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ABSTRACT
Background  Anti-programmed cell death 1 (PD-1) 
antibody combined with chemotherapy simultaneously 
is regarded as the standard treatment for patients with 
advanced non-small cell lung cancer (NSCLC) by current 
clinical guidelines. Different immune statuses induced by 
chemotherapy considerably affect the synergistic effects 
of the chemo-anti-PD-1 combination. Therefore, it is 
necessary to determine the optimal timing of combination 
treatment administration.
Methods  The dynamic immune status induced by 
chemotherapy was observed in paired peripheral blood 
samples of patients with NSCLC using flow cytometry and RNA 
sequencing. Ex vivo studies and metastatic lung carcinoma 
mouse models were used to evaluate immune activity 
and explore the optimal combination timing. A multicenter 
prospective clinical study of 170 patients with advanced NSCLC 
was performed to assess clinical responses, and systemic 
immunity was assessed using omics approaches.
Results  PD-1 expression on CD8+ T cells was 
downregulated on day 1 (D1) and D2, but recovered on D3 
after chemotherapy administration, which is regulated by 
the calcium influx-P65 signaling pathway. Programmed cell 
death 1 ligand 1 expression in myeloid-derived suppressor 
cells was markedly reduced on D3. RNA sequencing 
analysis showed that T-cell function began to gradually 
recover on D3 rather than on D1. In addition, ex vivo and in 
vivo studies have shown that anti-PD-1 treatment on D3 
after chemotherapy may enhance the antitumor response 
and considerably inhibit tumor growth. Finally, in clinical 
practice, a 3-day-delay sequential combination enhanced the 
objective response rate (ORR, 68%) and disease control rate 
(DCR, 98%) compared with the simultaneous combination 
(ORR=37%; DCR=81%), and prolonged progression-
free survival to a greater extent than the simultaneous 
combination. The new T-cell receptor clones were effectively 
expanded, and CD8+ T-cell activity was similarly recovered.
Conclusions  A 3-day-delay sequential combination 
might increase antitumor responses and clinical benefits 
compared with the simultaneous combination.

INTRODUCTION
Immune checkpoint blockade of 
programmed cell death 1 (PD-1) and 

programmed cell death 1 ligand 1 (PD-L1) 
leads to an effective immune response in 
various malignant tumors.1 Clinical studies 
have shown notable improvements in overall 
survival without an increase in adverse 
events in patients receiving chemotherapy 
combined with immunotherapy.2 For patients 
with advanced non-small cell lung cancer 
(NSCLC) without sensitive gene mutations, 
platinum-based chemotherapy combined 
with anti-PD-1 antibody has been recom-
mended as the first-line treatment according 
to the National Comprehensive Cancer 
Network guidelines.3 However, some patients 
do not benefit from the combined therapy.4 

WHAT IS ALREADY KNOWN ON THIS TOPIC
	⇒ Chemotherapy combined with immune checkpoint 
blockade simultaneously has been widely used in 
patients with advanced non-small cell lung cancer 
(NSCLC); however, little is known about the optimal 
timing of combination treatment.

WHAT THIS STUDY ADDS
	⇒ Our study showed that chemotherapy-induced pro-
grammed cell death 1 levels on CD8+ T cells peaked 
on day 3 (D3) and declined in the subsequent 2 days 
in the paired peripheral blood of patients, which is 
regulated by the calcium influx-P65 signaling path-
way. In the clinical practice of 124 matched patients 
with NSCLC, the sequential combination enhanced 
objective response rate, disease control rate, and 
progression-free survival to a greater extent than 
the simultaneous combination. The new T-cell re-
ceptor clones expanded, and CD8+ T-cell activity 
was recovered.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

	⇒ Our study suggests that a 3-day-delay sequential 
combination might increase the clinical benefit 
compared with the simultaneous combination.
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Different chemo-anti-PD-1 combination strategies have 
shown different antitumor effects.5 Therefore, it is neces-
sary to explore the optimal combination strategies.

Based on the clinical guidelines for NSCLC, chemo-
therapy combined with anti-PD-1 antibodies has been 
widely applied in current clinical practice.3 6 Unfortu-
nately, there is still no thorough research on diverse combi-
nations of chemotherapy and anti-PD-1 antibodies. In 
preclinical animal trials, anti-PD-1 antibody administered 
3 days after oxaliplatin therapy considerably suppressed 
tumor development compared with oxaliplatin and anti-
PD-1 antibody used simultaneously.7 Compared with the 
simultaneous combination, the anti-PD-1 antibody admin-
istered 1 day after cisplatin therapy dramatically enhanced 
the antitumor immune response.8 Based on these find-
ings, administration of chemotherapy before immuno-
therapy may maximize the synergistic anticancer effects 
of chemo-anti-PD-1 therapy. In clinical trials of neoadju-
vant chemo-anti-PD-1 therapy for patients with esopha-
geal cancer, participants treated with anti-PD-1 antibody 
2 days after chemotherapy exhibited a greater percentage 
of pathological complete remission (36%) than those 
treated with the simultaneous combined regimen (7%).9 
These results suggest that chemotherapy simultaneously 
combined with anti-PD-1 antibody may not be the optimal 
combination strategy. Various combination timings may 
produce varied clinical effects9 10; therefore, pertinent 
studies require comprehensive mechanistic research 
and the stringent verification of evidence-based medi-
cine. Furthermore, exploring the optimal combination 
timing of chemotherapy-anti-PD-1 may be conducive to 
improving the clinical outcomes of patients with NSCLC.

Anti-PD-1 therapy inhibits tumor progression by acti-
vating the antitumor immune response.11 12 The bene-
ficial immune response to anti-PD-1 antibody is closely 
associated with the cytotoxic effects of activated CD8+ 
T cells and high PD-1 expression.11 13 14 Chemotherapy 
has different immunomodulatory effects in killing tumor 
cells. Chemotherapeutic drugs such as cisplatin lead to 
immunogenic tumor cell death, contributing to the acti-
vation of tumor antigen-specific CD8+ T cells.15 16 Our 
previous study identified the regulation of PD-1 on T cells 
via the danger signaling molecule, high-mobility group 
protein B1.17 A recent preclinical study revealed that 
platinum notably impaired the proliferation of activated 
lymphocytes.10 In the acute inflammation model, PD-1 
expression on CD8+ T cells initially increased and subse-
quently decreased, which was comparable to the antigen 
generation induced by chemotherapy.18 These results 
indicate that chemotherapy may trigger immunosuppres-
sive or immune-activated responses at different times, 
thereby affecting the clinical efficacy of chemo-anti-PD-1 
therapy. Thus, it is crucial to thoroughly analyze the 
dynamic changes in immune activity after chemotherapy.

In our study, dynamic changes in immune status 
induced by platinum-based chemotherapy alone in 
patients and a preclinical model were investigated. We 
analyzed the PD-1 expression at different time points 

after chemotherapy, which is mainly associated with the 
efficacy of PD-1 blockade, and explored the underlying 
mechanism. Ex vivo and in vivo studies were performed 
to determine optimal combination timing. Furthermore, 
to ensure that the optimal combination timing was suit-
able for clinical patients, a multicenter prospective clin-
ical study was performed on 170 patients with advanced 
NSCLC, and underlying alterations in systemic immunity 
were analyzed using omics approaches. These findings 
highlight that optimal combination timing can improve 
the synergistic antitumor response.

METHODS
Study design and assessment
199 patients pathologically diagnosed with NSCLC 
between January 2021 and May 2023 were included in 
this study, including those who received chemotherapy 
only (n=29) and those who received chemo-anti-PD-1 
combination therapy (n=170). Patients with NSCLC aged 
18–79 years were eligible for enrollment. The key eligi-
bility criteria for all patients included an Eastern Coop-
erative Oncology Group performance status score of 0–1, 
adequate organ function, and the presence of at least one 
measurable lesion, according to the Response Evaluation 
Criteria in Solid Tumors (RECIST) V.1.1. Key exclusion 
criteria included a history of bone marrow or solid organ 
transplantation; ongoing or recent autoimmune disease 
requiring systemic immunosuppressive therapy; history of 
severe hypersensitivity reactions to any monoclonal anti-
body, gemcitabine, pemetrexed, paclitaxel, and platinum; 
and previous monoclonal antibody treatment targeting 
PD-1/PD-L1/cytotoxic T-lymphocyte associated protein 4 
(CTLA-4).

The patients who received chemotherapy alone (n=29) 
were treated with platinum-based chemotherapy. In addi-
tion to platinum-based agents, the regimen included 
docetaxel, paclitaxel, or pemetrexed. Blood samples were 
collected during the platinum-based treatment cycle.

Patients who received chemo-anti-PD-1 combination 
therapy (n=170) from five hospitals were separated into 
two cohorts and their clinical responses were evaluated 
in a multicenter prospective observational clinical study. 
One cohort (n=102) was treated with anti-PD-1 anti-
body on the first day of platinum-based chemotherapy 
(simultaneous combination). The other cohort (n=68) 
was administered anti-PD-1 antibody on the third day 
after the end of chemotherapy (3-day delayed sequen-
tial combination). PD-L1 high was defined as the pres-
ence of membrane staining of any intensity in ≥50% of 
tumor and immune cells. The primary endpoint was the 
objective response. The key secondary endpoints were 
disease control rate, clinical benefit rate, and safety. 
The clinical response was assessed for each target lesion 
based on RECIST (V.1.1) every two cycles. Adverse events 
were recorded according to the Common Terminology 
Criteria for Adverse Events V.5.0. Adverse events were 
recorded for all treated patients until 3 months after 
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the administration of the last anti-PD-1 antibody dose or 
death.

This study was conducted in accordance with the 
Strengthening the Reporting of Observational Studies 
in Epidemiology reporting guideline for observational 
studies.

Associations of clinicopathological parameters with 
simultaneous combination and 3-day delayed sequen-
tial combination were estimated with modified Poisson 
regression (simultaneous combination, 3-day delayed 
sequential combination). The propensity score matching 
scores were calculated using logistic regression, taking 
into account several demographic and clinical charac-
teristics. We performed 1:1 “greedy nearest-neighbor” 
matching without replacement with a caliper of 0.15. The 
method functionally relied on the R package MatchIt. 
Treatment efficacy was performed comparisons for both 
pre-matching and post-matching data to evaluate the 
validity of our results. For objective response rate, a strat-
ified Cochran-Mantel-Haenszel test was used to calculate 
common ORs and associated two-sided 95% CIs. A strati-
fied Cox proportional hazards model was used to estimate 
the treatment effect HR. Furthermore, sensitivity analyses 
were conducted to assess the validity of our results and 
investigate plausible variables that may have impacted the 
noted variations in treatment efficacy between the two 
cohorts.

Mice
Female C57BL/6 mice (16–18 g, 4–6 weeks old) were 
obtained from the animal facility (Beijing Vital River 
Laboratory Animal Technology) and were fed in the 
Animal Experiment Center of Henan Province.

Mice model
We injected 1×106 luciferase-labeled Luc-GFP-LLC cells 
into the tail vein and monitored lung metastases. For in 
vivo determination of the metastatic burden, mice were 
anesthetized and injected intraperitoneally with 75 mg/
kg D-luciferin (100 mL of 30 mg/mL in phosphate-
buffered saline (PBS)) 10 min before imaging. Metastatic 
growth was monitored over time using an IVIS Spectrum 
Imaging System (PerkinElmer) and analyzed using the 
coupled Living Image software program (PerkinElmer).

For chemotherapy experiments, once tumors reached 
the total thorax bioluminescence imaging (BLI) signal of 
1e5–1e7, the mice were randomly assigned to the exper-
imental groups. All the mice were intraperitoneally 
injected with a single dose of cisplatin (10 mg/kg) and 
pemetrexed (100 mg/kg).

For combination therapy experiments, once tumors 
reached the total thorax BLI signal of 1e5–1e7, the mice 
were randomly assigned to the experimental groups. 
Cisplatin (10 mg/kg), pemetrexed (100 mg/kg), NaCl 
0.9%, anti-PD-1 antibody (200 mg/mouse, BE0273, Bio X 
Cell), or IgG2a isotype (200 mg/mouse, BE0089, Bio X 
Cell) was administered via intraperitoneal injection once 
after randomization.

Tissue digestion and preparation of single-cell suspensions
Single-cell suspensions of tumor tissues and spleens were 
prepared on scheduled days after treatment. For tumor-
infiltrating lymphocytes isolation, tumors were excised, 
manually dissociated and digested in collagenase/DNase 
mix (Roche) for 30 min at 37°C. The cells collected from 
each mouse were resuspended in an equal volume of 
fluorescence-activated cell sorting buffer for flow cytom-
etry. When chemotherapy samples were treated with the 
PD-1 monoclonal antibody in vitro, 1×106 cells were plated 
in a 24-well plate, and PD-1 monoclonal antibody (10 mg/
mL, Camrelizumab, Hengrui) was added 24 hours before 
flow cytometry antibody staining.

Surface and intracellular staining and flow cytometry
Up to 2×106 dissociated cells were resuspended in 
Zombie Aqua Dye (B324732, BioLegend) viability dye 
solution (1:500 in PBS), followed by 15 min of incuba-
tion at room temperature in the dark. Cells were then 
centrifuged, resuspended in FACS buffer, and stained 
at 0.5–1×106 cells/mL concentration. Surface staining 
was performed with antibody for 30 min at 4°C in FACS 
buffer using the antibodies listed in online supplemental 
table 6. Following incubation, the cells were washed twice 
with PBS before intracellular staining. For intranuclear 
staining, cells were first stained on the surface before 
fixation (G1101, Servicebio) and for interferon (IFN)-γ, 
interleukin (IL)-2, marker of proliferation Kiel 67 (Ki-67), 
Thymocyte Selection Associated High Mobility Group 
Box (TOX) and T-cell factor 1 (TCF1) was performed 
with Foxp3 Staining Buffer Set (eBioscience) according 
to manufacturer’s instruction, followed by intranu-
clear staining. All data were acquired using a Beckman 
Coulter DxFLEX flow cytometer equipped with CytEx-
pert experiment-based software (Beckman Coulter), and 
data were analyzed using FlowJo software (Tree Star) or 
CytExpert.

Intracellular Ca2+ measurement
Cells were incubated in Hank's Balanced Salt Solution 
(HBSS) containing 4 mM Fluo-4 AM (Beyotime) for 
45 min and washed three times with HBSS. Then they 
were stained with CD8 surface antibody and rinsed three 
more times with HBSS. At the end of the staining, 60 s 
were first recorded by flow cytometry as a baseline, and 
then the calcium flow variation was recorded for 2 min 
by flow cytometry immediately after extracellular stim-
ulation with the addition of 25 µg/mL anti‐CD3 mAbs 
(317326, BioLegend).

Immunofluorescence
CD8+ T cells were sorted from peripheral blood mono-
nuclear cell (PBMC) of chemotherapy patients. The 
cells were applied to slides at a concentration of 103/
µL, allowed to dry and then immediately fixed with 4% 
paraformaldehyde for 20 min, permeabilized with 1% 
Triton X-100 for 15 min, and sealed at room temperature. 
Then, the cells were incubated with primary antibodies 
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Phospho-NF-κB p65 (Ser536) (93H1) Rabbit mAb (3033T, 
CST, 1:500), PD-1/CD279 mAb (66 220–1-Ig, Protein-
tech, 1:500) overnight at 4°C, and then rewarmed at 
room temperature for 1 hour the next day. The cells were 
washed three times with PBS, and then incubated with 
Alexa Fluor 488-AffiniPure Donkey Anti-Mouse IgG (715-
545-150, Jackson)/Alexa Fluor 594-AffiniPure Donkey 
Anti-Rabbit IgG (711-585-152, Jackson) for 1 hour and 
washed three times with PBS. An appropriate amount of 
anti-fluorescence quenching sealing solution (containing 
4',6-diamidino-2-phenylindole, DAPI) (P0131-25 mL) 
was added, coverslips were covered, and 15 min were 
observed and imaged by Vectra imaging system with exci-
tation wavelengths of 405 and 488 nm and 594 nm.

RNA sequencing and analysis
Frozen PBMC samples from four chemotherapy patients, 
collected on D0, D1, and D3 (except one patient whose 
PBMC sample was not collected on D1), and that of six 
patients (three from each combination group), collected 
on D0 and D7, were purified with CD8+ T magnetic beads 
(130-045-201, Miltenyi Biotec) using magnetic-activated 
cell sorting columns (130-042-401, Miltenyi Biotec). RNA 
sequencing and data analysis were performed using BGI 
500 (Wuhan, China). Differential expression analysis 
was performed using DEGseq with fold changes ≥2 and 
Q value ≤0.05 in the chemotherapy group, while using 
DESeq2 (V.1.4.5) with fold changes ≥2 and Q value ≤0.05 
in the combination group.

T-cell receptor sequencing
T-cell receptor (TCR) sequencing of pretreatment and 
post-treatment blood samples was performed to assess 
the new clones and the correlation of changes with the 
response using immune sequence analysis at Chengdu 
ExAb Biotechnology. A total of 30,000 functional TCR 
sequences were randomly selected from each sample for 
comparison.

Statistical analysis
Prism (GraphPad Software V.8.0.1) or Statistical Product 
Service Solutions V.21, if applicable, were used to produce 
all summary statistics (average values, SD, SEM, and signif-
icant differences between groups). Unpaired (for mouse 
and human non-longitudinal samples) or paired (for 
human longitudinal samples) two-tailed Student’s t-tests 
were used to evaluate the statistical significance between 
groups (p<0.05, considered statistically significant). The 
log-rank (Mantel-Cox) test was used to compare survival 
across multiple groups using the Prism software.

RESULTS
The dynamic changes of circulating immune cells induced by 
chemotherapy in NSCLC
Accumulating evidence has shown a potentially significant 
role for systemic CD8+ T cells in the response to anti-PD-1 
antibodies.12 14 19 20 High PD-1 expression on circulating 

CD8+ T cells or an increased ratio of PD-1 expression 
on CD8+ T cells to that on CD4+ T cells contributes to 
a beneficial response to PD-1 blockade.21–23 Enhanced 
expression of systemic CD8-PD-1 signaling was observed 
in the responders (online supplemental figure 1A). Thus, 
we further validated that CD8+T cells with PD-1 expres-
sion in the peripheral immune system have the ability 
to respond to PD-1 monotherapy and that PD-1 hyper-
expression with superior performance after checkpoint 
blockade. Indeed, these patients demonstrated improved 
progression-free survival (PFS) after the checkpoint 
blockade (online supplemental figure 1B). The external 
breast cancer combination therapy cohort confirmed 
that PD-1 hyper-expression on circulating CD8+ T cells 
was positively associated with long-term PFS24 (online 
supplemental figure 1C).

To profile the dynamic changes of the circulating 
immune status regulated by platinum-based chemo-
therapy, PBMC from patients with NSCLC (n=29) before 
day 0 (D0) and after (D1, D2, D3, D5, and D7) chemo-
therapy administration were collected (figure 1A). Flow 
cytometry was performed, and the results showed that 
PD-1 expression on CD8+ T cells was downregulated 
on D1 and D2, recovered or even higher on D3, and 
then declined to basal levels on D5 and D7 (figure  1B 
and online supplemental figure 2A). Similarly, note-
worthy peak values were detected for the ratio of PD-1 
expression on CD8+ T cells to that on CD4+ T cells on 
D3 (figure  1C and online supplemental figure 2B). 
Meanwhile, the expression of PD-L1 on monocytic 
myeloid-derived suppressor cells (M-MDSCs) and the 
proportion of M-MDSCs in PBMC were at a trough on D3 
(figure  1D,F, online supplemental figure 2C,D). PD-L1 
expression on polymorphonuclear MDSC (PMN-MDSCs) 
was also the lowest on D3 (figure 1E). The PMN-MDSC 
ratio in myeloid cells decreased at the end of the treat-
ment (figure 1F). Moreover, the ratio of central memory 
(CM) and effector (eff) T cells (TCM/Teff), which reached 
a maximum on D3 (online supplemental figure 2E), was 
associated with an improved prognosis.25 CD28, a vital 
molecule activated on T cells, reached its highest expres-
sion on D3 (figure 1G, online supplemental figure 2F). 
Transcription factor TCF1 is an essential transcription 
factor in progenitor-exhausted CD8+ T cells.26 27 There 
was a consistent peak in the TCF1+PD-1+CD8+ T cell 
subset with CD28 expression (figure 1H).

To further identify immune cell alterations elicited by 
chemotherapy in vivo, we injected Luc-LLC cells into the 
tail vein and treated tumor-bearing mice with cisplatin 
and pemetrexed (figure 1I). Tumor tissues and spleens 
were collected from the mice before (D0) or after chemo-
therapy treatment (D1, D3, D5, and D7). The proportion 
of CD8+PD-1+ T cells in the spleen and tumor tissues 
peaked on D3 and then gradually decreased, whereas the 
expression of PD-L1 on MDSC showed the opposite trend 
(figure 1J,K), which was consistent with the patient with 
NSCLC results. The ratio of PD-1 expression on circu-
lating CD8+ T cells to that on CD4+ T cells peaked on D3 
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Figure 1  The dynamic changes of circulating immune cells induced by chemotherapy in NSCLC. (A) Strategy for blood 
sample collection from patients with NSCLC for analysis. (B) The PD-1 expression on CD8+ T cells was detected in paired pre-
chemotherapy (D0) and post-chemotherapy (D1, D3, D5, D7) PBMC using flow cytometry. (C) The ratio of PD-1 expression on 
CD8+ T cells to that on CD4+ T cells. (D–E) The PD-L1 expression on M-MDSC (D) and PMN-MDSC (E) from chemotherapy 
patients. (F) Proportion of M-MDSC and PMN-MDSC in myeloid cells. (G, H) Frequency of CD28+ (G) and TCF1+ (H) cells among 
the total CD8+ T cells. (I) Schematic schedule of tail vein tumor injection, cisplatin plus pemetrexed therapy dosing and tumor 
sampling (J) Frequency of PD-1+ cells in the CD8+ population in spleen and tumor of five groups. (K) Cell surface levels of 
PD-L1 in M-MDSCs and PMN-MDSCs. (L) The ratio of PD-1 expression on CD8+ T cells to that on CD4+ T cells in the spleen. 
(M) Frequency of CD28+ (in spleen) and CD69+ (in tumor) in total CD8+ T cells. (N) Frequency of TCF1+PD-1+ cells in total CD8+ T 
cells in the spleen. (A–N) Mean±SEMs. Pairwise comparisons were also performed. P value, Student’s t-test. *p<0.05, **p<0.01, 
***p<0.001. B–C, n=11. D–F, n=8. G–H, n=6. i.v., intravenous; M-MDSC, monocytic myeloid-derived suppressor cell; MFI, mean 
fluorescent intensity; NSCLC, non-small cell lung cancer; PD-1, programmed cell death 1; PD-L1, programmed cell death 1 
ligand 1; PMN-MDSC, polymorphonuclear MDSC; TCF1, T-cell factor 1.
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as well (figure 1L). The expression of activated markers, 
CD28 and CD69, on CD8+ T cells rapidly increased on 
D3 (figure 1M). A similar rise was observed in circulating 
progenitor-exhausted CD8+ T cells (TCF1+PD-1+CD8+ T 
cells) (figure  1N). Thus, our in vivo study verified the 
results observed in patients with NSCLC and demon-
strated that D3 was the optimal immune status for chemo-
anti-PD-1 combination therapy.

Moreover, CD8+ T-cell apoptosis increased abruptly on 
D1 and D2 after chemotherapy administration and then 
decreased on D3 (online supplemental figure 2G). The 
absolute number of CD8+ T cells showed first fall and 
then rise (online supplemental figure 2H). Furthermore, 
in vitro studies showed that chemotherapy simultane-
ously combined with a PD-1 antibody enhanced CD8+ 
T apoptosis more than chemotherapy alone (online 
supplemental figure 2I). These results demonstrated 
that the simultaneous combination might enhance CD8+ 
T-cell apoptosis, and the anti-PD-1 therapy on D3 after 
chemotherapy might avoid the toxicity of chemotherapy. 
Overall, these data indicate that D3 after chemotherapy 
is the time frame with the optimal immune status for 
patients with NSCLC who benefited from chemo-anti-
PD-1 combination therapy.

Gene expression profile of circulating CD8+ T cells from 
patients with NSCLC after chemotherapy
CD8+ T cells purified before (D0) and after (D1 and 
D3) chemotherapy were used for RNA sequencing 
(RNA-seq). Volcano plot analysis revealed differen-
tially expressed genes between the D0 and D3 groups 
(figure 2A). Gene Ontology analysis showed that the 
upregulated genes on D3 were mainly enriched in the 
cell adhesion, migration, and chemotaxis pathways 
(figure  2B). TCF7 and CD28 expression increased, 
while that of the exhausted molecule (TOX) decreased 
on D3 compared with that on D0 or D1 (figure 2C). 
A recent study reported a group of genes that drive 
T-cell proliferation and activation, including MAPK3, 
a critical mediator of T-cell functions, the co-stimula-
tory molecule CD59, the transcription factor BATF, and 
cytokines, which are known to promote T-cell prolifera-
tion, such as IL-12B and IL-23A.28 In our data set, these 
genes were upregulated on D3 (figure 2C). To further 
investigate temporal changes in the transcription of 
CD8+ T cells, we applied a soft clustering approach 
using Mfuzz, which groups genes based on their 
expression profiles. We identified six time-dependent 
expression patterns (figure 2D) and investigated their 
biological significance. Cluster 2 contained 199 genes 
and cluster 6 contained 152 genes enriched in immune 
and inflammatory responses. Serious damage was 
detected on D1, with full or partial recovery of CD8+ T 
cells function observed on D3 during systemic chemo-
therapy. Cluster 1 contained 240 genes, and cluster 5 
contained 248 genes related to cell migration and cell 
adhesion, which showed increased expression levels 
over time (figure  2D). Additionally, we performed 

Gene Set Enrichment Analysis (GSEA) using estab-
lished signatures of CD8+ T cells with PD-1 high 
expression in humans. A memory phenotype distinct 
from exhausted CD8+ T cells was represented in this 
instance by the gene signature, which was enriched in 
the D3-subsets (figure 2E). In summary, T cells on D3 
are in the initial phase, in which functionality begins 
to gradually recover rather than becoming anergic or 
terminally exhausted.

PD-1 on CD8+ T cells highly expressed on D3 was regulated by 
calcium influx-P65 activation after chemotherapy
The dynamic expression of PD-1 on CD8+ T cells 
after chemotherapy is a key factor in determining the 
timing of PD-1 antibody treatment. The above results 
suggest that PD-1 reached its highest expression on 
D3, however, the underlying mechanism remains 
unclear. We analyzed the RNA-seq data of CD8+ T cells 
purified before (D0) and after chemotherapy (D1 
and D3), and found that calcium inward flow-related 
pathways were upregulated in CD8+ T cells from D3 
(figure 3A). Transcription factor enrichment analysis 
of genes elevated in the D3 group relative to the D0 or 
D1 groups predicted that RELA was a core transcrip-
tion factor regulating more other genes (figure  3B). 
Furthermore, we validated that calcium flux in CD8+T 
cells was upregulated on D3, and then declined to 
basal levels in D5 and D7 from patients with NSCLC 
treated with chemotherapy administration alone 
by flow cytometry (figure  3C,D). The expression of 
phosphorylated P65 in CD8+ T cells was consistent 
with calcium flux, peaking at D3 (figure  3E). Immu-
nofluorescence imaging showed that chemotherapy-
induced P65 activation and nuclear translocation in 
CD8+ T cells on D3, and the fluorescence intensity of 
PD-1 was upregulated on D3 (figure 3F). The calcium 
chelator BAPTA and NF-κB inhibitor QNZ signifi-
cantly inhibited P65 activation and PD-1 expression 
on D3, and the inhibition ratio was greater than that 
at other times (figure 3G,H). These findings indicate 
that PD-1 on CD8+T cells highly expressed on D3, is 
mainly regulated by calcium influx-P65 activation 
after chemotherapy.

Anti-PD-1 antibody treatment influences the function of CD8+ 
T cells at different times after chemotherapy ex vivo
To determine the best response to anti-PD-1 antibody, 
we collected PBMC from patients with NSCLC before 
and after chemotherapy and treated them with anti-
PD-1 antibody at different time points (D0, D1, D2, 
D3, D5, and D7). CD28 expression on CD8+ T cells 
was enhanced on D3 (figure 4A, online supplemental 
figure 3A). The percentage of TCF1+PD-1+CD8+ T 
cells was not significantly different on the different 
days (figure 4B and online supplemental figure 3B). 
TOX expression in CD8+ T cells remained low after 
chemotherapy compared with that on D0 (figure 4C, 
online supplemental figure 3C). Next, we evaluated 
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the activated function of CD8+ T cells. The proportion 
of IFN-γ+, and Ki67+ cells were noticeably increased 
in D3 PBMC after PD-1 blockade (figure 4D, online 
supplemental figure 3D). Furthermore, the cyto-
toxic function and proliferation of CD8+PD-1+ T 

cells, which are considered to be highly enriched 
in antigen-specific T cells,29 showed a trend similar 
to that of CD8+ T cells (figure  4E, online supple-
mental figure 3E). Therefore, evidence suggests 
that the application of PD-1 blockade on D3 after 

Figure 2  Gene expression profile of circulating CD8+ T cells from patients with non-small cell lung cancer receiving 
chemotherapy. (A) Volcano map of differentially expressed genes between D3 and D0. (B) The top eight biological processes 
associated with immunity enriched by Gene Ontology analysis performed on the upregulated genes in D3 CD8+ T cells 
compared with D0 CD8+ T cells. Bar graph colored by p values. (C) Heatmap showing transcriptome relative expression of 
function-related molecules. (D) Clusters showing key biological processes terms. Genes clustered by their expression pattern 
along the progression of therapy by the Mfuzz R package. (E) Gene Set Enrichment Analysis of programmed cell death 1 high 
CD8+ T cells; D3 CD8+ T cells had elevated gene expression signatures compared with D1 or D0 CD8+ T cells. NES, normalized 
enrichment score.

https://dx.doi.org/10.1136/jitc-2024-009627
https://dx.doi.org/10.1136/jitc-2024-009627
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https://dx.doi.org/10.1136/jitc-2024-009627
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Figure 3  The high expression of PD-1 on CD8+T cells was regulated by calcium influx-P65 signaling on D3 after 
chemotherapy. (A) The top eight molecular function enriched by Gene Ontology analysis performed on the upregulated genes in 
D3 CD8+T cells compared with D0 CD8+T cells. Bar graph colored by p values. (B) The network was visualized with Cytoscape 
V.3.10.1. The transcription factor with the highest ranking is shown by the central circle, and its association with more genes 
is indicated by a darker red color. Transcription factor of genes elevated in the D3 group were predicted using the KnockTF2.0 
database. (C–D) Fluo-4 AM MFI of cytosolic calcium release in CD8+ T cells from paired pre-chemotherapy (D0) and post-
chemotherapy (D1, D2, D2, D5, D7) PBMC using flow cytometry. Data are representative of seven independent experiments 
(C). Quantification of MFI is shown (D, n=7). (E) The p-P65 expression on CD8+T cells was detected in PBMC from patients 
receiving chemotherapy (n=8). (F) Immunofluorescence staining of PD-1 (green) and p-P65 (red) in CD8+ T cells. Nuclei were 
stained with DAPI. (G–H) PBMC from patients receiving chemotherapy were pretreated with BAPTA (MCE, HY-100168, G, 
10 mM, n=5) or the NF-κB inhibitor QNZ (Selleck, S4902, H, 10 nM, n=4) for 24 hours and flow cytometry-based quantification 
of p-P65 and PD-1 (expressed as MFI) were analyzed. (D–H) Mean±SEMs. *p<0.05, **p<0.01, ***p<0.001. DAPI, 4',6-diamidino-
2-phenylindole; MFI, mean fluorescent intensity; PBMC, peripheral blood mononuclear cell; PD-1, programmed cell death 1; 
p-P65, phosphorylated P65.
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chemotherapy remarkably restores the anti-tumor 
activity of CD8+ T cells.

Prolonged survival of mice treated with anti-PD-1 antibody on 
D3 after chemotherapy
To further verify the optimal timing for chemo-
anti-PD-1 combination therapy, we tested the anti-
tumor effects of chemo-anti-PD-1 combined with 
sequencing in a mouse model of metastatic lung 
carcinoma. 17 days after Luc-LLC inoculation, the 
tumor-bearing mice were randomized and separated 
into six groups for different treatments. Anti-PD-1 
therapy initiated simultaneously with chemotherapy 

((Cis+Pem+αPD-1(D0)) showed synergy in the 
inhibition of tumor growth and increased survival 
compared with chemotherapy (Cis+Pem) or anti-
PD-1 antibody treatment alone (figure  5A–D). A 
3-day-delay PD-1 blockade after chemotherapy 
((Cis+Pem+αPD-1(D3)) fully reinforced the anti-
tumor effects more than the other combined 
treatment strategies ((Cis+Pem+αPD-1(D0, D7)) 
(figure 5A–D). Importantly, the Cis+Pem+αPD-1(D3) 
(median survival, reached at 66 days) trended 
(p=0.019) toward a greater survival benefit than the 
regimen of Cis+Pem+αPD-1(D0) (median survival of 

Figure 4  Anti-PD-1 antibody treatment influences the function of CD8+ T cells at different times after chemotherapy ex vivo. 
(A, C) D0, D1, D3, D5, and D7 peripheral blood mononuclear cells from patients receiving chemotherapy were treated with anti-
PD-1 antibody (10 mg/mL) for 24 hours. Flow cytometry was used to examine the frequency of CD28+ (A) and TOX+ (C) cells 
among the total CD8+ T cells. (B) Frequency of TCF1+ cells in total CD8+ PD-1+ T cells. (D–E) Frequency of IFN-γ+, IL-2+, Ki67+ 
cells in total CD8+ T cells (D) and total CD8+PD-1+ T cells (E). A–E Mean±SEMs *p<0.05, **p<0.01, ***p<0.001 A, C, n=9. B, n=8. 
D–E, n=10. IFN, interferon; IL, interleukin; Ki-67, marker of proliferation Kiel 67; PD-1, programmed cell death 1; TCF1, T-cell 
factor 1; TOX, Thymocyte Selection Associated High Mobility Group Box.
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Figure 5  Mice treated with anti-PD-1 antibody 3 days after chemotherapy had considerably prolonged survival. (A) Survival of 
mice administered chemotherapy and anti-PD-1 antibody alone or in combination at different time points. *p<0.05, **p<0.01, 
***p<0.001. ns, not significant (log-rank test). (B) In vivo BLI of lung metastasis developed after intravenous injection of Luc-
LLC cells. Representative images in the focused treatment group are shown, D0 refers to the day of treatment. (C) Temporal 
BLI quantification (radiance, photons/s) based on the dosing timeline in thorax tumor burden. Data is mean±SEM based on the 
indicated numbers of mice in various regimen groups. Pairwise comparisons of the group (Cis+Pem + αPD-1(D0)), (Cis+Pem 
+ αPD-1(D3)) versus the other group at different time points denoted by the specific color of symbol#. #p<0.05, ##p<0.01. 
*Indicates death of mice, resulting in reduced mean BLI values. (D) SK plots included tumor burden and survival data after 
various treatments until death or observation endpoint. For ease of observation, we set the maximum radiance fold change 
value to 7. *p<0.05, **p<0.01, ***p<0.001 (E) mice weight based on the timeline. Data is mean±SEM based on the indicated 
numbers of mice in various regimen groups. Pairwise comparisons of the group (Cis+Pem + αPD-1(D0), (Cis+Pem + αPD-1(D3)) 
versus the other group denoted by the specific color of symbol #. #p<0.05. *Indicates death of mice, resulting in reduced mean 
mice weight values. F–H. The ratio of TEM/effector T cells (F) and frequencies of CD28+, CD69+ (G), interferon-γ+ and Ki67+ (H) in 
the CD8+ population of tumor and spleen with six treatment regimens. Mean±SEMs. Pairwise comparisons were performed. 
*p<0.05, **p<0.01, ***p<0.001. BLI, bioluminescence imaging; Ki-67, marker of proliferation Kiel 67; TEM, effector memory T cell; 
PD-1, programmed cell death 1.
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43 days) (figure 5A). Moreover, four of the nine long-
term survivors in the D3 group displayed complete 
responses (figure  5D). Regarding the side effects of 
the combination, weight loss was generally less than 
10%, and no significant differences were observed 
3 days after the first treatment among the six treat-
ment groups. Thereafter, the weight of the D3 group 
recovered faster than that of the other groups, indi-
cating fewer side effects of the 3-day-delay combina-
tion (figure 5E).

Next, we elucidated the effects of sequential chemo-
therapy and PD-1 blockade therapy on immune func-
tions. 3-day delay therapy appreciably increased the 
ratio of effector memory CD8+ T cells to effector CD8+ 
T cells in both the spleen and tumor tissues, indicating 
a shift in effector T cells toward an antigenic pheno-
type (figure  5F). Compared with the other treatments, 
systemic and tumor-infiltrating CD8+ T cells were more 
activated, as evidenced by the increased expression of 
CD69 in the D3 group (figure 5G). Furthermore, intra-
tumoral CD8+ T cells exhibited increased proliferation 
and cytotoxicity (figure  5H). Collectively, these results 
demonstrate that a 3-day delay sequential therapy might 
be the optimal combination strategy for more effective 
antitumor activity.

The therapy with optimal combined timing results in a 
beneficial immune response in patients with NSCLC
Based on the data outlined above, we tested whether the 
combined timing or sequencing is appropriate for real-
life clinical practice. As shown in figure 6A, 170 eligible 
participants with NSCLC were included in our real-world 
cohorts, including the control (combination, n=102) 
and experimental (3-day-delay sequential combination, 
n=68) cohorts. The comparable baseline characteris-
tics between the two treatments allowed us to compare 
their efficacy and safety (online supplemental tables 
1–3). To reduce the impact of potential confounders, we 
employed propensity score matching. A notable reduc-
tion in standardized mean difference after matching can 
be observed (online supplemental figure 4A), indicating 
that the propensity score matching effectively improved 
the balance of covariates between the two treatment 
groups. Careful inspection of the table shows that after 
propensity score matching, the p values of many covari-
ates increase after matching (online supplemental table 
2), and this change in p values confirms that our propen-
sity score matching method successfully balances the 
distribution of baseline characteristics between the two 
groups. After propensity score matching, the matched 
cohort included 124 patients (online supplemental table 
1). All 170 participants including 124 matched patients 
were prospectively observed, and the efficacy outcomes 
are summarized (figure 6B–D and online supplemental 
table 4). Remarkably, a large reduction in tumor mass 
in the lungs of several patients with NSCLC treated with 
a 3-day-delay sequential therapy (online supplemental 
figure 6) in the sequential cohort achieved a significantly 

higher ORR than that in the simultaneous cohort 
(67.74% vs 37.10%). Similarly, the disease control rate 
(DCR) in the sequential cohort (98.39%) was higher than 
that in the control cohort (80.64%) (figure 6C). Stratifi-
cation of clinical responses demonstrated that markedly 
increased beneficial effects were observed in patients 
with a 3-day-delay in sequential therapy, but not in 
patients with simultaneous therapy (online supplemental 
figure 4B,C). We also observed that patients treated with 
sequential therapy had a longer median PFS (14.4 m vs 
8.3 m, respectively, p=0.0013, figure 6D). Stratified studies 
of PFS demonstrated a significant increase in beneficial 
effects observed in patients with a 3-day delay in consecu-
tive treatments (online supplemental figure 5A,B).

Subsequently, the underlying alterations in systemic 
immunity were studied using omics profiling. We 
performed TCR sequencing of the blood of 13 patients 
pretreatment and post-treatment (n=6, control group: 
Con; n=7, experimental group: Ex). Notably, the newly 
cloned T cells expanded effectively in the sequential 
cohort (median 81 (IQR 42–202)) versus 29 (IQR 17–78) 
in the simultaneous cohort at pre-Cycle3 (C3) therapy 
(D42) (figure  6E), which was consistent with the clin-
ical efficacy outcomes (figure 6F). Simultaneously, three 
paired pretreatment and post-treatment PBMC from 
the simultaneous and sequential cohorts were randomly 
selected for bulk RNA-seq of CD8+T cells. In both groups, 
longitudinal profiling of post-treatment (D7) CD8+T cells 
revealed elevated effector function (Granzyme-B, IFN-γ), 
proliferation ability (Ki67), and activation phenotype 
(CD69) (figure 6G). This increase was more prominent 
in the sequential group than in the simultaneous group 
(figure 6G). GSEA results indicated that CD8+T cells in 
the sequential group after 1 week of anti-PD-1 antibody 
treatment were inclined toward memory stem T cells 
(figure  6H). Flow cytometry was performed to observe 
the effect on CD8+T cells in 24 patients (n=11, Con; 
n=13, Ex). Sequential therapy considerably increased 
the ratio of effector memory cells to effector CD8+T cells 
(figure 6I). Patients in the sequential group also showed 
elevated CD8+T cell activity, as IFN-γ and Ki67 expression 
increased (figure  6J). Together, these data support the 
hypothesis that 3-day-delay sequential therapy may be a 
better regimen in clinical practice.

DISCUSSION
Chemotherapy combined with anti-PD-1 antibody 
initially together is usually adopted in clinical prac-
tice and clinical trials.6 Anti-PD-1 antibody have been 
reported to inhibit tumor growth by activating the 
immune system. Chemotherapy not only activates 
but also suppresses immune activity.16 30 Therefore, it 
remains unclear whether simultaneous treatment is 
the best option in clinical practice.

We first used flow cytometry and RNA-seq to track 
dynamic changes in the immunity of patients with 
NSCLC and animal models after chemotherapy. The 
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Figure 6  The chemo-anti-PD-1 combination with optimal timing results in a beneficial immune response in patients with 
NSCLC. (A) Schema showing the dosing schedule and relevant sample collection time points for each treatment group. 
(B) Examples of radiographic (CT scan) images of NSCLC pre-therapy and post-therapy. (C) The ORR and DCR were evaluated 
between the two groups after matching. (D) KM curves for progression-free survival of patients with NSCLC in two groups after 
matching (log-rank p value p=0.0013). (E). Scatter plots of the clone size of each clonotype in baseline (x-axis) and pre-C3 (day 
42) (y-axis), with data of three patients summarized in each group. The number of new clones that occurred more than five times 
per patient after treatment, was counted. Mean±SEMs. Pairwise comparisons were performed. *p<0.05; Con, n=6; Ex, n=7. 
(F) SK plots included tumor maximum percentage change and a number of expanded new clones in both treatments. SK plots 
were created using an online software (https://skylineplotter.shinyapps.io/SkyLinePlotter/). (G) Heatmap showing transcriptome 
relative expression of key molecules in post-treatment (D7) compared with pretreatment (D0). (H) Gene Set Enrichment Analysis 
of memory stem T cells CD8 T cells signatures in D7 genes. (I–J) The ratio of TEM/Teff (I) and frequencies of interferon-γ+ and 
Ki67+ (J) in the CD8+ population of two treatment regimens. Mean±SEMs. Pairwise comparisons were performed. *p<0.05. Con, 
control group; DCR, disease control rate; Ex, experimental group; Ki-67, marker of proliferation Kiel 67; KM, Kaplan-Meier; NES, 
normalized enrichment score; NSCLC, non-small cell lung cancer; ORR, objective response rate; PD, progressive disease; PR, 
partial response; PD-1, programmed cell death 1; Q3W, every 3 week; SD, stable disease; Teff, effector T cells; TEM, effector 
memory T cell;

https://skylineplotter.shinyapps.io/SkyLinePlotter/


13Huo Y, et al. J Immunother Cancer 2024;12:e009627. doi:10.1136/jitc-2024-009627

Open access

results showed high levels of PD-1 and CD28 on CD8+ 
T cells on D3. This may be attributed to CD8+ T-cell 
activation mediated by the chemotherapy-induced 
immunogenic properties of tumor cell death16 31 
and the promotion of a beneficial response to PD-1 
blockade.13 21 The functional relevance of PD-1 expres-
sion during chronic antigen exposure is evident in the 
revival of T-cell function and concomitant control of 
viral loads or tumor burden following PD-1 antibody 
checkpoint blockade.6 32 33 Furthermore, an elevated 
TCM/Teff ratio on D3 reflects the proliferation and 
differentiation potential of human T-cell subsets in 
response to homeostatic cytokines or antigen stimula-
tion.25 Meanwhile, transcriptome analysis showed that 
the migration and adhesion abilities were improved, 
which is beneficial for reaching the immune response 
site.34

Transcriptome sequencing revealed pathway enrich-
ment for calcium influx on D3, and transcription 
factor enrichment analysis showed enrichment for 
RELA, with RELA ranking first in both sets of compar-
ative results. Other studies have reported that calcium 
ions are known to serve as an important indicator 
for measuring T-cell activation.35 36 RELA serves as a 
representative molecule for NF-κB activation.37 This 
also shows the CD8+ T cells’ initial status of activation 
on D3. RELA is a subunit of the NF-κB transcription 
factor complex that translocates from the cell cyto-
plasm to the nucleus for gene transcription regulation 
on activation,38 and NF-κB also acts as a transcription 
factor that binds to the promoters and enhancers of 
PDCD1.39 40 Additionally, the p65 subunit may itself 
be phosphorylated, enhancing its transcriptional 
activity.41 Thus, we showed that D3 is the optimal 
immune status for chemo-anti-PD-1 therapy.

We used ex vivo and in vivo experiments to verify 
the effects of sequential and simultaneous treatment 
on immunity and tumor growth. Anti-PD-1 antibody 
treatment on D3 showed the highest proportion of 
Ki67+ and IFN-γ+ cells in CD8+ T and PD-1+CD8+ T 
cells, as well as the activated CD28+ or CD69+ cells, 
leading to considerable tumor inhibition. In accord 
with this, CD8+ T cells in the blood after anti-PD-1 
antibody therapy in patients with lung cancer were 
predominantly CD28-positive and were actively prolif-
erating.42 43 A 24-hour sequential immunotherapy 
regimen combined with low-dose chemotherapy may 
be effective for chemoimmunotherapy because it not 
only minimizes drug-related toxicity but also activates 
the tumor microenvironment.8 Sequential combina-
tion treatment greatly increased the number of infil-
trating cytotoxic T cells.44 These results support our 
findings that a 3-day-delay sequential combination can 
improve antitumor activity more than other combina-
tions in vivo and ex vivo.

Based on the aforementioned data, we conducted a 
multicenter observational prospective study to assess 
the safety and preliminary efficacy of sequential and 

simultaneous chemo-anti-PD-1 combination therapy. 
Patients in the sequential group showed an improved 
clinical response (ORR and DCR) with longer PFS 
and immune activation than those in the simulta-
neous group. In addition, patients in the sequential 
group demonstrated a more substantial expansion 
of new TCR clones in the peripheral blood 6 weeks 
after starting treatment, which matched the clinical 
response. In studies of anti-PD-1 antibody treatment 
for patients with melanoma and NSCLC, the expan-
sion of T-cell clones consisted of novel clonotypes that 
had not previously been observed in the same tumor 
and further confirmed most of the new clonotypes in 
the post-treatment blood.11 45 We speculate that this 
was due to the efficient expansion of nascent clones 
in TCM-like cells.46 Our conclusion was verified in a 
retrospective study of 12 patients with refractory lung 
cancer with the 3–5-day-delay sequential combination, 
but it was deficient in a prospective study and the 
underlying immune alteration.10 Nevertheless, there 
was a lack of credibility because of the small sample 
size, and D2 after chemotherapy was not the optimal 
immune status for chemo-anti-PD-1 therapy compared 
with D3, which was proven in our data. In our study, 
we expanded the sample size and performed the first-
in-human, multicenter, prospective clinical study on 
patients with advanced NSCLC. However, a longer 
follow-up period is required to clarify whether this 
translates to differences in long-term survival. The 
association of NF-κB signaling to T-cell functionality 
in response to anti-PD-1 treatment might only repre-
sent part of the full mechanism. In our transcription 
factor enrichment analysis of D3, in addition to RALA, 
FOXP1 and MYB are also significantly enriched, which 
have been reported to participate in T-cell phenotype 
and function.47 48 The underlying molecular mecha-
nisms need to be further elucidated in the future.

Considering that a 3-day-delay sequential combi-
nation achieves an appreciable synergistic clinical 
response and no obvious side effects compared with 
the traditional combination, this strategy has clinical 
potential for the development of universal antitumor 
therapies.
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