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Overall survival according to time-of-day of combined
immuno-chemotherapy for advanced non-small cell lung
cancer: a bicentric bicontinental study
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Summary

Background Circadian rhythms regulate immune cell activity, influencing responses to vaccines, and immune
checkpoint inhibitors (ICIs). Early time-of-day administration (ToDA) of singe-agent ICIs has been associated with
improved overall survival (OS) in patients with metastatic “immunotherapy sensitive” cancers. However, the
impact of ToDA on OS in patients receiving combination therapy with ICIs and chemotherapy for advanced non-
small cell lung cancer (NSCLC) remains unclear.

Methods This retrospective study included patients from oncology units in Paris, France (Cohort 1) and Hunan,
China (Cohort 2) who received first-line immuno-chemotherapy for stage IIIC or IV NSCLC between January 2018
and October 2023. The primary outcome was OS. The median ToDA of the initial four ICI infusions was computed
for each patient. Hazard ratio (HR) for death or progression were determined using cut-off times ranging from 10:30
to 13:00. Kaplan Meier and Cox models were used to estimate OS and progression-free survival (PFS) adjusting for
main patient characteristics.

Findings The study included 713 patients (Cohort 1, n = 165; Cohort 2, n = 548). Pembrolizumab was the most
common ICI (51%), which was used with either pemetrexed-carboplatin/cisplatin (49%) or paclitaxel-carboplatin
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(51%). The optimal ToDA cut-off was 11:30, with patients receiving immuno-chemotherapy before 11:30 showing
significantly improved OS (33.0 months [95% CI, 27.5-41.0] vs 19.5 months [18.0-22.5]; p < 0.0001). Multivariable
analysis confirmed that earlier ToDA was associated with better OS (adjusted HR = 0.47 [95% CI, 0.37-0.60]).
ToDA significantly impacted OS in each cohort and for PFS and response rates in each cohort and the pooled data.

Interpretation This sizeable bi-continental study provided real-world evidence that morning administration of
standard first-line immuno-chemotherapy was associated with improved clinical outcomes compared to afternoon
dosing in patients with NSCLC. Randomised trials are required to validate this finding and inform

recommendations for clinical practice.
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Research in context

Evidence before this study

Immunotherapy in combination with chemotherapy has
become the standard first-line treatment for advanced non-
small cell lung cancer without actionable driver gene
mutations. Despite its widespread use, approximately 40% of
patients fail to derive clinical benefit from this regimen,
highlighting the urgent need for innovative therapeutic
strategies to improve treatment outcomes. Over 20
retrospective studies have demonstrated a near doubling in
progression-free and/or overall survival in patients with
advanced or metastatic cancer, including non-small cell lung
cancer (NSCLC), when single-agent immune checkpoint
inhibitors are administered at an early time of day. Preclinical
studies in murine models further suggest that the onset of
daily activity is consistently associated with enhanced anti-
tumour efficacy of ICls. This phenomenon is attributed to the
circadian rhythms that govern immune and myeloid cell
function, trafficking, and the expression of PD-1 in immune
cells, thereby influencing response to immunotherapy.

Added value of this study

This study represents the first investigation into the survival
implications of the timing of immuno-chemotherapy
administration in patients with advanced NSCLC across two
continents with markedly distinct ethnic and lifestyle factors.
We conducted a comprehensive analysis of longitudinal
clinical and infusion data from a total of 713 patients who
received treatment at leading oncology centres in Paris,

Introduction

Differences in overall survival (OS) and progression-free
survival (PFS) have been reported as a function of the
time-of-day administration (ToDA) of single-agent im-
mune checkpoint inhibitors (ICls) in numerous retro-
spective studies, which collectively involve over three
thousand patients.'” A meta-analysis encompassing the

France and Changsha, China. Focussing on patients diagnosed
with advanced or metastatic NSCLC, our findings revealed
that administering ICl infusions before midday (11:30) during
the four courses of immuno-chemotherapy was associated
with a nearly two-fold increase in both progression-free and
overall survival, compared to patients receiving the majority
of their treatment after 11:30. Multivariate analysis confirmed
that morning ICl infusion was an independent predictor of
improved survival outcomes.

Implications of all the available evidence

Our findings provide valuable insights into optimising the
effectiveness of the immuno-chemotherapy regimen by
emphasising the potential benefit of scheduling ICI infusions
earlier in the day. These results complement existing evidence
on the timing of ICI monotherapy across seven cancer types,
which similarly reported significant improvements in
treatment effectiveness when administered in the morning or
early afternoon. The critical timing data presented in this
study could serve as the foundation for designing randomised
clinical trials and translational chronotherapy studies aimed at
further validating the therapeutic benefits of treatment
timing. Such studies would inform routine clinical practice,
facilitating the personalisation of immuno-chemotherapy
delivery schedule based on circadian principles. These results
will also enhance the growing body of research linking the
circadian timing system and the immune system, further
advancing the field of precision circadian medicine.

first thirteen studies has shown that both OS and PFS
were nearly doubled in patients who received their
single-agent ICI infusions predominantly in the morn-
ing or in the early afternoon, compared to those
receiving treatment at later times.’ The survival impact
of ToDA were found to be remarkably consistent across
seven different tumour types, including non-small cell
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lung cancer (NSCLC), malignant melanoma, renal cell
carcinoma, hepatocellular carcinoma, bladder, oeso-
phageal, and gastric cancers.”*® Experimental studies
have revealed the strict regulation of immune cell traf-
ficking and programmed cell death protein 1 (PD-1)
expression by the circadian timing system.”” Specif-
ically, circadian rhythms govern the infiltration of tu-
mours by CD8" T cells, dendritic cells—the key immune
cells involved in the action of ICIs against cancer cells.”*
Additionally, PD-1, the principal target of anti-PD-1
inhibitors, exhibits a rhythmic expression pattern in
immune cells throughout the 24-h cycle.”* Large
amplitude circadian rhythms also characterise the cir-
culation, function, and proliferation of immune cells in
humans.'*"

With the current standard of care for advanced or
metastatic NSCLC having shifted from single-agent anti-
PD-1 therapy to a combination of ICI and chemotherapy
during the initial four treatment cycles, we hypothesised
that early ToDA ICI dosing could result in a 50% in-
crease in OS, in line with prior findings on single-agent
ICI therapy. This hypothesis is further supported by
data from five clinical studies that reported the associ-
ation between ToDA of single-agent immunotherapy
and survival outcomes,”*'° as well as by preclinical
studies in murine models demonstrating the critical
role of circadian timing in the effectiveness of the first
dose of an ICI. It is also plausible that circadian rhythms
may influence ICI pharmacokinetics, particularly during
the early stages of treatment. A well-established phar-
macokinetic principle is that drug plasma levels reach a
plateau after five administrations, spaced according to
the drug’s half-life.’®"” For anti-PD-1 agents like pem-
brolizumab, the average half-life is 2-3 weeks in pa-
tients with NSCLC, with a plateau in plasma
concentrations typically occurring after 15-20 weeks,
depending on treatment intervals and patient
characteristics.>">'®"* Thus, potential pharmacokinetic
effects relating to the timing of ICI administration could
influence peak concentrations, tissue distribution, and
drug clearance prior to the establishment of the plateau
phase, which corresponds mainly to the first four
treatment cycles.”*!

In this study, we investigate the potential impact of
the daily timing of the first four immuno-chemotherapy
infusions on OS and PFS in chemotherapy-naive pa-
tients with advanced or metastatic NSCLC. We analyse
treatment outcomes in two independent cohorts from
France and China with distinct ethnic and lifestyle dif-
ferences as well as data pooled cohort from these two
cohorts.””* We first calculated the hazard ratios (HR) for
earlier death or disease progression in relation to the
median ToDA of a PD-1 inhibitor combined with
chemotherapy, separately for the French and a Chinese
cohorts. Given the strong consistency of the results
across these cohorts, we then examined the relationship
between HRs and ToDA as a continuous variable in the
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pooled data, reporting treatment outcomes based on the
timing of anti-PD-1 infusion.

Methods

Study objective, design and ethics

This study aimed to identify the clinical relevance of the
ToDA for the initial four courses of anti-PD-1 ICI
combined with chemotherapy as first-line treatment for
advanced or metastatic NSCLC. Grounded on various
evidence, including prior unpublished analyses of our
own data,’ a meta-analysis of 13 reported studies of
single-agent ICI timing effect,’ and an extensive follow-
up literature survey,” our current investigation postu-
lated that the timing of administering the four initial
treatment courses was critical for patient outcomes.
Moreover, the tumour response to these initial treat-
ment courses—either objective response or disease
control—guide the subsequent treatment decisions,
such as continuing immunotherapy alone, or extending
a ‘lighter’ immuno-chemotherapy for several months or
years.

We conducted a large, international, retrospective
study, pooling deidentified individual patient data from
two cohorts: Cohort 1 (France) and Cohort 2 (China).
Cohort 1 comprised patients with metastatic NSCLC
who received treatment from Le Raincy-Montfermeil
Hospital in Montfermeil and Avicenne University
Hospital in Bobigny, France between February 2019 and
October 2023. Cohort 2 included patients with locally
advanced or metastatic NSCLC who received treatment
from Hunan Hospital in Changsha, China between
January 2018 and June 2022.

Ethics statement

The study procedures adhered to the ethical standards
set forth by the institutional and national research
committees and followed the 2013 revision of the
Declaration of Helsinki. The study protocol for Cohort 1
was approved by the Internal Review Boards of Le
Raincy-Monfermeil Hospital (IRB 200224) and Avic-
enne Hospital (CLEA-2023-n°337). The study protocol
for Cohort 2 was approved by the Ethics Committee of
Hunan Cancer Hospital (2022015). The study con-
formed to the STROBE guidelines.”

Patient selection

For both cohorts, data (Table S1) were collected from
consecutive patients who met the following inclusion
criteria: (i) histologically- or cytologically-documented
diagnosis of NSCLC; (ii) advanced or metastatic disease;
(iii) World Health Organization (WHO) performance
status of 0, 1 or 2; (iv) negative tumour status for action-
able driver gene mutations in EGFR, ROS1, or ALK; (v) at
least one course of standard first-line treatment
combining an anti-PD-1 ICI with either pemetrexed-
carboplatin  (or cisplatin) or paclitaxel-carboplatin.
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Tumour expression of PD-L1 was categorised as <1%,
1-49%, and 50-100% where data were available, in
accordance with standard recommendations.”>****? Pa-
tients with brain metastases that did not require gluco-
corticoid therapy were included, whereas those receiving
>10 mg/day of glucocorticoid for any reason were
excluded. Patients with missing data on ICIs infusion
timing for any of the first four treatment courses were
excluded from analyses.

Treatment procedures

Pembrolizumab or another anti-PD-1 ICI (i.e., sintili-
mab, toripalimab, tislelizumab, or camrelizumab) was
administered at a fixed dose of 200 mg for each course.
The ICI was infused intravenously over 30 min, fol-
lowed by standard chemotherapy protocols. For non-
squamous NSCLC, chemotherapy consisted of peme-
trexed combined with either carboplatin or cisplatin; for
squamous cell carcinoma, paclitaxel plus carboplatin
were used. The treatment sequence and infusion dura-
tion for the chemotherapy combinations were fixed at
2.5 h for pemetrexed plus carbo/cisplatin and 4 h for
paclitaxel plus carboplatin. As a result, the total duration
of each immuno-chemotherapy course was 3 h and
4.5 h, respectively.

Subsequent to the initial four courses, patients could
continue receiving pembrolizumab or another ICI as a
single-agent or in combination with pemetrexed every 3
weeks until disease progression, severe toxicity, or
cessation of therapy for medical or patient reasons.”>*
For both cohorts, follow-up visits and laboratory tests
were conducted before each treatment course, while
imaging studies were performed after the second and
fourth courses, and thereafter every 2—4 courses, until
treatment termination.

Immuno-chemotherapy treatment and schedule
The timing of ICI-chemotherapy infusion was coordi-
nated by the day hospital coordinator based on the
availability of out-patient beds or armchairs. For logis-
tical reasons, subsequent ICI infusion times remained
approximately consistent for each patient.

The precise timing of ICI infusion times was recor-
ded in both cohorts. In Cohort 1, the exact date and time
(hours, minutes) of the drug solution delivery by the
pharmacy to the outpatient clinics, and the start and end
times for ICI and chemotherapy infusions were docu-
mented in patient charts by the nursing personnel. In
Cohort 2, similar documentation procedures were fol-
lowed, with both the physician’s orders and nursing
drug administration times meticulously recorded.
Treatments continued until disease progression, occur-
rence of unacceptable toxicities, or death.

Assessments
De-identified electronic medical records were reviewed
at each site to collect pre-selected baseline patient and

tumour characteristics, including WHO performance
status, type of ICI, the time ICI administration started
for each of the initial four infusions (both date and clock
hour), and the number of courses administered. Anti-
tumour responses were assessed using computed to-
mography (CT) scans, magnetic resonance imaging
(MRI), and/or positron emission tomography (PET)
scan, typically after every two to three courses. Tumour
responses was classified according to Response Evalua-
tion Criteria in Solid Tumours (RECIST) v1.1 criteria as
complete response (CR), partial response (PR), stable
disease (SD), or progressive disease (PD).”* Adverse
events and blood test results were not collected for this
study. Data were reviewed independently by two clini-
cians, in conjunction with the lead oncologist for each
patient, to ensure consistency, accuracy, and plausibility.

Outcomes

The primary endpoint was OS, defined as the time from
the first ICI administration to all-cause death or the last
follow-up visit for patients last seen alive. Secondary
endpoints included progression-free survival (PFS) and
best response rate. PFS was defined as the time from
the first ICI administration to death or disease pro-
gression (whichever came first) or the last follow-up visit
for patients last seen alive and without disease pro-
gression. The best response rate was defined as the
percentage of patients whose best tumour response was
either a PR or a CR.

Statistical considerations

Categorical variables were reported as frequencies and
percentages, while continuous variables were expressed
either as mean = standard deviation or median and
interquartile range (IQR). Normality assumption was
assessed graphically. The median follow-up was esti-
mated using the reverse Kaplan-Meier method. The
median ToDA was defined based on the administration
start time for the initial four immuno-chemotherapy
courses. The intra-patient coefficient of variation was
calculated as the ratio of the SD to the mean of the four
infusion times for each individual patient. The median
between-patient coefficient of variation for ICI infusion
times, along with its interquartile range, was also
computed for each cohort.

Two complementary sets of analyses were conducted
to assess the relationship between infusion timing and
the risks of earlier mortality or disease progression.
First, infusion time was analysed as a categorical vari-
able, where timing cut-offs ranging from 10:30 to 13:00
in 30-min intervals were explored. Patients were classi-
fied as either “Before” or “After” each cut-off, based on
their median ToDA. In the “Before cut-off time” group,
patients received two, three or four courses before the
cut-off, while those in the “After cut-off time” group
received one or no courses before the cut-off time. Pa-
tient characteristics between the groups were compared
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using Student’s t-test (or non-parametric Wilcoxon test)
for quantitative variables, Chi-square test (or Fisher’s
exact test) for non-ordered categorical variables, and
Cochran—Armitage test for ordered categorical variables
(WHO performance status and PD-L1 expression). OS
and PFS were estimated using Kaplan—-Meier methods
and compared using the log-rank test. The associations
between ToDA cut-off and OS or PFS were evaluated
using the Cox regression models, adjusting for country,
sex, age, WHO performance status, tumour stage, PD-
L1 expression, number of metastatic sites, and type of
immunotherapy and chemotherapy regimen adminis-
tered.” Unadjusted Cox models were also performed
within subgroups to explore the consistency of ToDA
effects on OS and PFS.

Second, ToDA was analysed as a continuous variable,
using Cox regression models incorporating periodic
restricted cubic splines (RCS) to account for the periodic
nature of infusion time and the risks of death and disease
progression. Periodic RCS is a useful extension of RCS for
handling periodic data, such as infusion time.” These
models were used to estimate HR and 95% confidence
interval (CI) for different infusion times relative to 13:00
time point. The number of knots was selected to minimise
the Akaike Information Criterion (AIC).” All models were
adjusted for the same factors as mentioned earlier.

The association between ToDA cut-off and response
rates was assessed using a logistic regression model,
adjusting for the same variables.

Missing data were handled by assuming it was
missing at random, with categorical variable having
missing data being assigned under a ‘Missing’ category.

The primary analysis was conducted on pooled dei-
dentified data from both cohorts. Sensitivity analyses
were performed for exploratory purposes within each
cohort. The same cut-off times were studied following
the same methods as described above.

The p-value was set a priori at 0.05 for all analyses and
95% Cls of the estimates were calculated. All tests were
two-sided. Statistical analyses were performed using
SPSS® v26.0 (Chicago, IL, USA) and R® v4.3.0.* Peri-
odic RCS were implemented using the peRiodiCS R
package.”

Role of the funders

The funders had no role in the experiment design, data
collection, data analysis, interpretation, manuscript
writing, or any aspect of this study.

Results

Patient characteristics and study flow

Due to missing ToDA of ICI infusions, 165 out of 176
patients (93.8%) in Cohort 1, and 548 out of 598 patients
(91.6%) in Cohort 2 met selection criteria (Fig. 1). The
included patients initiated firstline immuno-chemo-
therapy between February 5, 2019 and October 9, 2023 for

www.thelancet.com Vol 113 March, 2025

Cohort 1, and from January 1, 2018 to June 30, 2022 for
Cohort 2 (Table S2). Of the 713 patients, 83.9% were male,
with a median age of 62 [IQR, 56-68] year. The majority
(93.5%) had a WHO performance status of 0 or 1; and
87.8% presented with Stage IV disease (Table 1). Patients
had a median of two metastatic sites, including bone
(33.5%), brain (17.7%), and liver (11.6%) involvement. PD-
L1 expression was detected in the tumours of 71.1% of the
540 patients who underwent such testing. The predomi-
nant ICI administered was pembrolizumab (50.5%).
Immunotherapy was combined with paclitaxel-carboplatin
or pemetrexed-carboplatin in 51.3% and 48.2% of the pa-
tients, respectively, while three patients (0.4%) received
pemetrexed-cisplatin. The median ToDA of the per-patient
median ToDA of the initial four courses 11:36 [IQR,
10:49-12:48]. The median coefficient of variation of ToDA
within individual patients was 9.9% [IQR, 5.2-18.1].
Overall, patients received a median of 9 courses [IQR,
5-18] of immunotherapy, with or without chemotherapy
throughout the protocol treatment (Table 1).

The median per-patient ToDA was 10:39 [IQR,
9:57-11:30] for Cohort 1 and 11:51 for Cohort 2, with
both distribution patterns skewed to the left (Figure S1).
The median follow-up duration was 24.5 months [95%
CI, 23.2-25.6]. The OS and PFS curves of the whole
cohort revealed a median OS of 25.5 months [95% CI,
22.5-29.7] and a median PFS of 9.0 months [95% CI,
8.3-9.9] (Figure S2).

Determination of ToDA cut-off for differentiating
survival outcomes

The HR for both OS (Fig. 2) and PFS (Fig. 3) showed
similar trends across the individual cohorts and the
pooled data. Unadjusted HRs for earlier death and
earlier disease progression were statistically significant
for ToDA cut-off of 11:30 for both cohorts and the
pooled data. At this cut-off ToDA, the HRs for earlier
death were 0.47 [95% CI, 0.29-0.77] for Cohort 1
(Fig. 2a) and 0.50 [95% CI, 0.38-0.65] for Cohort 2
(Fig. 2b), with similar results observed for the pooled
cohort (HR = 0.59 [95% CI, 0.47-0.73]; Fig. 2c). The
HRs for earlier progression were also comparable in
both cohorts and pooled cohort, with HR of 0.56 [95%
CI, 0.37-0.84] for Cohort 1, 0.57 [95% CI, 0.46-0.70] for
Cohort 2, and 0.64 [95% CI, 0.54-0.76] for the pooled
cohort (Fig. 3a—c). Statistically significant HRs were also
identified for ToDA cut-off times staggered by 30 min,
ranging from 11:30 to 13:00, with overlapping 95% ClI in
each individual cohort and in the pooled cohort,
regardless of whether unadjusted or adjusted data were
analysed (Figs. 2 and 3). Similarly, when ToDA was
modelled as a continuous variable, a significant and
gradual increase in the risk of death and disease pro-
gression was observed for afternoon administrations,
with a protective effect associated with morning ad-
ministrations. The inflection point appeared to occur
between 11:00 and 12:00 (Fig. 4a and b).
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Cohort 1

Patients screened N = 176 stage IV

(2/2019 to 10/2023)

Excluded:
Missing ICI ToDA n =11 (6.3%) €======

Included

Cohort 2

N = 598 stage IlIC-IV
(1/2018 to 6/2022)

n = 50 (8.4%)

L

n =548

Pooled cohort: N =713 |

v

Hazard ratio functions (HRFs) of earlier death or earlier progression
based on median per-patient times of day administration (ToDA) of ICI

y
- Before, n 3
n=42

- After,

v
Selected cut-off ToDA - Before, n = 222
at 11:30 - After, n =326

. 2

- Before, n = 345
- After, n= 368

v

v

Overall & progression-free survival (OS & PFS), tumor response rate (RR)

» Adjusted HRFs based on staggered cut-off ToDA

» Adjusted OS, PFS and RR before vs after 11:30 as cut-off ToDA

* Moderation of cut-off TODA & extent of ToDA effects according to main
patient and tumor characteristics

Fig. 1: Consort diagram: study flow and endpoints in each cohort, and in the pooled cohort. This flow chart illustrates the inclusion and
exclusion process of the patients across both cohorts, detailing the study design and key study endpoints in Cohort 1 (France) and Cohort 2

(China), as well as the pooled analysis.

Efficacy of immuno-chemotherapy administered
“Before” or “After” 11:30

A total of 345 patients were assigned to the “Before
11:30” group and 368 patients to the “After 11:30” group
(Table S2). Compared to the “Before 11:30” group, the
“After 11:30” group included slightly higher proportion
of patients with non-squamous cell NSCLC, fewer
metastatic sites, and higher tumour PD-L1 expression,
potentially favouring later ToDA treatments.

In this dichotomised patient population, large and
statistically significant differences were observed in both
OS (Fig. 5) and PFS (Fig. 6) curves. Median OS were
33.0 months [95% CI, 27.5-41.0] in the “Before 11:30”
group, compared to 19.5 months [95% CI, 18.0-22.5] in
the “After 11:30” group (p from log-rank <0.0001). The
respective median PFS times were 11.8 months [95%
CI, 9.9-14.0] and 7.2 months [95% CI, 6.6-8.5] (p from
log-rank <0.0001). Log-rank test demonstrated signifi-
cant differences in both OS and PFS for each cohort
using 11:30 as a cut-off (Figures S3 and S4).

Response rates were also higher in the “Before
11:30” group in Cohort 1 (63.4% vs 45.9%, p = 0.014),
Cohort 2 (60.8% vs 53.1%, p = 0.036), and the pooled

cohort (61.7% vs 52.4%, p from X* = 0.002) (Figure S5).
Due to a more rapid disease progression following
treatments administered after 11:30, the immuno-
chemotherapy protocol was discontinued earlier for
treatment failure, resulting in fewer treatment courses
and less loco-regional radiotherapy in the “After 11:30”
group (p from X* < 0.001) (Table S2).

Multivariable analyses of pooled cohort data and
relevance of ToDA in patient subsets

Multivariable analyses revealed statistically significant
effects of ToDA on both OS and PFS, with adjusted HRs
shown for staggered ToDA times between 10:30 to 13:00
(Figs. 2 and 3). Using 11:30 as the cut-off ToDA, the
adjusted HR for earlier death was 0.47 [95% CI,
0.37-0.60]. Performance status, PD-L1 expression and
chemotherapy protocol were identified as jointly signif-
icant prognostic indicators, with improved outcomes
observed in patients with a PS of 0 (HR, 0.30 [95% CI,
0.19-0.48]), or u PD-L1 expression >50% (HR, 0.54
[95% CI, 0.39-0.76]) or those receiving paclitaxel-
carboplatin  chemotherapy (HR, 0.77 [95% CI,
0.61-0.98]) (Figure SO).
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Characteristics

Cohort 1 (n = 165)

Cohort 2 (n = 548)

Overall (n = 713)

Sex
Male
Female
Age
Median [IQR]
(Range)
Race
Asian
White
Smoking (yes)
WHO performance score
0
1
2
Missing
Histological type
Adenocarcinoma
Squamous cell carcinoma
Poorly differentiated carcinoma
Stage
lnc
\%
Main sites or metastases
Brain
Liver
Bone
Number of metastatic sites
Median [IQR]
(Range)
PD-L1 tumour proportion score
<1%
1%-49%
250%
Missing

Chemotherapy regimen administered

Pemetrexed + Carboplatin
Paclitaxel + Carboplatin

Pemetrexed + Cisplatin

Immune checkpoint inhibitor regimen administered

Pembrolizumab
Sintilimab
Toripalimab
Tirelizumab

Camrelizumab

120 (72.7%)
45 (27.3%)

63.8 [56.2-70.0]
(37.5-85.1)

0
165 (100%)
158 (95.8%)

43 (26.4%)
89 (54.6%)
31 (19.0%)
2

111 (67.3%)
25 (15.2%)
29 (17.6%)

0 (0.0%)
165 (100.0%)

55 (33.7%)
35 (21.2%)
76 (46.1%)

3 [2-4]
(1-11)

59 (37.6%)
56 (35.7%)
42 (26.8%)
8

122 (73.9%)
40 (24.2%)
3 (1.8%)

165 (100.0%)
0 (0.0%)
0 (0.0%)
0 (0.0%)
0 (0.0%)

478 (87.2%)
70 (12.8%)

61.0 [55.8-67.0]
(40.0-79.0)

548 (100%)
0
440 (80.3%)

87 (15.9%)
446 (81.4%)
15 (2.7%)

0

284 (51.8%)
254 (46.4%)
10 (1.8%)

87 (15.9%)
461 (84.1%)

71 (13.0%)
48 (8.8%)
163 (29.7%)

1[1-2]
(0-5)

97 (25:3%)
149 (38.9%)
137 (35.8%)
165

222 (40.5%)
326 (59.5%)
0 (0.0%)

195 (35.6%)
202 (36.9%)
43 (7.8%)
55 (10.0%)
53 (9.7%)

Median time of day when the first four ICl infusions were administered per patient (clock hours, hh:mm)

Median [IQR]
(Range)

Within-patient coefficient of variation of time of ICl infusion (%)

Median [IQR]
(Range)

Number of ICI + chemotherapy courses per patient

Median [IQR]
(Range)

10:39 [9:56-11:30]
(8:53-16:59)

6.4 [3.5-11.1]
(0-33)

4 [3-4]
(1-6)

11:51 [11:12-13:37]
(9:16-18:11)

11.2 [5.9-19.8]
(0-35)

4 [4-6]
(1-26)

598 (83.9%)
115 (16.1%)

62.0 [56.0-68.0]
(37.5-85.1)

548 (76.9%)
165 (23.1%)
598 (83.9%)

130 (18.3%)
535 (75.2%)
46 (6.5%)
2

395 (55.4%)
279 (39:1%)
39 (5.5%)

87 (12.2%)
626 (87.8%)

126 (17.7%)
83 (11.6%)
239 (33.5%)

2[1-2]
(0-11)

156 (28.9%)
205 (38.0%)
179 (33.1%)
173

344 (48.2%)
366 (51.3%)
3 (0.4%)

360 (50.5%)
202 (28.3%)
43 (6.0%)
55 (7.7%)
53 (7.4%)

11:36 [10:49-12:48]
(8:53-18:11)

9.9 [5.2-18.1]
(0-35)

4 [4-5]
(1-26)

(Table 1 continues on next page)
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Characteristics

Cohort 1 (n = 165) Cohort 2 (n = 548) Overall (n = 713)

(Continued from previous page)

Median [IQR]
(Range)
N of patients with local radiotherapy post ICI-chemotherapy (%)

IQR, interquartile range.

Total number of ICI infusions (tchemotherapy) administered per patient

7 [3-14] 13.5 [6-19] 9 [5-18]
(1-49) (1-40) (1-49)
47 (28.5%) 27 (4.9%) 74 (10.4%)

Table 1: Main patient characteristics.

The adjusted HR for earlier progression was 0.54
[95% CI, 0.45-0.65], with performance status, tumour
PD-L1 expression, and chemotherapy protocol serving
as joint prognostic factors (Figure S7). Subgroup ana-
lyses confirmed that the administration of the majority
of the initial four immuno-chemotherapy courses before
11:30 improved both OS and PFS, irrespective of patient
or tumour characteristics, except for tumour PD-L1
expression below 1%, where the relevance of 11:30 as
a ToDA cut-off appeared diminished (Fig. 7). Logistic
regression analysis further confirmed the advantage of
ICI infusions “Before 11:30” for response rates, with an

unadjusted odds ratio (OR) of 1.48 [95% CI, 1.09-2.00]
and adjusted OR of 1.56 [95% CI, 1.13-2.17].

Post-study protocol treatments

As a result of the longer PFS, patients in the “Before
11:30” group received more ICI-based courses (median,
14 courses; IQR, 6-21; extremes, 1-49) compared to the
“After 11:30” group (median, 7; IQR, 4-10; 1-40) (p
from Wilcoxon <0.001). A higher proportion of patients
in the early ToDA group (n = 54, 15.7%) also received
palliative radiotherapy compared to the late ToDA group
(n = 20, 5.4%) (p from Fisher’s exact test = 0.01).

Cut-offtime  HR[95% CI] Better Worse _Cut-offtime  HR[95% CI] Better Worse
13:00 0.14[0.06 -0.30] —-— 13:00 0.34[0.26-0.44 -
12:30 0.20(0.11-0.37] - 12:30 0.45[0.35-0.58] g -
12:00 0.42[0.25-0.71] - S— 12:00 0.49[0.38-0.62) _
11:30 0.47[0.29-0.77] — 11:30 0.50[0.38-0.65] o
11:00 0.80[0.51-1.27] — 11:00 0.62[0.45-0.87)
10:30 0.88(0.56-1.39] i 10:30 0.93[0.60-1.45]
00 05 10 15 0.0 05 10 15
Hazard ratio Hazard ratio
C Cutofftime HR [95% CI] Better Worse
. 0.40[0.32-0.51] [ :
13:00 0.31[0.24 - 0.40] S
2 0.51[0.41-0.64] — H
e 0.38 [0.30 - 0.48] - !
g 0.56 [0.45 - 0.70] — H
4200 0.42 [0.33-0.53] - :
ii:30 0.59 [0.47 - 0.73] — :
0.47 [0.37 - 0.60] I ;
e 0.81[0.64 - 1.04) —_—
2 0.64 [0.49 - 0.83] & !
8 .85 - 1. —_—-
10:30 1.13[0.85-1.49] :
0.81[0.58 - 1.11] - L
H
0.0 0.5 1.0 15
Hazard ratio
= unadjusted = adjusted

Fig. 2: Hazard Ratios (HRs) for earlier death as a function of cut-off time-of-day administration (ToDA) of immuno-chemotherapy. Forest
plots showing the unadjusted HR function in Cohort 1 (a), Cohort 2 (b), and the pooled cohort (c). Adjustment factors included country, sex,
age, WHO performance status, tumour stage, PDL-1 expression, number of metastatic sites, immunotherapy agent, and chemotherapy protocol.
The left column presents tested cut-off ToDAs, spaced 30-min apart, ranging from 10:30 (bottom row) to 13:00 (upper row). The middle
column shows the HRs and their respective 95% confidence intervals (Cl) for each tested cut-off ToDA. The right column provides a graphical
illustration of the HRs and their respective 95% Cls. Note: The cut-off ToDA at clock hour 11:30 appears as the first timepoint that consistently
differentiates the overall survival outcomes of patients receiving the majority of their ICl infusions Before vs After 11:30. Overlapping 95% Cls
indicate that later ToDA cut-off points do not offer additional discriminatory power compared with 11:30.
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Cut-off time HR[95% CI] Better Worse Cut-off time HR[95% CI] Better Worse
13:00 0.24[0.12-0.51] B — ] 13:00 0.41[0.33-0.50] — '
12:30 0.36[0.21-0.63] . ] 12:30 0.54[0.44-0.66] —.
12:00 0.59[0.37-0.94] — 12:00 0.56[0.46 - 0.68] -
11:30 0.56[0.37-0.84] — : 11:30 0.57[0.46-0.70] -
11:00 0.86[0.59-1.25] - 11:00 0.57[0.44-0.74] J—
10:30 0.93[0.65-1.35] — 10:30 0.97[0.68-1.38] S I
0.0 0.5 1.0 15 0.0 05 1'0 15
Hazard ratio Hazard ratio
C Cut-off time HR [95% CI] Better Worse
0.46 [0.38 - 0.56] —- :
e 0.38[0.31-0.47] R H
0.59 [0.50 — 0.71] - |
12:30 —a :
0.49 [0.41 - 0.60] :
0.63 [0.53 - 0.74] - :
12:00 0.52[0.44-0.63] — :
B 5
0.64 [0.54 - 0.76] ]
11:30 0.54 [0.45 — 0.65] - :
. 0.75[0.61-0.91] = :
11:00 0.60 [0.49 — 0.75] -
_——
1030 1.10 [0.88 — 1.39] '
* 0.86 [0.66 — 1.11] =
0.0 05 1.0 15

Hazard ratio

7777777 = unadjusted = adjusted
Fig. 3: Hazard Ratios (HRs) for earlier progression as a function of cut-off time-of-day administration (ToDA) of immuno-chemotherapy.
Forest plots illustrating the unadjusted HR function in cohort 1 (a) and cohort 2 (b), and unadjusted and adjusted HR function in pooled cohort
(). Adjustment factors included: country, sex, age, WHO performance status, tumour stage, PD-L1 expression, number of metastatic sites,
immunotherapy agent, and chemotherapy protocol. The left column presents tested cut-off ToDAs spaced 30-min apart, ranging from 10:30
(bottom row) to 13:00 (upper row). The middle column shows the HRs and their respective 95% confidence intervals (Cl) for each tested cut-off
ToDA. The right column provides a graphical illustration of the HRs and their respective 95% Cls. Note: The cut-off ToDA at clock hour 11:30
appears as the first timepoint that consistently differentiates the progression-free survival of patients receiving the majority of their ICl in-
fusions Before vs After 11:30. Overlapping 95% Cl indicate that later ToDA cut-off points do not offer a greater discriminatory effect compared
with 11:30.

Q
o

Adjusted Hazard Ratio (95% CI)
Adjusted Hazard Ratio (95% CI)

Infusion time (clock hours) Infusion time (clock hours)

Fig. 4: Multivariate Cox proportional hazards regression analysis of (a) earlier mortality and (b) earlier disease progression using periodic
restricted cubic splines (RCS). The black lines represent the fitted curves of the association between time-of-day administration (ToDA) and
the estimated hazard ratio (HR) after adjustment. The shaded areas represent the 95% confidence intervals (Cls). The models were adjusted for
the following covariates: country, sex, age, WHO performance status, tumour stage, PD-L1 expression, number of metastatic sites, type of
immunotherapy, and chemotherapy protocol. The periodic RCS plot used the infusion time at 13.00 as the reference for HR calculation.
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1.00 ToDA group _Median OS [95% Cl], months
After 11:30 19.5[18.0 — 22.5]
Before 11:30 33.0[27.7 - 41.0]
Log rank, P < 0.0001
0.75
2
E
©
Qo
o
[o% 0.50
©
2
c
=}
n
0.25
0.00
0 6 12 18 30 36 42 48
Time (months)
ToDA group Number at risk
After  11:30 168 310 226 143 35 11 6 3
Before 11:30 45 292 223 174 122 70 32 10 4

Cumulative number of events

After 11:30 o0 51 113 153
Before 11:30 0 36 73 92

182 189 195 197 199
110 123 131 136 136

Median infusion time = after 11.30 AM =+ before 11.30 AM

Fig. 5: Overall survival curves as a function of time-of-day administration (ToDA) of immuno-chemotherapy in the pooled cohort.
Kaplan-Meier curve comparing the overall survival (0S) of the 368 patients who received a majority of the first four immuno-chemotherapy
courses before 11:30, and 345 patients who received theirs after 11:30. P-values were calculated using log-rank test.

Discussion

This study demonstrates that the timing of ICI infusion,
specifically the ToDA, is a critical determinant of treat-
ment outcomes oin713 patients receiving first-line
immuno-chemotherapy for NSCLC. Notably, patients
who received the initial three or four ICI infusions
before 11:30 exhibited significantly longer OS and PFS,
alongside significantly higher response rates, compared
to those who received the infusion after 11:30.
Remarkably, the median survival in the ‘morning’ group
was nearly one year longer than that of the ‘afternoon’
group within this large pooled cohort. Furthermore, the
‘morning’ group consistently had more favourable
treatment outcomes than the ‘afternoon’ group across
both cohorts in terms of OS, PFS and response rates.
When using 11:30 as cut-off time for ToDA, the un-
adjusted HRs for earlier death were 0.47 [95% CI,
0.29-0.77] for Cohort 1, and 0.57 [95% CI, 0.46-0.70]
for Cohort 2, and 0.59 [95% CI, 0.47-0.73] for the
pooled cohort, with an adjusted HR was 0.47 [95% CI,

0.37-0.60]. The selection of 11:30 as a likely ToDA
cut-off time was further supported by its alignment
with inflection points in the temporal relation be-
tween HRs and ToDA, as evidenced by Cox models
incorporating ToDA as a continuous variable with
periodic RCS.

The similarities observed in treatment outcomes
across the two distinct patient cohorts highlight the
consistency of ICI timing responses in patients with
NSCLC from both continents. These results are in
alignment with the findings from our recent meta-
analysis of 13 retrospective studies, which demon-
strated that early ToDA of single-agent ICIs nearly
doubled both OS and PFS in 1667 patients with lung,
kidney, bladder or oesophageal cancer or melanoma.’
Similar findings were reported for single-agent pem-
brolizumab in a large cohort of 361 patients with meta-
static cancer, of whom 80% had NSCLC, with 11:30 also
identified as a relevant cut-off for ToDA.* In total, 24 out
of 25 retrospective studies of single-agent ICI therapy
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Median PFS [95% CI], months

7.2 6.6 - 8.5]
11.8[9.9 — 14.0]

a0 ToDA group
After 11:30
Before 11:30
Log rank, P < 0.0001
0.75
2>
E
©
o
o
o 0.50
©
=
S
>
(0p)]
0.25
0.00

0 6 12 18

24 30 36 42 48

Time (months)

ToDA group Number at risk
After  11:30 368 216
Before 11:30 345 249

Cumulative number of events
After 11:30 0 157 250
Before 11:30 O 90 174

114 68
151 103

279
202

37 17 3 2 2
66 35 15 5 3
289 291 293 294 295
216 224 228 228 228

Median infusion time =+ after 11.30 AM =+ before 11.30 AM

Fig. 6: Progression-free survival curves as a function of ICl ToDA in the pooled cohort. Kaplan-Meier curve comparing the progression-free
survival (PFS) of the 368 patients who received a majority of the first four immuno-chemotherapy courses before 11:30, and 345 patients who
received theirs after 11:30. P-values were calculated using log-rank test.

support the survival advantage of early ToDA across
cancer types (Suppl. References list; reviewed in 41).

This large cohort study, involving the combination of
immunotherapy with chemotherapy, provides additional
validation for the hypothesis that circadian rhythms also
play an important role in the efficacy of immuno-
chemotherapy in patients with NSCLC. Specifically,
the administration of immuno-chemotherapy in the
morning was associated with nearly twofold increase in
OS, independent of prognostic indicators, and genetic
background (i.e., Caucasian vs Chinese).

This study presents several strengths, including the
involvement of 713 patients across two cohorts from
different continents, with similar patient characteristics,
except their ethnicity/genetic origin and lifestyle factors.
All patients were treated according to the current stan-
dard of care. However, body mass index and socio-
economic determinants were not considered in the
analysis, as these are not typically regarded as major

www.thelancet.com Vol 113 March, 2025

prognostic factors for immuno-chemotherapy outcomes,
although they may exert some influence. The primary
limitation of this study is its retrospective design, which
may have introduced minor imbalances that could have
biased the outcomes. For example, certain factors might
have favoured the “After 11:30” group, while others
might have favoured the “Before 11:30” group. These
potential confounders were addressed by adjusting the
HRs with established prognostic factors, such as WHO
performance status, tumour stage, PD-L1 expression, and
number of metastatic sites, as well as additional potential
confounders such as ethnicity, sex, age, immunotherapy
agent, and chemotherapy protocol, through multivariable
analyses of OS and PFS.

Importantly, the robustness of the circadian hy-
pothesis was further substantiated by the fact that the
magnitude of the timing effect was even more pro-
nounced following the adjustments using the main
prognostic factors. The deidentified data from two
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PFS Patient characteristics
Sex
Males (n=598)
Females (n=115)
Age (median=62)
=@= < Median (n=350)
—— =@= > Median (n=363)
WHO PS
—=@= ((n=130)
I — == 1(n=535)
—— —m=  2(n=46)
Stage
L —a= IiC(n=87)
—— -l IV (n=626)
Brain metastases
No (n=585)
Yes (n=126)
Liver metastases
No (n=630)
== Yes (n=83)
Bone metastases
=l No (n=474)
—— Yes (n=239)
PD-L1
== <1% (n=156)
——— 1-49% (n=205)
>50% (n=179)
Missing (=173)
Chemotherapy
Pemetrexed + Carboplatine (n=344)
Paclitaxel + Carboplatine (n=366)
IcIs
«=@=  Pembrolizumab (n=360)
_._. —@=  Sintlimab (n=202)
—— «@=  Others (n=151)

Better before 11:30  Better after 11:30 |

0.1

[an

Hazard ratio

Better before 11:30 1 Better after 11:30

Hazard ratio

Fig. 7: Impact of the time-of-day administration (ToDA) effects in patient subgroups from the pooled cohort. Forest plots showing the
hazard ratios (HRs) for earlier death (Left panel) or earlier disease progression (Right panel) using clock hour 11:30 as cut-off ToDA in selected
patient subgroups (Right column). HRs are presented with their corresponding 95% confidence intervals (Cls) for each subgroup analysis.

continents reinforce the conclusion that the significant
survival benefit derived from immuno-chemotherapy
administration before 11:30 is not specific to any
particular healthcare system, genetic predisposition, or
lifestyle factors.

In mammals, the Circadian Timing System (CTS)
rhythmically regulates cellular processes such as meta-
bolism, proliferation, and death, in addition to modu-
lating drug responses over a 24-h cycle." The CTS is
governed by a network of molecular circadian clocks in
each cell, which are coordinated by the supra-chiasmatic
nuclei, a hypothalamic pacemaker. This pacemaker also
adjusts the timing of the molecular clocks in response to
environmental cues, generating physiological rhythms,
including those involved in rest-activity cycles, body
temperature, and glucocorticoid secretion.'** The mo-
lecular clocks are composed of 15 key genes, including
Bmall, Clock, Rev-Erb’s, Per’s, and Cry’s, which are
present in immune cells involved in immune function
and trafficking.”"° Consequently, the timing of drug
administration can impact the efficacy and tolerability of
treatments such as interferons,** interleukin-2,”” and
more recently, anti-PD-1 agents in preclinical models.”
Circadian rhythms influence tumour infiltration by
immune cells, such as CD8+ T cells, macrophages, and
dendritic cells, which can eliminate cancer cells. This
process is enhanced following ICI blockade of PD-1
during the early stages of nocturnal activity in

mice.**** The efficacy of this process is further amplified
by the synchronous circadian increase in PD-1 protein
and Pcdcl mRNA expression in immune cells.”* More-
over, PD-L1 expressing immunosuppressive myeloid
cells exhibit rhythmic tumour infiltration in mice,
increasing the efficacy of anti-PD-L1 agents during early
nocturnal hours.”* In humans, circulating T-lympho-
cyte subset levels exhibit nearly twofold increase from
approximately 10:00 in the morning (trough) to 02:00 at
night (peak).”” These findings suggest that immune cell
depletion may occur during the afternoon hours, which
may contribute to the observed reduced effectiveness of
ICIs when administered later in the day. These chro-
nopharmacodynamic mechanisms likely override the
currently unexplored chronopharmacokinetics of ICIs.
The half-lives of ICIs, typically ranging from 2 to 3 weeks,
support the hypothesis that their chronopharmacokinetics
may influence the initial four treatment courses before
plasma concentrations reach plateau, typically within five
half-lives following the start of treatment, a period
consistent with the design of our study.

The CTS also regulates cell cycle and apoptosis,
leading to established circadian rhythms in the toxicities
and efficacy profiles of approximately 50 anticancer
medications in experimental models.”** A systematic
review of 18 randomised trials of chronomodulated
chemotherapy demonstrated consistent benefits of
circadian timing for chemotherapy tolerance and
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efficacy.”** These findings align with our initial finding,
particularly as chemotherapy was administered imme-
diately after ICI infusion, precluding separate analysis
of the timing effects of chemotherapy separately.
Experimental and clinical data also suggest improved
tolerability of carboplatin when administered in the af-
ternoon to patients with lung cancer.* However, data on
chronopharmacology of agents such as paclitaxel and
pemetrexed remain limited or lacking. Nevertheless, our
findings showed a similar trend of reduced risk of
earlier disease progression or death between patients
who received paclitaxel-based and pemetrexed-based
chemotherapy in the morning group.

In contrast, taxanes appear to be best tolerated and
most effective when administered in the late rest
phase in murine models,** with a correlation be-
tween the expression of the clock gene Bmall and
tumour cell susceptibility to paclitaxel.** Similarly,
platinum-based compounds display reduced toxicity
and increased efficacy when administered during the
active phase in preclinical models (i.e., mice, rats) and
patients with cancer,* although sex may also
contribute to the differences."” Taken together, these
findings highlight the need for further mechanistic
investigations and the optimisation of chrono-
immuno-chemotherapy.

While healthcare logistics often dictate that treat-
ments are administered irrespective of the time of day.
Circadian rhythms have long been recognised as key
determinants of both the toxicity and efficacy of medi-
cations, including anticancer therapies."“*' ICIs have
largely improved the survival outcomes for patients with
a variety of cancer types over the past two decades.”
However, it is noteworthy that none of the pivotal clin-
ical trials for ICIs approval investigated the possible
relevance of ToDA, a factor that has largely been over-
looked by the regulatory authorities. Despite variations
in ICI administration timing, OS and PFS in our pooled
cohort were similar to those reported in key clinical
trials  that established the current immuno-
chemotherapy protocols for advanced or metastatic
NSCLC.** This consistency supports the robustness of
our overall findings, irrespective of treatment timing,
when compared with data from two major randomised
clinical trials. Evidence is accumulating to suggest the
optimal treatment schedules should account not only for
the appropriate dose but also for the optimal time of
administration, particularly in therapies targeting
immune-cancer cell interactions. Twenty four retro-
spective studies examining ICIl-based immunotherapy
have consistently reported improved efficacy outcomes
following early ToDA in nearly 3000 patients with
various cancers, including lung, kidney, bladder, head-
and-neck, oesophageal, stomach, liver and skin can-
cers.” However, randomised trials are required to un-
equivocally validate these findings and to define the best
timing recommendations for ICI recommendations
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(e.g., NCT05549037). These trials will likely include in-
vestigations into inter-patient differences in optimal
timing, as well as the underlying mechanisms cross the
24-h cycle, facilitating the identification of circadian
biomarkers that can inform the personalised scheduling
of chrono-immuno-chemotherapy.

In a previous study, Karaboué et al. reported a
significantly higher incidence of mild or moderate skin
reactions among patients who received the majority of
their nivolumab infusions in the morning compared to
those who received them in the afternoon."'
Conversely, morning administration was found to be
more effective and associated with significantly less
moderate to severe fatigue. These findings underscore
the need for prospective studies to examine the circa-
dian influences of adverse events and efficacy profiles
of ICIs, as this remains an area of uncertainty and
requires further investigations to optimise treatment
strategies.

In conclusion, this large bi-continental study pro-
vides compelling real-world evidence that morning
administration of immuno-chemotherapy is associated
with significantly improved OS, PFS, and response rate
in patients with advanced NSCLC. These findings
highlight the importance of circadian rhythms in
moderating treatment outcomes with immuno-
chemotherapy. Further randomised controlled trials
are necessary to establish clinical recommendations
regarding optimal timing of treatment, with a particular
focus on the identification of circadian, sleep and
immunological biomarkers to guide the personalisation
of immuno-chemotherapy treatment.
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