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Key words: immunotherapy, Summary Circadian rhythms are endogenous biological cycles with a period of
circadian rhythms, non-small cell approximately 24 hours that regulate the functions of many bodily systems,
lung cancer, PD-1, PD-LI, including the immune system. They influence gene expression, immune cell
chronotherapy, overall survival. activity, and tumor cell proliferation, suggesting a potential role in shaping

responses to immunotherapy for malignant neoplasms. One of the emerging
Bukovinian Medical Herald. 2025. V. areas of oncological research is the impact of the time of infusion on the efficacy

29, Ne 4 (116). P. 89-94. of immune checkpoint inhibitors (ICls) in the treatment of metastatic non-small
cell lung cancer (NSCLC).
DOI: 10.24061/2413- Purpose — to assess the association between the time of infusion when ICI
0737.29.4.116.2025.15 infusions are administered and overall survival (OS) in patients with metastatic
NSCLC through a meta-analysis of published studies.
E-mail: Material and methods. Seven studies that met the inclusion criteria were

yl.moskalenko@med.sumdu.edu.ua  analyzed. The sample comprised 1,491 patients, of whom 813 received ICIs

n.gyryavenko@med.sumdu.edu.ua  primarily in the morning, and 678 in the afternoon. Sources were identified
through PubMed and proceedings from ESMO and ASCO conferences. A
random-effects meta-analysis model was used to calculate effect sizes and
standard errors. Heterogeneity was assessed, and a Galbraith plot was
generated.
Results. All studies demonstrated an OS advantage for the "morning" group. The
pooled effect size was 0.73 (95% CI: 0.521-0.938; p <0.001). Infusion time cut-
off points ranged from 11:37 to 16:30. Six studies evaluated all treatment cycles,
while one assessed only the first infusion. The I’ statistic indicated high
heterogeneity among studies (I = 72.6%), suggesting substantial variability in
effect sizes not attributable to chance (Q = 20.08; p = 0.0027). Effect sizes in
individual studies ranged from 0.407 to 1.270, all favoring morning
administration. No study contradicted the overall trend. The efficacy of
immunotherapy in the morning group was approximately twice as high.
Conclusions. The time of ICI infusion is a statistically significant predictor of
survival in patients with metastatic NSCLC. Morning infusions was associated
with improved therapeutic efficacy and should be considered in treatment
protocols.

YAC IH®Y3II TA EOEKTUBHICTH IMYHOTEPAITII ITIPU METACTATHYHOMY
HEJ/IPIBHOK/IITHHHOMY PAKY JIEI'EHb: METAAHAII3

Mockanenxo 10.B., I'upagsenko H.1.

Knrouosi cnosa: imynomepanis, Anomayin [Jupkaoni pummu — ye eHOO2eHHi OIONOIYHI YUKAU 3 Nepiooom
YUpKaoui pummu, onuzvko 24 200umn, sKi peeyniolomv QYHKYIL Oazamvox cucmem opeamiamy,
HeOpIOHOKNTMUHHULL PAK Jle2eHb, 30Kpema iMyHHOI. Bonu enaueaiomv Ha eKCHpecilo 2enie, akmuHiCmb IMyHHUX
PD-1, PD-L1, xponomepanis, KAimun ma nporighepayito nyxXauHHuUX KmuH, wo 00360J18€ NPURYCIMUMU IXHIO
3a201bHA BUNCUBAHICTTb. ponb Y hopmysanHi 8i0n06idi HA IMYHOMEPANito 3N0SIKICHUX HOBOYMEOPEHb.

Oonum i3 00CHIOINHCYBAHUX HANPAMKIE 8 OHKOAO0ZI € enausé uacy iH@ys3ii Ha
epexmugHicmy iHei6imopig imyHHux Koumponvrhux mouok (IIKT) npu nikyeanni
Bykosuncoruii meduunuil 8icHuK. Memacmamuyro2o HeOpioHOKAImunHo20 paxy aecetv (HIKPJI).
2025.T. 29, Ne 4 (116). C. 89-94. Mema pooomu — oyinumu 36’130k midxc uacom ingyysii IIKT ma 3azanvroro
sudicueanicmio (3B) nayicumie 3 memacmamuunum HJIKPJI na ochosi
Memaauanizy onyoniKo8anux 00CIi0NCEHb.
Mamepian i memoou. Ilpoananizoeano 7 0ocniddcensb, 5Ki 8iOnosioanu
Kpumepisim exmouenns. Bubipka exmouana 1491 nayicuma, i3 sxux 813
ompumysanu IIKT nepesasicno epanyi, a 678 — y opyeii nonoguni ons. J{ocepena
ioenmupixosani wepes 6azy PubMed ma oensou xongpepenyivt ESMO i ASCO.
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Buxopucmano pamoomizosany moodenvb memaananizy 3 po3paxyHKOM po3Mipy
epexmy ma cmanOapmuoi noxudxu. OyiHeHO eemepoceHHICMb OAHUX ma
nobyoosano epagix I'erdopetima.

Pesynemamu. Y 6cix oocniodcennax cnocmepicanacsi nepegaza «paHKkogoiy»
epynu 3a nokazuuxom 3B. V3azanvnene 3nauenns posmipy egexmy cmanosuno
0,73 (95% Al: 0,521-0,938; p < 0,001). I'panuuni 3navenns uacy in@ysii
sapitosanu 6i0 11:37 oo 16:30. ¥V wecmu Oocriodcenusax 6paxogy8anucv yci
yukau mepanii, ¢ oOHomy — auuie nepwia in@ysia. Tecm I? nokasae eucoky
eemepocenuicmos  docaiodcenv (I7 = 72,6%), wo ceiouuno npo cymmegy
sapiabenvricms eghekmis, KA He noscHreanacs sunaokosicmio (Q = 20,08; p =
0,0027). Posmip eghexmy 6 okpemux docrioxcennsax aapitogas 6io 0,407 oo 1,270,
V 6CIX 8UNAOKAX HA KOPUCMb PAHK0B020 66edeHHsA. JKooHe docnidocenns ne
cynepeuuno 3azanvhii menoenyii. E¢pexmuenicmo imynomepanii' y nayicumie
«panKosoiy epynu Oyna 608iui uL00.

Bucnoseku. Yac iugysii IIKT mae cmamucmuumo 3HAYywull 6nIué Ha
sudxcuganicme nayicumie i3 memacmamuunum HJIKPJI. Panxosi ingysii
acoyitiosani 3 Kpawumu pe3yromamamul AiKy8auHs i NOBUHHI 6PAX08Y8AMUCS 8

NPOMOKONAX JIKYBAHHSL.

Introduction. Circadian rhythms are endogenous
biological oscillations with a periodicity of approximately
24 hours that coordinate the functions of nearly all organs
and systems, including the immune system. These rhythms
lead to changes at the cellular and systemic levels,
clinically manifesting as rhythmic patterns in
physiological, biochemical, and behavioral responses in
humans. Cell division, gene expression, and DNA repair
are also closely linked to circadian rhythms, suggesting
their potential involvement in carcinogenesis [1]. An
increasing body of evidence indicates a direct influence of
the molecular clock on the course of malignant diseases,
particularly non-small cell lung cancer (NSCLC).

The effectiveness of NSCLC treatment is influenced by
a multitude of factors. One of the most intriguing potential
predictors of treatment response is the time of infusion. In
oncology, the impact of chronotherapy on clinical
outcomes in patients receiving chemotherapy [2],
radiotherapy [3] and immunotherapy, especially immune
checkpoint inhibitors (ICIs) [4; 5] has been actively
explored.

Circadian rthythms are generated at the cellular level by
the molecular clock, composed of 15 specific genes.
Disruptions in circadian rhythms are associated with
reduced treatment efficacy, accelerated carcinogenesis,
and metastasis. These effects are largely attributed to
immune evasion through the creation of an
immunosuppressive tumor microenvironment [6].

The human immune system — including T-cell activity,
PD-1/PD-L1 expression, and cytokine production —
exhibits circadian variability. Specifically, the BMALI,
PER1/2, and CLOCK genes, which regulate the circadian
clock, influence T-lymphocyte proliferation and the
expression of molecules essential for antitumor responses
[7]. Consequently, the tumor microenvironment also
undergoes circadian changes. One study demonstrated that
CD8" T-cell infiltration into tumor tissue was higher during
certain phases of the daily cycle, highlighting the potential
of chronobiological approaches in immunotherapy
planning [8].

Neglecting chronobiology in oncological practice may
lead to suboptimal timing of treatment and reduced
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efficacy. Conversely, integrating circadian data into
treatment planning may facilitate a more personalized
approach to managing NSCLC, potentially improving both
survival and quality of life [9]. Further research will
contribute to the development of clinical protocols that
consider patients’ individual circadian profiles to
maximize response to ICls.

The purpose of this study was to assess the association
between the time of infusion when ICI infusions are
administered and overall survival (OS) in patients with
metastatic NSCLC through a meta-analysis of published
studies.

Material and methods

The primary endpoint of this meta-analysis of
published data was to assess the effect of infusion timing
of ICIs on overall survival (OS) in patients with metastatic
NSCLC. A literature search was conducted using the
PubMed database and manual screening of conference
proceedings from the European Society for Medical
Oncology and the American Society of Clinical Oncology.
Filters were applied to select publications from 2015 to
2025. Search terms included: "immunotherapy,
programmed cell death protein 1 (PD-1), programmed
death-ligand 1 (PD-L1)", "infusion timing, circadian
rhythms,  chronotherapy", and  "pembrolizumab,
nivolumab, atezolizumab, immune checkpoint inhibitors",
"non-small cell lung cancer". For each included study, the
following data were extracted: authors and publication
year, time cut-off for ICI infusion, type of ICI, total number
of patients, number of patients in the “morning group” and
“evening group,” and median OS. Only studies involving
metastatic NSCLC were included.

The study was conducted using the Cochrane method
for meta-analysis. Calculations and graph generation were
performed using the Stata software environment (version
19.5, USA). Sample heterogeneity was assessed using the
I? statistic and the t* test, where p <0.05 indicated the
presence of heterogeneity. A Galbraith plot was created to
visually represent inter-study heterogeneity. Due to the
high level of heterogeneity among studies, a random-
effects model (REML) was employed to calculate the
pooled relative risk. For each study, the effect size was
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calculated as the natural logarithm of the ratio of median
survival times in the morning versus evening groups
(log_median_ratio). After calculating the
log median_ratio and its standard error (SE), a meta-
analysis was conducted. The results of the meta-analysis
are presented as effect sizes with 95% confidence intervals
(CI). Statistical significance was defined as p <0.05.
Graphical representation of the results was performed
using the meta forestplot function.

Results

A total of 157 studies were identified through the
literature search. Following a detailed screening process,
articles reporting the effect of time of day on
immunotherapy for malignancies other than NSCLC were
excluded (n=101). In addition, preprints (n=10), duplicate
studies (n=7), and studies combining PD-1/PD-L1
inhibitors with cytotoxic T-lymphocyte-associated protein
(CTLA-4) inhibitors (n=31), chemotherapy and
chemoradiotherapy (n=2) were also excluded. Ultimately,
seven studies were included in which the authors compared
OS in patients with metastatic NSCLC depending on the
time of day ICIs were administered [10—16].

Each study was examined for how the cut-off time
separating the “morning” and “evening” groups was
defined. Most authors used a pragmatic approach, based on
the average time of day each patient received their ICI
infusions. According to this parameter, the discrepancy
between some studies reached up to 5 hours (ranging from
11:37 to 16:30). In six studies, the effect of all
immunotherapy cycles was evaluated, while in one study
only the timing of the first infusion was considered.

In three studies, the cutoff times were classified as
"early" (11:37, 12:00, and 12:55), whereas in four studies
they were "late" (14:30, 16:00, and 16:30). In all studies,
patients were assigned to the "morning group" if they
received more than 80% of their ICI infusions before the
designated cutoff time. Conversely, patients who received
more than 20% of their ICI infusions after the cutoff time
were included in the "evening group."

A total of 1,491 patients were included in the meta-

Study

analysis, of whom 813 (54.5%) were assigned to the
morning group and 678 (45.5%) to the evening group. The
results of the publication analysis included in the meta-
analysis are presented in Table 1.

A total of seven studies investigating the association
between the timing of ICI infusion and OS in patients with
advanced NSCLC were included in the meta-analysis. The
primary outcome was the log-transformed ratio of median
OS between the morning and evening infusion groups
(log_median_ratio). In all seven studies, log_median_ratio
was more than 0, indicating greater median survival in the
morning groups.

The random-effects meta-analysis revealed a pooled
effect size of 0.729 (95% CI: 0.521 to 0.938; p < 0.001),
indicating that, on average, patients who received ICI
therapy in the morning had significantly longer median
overall survival compared to those treated in the evening.
This corresponds to an exponentiated effect size of
approximately 2.07, suggesting that morning infusion was
associated with more than twice the median OS compared
to evening infusion (Fig. 1).

Heterogeneity across studies was substantial, with an I?
value of 72.6%, indicating considerable variability in effect
sizes beyond chance (Q = 20.08, p = 0.0027). Individual
study effect sizes ranged from 0.407 to 1.270, all favoring
morning administration.To assess heterogeneity among the
included studies, a Galbraith plot was generated. None of
the calculated effect sizes exceeded the 95% confidence
intervals, indicating consistency across studies (Fig. 2).
These results consistently support the hypothesis that
circadian timing of ICI administration influences treatment
efficacy, with morning infusion associated with superior
survival outcomes in patients with advanced NSCL.

Discussion. We performed a meta-analysis of seven
studies that reported the impact of ICI infusion timing on
OS in patients with metastatic NSCLC. A statistically
significant improvement in OS was observed in patients
who received the majority of their ICI infusions in the
morning. The effectiveness of immunotherapy in the
"morning group" was nearly twice as high.

Catozzi et al., 2024
Gomez-Randulfe et al., 2025
Rousseau et al., 2023
Karaboue et al., 2022

Vilalta et al., 2021

Cortellini et al. , 2022
Barrious et al., 2022

Overall

Heterogeneity: T° = 0.06, I* = 72.61%, H® = 3.65
Test of 8, = 8;: Q(6) = 20.08, p = 0.00

Testof 8 =0:z=6.86, p = 0.00

Effect size

with 95% ClI %
—— 0.64 [ 0.43, 0.86] 16.79
—— 0.41[0.20, 0.62] 16.85
—B— 0.63[0.32, 0.93] 14.20
— W 1.27[0.87, 1.67] 11.57
—— 0.78[0.50, 1.06] 14.89
—— 0.53[0.19, 0.87] 13.20
— 1.05[0.68, 1.42] 12.50

B 0.73[0.52, 0.94]
) 5 1 15

Random-effects REML model

Fig. 1. Meta-analysis results of overall survival in the morning vs. evening ICI infusion groups
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Table 1
Characteristics of studies included in the meta-analysis
Authors and year of Country Type of ICI Cut-off | Number of patients (morning
publication value group / evening group)
Gomez-Randulfe et al., 2025 UK PD-1/PD-L1 14:30 349 (188/161)
Catozzi et al., 2024 France PD-1/PD-L1 11:37 361 (136/225)
Rousseau et al., 2023 France PD-1/PD-L1 16:30 180 (115/65)
Karaboue et al., 2022 France PD-1 12:55 95 (48/47)
Cortellini et al., 2022 Spain PD-1/PD-L1 16:30 180 (136/44)
Barrious et al., 2022 Brazil PD-1/PD-L1 16:00 129 (86/43)
Vilalta et al., 2021 Spain PD-1/PD-L1 12:00 197 (104/93)
ﬁ i
&4+ .
Q . = 95% ClI
@ 5 . »  Studies
E = = — Regression line
w — No effect
0
_2 T T T T
0 1 2 3 4
Precision

Fig. 2. Heterogeneity assessment — Galbraith plot summary for the meta-analysis

Our findings are consistent with those of Landre et al.
[17], who investigated the effect of time of day on the
efficacy of immunotherapy in metastatic solid tumors. Of
the 16 studies included in their meta-analysis, five focused
specifically on metastatic NSCLC. The authors concluded
that early ICI infusions were associated with better
progression-free and overall survival (Hazard Ratio 0.53,
95% CI: 0.34-0.80).

Fey et al. [18] also explored how the timing of ICI
administration affects treatment outcomes, including in
NSCLC. The authors emphasized that morning ICI
administration may enhance treatment efficacy, based on
the understanding that circadian rhythms influence
immune system activity and that aligning treatment with
these rhythms may optimize therapeutic outcomes. Of the
29 studies they reviewed, nine focused exclusively on
NSCLC. While most studies supported improved outcomes
with morning administration, some did not report
significant differences, indicating variability depending on
patient-specific factors and study design. In conclusion, the
authors advocated for more personalized treatment
approaches that take into account the patient’s biological
rhythms.

ICIs, particularly anti-PD-1/PD-L1 agents, have
revolutionized the treatment of NSCLC. However, their
effectiveness depends heavily on individual patient factors.
Our findings confirm that circadian rhythms may
significantly influence ICI efficacy.
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One explanation proposed in the literature is
socioeconomic: patients with greater access to healthcare
resources are more likely to receive treatment earlier in the
day, and consequently have better outcomes [19].
However, this factor alone is unlikely to explain the
differences in OS.

A more plausible explanation is biological. The
effectiveness of ICIs is largely dependent on CDS8*
cytotoxic T-cells, which are also key mediators of vaccine-
induced immunity [20]. Similar to immunotherapy,
vaccine efficacy is greater in the morning. Hazan et al. [21]
studied 1,515,754 patients aged 12 and older who received
COVID-19 vaccination and analyzed complication rates
and effectiveness based on the time of day. Morning and
daytime vaccinations were associated with fewer
complications and hospitalizations, attributed to higher
production of antibodies, TNF-o, IFN-y, IL-1B, and
memory B-cells — factors essential for both short- and long-
term immunity. In addition, stronger activation of T-cells,
B-cells, dendritic cells, and monocytes was observed [22].

Experimental studies also suggest that immune cells are
sensitive to circadian modulation. Time of day influences
dendritic cell activity, which in turn enhances their ability
to interact with T-cells. PD-1 receptors are not only found
on T-cells but also on tumor-associated macrophages — the
most abundant immune cells in the tumor
microenvironment. Mouse models have shown that the
number of PD-1-expressing tumor-associated
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macrophages varies significantly throughout the day [23].
Circadian rhythms affect the immune system by
regulating T-cell activity, immune checkpoint expression,
and cytokine secretion. For example, CD8" T-cell activity
— central to the antitumor effect of ICIs — fluctuates during
the day, potentially influencing treatment response. Studies
have shown that PD-L1 expression on tumor cells and PD-
1 expression on T-cells undergo circadian variation,
affecting ICI sensitivity [24]. Lifestyle factors such as
sleep patterns, physical activity, diet, and light exposure
may modulate circadian rhythms and thus the immune
response. Some authors suggest that regular exercise and
adherence to a Mediterranean diet positively influence the
circadian clock and may enhance ICI effectiveness [25].
Druzd et al. [26] demonstrated that lymphocyte
migration is tightly regulated by circadian rhythms. During
rest periods (nighttime), a significant number of circulating
lymphocytes move into the tumor and lymph nodes. As a
result, morning ICI infusions may coincide with
heightened lymphocyte availability, enhancing therapeutic
outcomes. The effect of circadian variation on ICI
pharmacokinetics remains unclear. Some authors argue
that ICIs have half-lives of 2 to 3 weeks, making circadian
influence negligible. Other patient-related factors, such as
sex, hormonal status, and clinical-pathological features,
may have greater impact on treatment outcomes [19].
Glucocorticoids - which have broad
immunomodulatory effects — are closely linked to both
circadian rhythms and ICI effectiveness. Although they are
known to suppress cellular immunity and cytokine

expression, Shimba et al. [27] showed that endogenous
circadian-induced glucocorticoids enhance immune
responses by promoting survival and redistribution of B-
and T-cells. Their synthesis peaks in the morning,
potentially contributing to the higher efficacy of morning
ICI infusions.

This study has certain limitations. First, only seven
scientific publications were included in the meta-analysis,
which may be considered a relatively small sample size.
Second, differences in sex, PD-L1 expression levels,
patient age groups, and smoking status may have
influenced the outcomes.

Conclusions. The timing of treatment administration is
one of the simplest and most accessible strategies for
improving the effectiveness of ICIs in patients with
metastatic NSCLC. Patients receiving a higher proportion
of morning infusions derive the most benefit from
immunotherapy. Future research should focus on
developing personalized treatment strategies that account
for individual circadian rhythms.
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