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Clinical success of immune-checkpoint blockade (ICB) cancer immunotherapy is com-
promised by increased risk of immune-related adverse events (irAEs). However, mecha-
nistic action(s) of immune responses underlying development of irAE remain not fully
explored. Here, we found that in tumor-bearing aged, but not young, mice, antiprog-
rammed death receptor (PD)-1 therapy elicited irAE-like multiorgan dysfunctions with
ectopic accumulation of T and B cells in damaged organs. In this preclinical model, the
organ toxicities were mediated by immunoglobulin G (IgG) deposition because admin-
istration of IG from ICB-treated aged mice induced the pathogenicity specifically in
naive aged hosts. Mechanistically, CD4 T-cell-derived interleukin (IL)-21 upregulated
B-cell-homing chemokine, CXCL13, preferentially in irAE organs from aged mice
treated with anti-PD-1 therapy. The ICB-induced pathogenicity was alleviated by
B-cell depletion or by blockade of IL-21 or CXCL13 activity. These results suggest that
age-associated immune regulatory milieu contributes to the formation of tertiary lym-
phoid structure-like lymphocytic aggregates in irAE organs and irAE-related toxicity
employing IL-21-CXCL13-auto-antibody axis. Supporting this, a systemic increase in
CXCL13 and 121 expression in CD4 T cells correlated with irAE incidence in ICB-
treated patients. These findings provide rationale for therapeutic usefulness of CXCL13
in irAE management.

Immune-checkpoint blockade (ICB) with antiprogrammed death receptor (PD)-1/PD-
L1 antibodies (Abs) is a common immunotherapeutic approach that has provided bet-
ter outcomes with durable antitumor effects in a certain population of cancer patients
(1-3). However, due to the critical role of PD-1/PD-L1 in maintaining self-tolerance
(4), the clinical benefits may be hindered by a remarkable spectrum of therapy-
associated organ toxicities, referred to as immune-related adverse events (irAEs) (5, 6).
In non—small-cell lung carcinoma (NSCLC), more than 20% of patients treated with
anti~PD-1 therapy developed serious irAEs of grades 3 to 5 (1), and of these, half of
the patients who had discontinued the treatment due to the severe irAE recurred the
initial or newly developed irAE when retreated with ICB (7). Moreover, in combina-
tion with other ICBs, anticytotoxic T lymphocyte-associated protein 4 (CTLA-4) Ab
was shown to trigger severe irAEs in ~60% of melanoma patients who experienced
multiorgan toxicities, including pneumonitis, colitis, hepatitis, and thyroiditis (2, 3, 6).
Consequently, patients with serious irAEs are permanently required to discontinue the
ICB treatment regardless of its substantial antitumor effects (3, 5, 8). To minimize tox-
icity, a large proportion of patients with irAEs are managed with typical corticosteroids
(2, 8). However, systemic immunosuppression via their high doses and/or long-lasting
administration may also blunt antitumor immune response (9, 10). Therefore, irAEs
are considered to be a major treatment-associated hindrance that limit further develop-
ment of ICB-based cancer immunotherapy.

Due to a substantial number of irAE patients, most relevant knowledge on irAEs comes
from human clinical research, which suggests the involvement of dysregulated immune
tolerance against autoantigens (11, 12), pathogenic B-cell activation and subsequent auto-
Ab production (12, 13), and T-cell reactivity preferentially associated with some major
histocompatibility complex haplotypes (14, 15). Although autoimmunity-prone mice
were reported and tested as experimental models for irAEs (5, 16), the mechanisms under-
lying spontaneous development of autoimmune-like irAE symptoms remain poorly
understood. To identify therapeutic targets and to develop strategies for mitigating the
occurrence of severe irAEs, animal models that recapitulate pathophysiologic process are
urgently required. The propetly developed irAE model helps design ways to prevent
occurrences of irAEs and to maximize clinical use and benefits of ICBs without irAEs.
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Significance

Immune-related adverse events
(irAEs) induced by immune-
checkpoint blockade including
antiprogrammed death receptor
(PD)-1 therapy are a major
problematic issue in cancer
immunotherapy. Preclinical
models for more physiologically
occurring irAEs are potentially
useful for the clarification of
fundamental causes and natural
developmental course of irAEs.
Here, we found that in tumor-
bearing aged, but not young, mice,
anti-PD-(L)1 therapy alone
induces irAE-like multiorgan
toxicities through CD4 T-
cell-derived interleukin (IL)-21 and
subsequent age-specific CXCL13
expression in tertiary lymphoid
structure. Consistent with this
animal model, a systemic increase
in CXCL13 correlates with irAE
incidence in cancer patients.
These findings provide insight into
the development of management
strategies for irAE that balance
both irAE-related immune
response and antitumor immune
surveillance.
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As elderly people represent the largest cohort of patients with
cancer (17, 18), the number of older patients deemed eligible
for ICBs is increasing. Although ICBs are reported to be effec-
tive in patients with melanoma regardless of their actual ages
(19), some studies reported that the patients with irAEs were
relatively older (20, 21). Indeed, the occurrences of some par-
ticular types of irAEs such as pneumonitis, hepatitis, arthritis,
and thyroiditis have been reported to increase in older patients
(19, 21). However, there is a gap in tolerability of ICBs
between preclinical studies using young animals and real cancer
patients. To bridge this gap, the present study investigated the
tolerability of ICBs in older mice relative to their younger
counterparts. Our findings describe previously uncharacterized
multiorgan pathogenicity in tumor-bearing aged mice when
treated with anti-PD-1 therapy. This irtAE model allowed us to
investigate its pathophysiological mechanisms and provided
suggestive evidence that preferential activation of interleukin
(IL)-21-producing CD4 T cells exacerbated anti-PD-1
therapy-induced pathologies through direct action to produce
CXCL13 within irAE-affected organs.

Results

Anti-PD-1 Therapy-Induced irAE-Like Multiorgan Failures in
Aged Mice. We found that ICBs with anti-PD-1/PD-L1 Abs
were less effective for tumor eradication in aged mice ortho-
topically inoculated with ovalbumin (OVA)-expressing mela-
noma cells, MO4 (Fig. 14). Tumor outgrowth in young mice
was substantially attenuated by the treatment (22), as evidenced
by the lower levels of lactate dehydrogenase, a poor prognostic
factor (23) (Fig. 1B). These were consistent with previous
reports with different models (24, 25). On the other hand, the
treatment of aged mice with ICBs significantly increased levels
of serologic clinical parameters indicative of organ dysfunctions:
alanine aminotransferase (ALT)/triglyceride/total protein, amy-
lase, and urea nitrogen/ureic acid (the biochemical markers for
hepatitis, pancreatitis, and kidney failure, respectively; ref. 6).
Moreover, in aged mice, we also observed elevated serum levels
of surfactant protein D (SP-D), a clinical sign of exaggerated
alveolar-capillary leakage from the alveolar space attributed to
lung injury in interstitial pneumonia (26, 27). Notably, the lev-
els of these toxicity-associated serologic markers were not
altered by ICBs in tumor-bearing young mice or by control Ab
injection in aged mice (Fig. 1B).

Consistent with the increase in serologic parameters, multi-
ple organs including lung, kidney, and liver from ICB-treated
aged mice, but not from their younger counterparts, showed
ectopic dense aggregates of lymphocytes like tertiary lymphoid
structures (TLSs) (28, 29) in peribronchial and perivascular
interstitial regions (Fig. 1C), similar to what has been seen in
irAE  patients (6). Immunohistochemical (IHC) analysis
revealed these TLSs consisted of B and T cells (Fig. 1 D and
F). Tissue-infiltrating lymphocytes were quantified by removal
of blood-circulating cells stained via intravenous injection of
anti-CD45 Ab, indicating a four- to fivefold overall increase in
the frequencies of CD4 and CD8 T cells in lung from ICB-
treated aged mice (Fig. 1F and SI Appendix, Fig. S1 A and B).
A significant increase in B-cell infiltration in lung and liver of
these mice confirmed the histological cellular composition (57
Appendix, Fig. S1 C and D). In contrast, the frequencies of
these populations in spleen were not changed, regardless of the
treatment (Fig. 1F). As shown in Fig. 1 D-F, in vivo depletion
of CD4 T cells with anti-CD4 Ab abolished multifocal TLS
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organization and significantly reduced lymphocytic infiltrations
in ICB-treated aged mice.

Increased expression of 7/6 and /14, indicative of accelerated
inflammatory response (22, 30), was also observed in the lungs
of treated aged mice (SI Appendix, Fig. S1E). No significant
changes in those factors were detected in isotype-matched con-
trol Ab-treated aged mice, excluding a possibility of immuno-
genic reaction against repeated administration of xenogeneic rat
immunoglobulin G (IgG) (31). All animals did not result in
fatality immediately after Ab administration and reached
tumor-endpoint-related survival, indicating no anaphylactic
responses. Aged C57BL/6 and Balb/c mice inoculated with
other tumor cells, such as MC38 or CT26, also suffered from
similar lymphocytic aggregates during the same regimen (S/
Appendix, Fig. S1 F and G). These data indicate a general phe-
nomenon specifically associated with ICB-treated aged mice,
irrespective of tumor type or genetic background. Cumula-
tively, aged mice receiving anti-PD-(L)1 therapy can be utilized
as an experimental model for investigation of the mechanism
underlying irAE development.

Ab-Dependent Organ Toxicity Elicited by Anti-PD-1 Therapy in
Aged Mice. In addition to the increase in several markers of
organ dysfunctions, we found elevated levels of blood-
circulating Ig in aged mice in response to ICB (Fig. 2A).
Ab-mediated autoimmune pathogenicity has been reported to
correlate with an increase in TLS (29). Consequently, we exam-
ined the effect of Ab response on ICB-mediated lung pathology
and observed intense deposits of mouse IgG in the lung from
aged, but not from young, mice treated with ICB (Fig. 2 B and
0. This ICB-induced IgG deposition was reversed by CD4
depletion, but not by IL-6 deficiency, thereby supporting the
critical role of CD4 T cells in the aberrant Ab response. This
CD4 T-cell-dependent formation of lung lesions correlated
with a systemic increase in serum SP-D levels (Fig. 2D), while
IL-6 deficiency in aged mice did not improve the focal increases
in lung lesion (SI Appendix, Fig. S2A). Consistent with the
patients treated with combined administration of anti-PD-1 and
anti-CTLA-4 Abs (3), additional CTLA-4 blockade significanty
exacerbated irAE symptoms, indicated by increases in SP-D, ALT,
and urea nitrogen in aged mice (SI Appendix, Fig. S2B). These
exacerbated symptoms were accompanied by the systemically
increased levels of IgG (S Appendix, Fig. S2B) and lymphocytic
infiltration (SI Appendix, Fig. S2 CG-E), whereas anti-CTLA-4
therapy alone did not provide obvious effects on these events.

We further directly assessed potential aggravating effects of
ICB on mechanical properties of lung using invasive lung damage
testing. In tumor-bearing young mice, anti-PD-1 therapy had
only minor effects on functional parameters of the lung, airway
resistance, and pulmonary compliance/elastance (32) (Fig. 2E).
However, ICB treatment in aged mice significantly increased the
airway resistance and decreased the pulmonary compliance, indi-
cating the deterioration of mechanical properties of airway and
lung tissue, respectively. These observations were supported by an
increased ratio of wet-to-dry lung tissue weight (87 Appendix, Fig.
S2F), a surrogate indicator of lung dysfunction (33). As expected,
CD4 depletion ameliorated such mechanical abnormalities (Fig.
2 E and F), strongly suggesting that ICB-induced lung dysfunc-
tion was governed by CD4 T-cell activation.

We next examined whether in vivo transfer of mouse IgG
purified from serum of ICB-treated aged mice mimicked ICB-
induced toxicity in naive mice. Lung and kidney damages with
clevated levels of SP-D and urea nitrogen, respectively, were
induced only when aged mice-derived serum was transferred into
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Fig. 1. Anti-PD-1 therapy induces multiorgan failures and aberrant lymphocytic accumulation in aged, but not in young, mice. MO4-bearing young or aged
mice were treated with anti-PD-(L)1 Ab three times (indicated by arrows). (A) Tumor outgrowth was monitored with time. (B) Blood clinical markers of sev-
eral organ dysfunctions were assessed in young and aged mice. Fold changes of each value for indicated conditions were calculated using average values in
control Ab-treated young mice as 1 (shown as heatmaps). (C and D) H&E staining (C) and CD3 and B220 staining (D) in lung, liver, and kidney. (F) The number
of ectopic lymphoid structures in each lung section (n = 13). (F) Frequencies of lung-infiltrating CD45 (iv)— CD4+, CD8+, and B220+ cells (Top) and splenic T
and B cells (Bottom) were assessed in mice treated with indicated Abs. (Scale bars: 100 [C] and 200 [D] pm.) Data are represented as mean + SEM. One-way
ANOVA with Turkey post hoc test was used; *P < 0.05, **P < 0.01, ***P < 0.001.
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Fig. 2. Ab response is associated with irAE-related organ toxicity. (A-F) MC38-bearing young or aged mice were administrated with anti-PD-1 Abs together
with CD4 depletion. (A) The concentration of Ig in blood (n = 3-5). Representative lung sections stained with anti-mouse IgG indicating (B) Ig deposition (red)
and (C) their fluorescent intensities (per square millimeter lung area) (n = 6-7). (D) The concentration of SP-D released in blood (n = 6-10). (£) Lung dysfunc-
tion was assessed by mechanistic ventilation system (n = 5). (F and G) Irrelevant mouse IgG or IgG purified from the serum of anti-PD-1 therapy-treated
aged mice (irAE Ig) were transferred into young or aged mice two times. Seven days after Ab infusion, the levels of indicated factors (F) and mouse IgG depo-
sition in the lung (G) of host mice were monitored (n = 4-5). (H and /) B-cell depletion was performed in anti-PD-1 therapy-treated aged mice. H&E staining
of the lung tissues (H) and the levels of indicated factors in the serum (/) are shown (n = 6-10). (Scale bars in B, G, and H: 100 or 200 pm.) Data are repre-
sented as mean + SEM. One-way ANOVA with Turkey post hoc test was used; *P < 0.05, **P < 0.01, ***P < 0.001.

aged, but not into young, mice (Fig. 2F). This implied that
both aged mice-derived IgG and aged environment expressing
Ab-reactive antigens were required for the organ toxicity, which
was supported by IHC analysis with preferential accumulation of
IgG in aged lung (Fig. 2G). To assess the contribution of B-cell
response to irAE development, we depleted B cells from anti-PD-
1 therapy-treated aged mice. As shown in Fig. 2H, B-cell deple-
tion abolished the formation of TLS-like ectopic lymphocyte
aggregates in lung. In accordance with this, the ICB-induced
increases in tissue-damage—associated parameters, as well as IgG
induction, were attenuated by B-cell depletion (Fig. 21). These
results suggest that B-cell activation and the subsequent auto-Ab
production play a central role in irAE development.

IL-21-Producing CD4 T Cells Are Responsible for Anti-PD-1
Therapy-Induced irAEs. In line with previous findings that IL-
21-producing T cells were preferentially induced in aged mice

https://doi.org/10.1073/pnas.2205378119

(24), aged lung-infiltrating CD4 T cells contained both inter-
feron (IFN)-y— and IL-21-producing cells, whereas CD8 T
cells produced IFN-y and less IL-21 (Fig. 3 A4 and B). IL-17-
producing cells were also increased in aged mice (SI Appendix,
Fig. S34). Indeed, ICB treatment vigorously induced 7/21
expression in lung tissue, and its release was detected in bron-
choalveolar lavage fluid (BALF) of tumor-bearing aged mice
(Fig. 3 Cand D). These were abrogated by CD4 T-cell deple-
tion, suggesting that CD4 T cells functioned as a main source
for IL-21 in aged irAE organs. Detailed analysis revealed that
lung-infiltrating CD4 T cells in ICB-treated aged mice highly
expressed Bcl-6, a master transcription factor of T follicular/
peripheral helper (Tth/Tph) cells (34), and the other Tth
marker, inducible T-cell costimulator, but not CXCR5 (S7
Appendix, Fig. S3 B and C). These data imply CXCR5~ Tph
cells (29) are the main irAE organ-infiltrating cells. Similarly,
an increase in GL77CD95" germinal center (GC)—phenotype
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IL-21 contributes to the age-related development of irAEs. (A and B) The representative dot plots (A) and the frequencies (B) of IL-21- and

IFN-y-producing cells in lung-infiltrating CD4 or CD8 T cells from MC38-bearing young or aged mice (n = 4). (C and D) //27 mRNA in whole lung tissues (C)
and IL-21 levels in BALF (D) were assessed in young or aged mice with or without anti-PD-1 Ab administration (n = 3-10). (E) Representative H&E staining of
lung sections. (Scale bars: 200 pm.) (F-H) Indicated mice were treated with anti-PD-1 Abs. The serum levels of SP-D (F) and IgG (G) and the frequencies of
lung-infiltrating cell populations (H) were validated in tumor-bearing mice (n = 4-6). Data are represented as mean + SEM. One-way ANOVA with Turkey

post hoc test was used; *P < 0.05, **P < 0.01, ***P < 0.001.

B cells that promote Ab response was also observed in ICB-
treated aged mice (S/ Appendix, Fig. S3D).

Of note, while ICB-induced TLS organization and SP-D
leakage were observed even in IFN-y—deficient aged mice, those
responses were attenuated by IL-21 deficiency (SI Appendix,
Fig. $4, Fig. 3 E and F). Similar to IL-21-deficient aged mice,
transient blockade of IL-21 activity with anti-IL-21 receptor
(IL-21R) Ab in aged mice significantly attenuated the ICB-
induced increase in hyperglobulinemia (Fig. 3G) and excessive
infiltration of T and B cells in the lung (Fig. 3H). These find-
ings indicate CD4 T-cell-derived IL-21, rather than IFN-y,
was responsible for ICB-induced irAE development.

IL-21 as a Potent Stimulator of CXCL13 Production. To better
understand the molecular events underlying ICB-induced

PNAS 2022 Vol. 119 No.29 2205378119

irAEs, we performed RNA sequencing (RNA-seq) and exam-
ined whole-gene transcripts of lung tissue altered by organism
aging, ICB treatment, and IL-21 activity. All three components
were considered responsible for irAE development. Principal-
component analysis of each gene expression profile indicated
the ICB-mediated change of lung environment (compared with
control Ab-treated condition) was partially reversed by IL-21R
blockade (SI Appendix, Fig. S5A). We detected substantial num-
bers of differentially expressed genes (DEGs): 868 genes in
anti-PD-1 therapy-treated aged mice (compared with their youn-
ger counterparts), 311 genes (compared with control Ab-treated
aged mice), and 294 genes (compared with aged mice with com-
bined IL-21R blockade) (S7 Appendix, Fig. S5B). A Venn diagram
revealed that 44 genes were shared among the DEGs isolated
from the aforementioned three comparison groups, and B-cell

https://doi.org/10.1073/pnas.2205378119 5 of 11
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homing chemokine (C-X-C motif) ligand 13 [CXCL13] gene
(35) was isolated from the common DEGs (S Appendix, Fig.
S50). This was confirmed by qPCR analysis (S Appendix, Fig.
S5D). Several Ig genes observed in the common DEGs support
the idea that B-cell activation contributes to IL-21-mediated irAE
symptoms, such as increased SP-D levels (SI Appendix, Fig. S5 C
and £). Additionally, TLS hallmark gene signature including Bc/6,
Cxcl12, Cxcll3, Cxcr5, and Cer7 (28, 29, 36) tended to be
increased specifically in the lung of ICB-treated aged mice (S/
Appendix, Fig. S5F), although Cel19/Cel21 expression was below
the detection threshold. Indeed, ICB-induced lymphocytic
aggregates in aged lung contained peripheral node addressin-
expressing high endothelial venules and CD138" plasma cells
that characterize TLS (29), but CD35" follicular dendritic cells
(FDCs) were not found (SI Appendix, Fig. S5G).

While substantial expression of CXCL13 was observed in aged
lung even in the absence of tumor or ICB treatment, ICB dra-
matically upregulated CXCL13 expression (Fig. 4A4), supporting
the involvement of ICB-mediated T-cell activation in this event.
In concordance with the generation of TLSs in irAE organs, a
higher expression of CXCL13 was observed in kidney, lung, and
liver, but not in colon, of aged mice (Fig. 4B). In contrast,
CXCL13 expression in lymph nodes, spleen, and tumor tissues
from ICB-receiving aged mice was significantly lower compared
with those from their younger counterparts. ITHC analysis
revealed that CXCL13 was predominantly expressed within the
TLS-like lymphoid follicles of aged lung, especially in macro-
phage marker F4/80™ cells, but did not colocalize with B220* B
cells (Fig. 40), CD3"% T cells, or a-smooth muscle actin™ fibro-
blasts (87 Appendix, Fig. S6A). As in lung tissue, ICB-induced sys-
temic (serum) and local (BALF) increase in CXCL13 were
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attenuated by CD4 T-cell depletion or IL-21 deficiency in
tumor-bearing aged mice (Fig. 4 D and E). Based on these results
including transcriptome analysis, we hypothesized that CXCL13
expression was directly regulated by IL-21 stimulation in irAE
organs. To address this, we evaluated whether exogenous admin-
istration of IL-21 upregulated systemic levels of CXCL13 in vivo.
As shown in Fig. 4F, administration of IL-21 induced CXCL13
in aged mice and, to a lesser extent, in young mice.

To confirm the 77 vivo results and to clarify the cellular source
of CXCL13 in irAE organs, several cellular fractions were isolated
from lung tssues. Consistent with the histological analysis of
CXCL13*F4/80" cells, Ly6G~CD11b* monocyte/macrophage
fraction from the lung of ICB-treated aged mice expressed higher
levels of CXCL13 compared to their younger counterparts (S/
Appendix, Fig. S6B), which was more prominent when exposed
to IL-21 stimulation (Fig. 4G and SI Appendix, Fig. S6C).These
results suggest that CD4 T-cell-derived IL-21 directly acts on
myeloid cells in aged organs to potentiate their CXCL13 upregu-
lation and ectopic mobilization of immune cells into irAE organs.

CXCL13 Is Essential for Ectopic Lymphoid Organogenesis and
irAE Development. We next explored the contribution of
CXCL13 to ICB-induced irAEs. Blocking CXCLI13 activity
with simultaneous administration of anti-PD-1 monoclonal Ab
ameliorated the high levels of organ-toxicity—related serological
indicators and serum Ig in aged mice (Fig. 5A4). Supporting these
findings, ICB-induced organization of TLS in liver, kidney, and
lung was prevented by combined blockade of CXCL13 activity
(Fig. 5B). Similar to IL-21R blockade, CXCL13 blockade in
ICB-receiving aged mice significantly attenuated accumulation
of B and T cells and IgG deposition in the lung (Fig. 5Cand S7

C Aged lung

B3 Young / Anti-PD-1
W Aged / Control Ab
O Aged / Anti-PD-1

ok

-0 Young
— & Aged W Vehicle
Et2 —— 18070 21 2
o
=

CXCL13 in serum

o
[+-]
R *
CXCL13 production (pg/ml)
o )
o o

0 20 40 60 ¢ IS
Time after s &g
IL-21 injection (h) o g
Young Aged

Fig. 4. Upregulation of CXCL13 is regulated by IL-21. MO4-bearing young or aged wild-type or IL-21-deficient mice were treated with anti-PD-1 Ab three
times. (A and B) Cxc/713 mRNA expression in the lung under various conditions (A; n = 3-10) or in various tissues from indicated mice (B; LNs, lymph nodes).
(C) IHC staining with anti-CXCL13 (red) and anti-F4/80 or anti-B220 Abs (green) in the lung from young or aged mice with anti-PD-1 therapy. White and yellow
arrows indicate CXCL13™ cells with and without F4/80 staining, respectively. (Scale bars: 100 or 50 pm.) (D and E) The levels of CXCL13 in serum (D) and BALF
(E) from indicated mice that were treated with anti-PD-1 Ab (n = 4-6). KO, knockout. (F) Recombinant IL-21 was injected into tumor-bearing mice, and the
serum CXCL13 levels were assessed with time (n = 5). One-way ANOVA with Turkey post hoc test was used. (G) Indicated cell fractions isolated from lung
tissues of tumor-bearing mice were stimulated with recombinant IL-21 in vitro, and CXCL13 production was assessed (n = 3). Two-tailed unpaired Student's
t test was used. Data are represented as mean + SEM; *P < 0.05, **P < 0.01, ***P < 0.001.
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Fig. 5. Age-associated increase in CXCL13 promotes irAE development. MC38-bearing young or aged mice were treated three times with anti-PD-1 therapy
together with CXCL13 blockade. Four days after the third treatment, the levels of indicated factors in blood (A; n = 4-6), the histological tissue sections of
indicated tissues (B, H&E staining), and the frequencies of indicated populations in the lung (C; n = 4-5) were assessed. (Scale bars in B: 100 pm.) Outgrowth
of MC38 was measured with time (n = 6). Arrows indicate the timing of Abs administrations (D). (E) MC38-bearing aged mice were treated three times with
monotherapy or combination therapy with anti-PD-1 and anti-CTLA-4 Abs. mRNA expression of Cxc/13 and //127 in the lung were determined (n = 5-6). Data
are shown as mean + SEM. One-way ANOVA with Turkey post hoc test was used; *P < 0.05, **P < 0.01, ***P < 0.001.

Appendix, Fig. S6D). In contrast to irAE development, anti-
tumor activity of ICB was not diminished by CXCL13 blockade
in MC38-bearing young mice. In aged mice, tumor burden per-
sisted even with a combined blockade of CXCL13, as observed
in mice solely administered with anti-PD-1 monoclonal Ab.
(Fig. 5D). Confirming the effect of CXCL13 on irAE symp-
toms, the anti-PD-1 therapy-induced expression of Cxc/13 and
121 was significantly augmented by additional CTLA-4 block-
ade in aged mice (Fig. 5E), which coincided with exacerbation
of irAEs in this regimen (S/ Appendix, Fig. S2B). These results
suggest that CXCL13 is indispensable for the aberrant TLS gen-
eration and subsequent irAE development, while providing
inconsequential effects on antitumor activity of ICBs.

Considering the use of corticosteroids as a primary strategy to
manage irAE symptoms in clinical settings, we assessed the effect
of steroids on ICB-mediated CXCL13 upregulation and subse-
quent TLS generation. Treatment with steroid in ICB-receiving
aged mice significantly inhibited the ectopic accumulation of T
and B cells (87 Appendix, Fig. S6E). Concomitant with reduced
ectopic immune response in the lung, systemic CXCL13 induc-
tion was also alleviated, resulting in reduced Ab response (S/
Appendix, Fig. S6F). This implied that immunosuppressive activ-
ity of corticosteroids on irAE symptoms might be partially attrib-
uted to its detrimental effect on CXCL13 production.

Association of Systemic CXCL13 Levels with irAE in Cancer
Patients. Given that systemic upregulation of CXCL13 was
associated with increased risk of irAEs in the mouse model, we

PNAS 2022 Vol.119 No.29 2205378119

evaluated levels of CXCL13 in plasma from NSCLC patients
before and 2 or 3 wk after initiation of anti-PD-(L)1 therapy.
This timing was chosen to be before the median timing of irAE
onset (37). Patient and healthy donor information is described
in SI Appendix, Tables S1 and S2. There was no significant dif-
ference in plasma levels of CXCL13 between healthy donors
and patients before treatment. Their CXCL13 levels increased
by ~1.5-fold after ICB treatment (Fig. 64, Top). Interestingly,
the levels of CXCL13 were significantly higher in the patients
with irAEs compared to those without irAEs (Fig. 64, Bottom).
The increase in CXCL13 during the treatment was remarkable
in irAE patients (Fig. 6B). Univariate logistic analysis demon-
strated the levels of CXCL13 were significantly associated with
the development of irAEs (odds ratio = 19.31, 95% Cls; lower
2.32, upper 160.49; P = 0.006) (SI Appendix, Table S3). We
found that the expression levels of /21 in peripheral CD4 T
cells from the irAE patients were significantly higher than those
from the patients without irAEs (SI Appendix, Fig. S7A and
Table S3) and exhibited a proportional increase along with an
increase in the plasma level of CXCL13, while no statistically
significant association between ifng expression and CXCLI13
levels was observed (Fig. 6C and SI Appendix, Table S3).
Although the ages of patients with NSCLC tended to correlate
with CXCL13 levels (P = 0.08), we did not find statistically
significant correlation of the age with any clinical parameters
except PD-L1 expression in cancerous tissues (S/ Appendix, Table
S4). In contrast to those factors, the levels of C-reactive protein
(CRP) and IL-6, clinical blood parameters for inflammatory
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Fig. 6. The levels of CXCL13 are associated with the incidence of anti-PD-1 therapy-induced irAEs. (A) (Top) Levels of CXCL13 were analyzed in plasma from
NSCLC patients (n = 27) or healthy donors (n = 11). One-way ANOVA with Turkey post hoc test was used; **P < 0.01. (Bottom) CXCL13 levels were further
analyzed before (Pretreatment) and 2 wk after initial ICB treatment (On-treatment) in the patients with (n = 14) or without (n = 13) irAEs. (B) Changes in
CXCL13 level were also assessed. (C) The levels of (Left) IL-6 and (Right) CRP were measured at On-treatment in the NSCLC patients with or without irAEs. (D)
Correlation between plasma levels of CXCL13 and mRNA expression levels of (Top) //21 or (Bottom) Ifng in CD4 T cells of NSCLC patients (On-treatment)
were examined by linear regression analyses. The data were plotted as natural logarithm transformed values. (E) The levels of CXCL13 before (Pre) and 2 wk
after initial treatment with ICB (On) in RCC/UC patients with (n = 14) or without (n = 27) irAEs. Nonparametric Mann-Whitney U test was used; *P < 0.05,

**P < 0.01, ***P < 0.001. Pt, patients; NS, not significant.

responses, were not associated with irAE incidence (Fig. 6D and
SI Appendix, Table S3), suggesting that the increase in CXCL13
is not the consequence of systemic inflammatory response.

To evaluate the validity of this finding across other cancer
types, we assessed the plasma levels of CXCL13 in patients
with renal cell carcinoma (RCC)/urothelial cancer (UC). Simi-
lar to NSCLC patients, we found a significant increase in
CXCL13, but not CRP, in RCC/UC patients with irAEs, espe-
cially during treatment, as compared with the patients without
irAEs (Fig. 6E, SI Appendix, Fig. S7 B—D, and Table S5). These
results suggest that higher levels of CXCL13 are associated with
increased risk for irAE incidence, regardless of tumor types. We
did not find an obvious correlation between CXCLI13 levels
and the grade of irAEs (S/ Appendix, Fig. S7E).

Consistent with recent reports showing a higher clinical benefit
in patients who experienced ICB-related irAEs than in those who
did not (20, 37), patients with irAEs tended to have longer
progression-free survival (PFS) than the patients without irAEs in
NSCLC (8] Appendix, Fig. S7F). However, RCC/UC patients
did not exhibit a similar association between toxicity and response
rate (SI Appendix, Fig. S7G). On the other hand, there was no
significant difference in the duration of PFS when stratified
according to CXCL13 levels during ICB treatment (57 Appendix;
Fig. S7 H and J). Altogether, our data imply that elevated levels
of CXCLI13 have an independent predictive role in irAE develop-

ment, irrespective of therapeutic responsiveness in cancer patients.

Discussion

Because cancer prevalence is higher in elderly individuals, the
influence of organism aging on ICB-mediated immune responses
should be given serious consideration. The age-associated immu-
nological changes, “immunosenescence,” have been reported to
impact the responsiveness to cancer immunotherapies (24, 25, 38)
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and could also have meaningful implications for ICB-induced
autoimmune-like toxicity in cancer patients (19-21). In this study,
we did not observe obvious toxicity in young mice. However,
aged animals developed anti-PD-1 therapy-induced irAE symp-
toms. Our data suggest that organism aging accelerates the break-
down of self-tolerance maintained by PD-1/PD-L1 interaction.
This result resonates with the fact that deficiency of PD-1/PD-L1
interaction can potentially activate the production of auto-Abs,
resulting in autoimmune-disease-like symptoms, especially in
advanced age (4). Here, utilizing this experimental model for
ICB-induced irAEs, we found 1) Tph-like CD4 T cells poten-
tiated auto-Ab production in response to ICB through IL-21
production; 2) IL-21 acted as a direct stimulator for CXCL13
production and subsequent TLS organization in irAE organs;
and 3) systemic increases in CXCL13 are associated with irAE
occurrence (Graphical schema; ST Appendix, Fig. S7)). Our pre-
clinical findings with cancer patients, indeed, proved the predic-
tive relevance of CXCL13 and IL-21 for irAE development.

A systemic increase in CXCL13 in irAE patients supported a
mechanistic similarity between irAEs and autoimmune diseases
because CXCL13 serves as a biomarker of autoimmune diseases
such as rheumatoid arthritis, systemic lupus erythematosus, and
Sjogren’s syndrome, and its systemic levels were correlated with
their pathologic deterioration (39). Whereas increased levels of
CXCL13 can be monitored immediately after ICB treatment in
aged mice and cancer patients, a systemic increase of Ig, the
classical biomarker for autoimmune diseases, was measurable
only after multiple rounds of ICB administration in our model.
Considering local pathogenicity, cognate T-B interaction and
subsequent autoreactive Ab production are likely to be primed
in irAE organs. However, direct assessment of reactive GC B
cells and Tfh/Tph-like CD4 T cells in noncancerous organs is
rarely available from cancer patients. Therefore, by monitoring
CXCL13 in plasma as a promising biomarker reflective of the
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GC response, risk of irAEs may be predictable before its inci-
dence because the median timing of irAE onset is 8.4 wk after
initial treatment (37). Furthermore, it is expected that com-
bined monitoring of auto-Abs specific for irAE-associated self-
antigens, rather than total IgG, would be more appropriate for
diagnosis of certain type(s) of irAEs.

Our preclinical model representing auto-Ab-mediated organ
toxicities was consistent with higher levels of auto-Abs in patients
with irAEs such as pneumonitis, thyroiditis, and hypophysitis
(5, 12) but did not recapitulate symptoms of diarrhea/colitis
observed in irAE patients. Similar to autoimmune diseases, irAE
symptoms are estimated to be divided into several types of
organ-specific toxicities depending on the characteristics of auto-
antigens, T cells, or B-cell-mediated immune response (11-16).
Indeed, the monotherapy with anti-CTLA-4 Abs did not induce
obvious irAE-related events such as increased tissue-infiltrating
cells, Ab response, and organ damages in our aged mouse model.
This implies that the autoimmune-prone phenotype of aged
mice, such as aberrant immune and inflammatory responses, is
likely to mimic only certain disease types in irAEs, with wide
ranging toxicity profiles (5) and autoimmune diseases (40).

The indistinct association between patients’ ages and irAE-
associated factors in the cohort with a limited number of
patients might be caused by the genetically diverse backgrounds
and differential exposures of environmental factors experienced
by individual patients, which might lead to the difference in
their senescent statuses and immune responses, including the
responsiveness to the immunotherapy among the heterogeneous
individuals even at the same age. On the other hand, a recent
study with a large number of lung cancer patients reported that
elderly patients exhibited a higher incidence of pulmonary tox-
icity from anti-PD-(L)1 therapy (21). This report supports our
hypothesis that age-related immunological change(s) have an
impact on irAE development. For earlier in-trial decision-
making and heightened management of irAEs, it is necessary to
further investigate what kinds of diseases and immunotherapeu-
tic regimens the IL-21-CXCL13-auto-Ab axis is largely at play
in and whether this axis and a patient’s age stratify particular
types and grades of irAEs by utilizing larger cohorts across sev-
eral tumor types.

CXCLI13 is the ligand for CXCR5 expressed on B cells and
Tth, and it is responsible for their migration to B-cell follicles
and plays a role in GC formation (29, 35). This is partially
consistent with our findings that blockade of CXCL13 or
IL-21 significantly diminished ICB-mediated accumulation of
both T and B cells in irAE organs and TLS formation. How-
ever, CXCR5 expression was detected only on B cells, not on T
cells, residing in irAE organs. A regulatory mechanism for
T-cell accumulation within irAE organs remains unclear. One
possible explanation is that T cells are mobilized to irAE organs
through chemokine receptors other than CXCRS5. In addition,
defective B-cell recruitment into irAE organs due to reduced
CXCL13 activity might secondarily abrogate B-cell-mediated
antigen presentation for clonal expansion of Tth/Tph (41),
resulting in decreased local division of T cells and TLS matura-
tion. Furthermore, this cognate T-B interplay is likely to be
promoted by IL-21—producing CD4 T cells because 1L-21 con-
tributes to the maintenance of both cell populations through
retaining their Bcl6 expression (42). Aside from the T-B inter-
play, we proposed here that IL-21 functioned as a direct
inducer of CXCL13 production from CD11b" myeloid cell
component in aged mice (S Appendix, Fig. S7]). Collectively, it
is postulated that local Ab response and irAE symptoms were
exacerbated by the dual function of IL-21: the feed-forward
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mechanism between T and B cells and direct CXCL13 induction
within the TLS. Remarkably, the difference in CXCL13 produc-
tion from aged versus young lung-derived cells, even in vitro,
suggests the age-associated change in cellular constituents or
intrinsic ability to produce CXCL13. Although several cell popu-
lations—including Tth, monocytes/macrophages, and CD35*
FDCs—have been reported to produce CXCL13 under different
settings (29, 35), detailed analysis of CXCL13-producing sub-
set(s) in our irAE model will provide a fundamental insight into
organism aging or cellular senescence.

The present study provided a rationale for targeting the IL-21/
CXCL13-auto-Ab axis in circumventing anti-PD-1 therapy-
induced irAEs. We have demonstrated that transient CXCL13
blockade for irAE management during the initial phase of ICB
does not interfere with durable therapeutic effect in young mice,
although long-lasting inactivation or complete deficiency of
CXCL13 may result in insufficient immunosurveillance (43). On
the other hand, higher systemic levels of CXCL13 during ICB
treatment were not accompanied by better therapeutic efficacy in
aged mice and cancer patients. These results were seemingly dis-
crepant with recent studies suggesting a predictive value of higher
CXCL13 expression and TLS organization in tumor tissues for
improved therapeutic benefit of ICB in the patients (36, 43).
The most reasonable cause for the lower therapeutic efficacy
of ICB in aged mice, albeit the vigorous CXCL13 upregulation,
is age-associated fundamental dysfunction in T-cell-mediated
responses, such as functional defects of antitumor effector CD8
T cells and Thl cells, and reduced T cell receptor repertories
(24, 25, 44). Given this premise, it is highly possible that in aged
animals, ICB does not provide substantial therapeutic benefits
even if CXCLI13-mediated TLS formation would be efficiently
induced upon ICB. In addition to this possibility, the discordant
antitumor immunity with TLS formation in irAE organs in aged
mice can be explained by distinct regulatory mechanisms underly-
ing CXCLI13-mediated TLS organization and differential cellular
sources of CXCL13 between tumor tissues and irAE organs.
Indeed, in contrast to the irAE organs, CXCL13 expression in
tumor tissues of aged mice was significantly lower than in young
mice. Furthermore, CXCL13 was expressed in myeloid cells but
not aSMA™ fibroblasts in irAE organs, while cancer-associated
(myo)fibroblasts have been reported to produce CXCL13 to pro-
mote TLS formation in tumor tissues (45, 46).

Theoretically, approaches to reduce the risk of irAEs without
compromising antitumor effects are feasible if irAE-eliciting
immune responses and antitumor immunity are regulated by dis-
tinct mechanisms. This idea was supported by our findings that
the irAE-associated immune reactions were induced even with
IFN-y deficiency, one of the most critical cytokines in antitumor
activity (22, 38). This also coincided with the higher expression
of 7/21 rather than Ifngin CD4 T cells from irAE patients. From
these perspectives that irAEs are not necessarily concurrent with
antitumor immunity, it is conceivable that augmentation of anti-
tumor immune response is compatible with irAE management.
In order to balance both interventions, target(s) specifically distin-
guishing the immune response in tumor tissues from irAE-
associated TLS formation need to be clarified. In addition to
CXCL13, CCL19 and CCL21 could be considered as candidates
for this purpose because TLS formation and expression of Ce/19
and Ce/21 in tumor tissues were closely accompanied by higher
therapeutic efficacy of ICB (36). Similar to the situation in ICB
responders, CCL19 and CCL21 also play a critical role in TLS
organization during viral elimination, irrespective of CXCLI3
activity (28). Conversely, our RNA-seq analysis demonstrated
Cel19 and Ccl21 expression was hardly detected in irAE organs,
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implying a distinct dependency of these chemokines on TLS gen-
eration in tumor site from that in irAE organs. Considering these
phenomena, CCL19 and CCL21 may serve as factors for potenti-
ating the TLS generation in tumor sites and subsequent antitumor
activity, but not for priming irAE development. Our findings sup-
port the fact that activation of B cells, a downstream target of
CXCL13, is also correlated with the occurrence and onset of
irAEs (13). However, modification of B-cell response as a treat-
ment for irAEs may be a concern because TLS-related B cells are
beneficial in cancer immunosurveillance (36). In addition to the
demand in elucidating how and when these factors contribute to
irAE development, detailed analysis about the immunological
dilemma between antitumor response and irAE development will

be advisable.

Materials and Methods

Mice. All experimental mice-including inbred C57BL/6J, IL-6-deficient, IL-
21-deficient, and IFN-y-deficient mice-were housed at the Center for Animal
Resources and Development, Kumamoto University and Kyoto University (see S/
Appendix, Materials and Methods for more details). All procedures were
approved by the Institutional Animal Committee of Kumamoto University and
Kyoto University and performed in accordance with accepted guidelines.

Tumor Inoculation and Treatment. OVA-expressing melanoma MO4 (47)
was kindly provided by Kenneth L. Rock (UMass Medical School). Colon carci-
noma MC38 and CT26 were provided by Kerafast and RIKEN BRC Cell Bank,
respectively. Mice were inoculated subcutaneously with 1 x 10° CT26, MOA4, or
4 x 10° MC38. Tumor growth was monitored by measuring every 3 or 4 d with
calipers using the two largest perpendicular axes until the volume (length x
width) of the tumor exceeded 2,000 mm?, and the size was expressed as tumor
index, which is the square root of length x width, as previously described (22).
The Abs administrated in mice were described in S/ Appendix, Materials
and Methods.

Patients. Patients with locally advanced and metastatic NSCLC who were treated
with anti-PD-1 or anti-PD-L1 Ab and patients with RCC/UC treated with anti-PD-1
Ab or combination of anti-PD-1/CTLA-4 Ab, and for whom pre- and on-treatment
(2 or 3 wk post-initial administration) plasma samples were available, were identi-
fied at Kumamoto University Hospital (NSCLC; n = 27, RCC/UC; n = 17) and Tor-
anomon Hospital (RCC/UC; n = 29). Plasma and peripheral blood mononuclear
cells from Ficoll-separated blood were cryopreserved until experimental use. Sam-
ples in this study were collected from May 2018 to January 2021 and were uti-
lized in accordance with the Declaration of Helsinki. All the study protocols were
approval by the Institutional Review Boards of Kumamoto University (protocols
2036 and 1864) and Toranomon Hospital (protocol 1690). Informed consent was
obtained from all the subjects, including healthy donors. The information regard-
ing patients and healthy donors is described in S/ Appendix, Tables S1 and S2,
respectively. PFS was defined as the time from the start of ICB treatment until dis-
ease progression, determined by imaging and/or clinical observation according to
the treating oncologist's clinical judgment, and was assessed until March 2021 in
the patients for whom sequential blood samples were available. Responses were
scored according to Response Evaluation Criteria in Solid Tumors (RECIST) 1.1 cri-
teria. Their development of irAEs (based on standard laboratory values and clinical
examinations) were followed up 6 mo post-initial treatment using Common Ter-
minology Criteria for Adverse Events version 5.0. The levels of CRP and treatment
outcomes were extracted from patient records.

Flow Cytometric Analysis. For removal of blood-circulating immune cells
from the analysis, APC-Cy7-labeled anti-CD45 Abs (Biolegend, 3 pg/mouse)
were intravenously injected into the mice prior to euthanasia. Tissues including
tumors were minced with razors and analyzed for messenger RNA (mRNA)
expression or digested with 2.5 mg/mL collagenase D (Roche) and 0.1 mg/mL
DNase | (Sigma) for 30 min. Cell suspensions were stained with the Abs
described in SI Appendix, Materials and Methods. Immunofluorescence images
and the data were analyzed using FACSVerse or Fortessa (BD Biosciences) and
FlowJo software (Tree Star), respectively.
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Measurements of Lung Function. Mice were anesthetized using pentobarbi-
tal sodium (40 mg/kg, Somnopentyl, Kyoritsu) and xylazine (2.0 mg/kg, Seractal,
Bayer) via intraperitoneal injection and then were tracheostomized and con-
nected to a computer-controlled small animal ventilator (flexiVent, SCIREQ). Pul-
monary functional parameters were measured with mechanical ventilation set at
150 breaths/min with a tidal volume of 10 mL/kg on 100% inspired oxygen and
at a positive end-expiratory pressure of 3 cm H,0. For each parameter, a coeffi-
cient of determination of 0.95 was the lower limit for accepting a measurement.
Animals were closely monitored for lung collapse and expansion.

For estimation of wet-to-dry ratios as an index of pulmonary edema and con-
gestion (33), mice were euthanized, and the lower portions of the left lung were
immediately weighed. After drying at 56 °C for 18 h, each lung was weighed
again to calculate the wet-to-dry lung weight ratio.

BALF Preparation. The lung was lavaged two times with 0.75 mL ice-cold
phosphate-buffered saline (PBS). PBS was instilled into the lung and allowed to
equilibrate for 30 s before recovery. The two aliquots were pooled and centri-
fuged at 900 x g for 5 min at 4°C, and the supematants were stored at
—80 °C until further analysis.

Measurement of Cytokines, Serologic Clinical Markers, and Ig. Serum
was harvested 15 d after tumor inoculation. The concentrations of murine IL-21,
SP-D, murine and human CXCL13, or IL-6 were quantified by enzyme-linked
immunosorbent assay (ELISA) (R&D Systems). For total IgG quantification, the
Sigma ELISA kit was utilized. The other serum components were quantified by
high-throughput chemical analyzer JCA-BM6050 (Japan Electron Optics Labora-
tories) according to the manufacturer's protocols.

Purification of Ig Mouse Serum. Mouse g was purified from pooled serum
using protein-G column (GE Healthcare). The eluted Igs were concentrated using
a Centricon-30 (Amicon). Then, 250 pg purified Ig was intravenously injected
two or three times every 5 d.

RNA Extraction, cDNA Synthesis, Real-Time PCR, and RNA-Seq. Total
RNA was extracted using TRIzol reagent (Thermo Fisher Scientific) and then puri-
fied using RNeasy Plus Mini Kit (QIAGEN). Complementary DNA (cDNA) was syn-
thesized by reverse transcription with ReverTra Ace (TOYOBO). Realtime qPCR
was performed on a ViiA7 or one-step real-time PCR System using Tagman Uni-
versal PCR Master Mix reagents (Applied Biosystems) and probes described in S/
Appendix, Materials and Methods. Expression levels for each gene were normal-
ized to expression of Gapdh or bactin using the comparative 2[— A ACT] method.

RNA deep sequencing was conducted on total RNAs extracted from whole-
lung tissues of each mouse group, as described in S/ Appendix, Materials and
Methods. The data have been deposited in the Gene Expression Omnibus (acces-
sion number GSE184000).

Histological Evaluation and IHC. Murine tissues were fixed with 4% (wt/vol)
paraformaldehyde and routinely embedded in paraffin wax, sectioned, and
stained with hematoxylin and eosin (H&E). For IHC of paraffine sections, slices
were deparaffinized and treated with 0.3% H,0,. Following antigen retrieval
with pressure cooker (DAKO) or microwave, the slices were stained with the Abs
described in SI Appendix, Materials and Methods. Integrated intensity and pro-
portion of positive cells rounded of interest in immunofluorescence images were
semiquantitatively analyzed using ImageJ (NIH).

Isolation of Primary Immune Cells from Lung Tissue. For isolation of pri-
mary immune cells from mouse lung tissue or from peripheral blood mononu-
clear cells of the patients with NSCLC, appropriate microbeads (Miltenyi Biotec)
were utilized. The details were described in S/ Appendix, Materials and Methods.

Statistical Analysis. Multiple group comparisons were performed by one-way
ANOVA followed by Tukey-Kramer post hoc test using GraphPad Prism 7.0 soft-
ware. In some experiments, differences were determined by two-tailed Student's
t test, assuming unequal variance, or by Mann-Whitney U test. The detailed
methods for analyses of multivariables from patients' samples are described in
SI Appendix, Materials and Methods. The level of statistical significance was set
atP < 0.05.

Data Availability. RNA deep sequencing data have been deposited in the
Gene Expression Omnibus (accession number GSE184000) (48). All other study
data are included in the article and/or SI Appendix.
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