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Low frequency of intracranial progression in advanced NSCLC
patients treated with cancer immunotherapies
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What's New:

The frequency of intracranial progression in advanced non-small-cell lung cancer patients
treated with PD-1 blockade therapies was significantly lower than that in patients treated
with cytotoxic chemotherapies. In murine models, PD-1 blockade suppressed intracranial
rechallenged tumors after initial rejection and induced long-lived memory T cells and
antigen-specific T cells in intracranial lesions. These findings suggest that cancer
immunotherapies can prevent intracranial progression and maintain long-term effects

both intracranially and systemically.
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Abstract

Intracranial metastases are common in non-small-cell lung cancer (NSCLC) patients,

whose prognosis is very poor. In addition, intracranial progression is common during

systemic treatments due to the inability to penetrate central nervous system (CNS)

barriers, whereas the intracranial effects of cancer immunotherapies remain unclear. We

analyzed clinical data to evaluate the frequency of intracranial progression in advanced

NSCLC patients treated with PD-1 blockade therapies compared with those treated

without PD-1 blockade therapies, and found that the frequency of intracranial progression

in advanced NSCLC patients treated with PD-1 blockade therapies was significantly

lower than that in patients treated with cytotoxic chemotherapies. In murine models,

intracranial rechallenged tumors after initial rejection by PD-1 blockade were suppressed.

Accordingly, long-lived memory precursor effector T cells and antigen-specific T cells

were increased by PD-1 blockade in intracranial lesions. However, intracranial

rechallenged different tumors are not suppressed. Our results indicate that cancer

immunotherapies can prevent intracranial progression, maintaining long-term effects

intracranially as well as systemically. If intracranial recurrence occurs during the

treatment with PD-1 blockade therapies, aggressive local therapies could be worthwhile.
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Introduction

Intracranial metastases are common in cancer patients, occurring in 10% to 30%

of patients !-. The incidence of intracranial metastases is increasing because of advances

in the treatment of primary tumors, decreased mortality, and technical advances in

neuroimaging. The most common source of intracranial metastases is non-small-cell lung

cancer (NSCLC), and the median survival of NSCLC patients with untreated intracranial

lesions is a mere 1-2 months 6. Cytotoxic chemotherapy and molecular-targeted therapies,

such as platinum doublets and epidermal growth factor receptor tyrosine kinase inhibitors

(EGFR-TKIs), have been commonly used for NSCLC, but the efficacies of these

therapies against intracranial lesions are reportedly limited due to the inability to penetrate

central nervous system (CNS) barriers > 7.

Furthermore, many studies have
demonstrated that intracranial progression is common during these treatments due to

these barriers & °.

Immune checkpoint inhibitors (ICIs), such as monoclonal antibodies (mAbs)
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against PD-1/PD-L1, have been approved for the treatment of various cancer types,

including NSCLC, leading to a paradigm shift in cancer therapy '°. ICIs exhibit efficacy

via the reactivation of effector T cells !!. In addition, durable responses to ICIs are

observed in some patients, and differentiation into long-lived memory T cells can play

important roles in such durable responses >1°, Regarding intracranial lesions, it has been

16-20 "and another study has

reported that ICIs are effective for intracranial metastases
shown that the frequency of intracranial progression seems not to be high compared with
other organs during treatment with PD-1 blockade therapies 2!. These findings indicate
that ICI therapy can differ from other systemic therapies, such as cytotoxic
chemotherapies and/or molecular-targeted therapies, in efficacy against intracranial
lesions.

Here, we analyzed the clinical data of NSCLC patients and found that the
frequency of intracranial progression in NSCLC patients treated with PD-1 blockade

therapies was significantly lower than that in patients treated with cytotoxic

chemotherapies. Furthermore, we conducted several mouse experiments including tumor-
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rechallenging murine models for intracranial lesions and analyzed long-lived memory T

cells and antigen-specific T cells to investigate the mechanisms.

Materials and methods

Patients.

Seventy-four advanced NSCLC patients who participated in an observational study of

PD-1 blockade therapies without anti-CTLA-4 mAb as first-line therapy from 2017 to

2020 were enrolled as the ICI cohort. In addition, 80 advanced NSCLC patients who

participated in two trials evaluating the tolerability of cisplatin-based chemotherapies as

first-line therapy from 2010 to 2014 were enrolled in this study as the non-ICI cohort 2%

23, Before the initiation of first-line therapies, EGFR status was analyzed in all patients;

however, ALK status was not analyzed in 22 patients. All patients underwent magnetic

resonance imaging (MRI) to identify initial intracranial lesions, abdominal computed

tomography (CT) for initial liver metastases, and bone scintigraphy or positron emission

tomography CT (PET-CT) for initial bone metastases. EGFR-mutated, ALK-fused, or
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ALK-unknown NSCLC patients and patients who initially had some symptoms due to

intracranial lesions were excluded from these two cohorts (Supplementary Table S1).

Follow up

MRI of the brain was performed before and at least every six months after chemotherapy.

Similarly, abdominal CT was performed before and at least every three months after

chemotherapy. However, bone metastases were not evaluated periodically during the

follow-up. To evaluate disease progression, the Response Evaluation Criteria in Solid

Tumors (RECIST; ver. 1.1) was applied. For clinical intracranial progression, an event

was defined as the date of imaging.

Cell lines and reagents.

The LL/2 (murine lung cancer; RRID: CVCL_4358) cell line was purchased from ATCC

(Manassas, VA). The MC-38 cell line (murine colon cancer; RRID: CVCL B288) was

obtained from Kerafast (Boston, MA). These cell lines were maintained in RPMI 1640

and DMEM (FUJIFILM Wako Pure Chemical Corporation, Osaka, Japan) supplemented
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with 10% foetal bovine serum (FBS; Thermo Fisher Science, Waltham, MA). All

experiments were performed with mycoplasma-free cells. Rat anti-mouse PD-1 mAb

(RMP1-14) and control rat IlgG2a mAb (RTK2758) were obtained from BioLegend (San

Diego, CA).

Constructs, virus production, and transfection.

Ovalbumin (OVA) cDNA was subcloned into pBABE-puro (Addgene, Watertown, MA).

pBABE-puro was a gift from Hartmut Land & Jay Morgenstern & Bob Weinberg

(Addgene plasmid # 1764; http://n2t.net/addgene:1764; RRID: Addgene 1764) 2.

pHAGE PGK-GFP-IRES-LUC-W (Luc) vector was purchased from Addgene (RRID:

Addgene 46793). pHAGE PGK-GFP-IRES-LUC-W was a gift from Darrell Kotton

(Addgene plasmid # 46793; http://n2t.net/addgene:46793; RRID: Addgene 46793) 3.

These virus vectors were transfected into packaging cells using Lipofectamine 3000

Reagent (Thermo Fisher Scientific). After 48 hours, the supernatant was concentrated and

transfected into cells.
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In vivo animal models.

Female C57BL/6J mice (6-8 weeks old) were purchased from SLC Japan (Shizuoka,

Japan). Tumor cells (5 x 10°) were inoculated subcutaneously, and tumor volume was

monitored every three days. The means of the long and short diameters were used to

generate tumor growth curves. To generate intracranial tumors, tumor cells (2 x 10°) were

stereotactically injected into the striatum (2 mm right from the midline, 2 mm anterior to

bregma, 3 mm deep). For the imaging of intracranial tumors, Luc-overexpressing cells

were used, and anesthetized mice were injected with luciferin substrate (Xenogen,

Alameda, CA). A series of bioluminescent images were then taken for up to 30 minutes

using a Xenogen IVIS Lumina system. Photon output was quantified at the plateau of the

time course using Living Image 3.0 (Xenogen). Anti-PD-1 mAb (200 pg/mouse) or

control mAb was administered intraperitoneally three times every three days thereafter.

Furthermore, we performed tumor-rechallenging mouse experiments. Briefly, mice that

had completely eradicated the initial subcutaneous tumors after anti-PD-1 mAb were

secondarily challenged with tumor cells subcutaneously or intracranially on Day 32.

Tumors were harvested 14 days after tumor cell inoculation to collect tumor-infiltrating
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lymphocytes (TILs) for evaluation by flow cytometry. All in vivo experiments were

performed at least twice. All mice were maintained under specific pathogen-free

conditions in the animal facility of the Institute of Biophysics.

Flow cytometry analyses.

Flow cytometry assays were performed as previously described 2% 2. Briefly, cells were

washed with PBS containing 2% FBS and subjected to staining with surface antibodies

and an H2-Kb/OVA-specific dextramer. The samples were assessed with a FACS Fortessa

(BD Biosciences) and FlowJo software (BD Biosciences). The staining antibodies were

diluted following the manufacturer's instructions. The antibodies and dextramer used in

the flow cytometry analyses are summarized in Supplementary Table S2.

Statistical analysis.

GraphPad Prism 8 (GraphPad Software, San Diego, CA) was used for statistical analyses.

The relationships between groups were compared using Fisher’s exact test. The

relationships of continuous variables between groups were compared using the t test. The

10
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relationships between tumor volume curves were compared using two-way analysis of

variance (ANOVA). Overall survival (OS), intracranial, hepatic, and bone progression-

free survival (PFS) were defined as the time from the initiation of first-line standard

chemotherapy to death from any cause, the time from the initiation of first-line standard

chemotherapy to the first observation of intracranial disease progression or death from

any cause, the time from the initiation of first-line standard chemotherapy to the first

observation of hepatic disease progression or death from any cause, and the time from the

initiation of first-line standard chemotherapy to the first observation of bone disease

progression or death from any cause, respectively. In addition, because this study

compared two cohorts with different enrollment times, the observation period was

censored at 36 months to avoid the lead-time bias between the groups. OS and intracranial

PFS were analyzed using the Kaplan—-Meier method and compared among groups using

the log-rank test. All tests were 2-tailed, and P values < 0.05 were considered statistically

significant.
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Results

Patients with NSCLC who receive PD-1 blockade therapies have a lower frequency

of intracranial progression.

First, we analyzed our original two cohorts to elucidate the impact of

immunotherapies on the frequency of intracranial progression. We retrospectively

collected the clinical data of advanced NSCLC patients who received immunotherapies

as first-line therapy from 2017 to 2020 (ICI cohort). During the same period, only 10

patients with advanced NSCLC without EGFR mutations or ALK fusions received

platinum doublet chemotherapy without ICIs as first-line therapy. In addition, nine of the

ten patients had autoimmune diseases. It may be difficult to compare the clinical data

between the ICI cohort and the small non-ICI cohort with autoimmune diseases. Thus, to

collect clinical data of patients who had never received any immunotherapies, we used a

cohort (non-ICI) including advanced NSCLC patients who received standard cisplatin-

based chemotherapies as first-line therapy from 2010 to 2014. In this cohort, none of the

patients received immunotherapies because ICIs were not approved in Japan during this

period. From these two cohorts, EGFR-mutated, ALK-fused, or ALK-unknown NSCLC

12
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patients were excluded because such driver gene alterations could have a biological effect

28-30 In

on intracranial lesions, and ICIs generally exhibit less efficacy in such patients

addition, patients who initially had some symptoms due to intracranial lesions were also

excluded, resulting in 32 and 54 patients in the non-ICI cohort and the ICI cohort,

respectively.

The clinical characteristics are summarized in Supplementary Table S1. While

the non-ICI cohort included younger patients and more nonsquamous (non-SQ) histology

than the ICI cohort, there was no significant difference in initial intracranial lesions

between the two cohorts (Supplementary Table S1). Eighteen patients received PD-1

blockade monotherapy because they had high PD-L1 expression (> 50%), and the others

received combined PD-1 blockade therapies with platinum doublet (Supplementary

Table S1). As shown in Figure 1A, the frequency of intracranial progression was

significantly higher in the non-ICI cohort than in the ICI cohort. In addition, significant

intracranial tumor regression and long-term intracranial PFS were observed in several

patients with initial intracranial lesions in the ICI cohort (Supplementary Fig. S1). Since

squamous (SQ) histology was dominant in the ICI cohort and the difference in histology

13
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could have an influence on intracranial recurrence, we next focused on patents with

nonsquamous cell carcinoma (non-SQ). Similarly, the frequency of intracranial

recurrence was significantly higher in the non-ICI cohort than in the ICI cohort (Fig. 1B).

In addition, focusing on patients with no initial intracranial lesions, the frequency of

intracranial progression was significantly higher in the non-ICI cohort (Fig. 1C). In

addition, the frequency of intracranial progression was significantly higher in non-SQ

patients without initial intracranial lesions in the non-ICI cohort (Supplementary Fig.

S2A). However, when the 18 patients who received ICI monotherapy were excluded from

the ICI cohort, there was a trend toward a higher frequency of intracranial progression in

the non-ICI cohort; however, the difference was not significant (Supplementary Fig.

S2B). These findings suggest that ICIs could prevent intracranial progression in NSCLC

compared with cytotoxic chemotherapies.

Liver and bone metastases were also analyzed in the same cohort. There were no

significant differences in the initial hepatic or bone lesions between the two cohorts

(Supplementary Table S1). There was a trend toward a higher frequency of hepatic

progression in the non-ICI cohort; however, the difference was not significant

14
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(Supplementary Fig. S2C). Due to the difficulty of evaluating bone metastases with

RECIST as target lesions, patients with initial bone lesions were excluded for bone

progression. There was a trend toward a higher frequency of bone progression in the non-

ICI cohort; however, the difference was not significant (Supplementary Fig. S2D).

Overall survival in the ICI cohort tended to be longer, but not significantly longer, than

that in the non-ICI cohort (Supplementary Fig. S2E). These results suggest that ICIs

may inhibit hepatic and bone progression, but not as markedly as its effect on intracranial

progression.

PD-1 blockade exhibits efficacy against intracranial tumors in mouse models.

To gain further insights into intracranial lesions, we performed several mouse

experiments using OVA-overexpressing LL/2 (LL/2-OVA) and MC-38 cell lines. These

subcutaneous tumors were sensitive to PD-1 blockade (Fig. 2A and Supplementary Fig.

S3A). A reporter vector (Luc vector) was introduced into both cell lines, and luciferase

activity was analyzed with IVIS to evaluate the intracranial efficacies. Then, we

inoculated these tumor cells into the mouse brain and treated them with an anti-PD-1

15
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mAb. As shown in Figure 2B and Supplementary Fig. S3B, intracranial tumors were

sensitive to PD-1 blockade. Accordingly, PD-1 blockade increased the proportions of

CD62L-CD44"CD8" effector T cells and PD-1"CD8" T cells in intracranial LL/2-

OVA/Luc tumors, as was observed in subcutaneous tumors (Fig. 2C, D and

Supplementary Fig. S4). These findings suggest that PD-1 blockade exhibits efficacy

against intracranial and systemic lesions by activating effector T cells.

Initial rejection of subcutaneous mouse tumors after treatment with PD-1 blockade

suppresses subcutaneous rechallenge of the same tumors.

Next, we performed tumor-rechallenging experiments. Briefly, mice that had

completely eradicated the initial subcutaneous tumors after anti-PD-1 mAb were

rechallenged with the same tumor cells, subcutaneously (Fig. 3A). After complete

eradication treated with PD-1 blockade, most of the subcutaneous rechallenged tumors

were completely rejected (Fig. 3B and Supplementary Fig. SS5A). Since memory

precursor effector cells (MPECs) generate long-lived CD8" memory T cells 3!, we

analyzed the proportion of MPECs in tumors. These cells reportedly express high levels

16
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of CD127 and low levels of KLRG1. After PD-1 blockade, the proportion of MPECs

increased in subcutaneous LL/2-OVA tumors (Fig. 3C). In addition, the proportion of H2-

Kb/OVA-specific dextramer'CD8" T cells also increased (Fig. 3D).

Initial rejection of subcutaneous mouse tumors after treatment with PD-1 blockade

suppresses intracranial rechallenge of the same tumors.

Furthermore, we performed intracranial tumor-rechallenging experiments. Briefly,

mice that had completely eradicated the initial subcutaneous tumors after anti-PD-1 mAb

were rechallenged with the same tumor cells intracranially (Fig. 4A). After complete

eradication and treatment with PD-1 blockade, intracranial rechallenged tumors were

suppressed (Fig. 4B and Supplementary Fig. S5B), which is similar to subcutaneous

rechallenged tumors. Accordingly, PD-1 blockade increased the proportions of MPECs

and H2-Kb/OVA-specific dextramer CD8" T cells in intracranial LL/2-OVA/Luc tumors,

as was observed in subcutaneous tumors (Fig. 4C and D). In addition, the proportions of

H2-Kb/OVA-specific dextramer'CD8" T cells and PD-1"CD8" T cells increased in

intracranial rechallenged LL/2-OVA/Luc tumors compared with the control (Fig. 4E and

17
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4F). These findings suggest that PD-1 blockade induces long-lived memory T cells and

antigen-specific T cells in intracranial lesions, leading to a low frequency of intracranial

progression in cancer immunotherapies.

Initial rejection of subcutaneous mouse tumors after treatment with PD-1 blockade

does not suppress rechallenge of different tumors.

We rechallenged different tumor cells (LL/2-OVA) subcutaneously after complete

rejection of subcutaneous MC-38 tumors by PD-1 blockade (Fig. SA). Subcutaneously

different tumors were not rejected and grew comparably with the controls (Fig. 5B). The

proportions of H2-Kb/OVA-specific dextramer'CD8" T cells did not increase in the

subcutaneous rechallenged LL/2-OVA tumors (Fig. 5C).

Similarly, we rechallenged different tumor cells (LL/2-OVA/Luc) intracranially

after complete rejection of subcutaneous MC-38 tumors by PD-1 blockade (Fig. 5D). As

expected, different tumors were not suppressed and grew comparably with the controls

(Fig. 5E), and the proportions of H2-Kb/OVA-specific dextramer'CD8" T cells did not

increase in intracranial rechallenged LL/2-OVA/Luc tumors (Fig. 5F). These findings

18
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indicate that different clones can intracranially as well as systemically relapse after the

initial response to PD-1 blockade therapies.

Discussion

Although local therapies, such as stereotactic radiosurgery, surgery, and whole-

brain radiation therapy, remain the mainstay of treatment for many patients with

intracranial metastases, a growing number of systemic options are now available and/or

are under investigation. However, several barriers in the CNS limit the access of cytotoxic

drugs, mAbs, and small TKIs to intracranial metastases, leading to less efficacy for

intracranial lesions and a high frequency of intracranial progression !> 7, On the other

hand, several studies have shown that ICIs exhibit efficacy against intracranial metastases

from various types of cancer, including NSCLC '6-2° which is supported by our

experimental data. In addition, another study showed that the frequency of intracranial

progression seemed not to be high compared with other organs during treatment with PD-

1 blockade therapies 2!, and our clinical data clearly demonstrated a lower frequency of
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intracranial progression during treatment with PD-1 blockade therapies than platinum

doublet chemotherapies. Experimentally, intracranial rechallenged tumors were

suppressed after complete initial eradication by PD-1 blockade, supporting the low

frequency of intracranial progression and long-term effects intracranially as well as

systemically. To the best of our knowledge, our present study is the first report showing

a lower frequency of intracranial progression in NSCLC during treatment with PD-1

blockade therapies, which was supported by mouse models.

Several barriers in the CNS limit effective drug delivery. The blood—brain barrier

(BBB) is typical of capillaries in the normal brain: the tight junctions between endothelial

cells and astrocyte—endothelial contacts, along with the multiple transport systems,

regulate the passive diffusion and selective entry of compounds into the brain and, thus,

water-soluble and large anticancer agents (such as mAbs) cannot cross a normal BBB 7.

Despite the limited penetration of mAbs into intracranial tumors, we revealed the

intracranial efficacy of PD-1 blockade along with effector T-cell activation and cancer

antigen-specific T-cell infiltration. Furthermore, we analyzed the proportion of MPECs

that generate long-lived CD8" memory T cells 3!, showing that MPECs were induced in

20
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intracranial tumors as well as subcutaneous tumors by PD-1 blockade. Consistently,

intracranial rechallenged tumors were suppressed, as was observed in subcutaneous

tumors. Thus, even if ICIs cannot penetrate intracranial tumors, intracranial activated

effector T cells and/or long-lived memory T cells induced by ICIs can lead to efficacy

and long-term effects intracranially and systemically. Indeed, a previous study showed a

comparable frequency of intracranial progression during treatment with PD-1 blockade

therapies 2!, and our clinical data clearly demonstrated less intracranial progression in

NSCLC during treatment with PD-1 blockade therapies than with platinum doublet

chemotherapies.

If extracranial lesions are controlled by ICI therapies as previously reported 2, it

is probably difficult for them to progress to intracranial lesions with or without the BBB.

However, significant intracranial tumor regression and long-term intracranial PFS were

observed in several patients with initial intracranial lesions in the ICI cohort

(Supplementary Fig. S1). By contrast, such cases were rare in the non-ICI cohort. These

results support the idea that cancer immunotherapies can prevent intracranial progression

and maintain long-term effects intracranially as well as systemically.
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Although the frequency of intracranial progression seems to not be high, different

rechallenged tumors were not suppressed in our mouse models. Thus, if intracranial

recurrence occurs during the treatment with PD-1 blockade therapies, aggressive local

therapies could be challenging, considering the possibility of different clones from

primary tumors. Indeed, other studies have shown that local therapies in patients with

intracranial progressive oligometastases with PD-1 blockade therapies can render patients

disease-free 3.

NSCLC often metastasizes to the liver, bones, and brain 3% 33, In this study, liver

and bone metastases were analyzed in the same cohorts. These results suggest that the

administration of ICI to patients with NSCLC may inhibit hepatic and bone progression,

but not as markedly as its effect on intracranial progression. Based on previous reports,

36-39

the efficacy of ICI for the treatment of liver and bone metastases may be low

However, this was a relatively small and retrospective study, and bone progression was

not accurately evaluated because we did not periodically perform bone scintigraphy or

PET-CT in clinical settings; therefore, larger prospective studies are required.

This study has several limitations. Particularly, as previously mentioned, this was

22



383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

a retrospective study using relatively small cohorts from a single institute, which can

include some unrecognized biases. In addition, detailed clinical data after intracranial

progression, such as local therapies, were not collected. Furthermore, non-ICI and ICI

cohorts could not be analyzed during the same period. This is because very few patients,

most of whom had autoimmune diseases, received platinum doublet chemotherapy

without ICIs between 2017 and 2020. Therefore, cohorts with different enrollment times

were compared. The observation period was censored at 36 months to avoid lead-time

bias between the two groups. Because no major changes occurred in the treatment of

EGFR wild-type or ALK wild-type advanced NSCLC other than ICIs during this period,

we believe that our comparison is fair. There are also concerns regarding missing

intracranial lesions. However, because MRI is widely and routinely used in Japan, all

patients in both cohorts underwent MRI at diagnosis and during follow-up, minimizing

the risk of missing intracranial lesions. Thus, to confirm our findings, further large cohort

studies including prospective detailed ones are warranted in the future. In addition, the

tumors were stereotactically transplanted into the brains of our mouse model. However,

injecting tumor cells from the carotid artery or heart would be closer to clinical settings
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40 which is a topic for future studies.

In summary, we found that the frequency of intracranial progression in NSCLC

patients treated with PD-1 blockade therapies was significantly lower than that in those

treated with platinum doublet chemotherapies. In mouse models, intracranial

rechallenged tumors after initial eradiation by PD-1 blockade were suppressed, as was

observed in subcutaneous tumors. On the other hand, different rechallenged tumors were

not suppressed in our mouse models. Because the CNS seems to be a sanctuary site

against systemic therapies, intracranial lesions can be resistant to systemic therapies, and

NSCLC patients treated with systemic therapies, especially durable responders, tend to

have intracranial recurrences. However, regardless of the low penetration of drugs, our

results suggest that cancer immunotherapies exhibit efficacy against intracranial lesions

via activated effector T cells and that NSCLC patients treated with cancer

immunotherapies can have a lower frequency of intracranial progression via long-lived

memory T cells, indicating that cancer immunotherapies can maintain long-term effects

intracranially and systemically. If intracranial recurrence occurs during PD-1 blockade

therapy, it is possible that a different clone of the primary tumor is present. In this case,
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aggressive local treatment may be appropriate.
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Figure legends

Figure 1. Intracranial PFS curves.

Patients who received standard platinum doublet chemotherapies (N = 32) or PD-1
blockade therapies without anti-CTLA-4 mAb (N = 54) as first-line therapies were
enrolled in this study as the non-ICI and ICI cohorts, respectively. Contrast-enhanced
MRI of the brain was performed before and at least every six months after
chemotherapy. For intracranial progression, RECIST wver. 1.1 was applied. For clinical
intracranial progression, an event was defined as the date of imaging. Intracranial PFS
was defined as the time from the initiation of first-line standard chemotherapy to the
first observation of intracranial disease progression or death from any cause.
Intracranial PFS curves for all patients (A), patients with non-SQ histologies (B), and

patients without initial intracranial lesions (C) are shown.

Intracranial PFS was analyzed using the Kaplan—-Meier method and compared among

groups using the log-rank test. *, P <0.05.

Figure 2. In vivo efficacy of PD-1 blockade against LL2-OVA tumors.

(A) In vivo efficacy of PD-1 blockade against subcutaneous LL2-OVA tumors. LL2-
OVA cells (5 x 10°) were inoculated subcutaneously on Day 0 (n = 6 per group), and
tumor volume was monitored every three days. The means of the long and short
diameters were used to generate tumor growth curves. Anti-PD-1 mAb was

administered on Days 4, 7, and 10.
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(B) In vivo efficacy of PD-1 blockade against intracranial LL2-OVA/Luc tumors. LL2-
OVA/Luc cells (2 x 10°) were stereotactically injected into the striatum on Day 0 (n =5
per group). Anti-PD-1 mAb was administered on Days 4, 7, and 10. IVIS was used for
imaging intracranial tumors on Day 14. Representative imaging and the summary are
shown.

(C) and (D) The proportions of CD44*CD62L"CD8" T cells (C) and PD-1"CD8" T cells
(D) in intracranial LL/2-OVA tumors. Mouse experiments were performed as described
in (B), and tumors were harvested on Day 14 for evaluation by flow cytometry (n =5
per group). Representative flow cytometry staining (left) and summaries (right) are

shown.

All in vivo experiments were performed in duplicate, with similar results. Two-way
ANOVA was used in (A) and t tests were used in (B)-(D) for statistical analyses. The

means and SEMs are shown. *, P < 0.05.

Figure 3. Subcutaneous rechallenges with the same LL/2-OVA tumor cells in mice
treated with PD-1 blockade.

(A) Experimental schema. Mice that had completely eradicated the initial subcutaneous
tumors after anti—-PD-1 mAb were subcutaneously rechallenged with same tumor cells
on Day 32.

(B) Volume of each rechallenged LL2-OVA tumor. The means of the long and short

diameters were used to generate tumor growth curves, and the volume of each tumor is
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shown (n = 10 per group). CR, complete rejection.

(C) and (D) The proportions of CD127"KLRG1"MEPCs (C) and H2-Kb/OVA-specific
dextramer"CD8" T cells (D) in subcutaneous LL/2-OVA tumors. Mouse experiments
were performed as described in Figure 2A, and tumors were harvested on Day 14 for
evaluation by flow cytometry (n = 5 per group). Representative flow cytometry staining

(left) and summaries (right) are shown.

All in vivo experiments were performed in duplicate, with similar results. T tests were
used in (C) and (D) for statistical analyses. The means and SEMs are shown. *, P <

0.05; *** P <0.001.

Figure 4. Intracranial rechallenges with the same LL/2-OVA tumor cells in mice
treated with PD-1 blockade.

(A) Experimental schema. Mice that had completely eradicated the initial subcutaneous
tumors after anti—-PD-1 mAb were intracranially rechallenged with same tumor cells on
Day 32.

(B) Intracranial rechallenge of LL2-OVA/Luc tumor growth. IVIS was used for imaging
of intracranial tumors on Day 46 (n = 5 per group). Representative imaging and the
summary are shown.

(C) and (D) The proportions of CD127"KLRG1"MEPCs (C) and H2-Kb/OVA-specific
dextramer"CD8" T cells (D) in intracranial LL/2-OVA/Luc tumors. Mouse experiments

were performed as described in Figure 2B, and tumors were harvested on Day 14 for
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evaluation by flow cytometry (n = 5 per group). Representative flow cytometry staining
(left) and summaries (right) are shown.

(E) and (F) The proportion of H2-Kb/OVA-specific dextramer'CD8" T cells (E) and
PD-1"CD8" T cells (F) in intracranial rechallenged LL/2-OVA/Luc tumors.
Rechallenged LL2-OVA/Luc tumors were harvested on Day 46 for evaluation by flow
cytometry (n =5 per group). Representative flow cytometry staining (left) and

summaries (right) are shown.

All in vivo experiments were performed in duplicate, with similar results. T tests were
used in (B)-(F) for statistical analyses. The means and SEMs are shown. *, P < (.05; **,

P <0.01; *** P <0.001.

Figure 5. Subcutaneous or intracranial different tumor rechallenge in mice treated
with PD-1 blockade.

(A) Experimental schema. Mice that had completely eradicated the initial subcutaneous
tumors (MC-38) after anti-PD-1 mAb were subcutaneously rechallenged with different
tumor cells (LL2-OVA) on Day 32.

(B) Volume of each subcutaneous rechallenged LL2-OVA tumor. The means of the long
and short diameters were used to generate tumor growth curves, and the volume of each
tumor is shown (n = 10 per group). CR, complete rejection.

(C) The proportion of H2-Kb/OVA-specific dextramer'CD8" T cells in subcutaneous

rechallenged LL/2-OVA tumors. Subcutaneous rechallenged LL/2-OVA tumors were
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harvested on Day 46 for evaluation by flow cytometry (n = 5 per group). Representative
flow cytometry staining (left) and summaries (right) are shown.

(D) Experimental schema. Mice that had completely eradicated the initial subcutaneous
tumors (MC-38) after anti-PD-1 mAb were intracranially rechallenged with different
tumor cells (LL2-OVA/Luc) on Day 32.

(E) Intracranial rechallenge of LL2-OVA/Luc tumor growth. IVIS was used for imaging
of intracranial tumors on Day 46 (n = 5 per group). Representative imaging and the
summary are shown.

(F) The proportion of H2-Kb/OVA-specific dextramer'CD8" T cells in intracranial
rechallenged LL/2-OVA/Luc tumors. Intracranial rechallenged LL/2-OVA/Luc tumors
were harvested on Day 46 for evaluation by flow cytometry (n = 5 per group).

Representative flow cytometry staining (left) and summaries (right) are shown.

All in vivo experiments were performed in duplicate, with similar results. T tests were

used in (C), (E), and (F) for statistical analyses. The means and SEMs are shown. n.s.,

not significant.
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798  Supplementary Figure S1. Gadolinium-enhanced brain magnetic resonance image
799  (MRI)

800

801  Sixty-eight-year-old male patient with non-squamous NSCLC underwent pembrolizumab
802  as first-line chemotherapy. This patient received radiotherapy two weeks before the
803  treatment.

804
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Supplementary Figure S2. Additional analyses for PFS and OS
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Patients who received standard platinum-doublet chemotherapies (N = 32) or PD-1
blockade therapies without anti-CTLA-4 mAb (N = 54) as first-line therapies were
enrolled in this study as the non-ICI and ICI cohorts, respectively. OS, intracranial,
hepatic, and bone progression-free survival (PFS) were defined as the time from the
mitiation of first-line standard chemotherapy to death from any cause, the time from the
mitiation of first-line standard chemotherapy to the first observation of intracranial
disease progression or death from any cause, the time from the initiation of first-line
standard chemotherapy to the first observation of hepatic disease progression or death
from any cause, and the time from the initiation of first-line standard chemotherapy to the
first observation of bone disease progression or death from any cause, respectively.
Intracranial PFS curves for patients with non-SQ without initial intracranial lesions and
patients received platinum doublet +/- ICI therapies are shown in (A) and (B), respectively.
Hepatic PFS curves for all patients and bone PFS curves for patients without initial bone

lesions are shown in (C) and (D), respectively. OS of all patients is shown in (E).
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PFS and OS was analyzed using the Kaplan—Meier method and compared among groups

using the log-rank test. *, P < 0.05; n.s., not significant.
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Supplementary Figure S3. In vivo efficacy of PD-1 blockade against MC-38 tumors
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(A) In vivo efficacy of PD-1 blockade against subcutaneous MC-38 tumors. Mouse
experiments were performed as described in Figure 2A.
(B) In vivo efficacy of PD-1 blockade against intracranial MC-38 tumors. Mouse
experiments were performed as described in Figure 2B, and IVIS was used for imaging

intracranial tumors on Day 14. Representative imaging and the summary are shown.
All in vivo experiments were performed in duplicate, with similar results. Two-way

ANOVA was used in (A), and a t test was used in (B) for statistical analyses. The means
and SEMs are shown. ** P <0.01; *** P <0.001.
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Supplementary Figure S4. TIL analyses in subcutaneous LL/2-OVA tumors
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The proportions of CD44"CD62L-CD8" T cells (A) and PD-1"CD8* T cells (B) in
subcutaneous LL/2-OVA tumors. Mouse experiments were performed as described in
Figure 2A, and tumors were harvested on Day 14 for evaluation by flow cytometry (n =
5 per group). Representative flow cytometry staining (left) and summaries (right) are

shown.

All in vivo experiments were performed in duplicate, with similar results. T tests were

used for statistical analyses. The means and SEMs are shown. ** P < 0.01.
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Supplementary Figure S5. Rechallenges with the same MC-38 tumor cells in mice
treated with PD-1 blockade
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(A) Volume of each rechallenged MC-38 tumor. Mice that had completely eradicated the
initial subcutaneous tumors after anti—-PD-1 mAb were subcutaneously rechallenged with
the same tumor cells on Day 32 (n = 10 per group). The means of the long and short
diameters were used to generate tumor growth curves, and the volume of each tumor 1s
shown. CR, complete rejection.

(B) Intracranial rechallenge of MC-38/Luc tumor growth. Mice that had completely
eradicated the imitial subcutaneous tumors after anti-PD-1 mAb were intracranially
rechallenged with the same tumor cells on Day 32 (n = 5 per group). IVIS was used for
imaging intracranial tumors on Day 46. Representative imaging and the summary are

shown.

All in vivo experiments were performed in duplicate, with similar results. A t test was

used in (B) for statistical analysis. The means and SEMs are shown. ** P < 0.01.
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863  Supplementary Table S1. Patient characteristics

Non-ICI cohort ICI cohort

Features P
(n=32) (n=54)

Age, years [median] (range) 62 (48-73) 68.5 (46-94) 0.011
Sex (male/female) 26/6 44/10 0.978
Performance status (0/1 or 2) 32/0 50/4 0.114
Histology (SQ/non-SQ) 1/31 17/37 0.001
Initial intracranial lesions (yes/no) 6/26 8/46 0.632
Initial hepatic lesions (yes/no) 3/29 4/50 0.747
Initial bone lesions (yes/no) 9/23 14/40 0.823
First line therapy
(Platinum doublet/PD-1 blockade 32/0/0 0/18/36 -
alone/PD-1 blockade + platinum)

864  ICI, immune checkpoint inhibitor; SQ, squamous cell carcinoma; CNS, central nervous
865  system.
866
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867  Supplementary Table S2. Summary of antibodies used in flow cytometry analyses

Molecule Tag Clone Company
CD3 Alexa Fluor 700 500A2 BD bioscience
CD4 PerCP-Cy5.5 RM4-5 BD bioscience
CD8a FITC 53-6.7 BD bioscience
CD44 BV510 M7 BD bioscience
CD62L PE MEL-14 BD bioscience
CD127 PE-CF5%4 SB/199 BD bioscience
KLRG1 PE-Cy7 2F1 eBioscience
CD279 BV421 J43 BD bioscience
H-2K"-SIINFEKL APC - Immudex
Fixable Viability Dye APC-Cy7 - eBioscience

868
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