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Abstract

Background Cancer is the leading cause of death among older adults. Although the integration of immunotherapy
has revolutionized the therapeutic landscape of cancer, the complex interactions between age and immunotherapy
efficacy remain incompletely defined. Here, we aimed to elucidate the relationship between aging and
immunotherapy resistance.

Methods Flow cytometry was performed to evaluate the infiltration of immune cells in the tumor microenvironment
(TME). In vivo T cell proliferation, cytotoxicity and migration assays were performed to evaluate the antitumor
capacity of tumor antigen-specific CD8* T cells in mice. Real-time quantitative PCR (qPCR) was used to investigate

the expression of IFN-y-associated gene and natural killer (NK)-associated chemokine. Adoptive NK cell transfer was
adopted to evaluate the effects of NK cells from young mice in overcoming the immunotherapy resistance of aged
mice.

Results We found that elderly patients with advanced non-small cell lung cancer (@NSCLC) aged > 75 years exhibited
poorer progression-free survival (PFS), overall survival (OS) and a lower clinical response rate after immunotherapy.
Mechanistically, we showed that the infiltration of NK cells was significantly reduced in aged mice compared to
younger mice. Furthermore, the aged NK cells could also suppress the activation of tumor antigen-specific CD8* T
cells by inhibiting the recruitment and activation of CD103* dendritic cells (DCs). Adoptive transfer of NK cells from
young mice to aged mice promoted TME remodeling, and reversed immunotherapy resistance.

Conclusion Our findings revealed the decreased sensitivity of elderly patients to immunotherapy, as well as in aged
mice. This may be attributed to the reduction of NK cells in aged mice, which inhibits CD103* DCs recruitment and its
CD86 expression and ultimately leads to immunotherapy resistance.
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Introduction

Immune checkpoint blockade (ICB), including antibodies
targeting PD-(L)1, have revolutionized the landscape of
cancer treatment. However, challenges such as an efficacy
ceiling of approximately 20% have hindered the full real-
ization of the clinical potential of ICB [1]. Understanding
intra-tumoral cell subpopulations and their functions in
the context of immunotherapy is crucial for improving
immunotherapeutic responses [2—4]. Aging, which plays
an important role in cancer pathogenesis, causes pertur-
bations in hematopoietic stem cell differentiation [5, 6]
and thymic atrophy [7], inducing profound alterations in
innate and adaptive immune cell subsets [8]. However,
the influence of aging on the composition and function
of immune cells in the tumor microenvironment (TME)
and on the efficacy of immunotherapy remains unclear.
In clinical trials, elderly patients with cancer are under-
represented, and few studies have been conducted on the
effectiveness of ICIs in elderly patients [8, 9]. For exam-
ple, less than 10% of patients enrolled in a clinical trial of
breast cancer were aged>75 years [9]. Furthermore, the
general practice of using young mice (aged 6—8 weeks)
in preclinical investigations diverges significantly from
the clinical age spectrum of patients. Consequently, con-
ducting a comprehensive investigation into the efficacy of
immunotherapy in elderly patients with cancer and the
underlying mechanisms of immunotherapy resistance is
of paramount importance.

Natural killer (NK) cells are an essential component of
the innate immune system and hold central significance
within the TME. NK cells exert direct cytotoxic effects
on tumor cells by releasing granzyme B and perforin and
expressing the Fas ligand (FasL/CD95L) [10, 11]. Conse-
quently, NK cells are extensively utilized in adoptive cell
therapy for tumor patients, exhibiting notable efficacy
and safety [12, 13]. Moreover, NK cells fulfill an immu-
nomodulatory role by producing cytokines and modu-
lating dendritic cells (DCs), thus promoting adaptive
immune responses. Due to the secretion of chemokines
such as CCL5, XCL1/2, and FLT3LG, NK cells facilitate
DCs recruitment and enhance the efficacy of anti-PD-
(L)1 immunotherapy [14, 15]. Despite the therapeutic
significance, the specific impact of age-related changes in
NK cells on the effectiveness of immunotherapy remains
obscure.

Therefore, the objective of this study was to investigate
the specific age-related changes in NK cells, and their
impact on the response to immunotherapy across various
murine tumor models. The results may provide a novel
therapeutic regimen by facilitating the development of
age-related immunotherapeutic strategies.

Page 2 of 15

METHODS

Patient clinical information

This study enrolled 205 patients diagnosed with advanced
non-small cell lung cancer (aNSCLC) at Shanghai Lung
Hospital from 2015 to 2018. All patients underwent PD-1
blockade therapy. The cohort comprised 191 patients
aged <75 years (younger) and 14 patients aged=>75 years
(older). Detailed clinical information is provided in Table
S1.

Mice

Two—three months (young) or 13 months (aged) female
C57BL/6 and BALB/c mice were procured from the Chi-
nese Academy of Medical Sciences in Beijing, China. In
vivo studies involved random group assignment of mice
before experimentation, which daily examinations con-
ducted after that. Sample sizes were determined based
on previous experience. All animal experiments were
performed in a non-blinded manner, and mice were kept
under specific pathogen-free conditions. Housing and
treatment protocols adhered to the guidelines established
by the Animal Care and Use Committee of the Third Mil-
itary Medical University (TMMU) in Chongging, China.
The Institutional Animal Care and Use Committee of
TMMU approved all animal experiments.

Cell lines and cell culture conditions

LLC, CT26, and 4T1 cells were obtained from the Ameri-
can Type Culture Collection (ATCC). MC38 cells were
provided by Liufu Deng (Shanghai Jiao Tong University,
China), while MC38-OVA cells were supplied by Bo Guo
(Jinan University, China). These cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM; Gibco,
Australia), supplemented with 10% heat-inactivated fetal
bovine serum (FBS; Gibco, Australia), penicillin (100 U/
mL), and streptomycin (100 U/mL). in an incubator at
37 °C with 5% CO,.

Tumor challenge and treatment

Tumor cells (1x10° LLC, 5x10° CT26, 5x10° 4T1,
5%10° MC38, or 5x10° MC38-OVA) were suspended
in 100 pL of phosphate-buffered saline (PBS). Then, the
tumor cells were inoculated subcutaneously into the right
flanks of the mice on day 0. Anti-CD8a antibody (200 ug;
clone YTS169.4, Bio X Cell) or control IgG2b (200 ug;
clone LTF-2, Bio X Cell) was injected intraperitoneally
to deplete CD8* T cells on days 0, 3, 6, 9, and 12 post-
tumor challenge. Anti-PD-L1 (200 pg; clone 10 FE9G2™,
Bio X Cell) or IgG2b control (200 pg; clone LTE-2, Bio
X Cell) were injected intraperitoneally on days 4, 7, 10,
and 13 post-tumor challenge. Tumor growth was moni-
tored every other day, and the tumor volumes were cal-
culated using the formula: V = (length x width?)/2. Mice
were sacrificed using cervical spinal cord dislocation at
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specified time points post-tumor inoculation, and tumor
tissues, tumor-draining lymph nodes (TDLNs), and non-
draining lymph nodes (NDLNs) were dissociated into
single cells for flow cytometry analysis. All experimen-
tal procedures were adhered to the Institutional Animal
Care and Use Committee of TMMU guidelines.

Preparation of single-cell suspensions

Tumors and lymph nodes were dissected and then
digested with digestion solution, which contained 1 mg/
mL collagenase I (Sigma-Aldrich, Germany), 10% FBS
(Tianjin TBD Standard, China), and 50 pg /mL DNase
I (Invitrogen, USA) in RPMI 1640. Digestion was per-
formed on a shaker at 37 ° C, 148 rpm for 30 min. The
spleens were mechanically disrupted and filtered through
a 70-um nylon cell strainer (BD Biosciences, USA).

Flow cytometry and antibodies

The cells were labeled with Fixable Viability Dye eFluor
780 (eBioscience) to assess viability. To minimize non-
specific staining, each 10° cells were co-stained with
0.25 pg TruStain FcX™ (anti-mouse CD16/32) Antibody
(clone 93, BioLegend) and anti-mouse antibodies per
100ul for 30 min on ice. These anti-mouse antibodies
included anti-CD45 (clone 30-F11, BioLegend), anti-
CD3 (clone 17A2, BioLegend), anti-CD8a (clone 53-6.7,
BioLegend), anti-CD4 (clone RM4-5, BioLegend), anti-
FOXP3 (clone MF-14, BioLegend), anti-CD19 (clone
6D5, BioLegend), anti-CD11b (clone M1/70, BioLegend),
anti-Ly6G/Ly6C (Grl) (clone RB6-8C5, BioLegend), anti-
F4/80 (clone BM8, BioLegend), anti-NK1.1 (clone PK136,
BioLegend), anti-CD335 (clone 29A1.4, BioLegend), anti-
CD49a (clone HMal, BioLegend), anti-NKG2A (clone
16A11, BioLegend), anti-LAG3 (clone C9B7W, BioLe-
gend), anti-I-A/I-E (clone Mb5/114.15.2, BioLegend),
anti-CD11c (clone N418, BioLegend), anti-CD27 (clone
LG.3A10, BioLegend), anti-CD86 (clone GL-1, BioLe-
gend), anti-CD44 (clone NIM-R8, BioLegend), anti-H-
2K (clone AF6-88.5, BioLegend), anti-CD103 (clone
2E7, BioLegend), anti-CD107a (clone 1D4B, BioLegend),
anti-Ki67 (clone 11F6, BioLegend), anti-IFN-y (clone
XMG1.2, BioLegend), and anti-TNF-a (clone MP6-
XT22, BioLegend) antibodies. Phycoerythrin-labeled
MHC class T (H-2KY) tetramer carrying the ovalbumin
peptide SIINFEKL was used to evaluate OVA-specific
CD8* tumor-infiltrating lymphocytes. Unless other-
wise indicated, surface staining was conducted on ice in
PBS containing 2% FBS for 30 min. Ki-67 staining was
performed with a Foxp3/Transcription Factor Staining
Buffer Set (cat#:00-5523-00, eBioscience). Following the
manufacturer’s instructions, intracellular cytokine stain-
ing involved cell stimulation with phorbol 12-myristate
13-acetate (50 ng/mL, Sigma-Aldrich) plus ionomy-
cin (500 ng/mL, Abcam) alongside GolgiPlug Protein
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Transport Inhibitor containing Brefeldin A (BD Biosci-
ences). Additionally, cells were stimulated with H-2K"-
restricted MuLV p15E KSPWFTTL peptide (KSP) (2 pg/
mL) (MBL) plus Brefeldin A (1 X solution/mL) (Invitro-
gen). After 5 h, cells were stained with surface markers,
fixed, and permeabilized using Fixation/Permeabilization
Solution (BD Biosciences) according to the manufactur-
er’s instructions. For in vitro NK cell activation, NK cells
were stimulated with RMPI 1640 containing IL-12/IL-15
(10 ng/ml) and IL-18 (50 ng/ml) and incubated at 37°C
with 5% CO, for 24 h. BD GolgiStop™ Protein Transport
Inhibitor containing Monensin (BD Biosciences) and
BD GolgiPlug™ Protein Transport Inhibitor Contain-
ing Brefeldin A (BD Biosciences) were added 4 h before
the detection. Subsequently, cells were stained with the
intracellular cytokine antibodies. Flow cytometry data
were acquired using a Gallios flow cytometer (Beckman
Coulter) and analyzed by FlowJo software v10 (BD Bio-
sciences). The fluorescence-activated cell sorting (FACS)
gating strategy for tumor-infiltrating immune cells is
depicted in Fig. S1.

In vivo cytotoxicity assays

Splenocytes were isolated from tumor-free C57BL/6
female mice aged 6—8 weeks. The spleens were mechani-
cally dissociated and filtered through a 70-um nylon cell
strainer (BD Biosciences, USA), followed by erythro-
cyte lysis using Erythrocyte Lysate (Biosharp, China) to
obtain a single-cell suspension. The isolated splenocytes
were then divided into aliquots and exposed to either
OVA,5, _ 964 Peptide (5 pg/mL) or KSPWFTTL irrelevant
peptide (5 pg/mL) for 1 h at 37 °C with 5% CO,. After
incubation, the cells were washed with PBS and stained
with CellTrace Violet (CTV) (Invitrogen) for 6 min at
37 °C. Cells pulsed with the OVA,.,_,, peptide were
labeled with CTV" (5 uM) as target cells, while those
with irrelevant peptide were labeled with CTV™ (0.5
uM) as internal controls. Following washing and count-
ing, these cells were mixed at a 1:1 ratio, and intrave-
nously injected into young and aged C57BL/6 mice
bearing MC38-OVA tumors. Spleens were extracted 48 h
later, and the CTV/CTV" cell ratio was assessed using
flow cytometry (Beckman Coulter).

Adoptive NK cell transfer

Briefly, splenocytes were obtained from tumor-free
C57BL/6 female mice aged 6-8 weeks or 13 months.
Then, NK cells were isolated from splenocytes utilizing
the MojoSort™ Mouse NK Cell Isolation Kit (BioLegend)
following the manufacturer’s protocols. Subsequently,
flow cytometry (BD FACS Arial III) was employed for cell
sorting, resulting in a purity exceeding 98% (Fig. S2). On
day one post-tumor challenge, congenic recipient mice
received intravenous injections of 1x10° NK cells.
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T-cell migration assay

Splenocytes were obtained from tumor-free C57BL/6
female CD45.2" OT-I mice aged 6-8 weeks. These cells
were then stimulated with the OVA,.,_,q, (1 pg/mL)
peptide in the presence of mouse recombinant IL-2 (30
IU/mL). Following the manufacturer’s protocols, acti-
vated OT-1 (CD447CD8*CD3") cells were subsequently
isolated using the EasySep™ Mouse CD8* T Cell Isola-
tion Kit (STEMCELL Technologies) after six days. The
isolated cells were labeled with CTV (5 uM). For the in
vivo migration assay, 2x 10°> CTV-labeled OT-I cells were
intravenously injected into MC38-OVA tumor-bearing
mice. Tumors were harvested after 48 h. Data acquisition
was performed using a Gallios flow cytometer (Beck-
man Coulter). The data were analyzed by Flow]o software
(version V10).

Invivo T cell proliferation assay

Splenocytes were obtained from tumor-free C57BL/6
female CD45.17 OT-1 mice aged 6-8 weeks. Fol-
lowing the manufacturer’s protocols, naive OT-I
(CD44~CD62L*CD8*CD3") cells were isolated using
the EasySep™ Mouse Naive CD8* T Cell Isolation Kit
(STEMCELL Technologies) after four or eight days. Sub-
sequently, the cells were labeled with CTV (5 pM). For
the T cell proliferation assay, 2x10° CTV-labeled OT-I
cells were intravenously injected into MC38-OVA tumor-
bearing mice. Tumors were harvested after 72 h. Data
acquisition was performed using a Gallios flow cytometer
(Beckman Coulter). The data were analyzed by FlowJo
software (version V10).

Real-time quantitative PCR

RNA extraction was performed with the RNeasy Mini
Kit (Qiagen), and reverse transcription of 1 ug total RNA
was carried out using a LightCycler (Roche Diagnostics).
The primers utilized for RT-qPCR analysis are detailed in
Table S2.

Survival analysis

Details regarding the immuno-oncology (IO) cohort
were previously described in the Patient clinical infor-
mation section. In this cohort, patients were categorized
into two groups, with the age of 75 as the cutoff point.
We used GraphPad Prism 7.0 (GraphPad Software) for
the Kaplan-Meier survival analysis.

Statistical analysis

Each experiment was replicated 2 to 3 times. GraphPad
Prism 7.0 (GraphPad Software) was utilized for statistical
analyses. Two-tailed Student’s t-tests or Mann-Whitney
U tests were employed to assess p-values for the differ-
ence between the two groups, as specified. One-way or
two-way analysis of variance (ANOVA) was applied
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to compute p-values for distinctions among multiple
groups. Survival curves underwent analysis using the log-
rank (Mantel-Cox) test.

RESULTS

Age-related disparities in survival and immunotherapeutic
response in patients with aNSCLC

This study examined the association between age and two
critical clinical endpoints, progression-free survival (PES)
and overall survival (OS), in an independent IO cohort
of 205 patients with aNSCLC. Notably, patients aged 75
and above (older) exhibited significantly shorter PFS (3.1
months vs. 13.1 months, p=0.0044) and OS (7.6 months
vs. 17.6 months, p=0.0027) compared to those under
75 (younger) (Fig. 1A-B). Additionally, the response to
immunotherapy varied by age, with a significantly lower
partial response (PR) of the older group compared to the
younger group (Fig. 1C). In addition, age was an indepen-
dent risk factor for OS and PFS according to the multi-
variate Cox regression analysis (Fig. S3).

To determine the replicability of our observed age-
associated differences in immunotherapy responses in
patients with aNSCLC, we established preclinical mod-
els using two immunotherapy (anti-PD-1/PD-L1) sen-
sitive mouse colon cancer cell lines MC38 and CT26.
These cells were subcutaneously injected into young (2—3
months old) and aged (>13 months old) female C57BL/6
or BALB/c mice (Fig. 1D). Moreover, we observed a
robust anti-tumor effect of anti-PD-L1 in young mice,
but this effect was not observed in aged mice (Fig. 1E-I).
These findings highlight the significant resistance of aged
mice to anti-PD-L1 therapy compared to their younger
counterparts, consistent with clinical observations
among patients with aNSCLC.

Anti-PD-L1 therapy fails to activate an effective anti-tumor
immune response in aged mice

To gain deeper insights into the effectiveness of anti-PD-
L1 therapy in activating antitumor immune responses
across different age groups, we evaluated immune cell
subsets and their functional dynamics within the TME.
The absolute number of immune cells (CD45%) increased
within the TME of young mice following anti-PD-L1
therapy. In contrast, no significant increase was observed
in aged mice (Fig. 2A). Notably, both the proportion
and absolute number of immune cells were higher in
young mice compared to aged mice after anti-PD-L1
therapy (Fig. 2A). Subsequently, we comprehensively
examined the infiltration and function of T cell sub-
sets across various age groups using flow cytometry. In
young mice, anti-PD-L1 therapy markedly increased both
the proportion and quantity of CD3* T cells within the
TME. In contrast, this phenomenon was not observed
in aged mice (Fig. 2B). Anti-PD-L1 therapy could also
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Fig. 1 Aging reduces the effectiveness of anti-PD-(L)1 therapy. (A and B) Kaplan-Meier curves illustrating PFS and OS among patients aged < 75 years
(n=191) and > 75 years (n=14) with aNSCLC who underwent PD-1 blockade therapy. (C) Pie charts illustrating the disparity in objective response rate by
age. PR, partial response, (younger patients: 51/191; older patients: 2/14); SD, stable disease, (younger patients: 83/191; older patients: 7/14); PD, progres-
sive disease, (younger patients: 57/191; older patients: 5/14). (D-I) Analysis of tumor growth in MC38 and CT26 tumor-bearing mice. Young and aged
C57BL/6 mice received subcutaneous injection of MC38 cells into their right flanks. Young and aged BALB/c mice were inoculated subcutaneously with
CT26 cells into their right flanks. Anti-PD-L1 or control IgG2b was intraperitoneally injected on days 4, 7, 10, and 13 post-tumor challenge. (D) Experimental
schedule; and (E) representative tumor images (Day 27 post-tumor challenge). (F) Individual growth curves of MC38 (n=5 mice per group); (G) CT26 (n=7

mice per group), (H) survival curves of MC38 (n=5-10 mice per group) and (I) CT26 (n=5-10 mice per group). Two-way ANOVA (F and G), or Kaplan-Meier

analysis followed by log-rank tests (A-B and H-I) were utilized to evaluate statistical significance ((p<0.05, “p<0.01, "p<0.001,

represent SEM

increase the infiltration of CD8* T cell and CD4* Tcon
(CD3*FOXP3°CD4%) (Fig. 2C-D). However, anti-PD-
L1 therapy resulted in a decrease in the infiltration of
regulatory T cells (Tregs) in aged mice. Still, it was not
observed in young mice (Fig. 2E). Specifically, anti-PD-
L1 therapy could amplify tumor antigen-specific CD8* T
cells in young mice, but not in aged mice (Fig. 2F), and
the ability to secrete killer cytokines IFN-y and TNF-a
of T cells is also significantly improved in young mice
(Fig. 2G-I). Additionally, in vivo experiments have con-
firmed that tumor antigen-specific CD8" T cells in young
mice exhibited stronger cytotoxicity than those in aged
mice after anti-PD-L1 therapy (Fig. 2J-K). These find-
ings suggest that aged tumor-bearing mice do not benefit
from anti-PD-L1 therapy, most likely due to ineffective
activation of tumor antigen-specific immunity.

P

p <0.0001). Error bars

Decreased number of tumoral NK cells in aged mice

The complex TME comprises tumor cells, immune
cells, fibroblasts, endothelial cells, and their secreted
cytokines, which may lead to ICB resistance. Due to
IFN-y-associated signaling is the main feature of the
effectiveness of anti-PD-(L)1 therapy [16], we firstly
assessed the change of IFN-y-related gene profiles from
both young and aged mice. However, there were similar
IFN-y-associated signaling profiles between young and
aged mice (Fig. S4).

Secondly, we explored the infiltration of three major
immunosuppressive cell types in MC38 tumors: tumor-
associated macrophages (TAMs), myeloid-derived sup-
pressor cells (MDSCs) and Tregs. No disparities in their
proportions were detected (Fig. SSA-B and Fig. 2E). This
observation suggests that there may be other reasons for
the different responses of anti-PD-L1 therapy between
young and aged mice.
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Fig. 2 (See legend on next page.)

Subsequently, we scrutinized the profile of effec- decreased (Fig. 3A-B), whether in breast cancer (4T1)
tor cells associated with antitumor immunity. Com- or lung adenocarcinoma (LLC) (Fig. 3C-D). In addition,
pared with that in young mice, the infiltration of NK differences were observed in NK cell subsets between
cells in the tumors of aged mice was significantly lower aged mice and young mice, with a higher prevalence
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Fig. 2 Ineffectiveness of anti-PD-L1 therapy in activating anti-tumor immune response in aged mice. (A-l) For PD-L1 blockade, anti-PD-L1 or control
IgG2b were injected intraperitoneally on days 4, 7, 10, and 13 after the tumor challenge. Mice were euthanized on day 15, and then the tumor was dis-
sociated into single cells for flow cytometry analysis. (A) Quantification of the proportion and absolute number of CD45* cells in living cells (n=9-10 mice
per group). (B) Representative flow plots and a summary of the proportion and absolute number of CD3* T cells in CD45* cells (1=9-10 mice per group).
(C) Quantification of CD3*CD8* T cells proportion and absolute number in CD45% cells (n=9-10 mice per group). (D) Quantification of CD3"Foxp3~CD4*
Tcon proportion and absolute number in CD457 cells (1=9-10 mice per group). (E) Quantification of Foxp3*CD4™ T cells proportion in CD45* T cells
(n=9-10 mice per group). (F) Quantification of KSP-tet* CD8* T cells absolute number in CD8* T cells (1=9-10 mice per group). (G) The absolute number
of IFN-y and TNF-a co-expression in CD8" T cells (n=9-10 mice per group). (H) Quantification of IFN-y absolute number of CD4* T cells (n=9-10 mice per
group). () The absolute number of IFN-y and TNF-a co-expression in KSP-specific CD8* T cells (n=9-10 mice per group). (J and K) An in vivo cytotoxicity
assay was conducted in young and aged MC38-OVA tumor-bearing mice. A 1:1 mixture of CTV"-labelled OVA-loaded splenocytes and CTV**labelled ir-
relevant peptide-loaded control cells was co-injected via the tail vein into MC38-OVA-bearing young and aged mice. The ratio of CTVI" cells to CTV" cells
in the spleens was analyzed after 48 h. (J) Experimental schedule; and (K) the quantification of percent cell death (n=5 mice per group). In A-I and K, one-
way analysis of variance (ANOVA) was used to evaluate statistical significance (*p <0.05, **p <0.01, ***p <0.001, ****p <0.0001). Error bars represent SD

of CD49a™ NK cells in aged mice than in young mice
(Fig. 3E-F). This CD49a"* phenotype is characteristic of
tissue-resident tumor NK cells and reflects the interplay
between inhibitory molecule expression and immuno-
modulatory capacity [17, 18]. NK cells can be classified
into four populations according to the different expres-
sion of CD11b and CD27: from double-negative cells to
CD27 single-positive, double-positive cells, and finally to
CD11b single-positive, NK cells gradually mature. Previ-
ous studies have indicated a significant reduction in NK
cell numbers, inadequate maturation of mature NK cells,
and compromised NK cell function in aged mice [19].
Then, we examined the maturation of tumor infiltration
NK cells in aged mice. We found that the proportion of
mature NK cells (CD11b*CD277) was decreased, and
immature NK cells (CD11b"CD27") were increased in
aged mice (Fig. 3G). Moreover, the function of IFN-y by
NK cells in aged mice was significantly declined consis-
tent with the increase expression of LAG3™ (Fig. 3H-I).
There were no differences in NKG2A, CD107a and Ki67
expression between aged mice and young mice (Fig. S6).
Our data indicate that the primary disparity in the TME
between young and aged mice lies in the diminished
presence of NK cells.

Impaired NK cells lead to insufficient tumor antigen-
specific CD8* T cell activation in aged mice
Subsequently, we investigated how NK cells in aged mice
influence the efficacy of anti-PD-L1 therapy. Given that
NK-derived chemokines are a potent mediator of T cell
recruitment [20], we first explored the recruitment abil-
ity of CD8" T cells from young and aged mice to tumors.
CTV-labeled OT-I cells activated in vitro were injected
into MC38-OVA tumor-bearing mice via the tail vein,
and CTV* OT-I cell infiltration within the TME was
analyzed 48 h post-injection (Fig. S7A). There is no dif-
ference in tumor antigen-specific OT-I cells in tumors
from aged and young mice (Fig. S7B), suggesting that T
cell recruitment may not contribute to resistance to anti-
PD-L1 therapy.

As NK cells play a role in facilitating the recruitment
of DCs and promoting their survival [14], we hypothesize

that the scarcity of NK cells in the tumors of aged mice
may lead to the resistance of anti-PD-L1 therapy by
affecting DC recruitment. We then analyzed the infiltra-
tion of DCs in MC38 tumor models of young and aged
mice (Fig. 4A). Both the proportion and quantity of
tumor infiltration DCs in aged mice were significantly
lower than those in young mice (Fig. 4B). Similarly, the
proportion and quantity of CD103* DCs in the TDLN of
aged mice were lower than those in young mice (Fig. 4C).
Previous studies have demonstrated that NK cell-derived
chemokines are essential for DCs recruitment [14, 15], so
we examined the chemokines that are important for DCs
recruitment in MC38-bearing aged and young mice, such
as CCL5 and XCL1. In MC38 tumor tissues, the relative
mRNA expression of CCL5 was significantly decreased
in aged mice (Fig. S8A), while XCL1 showed a moderate
decrease (Fig. S8B). Additionally, the expression of CCL5
and XCL1 in NK cells sorted by flow cytometry also
decreases significantly (Fig. 4D).

To elucidate the impact of NK cells on DCs infiltra-
tion and naive T cells activation, we initially transferred
NK cells from tumor-free young mice to aged mice. The
infiltration of CD103" DCs and its CD86 expression level
were both lower in the TDLN of aged mice than those
in young mice (Fig. 4E-F). Infusion of NK cells led to
an increased infiltration of CD103" DCs and promoted
their CD86 but not MHCI expression in the TDLN of
aged mice (Fig. 4E-F). However, in tumors, although
the infiltration of DCs were significantly reduced in aged
mice compared to young mice, infusion of NK cells did
not increase the infiltration of DCs in tumors (Fig. 4G).
Infusion of CTV-labelled naive OT-I cells followed by
flow cytometry analysis on day 11 revealed a higher pro-
portion of CD44*CTV™ OT-I cells in young mice com-
pared to aged mice (Fig. 4H). The expression of CD44 in
OT-I cells from aged mice was lower than that of young
mice (Fig. 41-]). Infusing NK cells from young mice could
significantly increase the proportion of CD44*CTV"
OT-I cells and the expression level of CD44 in OT-I cells,
which suggests that NK cell infusion could enhance the
initial activation of tumor antigen-specific CD8* T cells
in aged mice (Fig. 4H-]J). However, following NK cells
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Fig. 4 The scarcity of tumoral NK cells contributes to insufficient tumor antigen-specific CD8* T cells priming in aged mice. (A-D) MC38 cells were subcu-
taneously inoculated into the right flanks of mice, followed by flow cytometry analysis of DCs on day 7. (A) Experimental schedule; (B) the proportion and
absolute number of DCs in tumors; (C) the proportion and absolute number of CD103* DCs in TDLNs; (D) relative mRNA expression of Ccl5 and Xcl1 in
NK cells in tumors (n=5 mice per group). (E-G) Mice were subjected to subcutaneous injection of 5 X 10° MC38-OVA cells into the right flank, followed by
transfer of 1x 10° NK cells from tumor-free young mice to aged mice on day one post-tumor challenge. The mice were sacrificed on day seven post-tumor
challenge, and the right inguinal lymph nodes and tumors were collected for analysis. (E) Representative flow plots and a summary of the proportion and
absolute number of CD103* cells in DCs; (F) the mean fluorescence intensity (MFI) of CD86 or MHCI in CD103* DCs; and (G) the proportion and absolute
number of DCs within the tumor (n=5 mice per group). (H-J) Mice received subcutaneous injection of 5x 10° MC38-OVA cells into the right flank, then
transferred 1x 10° NK cells from tumor-free young mice to aged mice on day one post-tumor challenge. On day eight post-tumor challenge, 2x 10°
CTV*CD45.1* OT-I cells were injected via the tail. Mice were sacrificed on day 11 of the post-tumor challenge, and the right inguinal lymph nodes were
harvested. (H) Representative flow plots and a summary of the proportion of CD44*CTV® OT-l cell; () histogram of CD44 in OT-| cells; and (J) the MFI of
CD44 in OT-l cells (n=4-5 mice per group). Statistical significance was evaluated using independent samples t-tests (B-D) or one-way analysis of variance

(ANOVA) (E-H and J) (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). Error bars represent SD

infusion, there was no change in the relative mRNA
expression of CCL5 and XCL1 in the tumor tissues (Fig.
S8C-D).

In conclusion, these findings indicate that inadequate
NK cell presence in the TME contributes to resistance to
anti-PD-L1 therapy in aged mice by impeding the activa-
tion of tumor antigen-specific T cells within TDLNS.

NK cell transfer overcomes resistance to anti-PD-L1

therapy in aged mice by remodeling the TME

To determine the potential of NK cells in anti-PD-L1
therapy in aged mice, we infused NK cells obtained from
tumor-free young or aged mice into tumor-bearing aged
mice respectively and then administered anti-PD-L1
therapy (Fig. 5A). In accordance with our previous find-
ings, aged mice exhibited resistance to anti-PD-L1 ther-
apy (Fig. 5B). Additionally, adoptive transfer of NK cells
from either young or aged mice combined with anti-PD-
L1 therapy reduces tumor volumes in aged mice (Fig. 5B),
suggesting that NK cell infusion can reverse the thera-
peutic effect of anti-PD-L1 therapy.

A comprehensive analysis unveiled diverse TME altera-
tions after infusion of young mice-derived NK cells.
Notably, there was a significant increase in the infiltra-
tion of T cells in aged mice (Fig. 5C), primarily driven
by elevated infiltration of CD8* T cells, especially tumor
antigen-specific CD8" T cells (Fig. 5D-E). However,
the infiltration of CD4* T cells did not show significant
changes (Fig. S9C). In addition, the adoptive transfer of
NK cells from tumor-free young mice enhanced the cyto-
toxic cytokine-secreting capacity of total CD8" T cells
and tumor antigen-specific CD8* T cells after immu-
notherapy (Fig. 5F-G), highlighting the role of NK cells
from young mice in restoring T cell function. Next, we
examined whether NK cell transfer’s effect on anti-PD-L1
therapy efficacy was dependent on CD8* T cells by CD8a
neutralizing antibodies. The results showed that ablation
of CD8" T cells counteracts the immunotherapy benefit
of NK transfer (Fig. 5H-I). Additionally, infusion of NK
cells from young mice to aged mice could also decrease
the infiltration of immunosuppressive cells, such as
TAM, but not MDSCs and Tregs (Fig. SOA-B and D).

Taken together, these results suggested that the adop-
tive transfer of NK cells from young mice could reju-
venate the TME in aged mice, thereby enhancing the
efficacy of anti-PD-L1 therapy.

Discussion

This work revealed a critical role for physiologic aging
in reducing ICB efficacy in murine models of MC38
tumors. In young mice with MC38 tumors, anti-PD-
L1 therapy can increase the infiltration and function of
tumor-infiltrating CD8* T cells, CD4" Tcon cells, and
tumor antigen-specific CD8* T cells, resulting in a robust
antitumor response. In aged mice, anti-PD-L1 therapy
fails to promote antitumor immune response effectively.
Detailed analysis of the TME in young and aged mice
revealed that they exhibited similar IFN-y-associated sig-
naling and immune cell subpopulations, including effec-
tor CD8™T cells, TAMs, MDSCs, and Tregs. However,
the infiltration of NK cells in MC38 tumor-bearing aged
mice was reduced by more than half, and a similar phe-
nomenon was observed in 4T1 and LLC tumor models.
This resulted in decreased CD103* DCs in TDLNs and
a weakened priming of tumor antigen-specific CD8* T
cells in aged mice. Excitingly, the adoptive transfer of NK
cells from tumor-free young mice can effectively improve
the response to immunotherapy.

The incidence of many cancers increases proportion-
ally with age, and cancer become the leading cause of
death among individuals aged 60-79 [21]. The emer-
gence of immunotherapy revolutionized the strategies of
tumor therapy [22]. However, few elderly patients were
recruited for clinical trials of ICB, primarily due to the
potential more significant toxicity [23—25]. Furthermore,
studies investigating the efficacy of ICB in elderly patients
have yielded conflicting results, particular in the study
of aNSCLC. For instance, compared to docetaxel che-
motherapy, patients<75 years who received nivolumab
treatment exhibited significantly improved OS and PES.
The benefit of nivolumab treatment was reduced in
patients>75 years [26, 27]. However, results from the
phase IIIB/IV CheckMate 153 trial offered a contrasting
perspective, revealing that older patients had a similar
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Fig. 5 Adoptive transfer of NK cells from young mice overcomes resistance to anti-PD-L1 therapy in aged mice by remodeling the TME. (A and B) Sub-
cutaneous inoculation of MC38 cells into the right flanks of mice. Transfer of NK cells from tumor-free young or aged mice to aged mice on day one
post-tumor challenge. Intraperitoneal injection of anti-PD-L1 or control IgG2b on days 4, 7, 10, and 13 after tumor challenge. (A) Experimental schedule;
(B) a summary of tumor growth curves(n =6 mice per group). (C-G) Subcutaneous inoculation of MC38 cells into the right flanks of mice. Transfer of NK
cells from tumor-free young mice to aged mice on day one post-tumor challenge. Intraperitoneal injection of anti-PD-L1 or control IgG2b on days 4, 7, 10,
and 13 after tumor challenge. Mice were sacrificed on day 15 of the post-tumor challenge, and tumors were harvested. (C) Quantification of proportions
of CD3* T cells in living cells (n=9-10 mice per group). (D) Quantification of proportion and absolute number of CD8* T cells in living cells (n=9-10 mice
per group). (E) Quantification of proportions and absolute number of KSP-tet* CD8* T cells in CD8" cells (n=9-10 mice per group). (F) Quantification of
proportions and absolute number of IFN-y expression in CD8" cells (n=9-10 mice per group). (G) Quantification of proportions and absolute number of
IFN-y expression in KSP-tet™ CD8* T cells (n=9-10 mice per group). (H and I) Subcutaneous inoculation of MC38 cells into the right flanks of mice. Transfer
of NK cells from tumor-free young mice to aged mice on day one post-tumor challenge. Intraperitoneal injection of anti-CD8a antibodies on days 0, 3, 6,
9,and 12, and anti-PD-L1 or control IgG2b on days 4, 7, 10, and 13 after tumor challenge. (H) Experimental schedule; and (I) a summary of tumor growth
curves (n=7 mice per group). Statistical significance was evaluated using two-way analysis of variance (ANOVA) (B and 1) or one-way ANOVA (C-G)
(p<0.05, "p<0.01, " p<0.001, " p<0.0001). Error bars represent SEM (B, E bottom, G bottom and 1) and SD (C-G)

OS to the total patient population [28]. Older patients was found to be smaller in elderly patients [30]. How-
were associated with longer OS in another trial of atezoli-  ever, in the KEYNOTE-054 clinical trial, elderly patients
zumab treatment, known as the OKA trial [29]. The same  exhibited similar OS to younger patients [31].However,
phenomenon also occurs in melanoma. In the phase III  in the KEYNOTE-006 clinical trial, a more remarkable
clinical trial CheckMate 67, the effect of the combination = improvement in OS was observed among elderly patients
of nivolumab and ipilimumab on the survival of advanced  receiving pembrolizumab treatment [32]. In renal
melanoma was investigated. The improvement in OS  cell carcinoma, it seems that the efficacy of ICB is not
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diminished activation of CD8* T cells

affected by age. For instance, CheckMate 025 confirmed
the superiority of nivolumab over everolimus in improv-
ing survival time, regardless of age [33]. Similar findings
were reported in both KEYNOTE-426 and JAVELIN 101
[34, 35]. Meta-analyses encompassing various cancer
types also revealed no difference in OS between younger
and elderly patients [36, 37].

The different results obtained in the same cancer type
can be attributed to factors such as tumor histological
type, prior treatment strategies, and PD-L1 expression.
Another possible reason is the varying criteria used to
define elderly patients across different trials. The clini-
cal studies that found similar or better OS improvement
in elderly patients compared to younger patients after
receiving ICB tend to define the cutoff age for elderly
patients as 65 years old [29-37]. Especially when com-
pared to non-small cell lung cancer (NSCLC), patients
diagnosed with melanoma and renal cell carcinoma
are generally younger. Elderly patients>75 years often
respond poorly to PD-1 therapy [26, 27]. A meta-analysis
exploring the efficacy of anti-PD-(L)1 therapy in cancer
patients>75 years confirmed that elderly patients in this
age group do not benefit from PD-(L)1 therapy as much
as younger patients [38]. Our clinical data also support
this finding, demonstrating that elderly patients with
aNSCLC275 years are more resistant to anti-PD-1 ther-
apy compared to younger patients under 75 years. These
results further emphasize the significant impact of age on
ICB outcomes.

Indeed, the immune microenvironment changes sig-
nificantly as individuals age [8]. Differences in the cel-
lular composition of the immune microenvironment are
crucial to cancer progression and the effectiveness of ICB
[2—4]. Consequently, in animal models, factors such as
mouse strain, age, and tumor cell type can all influence
the composition of the immune microenvironment [8],
thereby affecting the therapeutic outcome of ICB. In the
context of melanoma treatment, a more significant num-
ber of Tregs in young mice may account for the favorable
response to anti-PD-1 therapy in aged mice [39]. On the
contrary, a decrease in Tregs was observed in an aged
mouse model of triple-negative breast cancer [40]. How-
ever, no difference in Tregs was observed in our MC38
tumor model. In addition, we also discovered that the
tumor growth rate in aged mice was slower than young
mice. This same outcome was observed in the model
as well [40]. This could be related to diminished tumor
angiogenesis [41], senescence of tumor-infiltrating fibro-
blasts [42], attenuated apoptosis during tumor cell pro-
liferation [43], and compromised stem cell potential [44].
This indicates that not only does the immune system
undergo changes with age, but there are also systemic
changes throughout the body.

Next, we explored whether the age-related differ-
ences in ICB observed in the MC38 tumor model were
due to NK cells. Although there was a certain increase
in the proportion of CD49a* NK cells and immature NK
cells, the difference in the absolute numbers of these cell
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subsets was not as significant as the overall decrease in
NK cell numbers in aged mice. Therefore, we primarily
focused on the impact of changes in NK cell numbers
on immunotherapy. Subsequently, we conducted an NK
cell adoptive transfer experiment. The results showed
that compared to the control group, adoptive transfer of
NK cells from either aged or young mice enhanced the
response to anti-PD-L1 therapy in aged mice. These find-
ings demonstrate that the age-related differences in anti-
PD-L1 therapy observed in the MC38 tumor model were
due to the reduced infiltration of NK cells in tumors of
aged mice. Moreover, our findings also revealed a reduc-
tion in tumor-infiltrating and TDLN DCs in aged mice,
thereby hampering the effective activation of tumor
antigen-specific CD8" T cells within the TDLN. NK cells
promote DC infiltration into the TME through dual path-
ways. First, NK cells directly stimulate tumor cell lysis,
liberate antigens, and consequently stimulate the migra-
tion of DCs. Second, NK cells exert immunomodulatory
effects by secreting chemokines such as CCL5, XCL1/2,
and FLT3LG to facilitate DC recruitment, thereby aug-
menting antigen presentation [14, 15, 20]. Our data sug-
gested that aged NK cells express less CCL5 and XCL1,
two crucial cytokines involving DC recruitment. Despite
the lack of observed changes in chemokines after the
infusion of NK cells, which may be because DC-associ-
ated chemokines secreted by NK cells in the tumor are
localized and diluted in the overall level of the TME,
it is essential to note that we observed less migratory
CD103* DCs in the TDLN of aged mice. In addition, we
found NK cell transfer overcomes aging-driven defects
in CD103*DCs number and activation of tumor-specific
CDS8*T cells within the TDLN. However, we did not
observe any changes in the number of DCs in the TME
after NK cells transfer, which may be due to the fact that
DCs are very dynamic throughout the tumor immune
cycle, and when DCs phagocytose antigens in tumors,
they immediately express CCR7 which is converted to
the TDLN by CCL10, CCL19, and CCL21, and there-
fore a change in the number of DCs in the tumor after
NK infusion was not observed in the tumor. In addition,
the underlying mechanism of aging-driven paucity and
impaired function of NK cells remains unknown. Over-
all, these data demonstrate the first evidence that age can
affect the number of NK cells in the MC38 tumor model
and may be an essential factor in the response to ICB.
The CAR-NK therapy, which involves genetically modi-
fying NK cells with chimeric antigen receptors (CARs),
has demonstrated a remarkable ability to enhance the
specificity of NK cell killing significantly. Importantly,
this therapy does not induce cytokine release syndrome
(CRS) or graft-versus-host disease (GVHD) [45-47].
Currently, CAR-NK is achieving exciting results in clini-
cal trials. Moreover, in patients with melanoma, NK cells
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play a central role in immunotherapy, as evidenced by
tumor infiltration, circulating NK cells, and the effective-
ness of ICB [15, 48]. Moreover, the number of periph-
eral circulating NK cells predicts the efficacy of ICB in
patients with NSCLC [49]. These findings underscore the
crucial role of NK cells in immunotherapy. Our experi-
mental results also suggest that adoptive transfer of NK
cells combined with anti-PD-L1 therapy can enhance
antitumor efficacy in aged mice. Based on the preclinical
results and data presented in this article, it is feasible to
stratify elderly cancer patients based on the number of
NK cells in their TME. By administering NK cell adoptive
transfer, we can potentiate the therapeutic effects of ICB.

Despite presenting some credible findings, this study
has certain limitations. The IO cohort was from one
center and included patients with a single tumor type.
In the future, patients with multiple tumor types should
be enrolled from multiple centers to further evaluate
and validate the interplay between aging and response
to immunotherapy. Furthermore, as stated in the Top 10
Challenges of Cancer Immunotherapy [50], traditional
preclinical models cannot reflect the human immune
system well. Our colorectal mouse model may not be a
good representation of aNSCLC patients in the clinic, so
there is an urgent need to develop more preclinical mod-
els. We observed differences in the number of NK cells in
tumors of aged mice and changes in subpopulations and
functions. Whether these changes will also affect the effi-
cacy of ICB in aged mice requires further exploration and
research.

Conclusion

In this work, our data suggest that anti-PD-1 therapy
in our IO cohort results in shorter PFS and OS in older
patients with aNSCLC. Multiple mouse models have also
validated this clinical phenomenon. Resistance to anti-
PD-L1 therapy in aged mice is due to decreased NK cells.
The reduction of tumoral NK cells in aged mice leads to
dampened recruitment and activation of CD103* DC
cells in the TDLN, which leads to insufficient CD8* T
cell priming and resistance to anti-PD-L1 therapy. Nota-
bly, NK cells in young mice can be transferred to remodel
the TME to effectively reverse resistance to anti-PD-L1
therapy (Fig. 6). In summary, our study provides a new
insight into the mechanism underlying immunotherapy
resistance in older patients, paving the way for future
research to enhance the response to immunotherapy
based on NK cells therapy.
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