993–8. 

	 9	 Huang AC, Postow MA, Orlowski RJ, et al. T-cell invigoration to 
tumour burden ratio associated with anti-PD-1 response. Nature 
2017;545:60–5. 

	10	 Brahmer JR, Tykodi SS, Chow LQM, et al. Safety and activity of 
anti-PD-L1 antibody in patients with advanced cancer. N Engl J Med 
2012;366:2455–65. 

	11	 Hodi FS, Hwu W-J, Kefford R, et al. Evaluation of immune-
related response criteria and RECIST V1.1 in patients with 
advanced Melanoma treated with Pembrolizumab. J Clin Oncol 
2016;34:1510–7. 

	12	 Topalian SL, Hodi FS, Brahmer JR, et al. Safety, activity, and 
immune correlates of anti-PD-1 antibody in cancer. N Engl J Med 
2012;366:2443–54. 

	13	 Kim KH, Cho J, Ku BM, et al. The first-week proliferative response of 
peripheral blood PD-1. Clin Cancer Res 2019;25:2144–54. 

	14	 Brahmer JR, Lacchetti C, Schneider BJ, et al. Management of 
immune-related adverse events in patients treated with immune 
Checkpoint inhibitor therapy: American society of clinical 
oncology clinical practice guideline. JCO 2018;36:1714–68. 

	15	 Kim D, Langmead B, Salzberg SL. HISAT: a fast spliced Aligner with 
low memory requirements. Nat Methods 2015;12:357–60. 

	16	 Love MI, Huber W, Anders S. Moderated estimation of fold change 
and dispersion for RNA-Seq data with Deseq2. Genome Biol 
2014;15:550. 

	17	 Akondy RS, Fitch M, Edupuganti S, et al. Origin and differentiation 
of human memory Cd8 T cells after vaccination. Nature 
2017;552:362–7. 

	18	 von Elm E, Altman DG, Egger M, et al. The strengthening the 
reporting of observational studies in epidemiology (STROBE) 
statement: guidelines for reporting observational studies. BMJ 
2007;335:806–8. 

	19	 Im SJ, Hashimoto M, Gerner MY, et al. Defining Cd8+ T cells 
that provide the proliferative burst after PD-1 therapy. Nature 
2016;537:417–21. 

	20	 Eberhardt CS, Kissick HT, Patel MR, et al. Functional HPV-specific 
PD-1+ stem-like Cd8 T cells in head and neck cancer. Nature 
2021;597:279–84. 

	21	 Brummelman J, Mazza EMC, Alvisi G, et al. High-dimensional single 
cell analysis identifies stem-like cytotoxic Cd8(+) T cells infiltrating 
human tumors. J Exp Med 2018;215:2520–35. 

	22	 Miller BC, Sen DR, Al Abosy R, et al. Subsets of exhausted Cd8+ 
T cells Differentially mediate tumor control and Responde to 
Checkpoint blockade. Nat Immunol 2019;20:326–36. 

	23	 Hashimoto M, Araki K, Cardenas MA, et al. PD-1 combination 
therapy with IL-2 modifies Cd8. Nature 2022;610:173–81. 

	24	 Kim KH, Cho J, Ku BM, et al. The first-week proliferative 
response of peripheral blood PD-1(+)Cd8(+) T cells predicts the 
response to anti-PD-1 therapy in solid tumors. Clin Cancer Res 
2019;25:2144–54. 

	25	 Wieland A, Kamphorst AO, Adsay NV, et al. T cell receptor 
sequencing of activated Cd8 T cells in the blood identifies tumor-
infiltrating clones that expand after PD-1 therapy and radiation in a 
Melanoma patient. Cancer Immunol Immunother 2018;67:1767–76. 

	26	 Hashimoto M, Im SJ, Araki K, et al. Cytokine-mediated regulation of 
Cd8 T-cell responses during acute and chronic viral infection. Cold 
Spring Harb Perspect Biol 2019;11:a028464. 

http://dx.doi.org/10.1126/science.271.5256.1734
http://dx.doi.org/10.1038/nature13904
http://dx.doi.org/10.1038/nature13954
http://dx.doi.org/10.1084/jem.188.12.2205
http://dx.doi.org/10.1084/jem.188.12.2205
http://dx.doi.org/10.1073/pnas.1705327114
http://dx.doi.org/10.1038/nature22079
http://dx.doi.org/10.1056/NEJMoa1200694
http://dx.doi.org/10.1200/JCO.2015.64.0391
http://dx.doi.org/10.1056/NEJMoa1200690
http://dx.doi.org/10.1158/1078-0432.CCR-18-1449
http://dx.doi.org/10.1200/JCO.2017.77.6385
http://dx.doi.org/10.1038/nmeth.3317
http://dx.doi.org/10.1186/s13059-014-0550-8
http://dx.doi.org/10.1038/nature24633
http://dx.doi.org/10.1136/bmj.39335.541782.AD
http://dx.doi.org/10.1038/nature19330
http://dx.doi.org/10.1038/s41586-021-03862-z
http://dx.doi.org/10.1084/jem.20180684
http://dx.doi.org/10.1038/s41590-019-0312-6
http://dx.doi.org/10.1038/s41586-022-05257-0
http://dx.doi.org/10.1158/1078-0432.CCR-18-1449
http://dx.doi.org/10.1007/s00262-018-2228-7
http://dx.doi.org/10.1101/cshperspect.a028464
http://dx.doi.org/10.1101/cshperspect.a028464

	Characterisation of clinical response and transcriptional profiling of proliferating CD8 T cells in the blood of cancer patients after PD-­1 monotherapy or combination therapy
	Abstract
	Introduction﻿﻿
	Materials and methods
	Study design and participants
	Flow cytometric analysis
	Cell sorting and RNA sequencing
	Statistical analysis

	Results
	Patient characteristics and schematic diagram of PD-1-targeted treatment cycles
	Phenotype of proliferating T cells in the peripheral blood of patients receiving PD-1-targeted therapy
	Proliferative T-cell responses based on therapy type
	Clinical response and overall survival in patients treated with PD-1-targeted therapy
	Early proliferative CD8 T-cell response in the peripheral blood is associated with clinical response
	Early-and-sustained proliferative response is associated with clinical response and overall survival
	Transcriptional profile of proliferating ICI-induced effector-like CD8 T cells from the peripheral blood of patients with cancer
	Effector-like CD8 T cells have similar transcriptional profiles irrespective of treatment type or clinical response
	Comparison of the transcriptional profiles of effector-like CD8 T cells induced by ICI in patients with cancer and highly functional effector cells induced by acute yellow fever infection in healthy volunteers

	Discussion
	References


