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In Brief
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therapeutics. Choi et al. show that
pulsatile, rather than continuous,
treatment with MEK inhibitors can
maintain T cell activity better and prolong
survival in mice with Kras mutant cancer.
This effect is further enhanced when
combined with CTLA-4 blockade.
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SUMMARY

KRAS is one of the driver oncogenes in non-small-cell
lung cancer (NSCLC) but remains refractory to cur-
rent modalities of targeted pathway inhibition, which
include inhibiting downstream kinase MEK to circum-
vent KRAS activation. Here, we show that pulsatile,
rather than continuous, treatment with MEK inhibitors
(MEKis) maintains T cell activation and enables their
proliferation. Two MEKis, selumetinib and trameti-
nib, induce T cell activation with increased CTLA-4
expression and, to a lesser extent, PD-1 expression
on T cells in vivo after cyclical pulsatile MEKi treat-
ment. In addition, the pulsatile dosing schedule alone
shows superior anti-tumor effects and delays the
emergence of drug resistance. Furthermore, pulsatile
MEKi treatment combined with CTLA-4 blockade
prolongs survival in mice bearing tumors with mutant
Kras. Our results set the foundation and show the
importance of a combinatorial therapeutic strategy
using pulsatile targeted therapy together with immu-
notherapy to optimally enhance tumor delay and pro-
mote long-term anti-tumor immunity.

INTRODUCTION

The RAS-MEK-ERK signaling pathway is hyper-activated in a va-
riety of different cancers, including non-small-cell lung cancer
(NSCLC) (Fernandez-Medarde and Santos, 2011). Activating
mutations of KRAS are common oncogenic drivers, responsible
for 20%-30% of lung adenocarcinoma patients (Lovly and Car-
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bone, 2011). However, currently, there are no approved targeted
therapies specifically for NSCLC patients with a KRAS mutation.
Targeted MEK inhibitors (MEKis), which act downstream of the
RAS signaling pathway, are designed to block the hyperactive
signaling cascade in KRAS mutant lung cancer patients (Ostrem
etal.,2013; Zeng et al., 2017) and block the proliferation and sur-
vival program in cancer cells (Riely et al., 2009).

MEKis are in diverse phases of clinical development, including
trametinib, which has been approved in combination with the
BRAF inhibitor dabrafenib for the treatment of a subset of
NSCLC with BRAFY9%°E mutation (Friday and Adijei, 2008; Grey-
stoke et al., 2017; Planchard et al., 2017; Stinchcombe and
Johnson, 2014). However, despite promising co-clinical studies
in mouse models and clinical trials (Chen et al., 2012; Greystoke
et al., 2017; Planchard et al., 2017), resistance to MEKis is often
observed (Soria et al., 2017). This resistance has been attributed
to the heterogeneity of the tumor (Jamal-Hanjani et al., 2017;
Swanton and Govindan, 2016) and to intrinsic and acquired
resistance from both cancer cells and the tumor microenviron-
ment (Ebert et al., 2016; Manchado et al., 2016). Therefore, there
is a need to further improve the efficacy of MEKis in KRAS-driven
lung cancer. A theoretically promising therapeutic approach
would entail simultaneously blocking KRAS signaling and acti-
vating tumor-infiltrating T cells, the latter being relevant given
the recent demonstration of activity of immune checkpoint
blockade of the CTLA-4 and PD-1 pathways in NSCLC and other
malignancies (Borghaei et al., 2015; Brahmer et al., 2015; Garon
et al., 2015; Reck et al., 2016; Wolchok et al., 2013). Despite the
success of immune-based therapies, the need remains for better
treatment strategies for the majority of patients with advanced
NSCLC, since the response to current single-agent PD-1
pathway blockade is durable only in a subset of patients (Bor-
ghaei et al., 2015; Brahmer et al., 2015), and initial results in
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combination with CTLA-4 blockade showed promising efficacy
for the treatment of NSCLC only in a subset of patients (Hellmann
etal., 2017).

Based on the limitations of both immune-based therapies and
targeted therapies, we sought to rationally combine these two
modalities to treat KRAS mutant lung cancers. In addition to
the essential role of MEKis in RAS-MEK-ERK signaling suppres-
sion during the tumorigenesis of NSCLC, the effect of MEKis on
immune cells is complex and context dependent. The RAS-MEK-
ERK signaling cascade is critical in the normal physiologic func-
tion ofimmune cells, especially T cells (Weiss and Littman, 1994).
The sequential signaling of RAS-MEK-ERK after T cell receptor
(TCR) activation is responsible for the activity of NFAT and the
production of interleukin (IL)-2, which are critical for T cell clonal
expansion (Kane et al., 2000; Weiss and Littman, 1994). Previous
studies have shown that inhibition of MEK signaling by small mol-
ecules reduces or regulates paradoxically the proliferation of
T cells in vitro (Callahan et al., 2014; Liu et al., 2015a). Neverthe-
less, it enhances the proliferation of tumor-infiltrating CD8+
T cells in CT26 Kras mutant colorectal cancer, resulting in the
expansion of tumor-reactive T cell populations with cytotoxic
activity (Ebert et al., 2016; Liu et al., 2015a). However, conven-
tional continuous administration of MEKis achieves an inade-
quate inhibition of ERK activity, which induces feedback regula-
tion of other proliferation and survival pathways and re-activates
MEK-ERK signaling, leading to drug resistance (Samatar and
Poulikakos, 2014; Sun et al., 2014). Moreover, prolonged
blockade of TCR signaling by MEKis interferes with effector func-
tion and proliferation at the tumor site (Dushyanthen et al., 2017).
The recent failure of a clinical trial with continuous MEKi (cobime-
tinib) and anti-PD-L1 (atozolizumab) combination treatment in
colorectal cancer (phase Ill IMblaze370 study, NCT02788279)
suggests that the scheduling of these drugs needs optimization.

Unconventional pulsatile treatment schedules using targeted
drugs such as the BRAF inhibitor vemurafenib and the EGFR
inhibitor gefitinib showed better suppression of tumor growth
in melanoma, breast cancer, and leukemia (Das Thakur et al.,
2013; Shah et al., 2008; Solit et al., 2005). In support of this pul-
satile treatment regimen in the case of MEKis, transient pre-
treatment or lead-in treatment with MEKis in combination
with anti-CTLA-4 or anti-PD-1 showed better survival and
lower tumor burden in the CT26 mouse tumor model (Poon
et al., 2017). Despite these encouraging observations, the sta-
tus of T cell activation using these unconventional regimens
has not been explored systematically. We hypothesize that
through an optimized MEKIi dosing schedule, we can maximize
the suppression of KRAS-induced proliferation and survival of
cancer cells while minimizing the detrimental effects on im-
mune cells.

In this study, we have investigated how a pulsatile dosing
schedule of MEKis affects T cell activation in mutant KRAS-
driven lung cancer models both ex vivo and in vivo. We
observed that pulsatile treatment induced improved prolifera-
tion and activation of T cells with higher expression levels of im-
mune checkpoint regulators, including CTLA-4 and PD-1, when
compared with the conventional continuous treatment with the
same drug. This optimized schedule of pulsatile treatment
resulted in delayed tumor growth in KRAS mutant genetically

engineered mouse models (GEMMs). Furthermore, the combi-
nation of pulsatile MEKis with CTLA-4 blockade resulted in
prolonged survival of mice with KRAS mutant lung cancer
compared to continuous treatment with MEKis in combination
with anti-CTLA-4.

RESULTS

MEK Inhibition Affects Tumor Growth in Kras Mutant
Lung Cancer and MAPK Signaling in Both Tumor Cells
and T Cells

We have treated various Kras mutant murine lung cancer cell
lines (CL13, CL25, 1033, HKP1, and LLC) with selumetinib or tra-
metinib to examine whether they are sensitive to clinically rele-
vant MEKis. The HKP1 cell line was derived from a Kras®'2P"*
Trp53~'~ mouse (Choi et al., 2015). We characterized the muta-
tions in the 10383, CL13, CL25 and LLC cell lines and identified
G12V, Q61R, Q61H, and G12C Kras mutations, respectively
(Figure S1A). We observed that MEKis block phosphorylation
of ERK in Kras mutant cells effectively (Figure 1A) and that tumor
cells show reduced viability after treatment (Figure 1B). Further-
more, selumetinib extends the survival of HKP1 lung tumor-
bearing mice, suggesting cytotoxic activity on Kras mutant
lung cancer in vivo (Figure 1C). When we characterized T cells,
we found decreased viability and reduced pERK in CD8+
T cellsand CD4+ T cells (Figures 1D and S1B). We also observed
increased interferon (IFN)y expression in lung-infiltrating CD8+
T cells, but not in CD4+ T cells after in vivo selumetinib treatment
(Figure S1C), which suggests differential regulation by MEKis in
distinct immune cell populations. Taken together, these data
confirm that MEKis can dampen signaling in the ERK pathway
in both tumor cells and T cells and that combining MEKis with
immune modulation should be done carefully with respect to
timing.

Short (Pulsatile), but Not Long (Continuous), Treatment
with MEKis Activates T Cells Ex Vivo

To investigate how short treatment with MEKis affect T cell acti-
vation, we treated splenocytes from HKP1 lung tumor-bearing
mice in vitro with selumetinib or trametinib in a long or short
schedule while activating T cells using anti-CD3 and anti-CD28
(Figure 2A; Figure S2). Treatment with selumetinib or trametinib
reduced expression of Ki-67, 4-1BB, CTLA-4, and PD-1 from
T cells in a dose-dependent manner (Figure 2B). However, short
schedule treatment maintained them (Ki-67, 4-1BB, CTLA-4,
and PD-1) better in CD8+ T cells and CD4+Foxp3— effector
T cells, compared to long drug exposure (Figures 2B and S2).
This suggests that short treatment with MEKis maintain T cells
in a more activated state than continuous treatment.

Short Treatment with MEKis Increases Effector T Cell
Priming

Since it has been shown previously that a MEKIi (cobimetinib) re-
duces priming of T cells in lymph nodes (Ebert et al., 2016), we
tested how short treatment with MEKis affects priming of anti-
gen-specific (Pmel-1) CD8+ T cells. Splenocytes from Pmel-1
TCR transgenic mice were pulsed with gp100 (Pmel) peptide
and treated with selumetinib or trametinib (Figure 3A). We found
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Figure 1. MEK Inhibition Affects Murine Kras Mutant Tumor Growth and Murine T Cell Signaling
(A) pERK expression in various Kras mutant lung cancer cell lines after trametinib treatment by western blot.
(B) Viability of lung tumor cell lines after selumetinib treatment. Samples were biological replicates.

(C) Survival of HKP1 lung-cancer-bearing mice after 3 weeks selumetinib treatment.

(D) pERK expression in CD4+ and CD8+ T cells from HKP1 tumor-bearing lungs after selumetinib or trametinib treatment by flow cytometry.
Samples were biological replicates. *p < 0.05; **p < 0.01; **p < 0.001; and ***p < 0.0001, Welch’s t test. NS, not significant. Error bars represent SD. The
experiments were performed 2-3 times, and representative results are shown here.

that MEKIi treatment reduced differentiation of Pmel-1 CD8+
T cells by decreasing T-bet expression in a dose-dependent
manner (Figure S3A), as was previously reported (Ebert et al.,
2016). However, we have not observed differences in T-bet
expression between the two treatment groups (Figure S3A).
Selumetinib and trametinib treatment resulted in increased
CD44+CD62L— effector memory CD8 T cells, as well as
reduced CD44+CD62L+ central memory CD8 T cells, compared
to untreated samples (Figures 3B and 3C). However, short
treatment with MEKis showed more CD44+ cells, specifically
CD44+CD62L— CD8 T cells, compared to long treatment (Fig-
ures 3B-3D). Interestingly, CD44+CD62L+ CD8 T cells and
naive cells showed decreased proliferation after selumetinib
treatment in both groups, while CD44+CD62L— CD8 T cells
showed a more proliferative phenotype compared to other sub-
sets, regardless of treatment conditions (Figure S3B). Further-
more, analysis of the supernatant after priming showed that
the short-treatment group had a higher production of IFNy, sug-
gesting better cytolytic capability (Figure 3E).
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Pulsatile Treatment with MEKis Increases CTLA-4 and
PD-1 Expression in Tumor-Infiltrating T Cells compared
to Continuous Treatment

Next, we investigated whether cyclical pulsatile treatment with
MEKis shows differential activation of different subtypes of
T cells in vivo. We treated HKP1 lung tumor-bearing mice with
selumetinib (Figure 4A). After 2 weeks of treatment, lung tumors
were analyzed for the activation phenotype of tumor-infiltrating
T cells. Tumors were highly infiltrated by CD8+ T cells in the pul-
satile treatment groups (Figures 4B and S4C). More importantly,
tumor cells and CD8+ T cells showed differential proliferation
(Ki-67+) with the pulsatile treatment. While proliferation of tumor
cells was reduced, CD8+ T cells showed increased or stable
proliferation (Figure 4C). These observations suggest that indi-
vidual T cell populations respond to MEKIi treatment differently.
Furthermore, pulsatile treatment with selumetinib results in the
maintenance of a higher level of pERK in both CD8+ and CD4+
T cells, compared to continuous treatment (Figure S4), suggest-
ing reduced suppression of MEK signaling pathways by pulsatile
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Figure 2. Short Schedule of MEKi Treatment Alters T Cell Activation Status Ex Vivo

(A) Schema of ex vivo short versus long treatment experiment.

(B) CTLA-4, PD1, Ki-67, and 4-1BB expression in CD8+ T cells and CD4+Foxp3— cells by flow cytometry after selumetinib (left) or trametinib (right) treatment for
96 hr. *p < 0.05; **p < 0.01, Welch’s test.

Error bars represent SD. Samples were biological replicates. The experiment was performed twice, and representative results are shown here.
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Figure 3. Short Treatment of MEKis Alters T Cell Priming Ex Vivo

(A) Schema of short treatment on Pmel-1 CD8+ T cells with human gp100 peptide pulse.
(B) Flow cytometry plots of CD44 and CD62L markers on CD8+ T cells after 5 days of priming.
(C) Frequency of CD44 CD62L subsets from CD8+ T cells by flow cytometry analysis. Average percentage of each subset is presented.

(D) Frequency of CD44+ CD62L— cell population by flow cytometry.
(E) IFNYy production from supernatant at day 5 by cytokine profiling.

*p < 0.05; *p < 0.01; **p < 0.001, Welch’s test. Error bars represent SD. Samples were biological replicates. The experiment was performed twice, and

representative results are shown here.

treatment in T cells. Consistent with ex vivo observations,
CTLA-4 and PD-1 expression on CD8+ T cells were significantly
higher with pulsatile treatment (Figure 4D). Additionally, PD-1
showed a significant increase in CD4+ T cells (CD4+Foxp3—
and CD4+Foxp3+) and only a slight increase in CD8+ T cells
(Figure 4D). We have observed similar results with pulsatile
MEKi treatment at higher doses and a longer lag time (Figures
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S4B-S4D). T-bet expression is higher with pulsatile treatment
in CD4+ T cells and CD8+ T cells from lung tumors (Figure S4C).
Many co-stimulatory markers were increased in the regulatory
T cell (Treg cell) population, but not in CD4+ T cells or CD8+
T cells, indicating differential regulation in subsets of T cells after
pulsatile treatment (Figure S4D). Collectively, these observa-
tions indicate that pulsatile treatment with MEKi may establish
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Figure 4. Pulsatile Treatment of Selumetinib Induces CTLA-4 and PD-1 Expression In Vivo
HKP1 transplantable lung-tumor-bearing mice were treated with selumetinib (25 mg/kg, BID) as presented in (A). After 2 weeks of treatment, lungs were collected

and analyzed by flow cytometry.

(A) Schema of selumetinib treatment in HKP1 lung-tumor-bearing mice in vivo.
(B) Frequency of CD3+ T cell subsets in lung tumors by flow cytometry.

(C) Ki-67 of diverse cell populations in lung tumors by flow cytometry.

(D) Scatterplots of PD-1 and CTLA-4 marker (left) and co-inhibitory marker expression from CD3+ T cell subsets of lung tumors by flow cytometry (right). Gating
controls are samples without either PD-1 or CTLA-4 antibodies.
*p < 0.05; **p < 0.01; **p < 0.001, Mann-Whitney test. Samples were biological replicates. The experiment was performed 3 times, and representative results are

shown here.
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a tumor microenvironment that suppresses tumor growth while
maintaining optimal CD8+ activation and infiltration in the tumor
microenvironment.

Pulsatile MEKi Treatment Delays Tumor Growth In Vivo
We next tested whether pulsatile treatment confers better anti-
tumor activity compared with continuous dosing. We used the
Kras®'2P mutated HKP1 transplantable tumor model. Though
there was a transient delay of tumor growth (Figure S4E), we
did not observe differences in tumor progression and survival
between the pulsatile and the continuous treatment groups in
these settings (Figure S4F). The absence of differential effects
may be due to the highly aggressive nature of these transplant-
able tumors.

In order to further investigate the effects of MEKi treatment
regimens, we utilized the KRAS®'2¢ GEMM, an autochthonous
model that has a slower tumor progression rate and allows for
a better therapeutic window. Intranasal instillation of adenovirus
with CRE recombinase expression similarly induces lung tumor
formation, as the endogenous Kras®'?® lung cancer GEMM
model previously reported (Chen et al., 2012). Given the similarity
of the data between selumetinib and trametinib, we focused our
experiments on one MEKI, selumetinib, in the GEMM experi-
ments. After the mice developed lung tumors, a group of mice
was treated continuously with selumetinib, with similar baseline
tumor volumes (Figure 5A; Figures S5A and S5B). In the first
week of the treatment, these mice responded to MEKi, and tu-
mor sizes started to decrease as quantified by MRI imaging (Fig-
ure 5B). In the second week, about 50% of the mice developed
resistance to treatment, and tumors regrew (Figure 5B; Fig-
ure S5B). This is consistent with prior work (Li et al., 2018) . In
contrast, when we treated mice with selumetinib following a
cyclical pulsatile schedule of 1 week on and 1 week off (Fig-
ure 5A), the tumors continued to respond to MEKi and had
reduced tumor volume, while untreated control tumors
continued to grow (Figure 5C; Figure S5B). Both the continuous
and pulsatile treatment groups showed decreased levels of
pERK in tumor cells compared to the control group, but the
continuous group had the lowest pERK expression (Figure 5D).
Supporting this pERK suppression, the MEK signaling activation
gene signature (Brant et al., 2017) showed consistent suppres-
sion of the MEK signaling pathway in the majority of samples in
the pulsatile and continuous groups (Figure S5C). Overall, mice
treated with pulsatile selumetinib had significantly prolonged
progression-free survival compared with those treated with
either continuous selumetinib or vehicle control. (Figure 5E).

Pulsatile Treatment Induces Anti-tumor Immunity
through T Cells

To understand the potential contribution of T cells in the
observed anti-tumor effect, we analyzed the lungs from the
KRASS'2C GEMM s at the end of each treatment with selumetinib
(continuous or pulsatile schedule; Figure 5A). The percentage of
tumor-infiltrating T lymphocytes, including CD4+ T cells and
CD8+ T cells, did not show significant differences within the total
infiltrating CD45+ leukocytes (Figure 6A). The percentage of Treg
cells was increased with either continuous or pulsatile selumeti-
nib treatment. However, this was not correlated with tumor vol-

812 Cell Reports 27, 806-819, April 16, 2019

ume changes in the pulsatile or continuous dosing schedule (Fig-
ures 5B, 5C, and 6A), suggesting that Tregs may not play a major
role in this setting, since these two treatment schedules gave
different responses despite the increase of Tregs in both condi-
tions. At the end of pulsatile selumetinib treatment, we observed
increased levels of CTLA-4 on both CD4+ and CD8+ T cells (Fig-
ure 6D; Figure S6A). Although PD-1 levels are also slightly
increased in the pulsatile treatment group, the difference be-
tween control and treated groups is not statistically significant
(Figure 6D; Figure S6A). On the other hand, at the end of
continuous treatment with selumetinib, PD-1 expression was
decreased in both CD4+ and CD8+ T cells, while CTLA-4 was
only found to be downregulated in CD8+ T cells, as determined
by both percentage and median fluorescence intensity (MFI)
(Figures 6B, 6C, and S6A). The expression levels of both PD-1
and CTLA-4 are high in Treg cells. After pulsatile treatment
with selumetinib, the expression levels of PD-1 and CTLA-4
remained unchanged (Figure S6B). In contrast, continuous
selumetinib treatment reduced CTLA-4, but not PD-1, levels on
Tregs (Figure S6B). The co-inhibitory molecules LAG3 and
TIM3 did not show major expression level changes in CD4+ or
CD8+ T cells with either treatment schedule (Figures 6C and
6D). Additionally, pulsatile treatment with selumetinib showed
a trend toward increased CD69 and Ki-67 expression, indicating
that T cells are modestly more activated after pulsatile treatment
(Figure S6C). Continuous selumetinib treatment was found to
decrease PD-L1 expression only in CD11b+ myeloid cells and
increase its expression in CD8+ T cells. Pulsatile selumetinib
treatment significantly downregulated PD-L1 levels in EpCAM+,
CD11b+, and CD4+ T cells (Figure S6D). Neither pulsatile nor
continuous treatment affected the infiltration of CD11b+ myeloid
populations significantly (Figure S6E).

Taken together, our data show that pulsatile MEKi treatment
results in improved activation of tumor-infiltrating T cells. Inter-
estingly, when we used higher doses (>10-fold) of selumetinib
with a pulsatile schedule in vivo (Figure 7A), there was no evident
detrimental effect on the immune system in terms of T cell fre-
quency and PD-L1 expression (Figure 7B). T cells were activated
3 days after the treatment was stopped, as determined by Ki-67
and CTLA-4 expression on CD8+ T cells (Figures 7B and 7C). In
addition, high-dose pulsatile treatment with selumetinib does not
seem to restrain the proliferation of T cells (Figure 7B).

Combination Therapy with Pulsatile MEKis and CTLA-4
Blockade Enhances Survival in Mice with Kras Mutated
Lung Tumors

Based on the aforementioned observations, we combined
CTLA-4 blockade with pulsatile selumetinib treatment to investi-
gate whether the enhanced T cell activation associated with the
pulsatile schedule can produce a better outcome in combination
with the checkpoint blockade in tumor-bearing mice. We chose
a high concentration of selumetinib for pulsatile treatment since
proliferation and CTLA-4 expression were elevated, per the
previous experiments (Figures 7B and 7C), and tested in a
transplantable LLC model (same Kras mutation as the GEMM).
We found that the combination of pulsatile high doses of selume-
tinib with a 3-day gap and CTLA-4 blockade provided the
longest survival in mice as compared to other monotherapies
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Figure 5. Pulsatile Schedule of MEKi Treatment Delays Tumor Growth In Vivo

(A) Schema of selumetinib treatment in KRASS12° mutant genetically engineered mouse model (GEMM) of lung cancer. Treatment schedule for continuous
treatment (upper panel, 25 mg/kg, BID) and pulsatile treatment (lower panel, 25 mg/kg, BID).

(B) Waterfall plot showing tumor volume change at indicated time points after the continuous treatment of selumetinib.

(C) Waterfall plot showing tumor volume change at indicated time points after the treatment of pulsatile dosing of either vehicle (left panel) or selumetinib (right
panel).

(D) Representative images of immunohistochemistry (IHC) staining of pERK (left panels) and multiplicative quick scores for quantification of pPERK1/2 staining with
vehicle control, pulsatile selumetinib, or continuous selumetinib for tumor tissue samples at the end of the treatment (right panel). Scale bars, 100 um. *p < 0.05;
****p < 0.0001.

(E) Progression-free survival of KRAS®'2¢ mice treated with vehicle control, pulsatile selumetinib, or continuous selumetinib. **p < 0.01; **p < 0.001.
Samples were biological replicates. This treatment study was performed three times, and results from all mice have been combined as presented.

or combination therapies (Figures 7D and 7E). The survival
advantage was lost in Rag™~ mice, which are deficient in
T and B cells (Figures 7F and 7G), suggesting that adaptive
immunity contributes to improved survival in this treatment
setting. Interestingly, MEKis combined with PD-1 targeting did

notimprove survival further (Figure S7A). In addition to the contri-
bution of adaptive immune cells in MEKi treatment, we also
observed a potential contribution of NK cells to survival in both
MEKi treatment groups (Figures S7B and S7C). Although the sur-
vival difference in the anti-CTLA-4 combination is modest in our
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Figure 6. Co-inhibitory Signaling Was Altered Differentially by Continuous versus Pulsatile Treatment of MEKis

(A) Flow cytometry analysis of KRAS®'2¢ mutant GEMM lung-tumor-infiltrating T cell subpopulations: CD4+, CD8+, and Tregs (CD4+Foxp3+) after continuous
(left) or pulsatile (right) treatment with selumetinib as presented in Figure 5A. Lung tumors were collected at the end of treatment. *p < 0.05. NS, not significant.
(B) Representative flow cytometry analysis of PD-1 levels in both CD4+ and CD8+ tumor-infiltrating T cells after continuous treatment of selumetinib.

(C) Quantification of inhibitory immune checkpoint molecule expression on CD4+ (upper) and CD8+ (lower) T cells after 3 weeks of continuous selumetinib
treatment. *p < 0.05; **p < 0.01.

(D) Quantification of inhibitory molecules within CD4+ (left) and CD8+ (right) T lymphocyte subpopulations after 3 cycles of pulsatile selumetinib treatment.
**p < 0.01.

Samples were biological replicates. All mice were recruited at the same time for the treatment, and results from all mice are shown here.
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Figure 7. Pulsatile Treatment of Selumetinib with High Dosage Impacts Immune Microenvironment Differently and Enhances Survival in
Combination with Anti-CTLA-4 Treatment

(A) Schema of dosing and sample collection after either high-dose (Hi; 600 mg/kg/day; left panel) or low-dose (Lo; 50 mg/kg/day; right panel) selumetinib
treatment. Kras®'2PTrp53"" murine transplantable tumors were treated with different dosages of selumetinib. Mouse lung tumors were collected at indicated
time points. Samples were biological replicates.

(B) Flow cytometry analysis of different tumor-infiltrating T cell subpopulations within total infiltrating CD45+ leukocytes at indicated time points (left). PD-L1
expression levels on tumor cells (EpCAM+), myeloid cells (CD11b+), and T cells (CD4+ and CD8+) (middle); and Ki-67 expression (right).

(C) Quantification of inhibitory immune checkpoint molecules expressed on CD4+ (left) and CD8+ (right) T cells.

(D) Schema of selumetinib and anti-CTLA-4 treatment on LLC transplantable tumor model.

(E) Survival curve from the selumetinib and anti-CTLA-4 treatment combination in immune-competent mice (C57BL/6J).

(legend continued on next page)
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experimental settings, these results bring forth the possibility
that the combination of CTLA-4 blockade with pulsatile MEKi
might be considered for clinical trials as a treatment strategy
for KRAS mutated lung cancers.

DISCUSSION

In this study, we have demonstrated that, as opposed to conven-
tional continuous MEKI treatment used in the clinic, a pulsatile
schedule of MEKi treatment is more effective at controlling tumor
progression and enhancing T cell activation with increased
levels of CTLA-4 and PD-1 expression. In comparison with
continuous treatment, ex vivo pulsatile treatment of T cells with
MEKis (selumetinib or trametinib), alongside activation by anti-
CD3 and anti-CD28 antibodies, resulted in increased CTLA-4
expression and, to a lesser extent, PD-1 expression. Concurrent
changes of Ki-67 and 4-1BB suggest that both CD8+ T cells and
CD4+Foxp3— effector cells are more activated by pulsatile treat-
ment with MEKis. While changes in CD4+Foxp3— effector cells
and CD4+Foxp3+ T cells are subtle, CD8+ T cells showed high
expression levels of immune checkpoint regulators and co-stim-
ulatory markers. This might be due to the fact that CD8+ T cells
and CD4+ T cells are regulated through distinct signaling path-
ways with varying dependence on the mitogen-activated pro-
tein (MAP) kinase pathway. In CD8+ T cells, MEK1/2-ERK1/2
signaling is critical for cytotoxic activity, proliferation, and sur-
vival (Rincon et al., 2001; D’Souza et al., 2008). In CD4+
T cells, MEK4/6/7-p38 and JNK are more important for their
activity and development (Rincon et al., 2001). This differential
dependency on distinct signaling pathways may regulate re-
sponses of CD8+ T cells and CD4+ T cells to MEKis in a different
fashion.

In addition to changes in T cells, MEKi increases major histo-
compatibility complex class | (MHC |) expression, which is essen-
tial for cytotoxic T cell activation, in tumor cells (Brea et al., 2016).
In our preliminary data, we observed an increase of H2-Kb MHC |
expression in the CD45— cell population after pulsatile MEK inhi-
bition in HKP1 lung tumors. However, after a 2-3 day “washout”
period, MHC | expression decreased gradually to the levels of un-
treated tumors (data not shown). These data further underscore
the importance of timing when MEKi treatment and combination
approaches are designed.

Our in vivo data with pulsatile MEKis in a transplantable Kras
model are consistent with the ex vivo observations. The effects
of pulsatile MEKi treatment were more pronounced on CD8+
T cells infiltrating into tumors and their expression of CTLA-4
and PD-1. In vivo, T cells that are being treated have not been
pre-selected (as opposed to ex vivo, where cells come from
one anatomical location); as a result, we can speculate that cells
exposed to MEK:is are at different stages of T cell development
in vivo. It has been shown previously that the MEK/ERK pathway
is fundamental to T cell lineage commitment in the thymus during
development. Genetic reduction of ERK induces more CD8+ cells

from CD4+ CD8+ double-positive T cells via loss of CD4+
markers in the thymus (Rincon et al., 2001). While pERK reduction
is preferable for CD8 expansion in the thymus, pERK positively
regulates CD8+ T cell proliferation, survival, and IL-2 cytokine
expression from CD8+ cells (Rincon et al., 2001; D’Souza et al.,
2008). Furthermore, activation of MEK/ERK signaling downregu-
lates apoptosis in activated primary peripheral T cells (Holmstrom
et al., 2000). Thus, we can speculate that, with pulsatile MEKis,
more CD8+ cells will be generated in the thymus during the treat-
ment, then following a period without MEKis treatment may allow
proliferation or reduce apoptosis of differentiated CD8+ cells
globally, resulting in an expansion of CD8+ populations in the
tumor. Considering this intricate role of ERK in CD8+ T cells
from development to activation and survival, ERK signaling may
be best modulated using a rationally designed schedule in order
to maximize the frequency and activation of CD8+ T cells. Our
pulsatile schedule of treatment demonstrates better control of
this signaling pathway by increasing the frequency of CD8+
T cells and their expression of activation markers and immuno-
therapy targets in Kras mutated lung tumors.

MEK inhibition in tumor-bearing mice has been previously re-
ported to interfere with the priming of T cells in lymph node yet
enhance CD8+ T cell expansion in a CT26 tumor site due to
reduced apoptosis (Ebert et al., 2016). To test whether pulsatile
MEKi treatment can improve antigen-specific priming of T cells,
we utilized antigen-specific, Pmel-1 transgenic CD8+ T cells
pulsed with gp100 peptide. We showed that selumetinib and
trametinib reduced antigen-specific activation (CD44+) in a
dose-dependent manner in both continuous and pulsatile treat-
ments, which suggests a critical role of pERK in CD8+ T cell
priming. However, pulsatile MEKi treatment resulted in more
CD44+CD62L— cells than continuous treatment did. This obser-
vation is important, because it suggests that pulsatile treatment
leads to maintained activation when compared to conventional
MEKIi treatment. To clearly understand the effects of MEK:is in
immune priming, future work to dynamically monitor pERK
expression and T cell activation marker changes with diverse
types of MEKis pulsation is needed. Additionally, in vivo studies
confirming whether the pulsatile schedule of MEKis enhances
priming of T cells need to be pursued further.

Given the observations of T cell phenotypic changes ex vivo
and in vivo in transplantable models, we further evaluated such
changes, using a GEMM harboring the human KRAS®'2¢ muta-
tion, one of the most prevalent mutation detected in NSCLC
patients. We found that pulsatile treatment with MEKis have a
superior anti-tumor effect and delayed drug resistance in com-
parison with continuous treatment. Consistent with ex vivo
and in vivo transplantable model studies, the tumor-infiltrating
T cells showed increased CTLA-4 and a modest upregulation
of PD-1 levels, with greater proliferation and activation. In
contrast, when we treated KRAS®'?C mutant GEMM mice with
MEKis continuously, we observed reduced CTLA-4 and PD-1.
Considering that the tumor cells were exposed to equal amounts

(F) Survival curve from the selumetinib and anti-CTLA-4 treatment combination in immune-deficient mice (Rag1—/-). The color code is as same as in (F).

(G) Survival of the pulsatile selumetinib and anti-CTLA-4 treatment group.

Survival analysis was done by Log-rank (Mantel-Cox) test. * < 0.05; ** < 0.01. Samples were biological replicates. The experiment was performed 2-3 times, and

representative results are shown here.
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of MEK:is, this confirms that activated T cells resulting from pul-
satile MEKi treatment could enhance anti-tumor immunity in
KRAS-driven lung cancer.

In all conditions (ex vivo and in vivo in GEMM and transplant-
able models), we have observed that pulsatile MEKi treatment
increases CTLA-4 and PD-1. Although CTLA-4 is a checkpoint
molecule (Hardy and Chaudhri, 1997; Thompson and Allison,
1997; Walunas et al., 1994), counterintuitively, it is also known
to be induced during early T cell activation (Chambers et al.,
1996). In a similar way, while PD-1 is highly expressed on ex-
hausted T cells, it is also a marker of T cell stimulation (Jin
et al,, 2011; Kansy et al.,, 2017; Ngiow et al., 2015). Thus,
increased CTLA-4 and PD-1 associated with pulsatile MEKi
treatment suggests that CD8+ T cells are more activated, and
this is supported by data on Ki67 expression. Moreover, consid-
ering that exhausted T cells co-express other co-inhibitory
markers like TIM-3 and LAG-3 simultaneously with PD-1, the
absence of these co-inhibitory markers on T cells after pulsatile
MEKi treatment supports that they are activated rather than ex-
hausted cells. Favorable changes in CTLA-4 after pulsatile MEKi
treatment warrant considering how CTLA-4 expression is regu-
lated. It is known that CTLA-4 is regulated by ERK (Tsatsanis
et al., 2008), but it is not well understood how CTLA-4 expression
is regulated temporally in the presence of MEKis. A future study
on the mechanism of CTLA-4 expression regulation under MEKis
is necessary.

Improved anti-tumor activity and a more favorable phenotype
of CD8+ T cells with increased CTLA-4 expression in the pulsatile
group inspired us to test the combination of pulsatile MEKi treat-
ment with an anti-CTLA4 antibody in Kras mutant lung cancer.
We show that the combination of pulsatile high doses of selume-
tinib and CTLA-4 blockade prolonged survival to the greatest
extent compared to other monotherapies or combination thera-
pies, supporting that the combination of immune checkpoint
blockade with pulsatile MEKis may be a more effective approach
to treat Kras lung cancer. This prolonged survival was not pre-
sent in immune-deficient mice, indicating that it was mediated
by the adaptive immune system. A similar pulsatile treatment
regimen is also currently under evaluation in a clinic for NSCLC
patients with intermittent selumetinib and antibodies targeting
CTLA-4 and PD-L1 (ClinicalTrial.gov: NCT03581487). It should
be noted that, since the trial did not stratify for co-mutations in
addition to KRAS, MEKi alone, which targets downstream of
KRAS, may not be enough to restrain tumors with a KRAS muta-
tion together with other co-mutations, even when combined with
immunotherapy.

In this study, we have tested MEK inhibition with selumetinib
and trametinib. However, other MEKis with variations in potency,
target specificity, and T4, (elimination half-life) are being used
(e.g., cobimetinib and binimetinib) or are in development (Caunt
et al., 2015). Based on our findings, these should also be tested
using different dosing and scheduling regimens to potentially
allow for more effective cancer cell growth control and durable
immune microenvironment activation.

In this study, we show that the pulsatile schedule alters the
tumor microenvironment favorably by activating T cells and
providing an advantageous anti-tumor effect in Kras-driven
lung cancer models. This schedule provides a therapeutic win-

dow for immune checkpoint blockade to improve MEK:is for the
treatment of KRAS-driven NSCLC patients.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

phospho-p44/42 MAPK (Erk1/2) (20G11)
phospho-p44/42 MAPK (Erk1/2) (E10)
phospho-p44/42 MAPK (Erk1/2) (D13.14.4E)
P44-42 MAPK (Erk1/2)

CD11b (M1/70)

CD11b (M1/70.15)

CD11c (N418)

PD-1 (J43)

PD-1 (29F.1A12)

CTLA-4 (UC10-4B9)

CTLA-4 (UC10-4B9)

LAG-3 (C9B7W)

LAG-3 (eBioC9B7W)

PD-L1 (10F.9G2)

Armenian Hamster IgG (eBio299Arm)
CD8 (17A2, for flow cytometry)

CD3 (17A2, for flowcytometry)

CD3 (145-2C11)

EpCAM (G8.8)
CD4 (GK1.5)
CD4 (GK1.5)
CD45 (30-F11)
CD8 (53-6.7)
CD8 (5H19)
FoxP3 (FJK-16 s)
FoxP3 (FJK-16 s)
IFN-y (XMG1.2)
Ki-67 (16A8)
Ki-67 (SolA15)
1gG1 (RTK2071)
1gG1 (RTK2071)
IgG2a (eBR2a)
IgG2a (eBR2a)
1gG2a (RTK2758)
IgG2a (RTK2758)
TIM3 (RMT3-23)
Tbet (eBio4B10)
ICOS (c398.4A)
4-1BB (17B5)
GITR (DTA-1)
OX40 (OX-86)
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Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
BioLegend

Invitrogen

BioLegend

eBioscience

Biolegend

ThermoFisher
eBioscience

BioLegend

eBioscience

BioLegend

ThermoFisher

BioLegend

BioLegends

BD PharMingen

BioLegend
BioLegend
BioLegend
BioLegend
BioLegends
Invitrogen
eBioscience
eBioscience
BioLegend
BioLegend
Invitrogen
BioLegend
BioLegend
eBioscience
eBioscience
BioLegend
BioLegend
eBioscience
eBioscience
eBioscience
eBioscience
eBioscience
eBioscience

Cat# 4376; RRID:AB_331772

Cat# 9106; RRID:AB_331768

Cat# 4370; RRID:AB_2315112
Cat#9102; RRID:AB_330744

Cat# 101224; RRID:AB_755986

Cat# RM2817; RRID:AB_1464525
Cat# 117324; RRID:AB_830649

Cat# 11-9985-85: RRID:AB_465473
Cat# 135215; RRID:AB_10696422
Cat# 12-1522-81; RRID:AB_465878
Cat# 17-1522-82; RRID:AB_2016700
Cat# 125209; RRID:AB_10639935
Cat# 48-2231-82; RRID:AB_11149866
Cat# 124311; RRID:AB_10612935
Cat# 12-4888-81; RRID:AB_470073
Cat# 100214; RRID:AB_493645

Cat# 100221; RRID:AB_2057374

Cat# 561108/551163; RRID:AB_10562558/
RRID:AB_394082

Cat# 118215; RRID:AB_1236477

Cat# 100411; RRID:AB_312696

Cat# 100406; RRID:AB_312691

Cat# 103108; RRID:AB_312973

Cat# 100734; RRID:AB_2075238

Cat # MCD0817; RRID:AB_10374589

Cat# 17-5773-80; RRID:AB_469456

Cat# 25-5773-82; RROD:AB_891552

Cat# 505825; RRID:AB_1595591

Cat# 652411; RRID:AB_2562663

Cat# 48-5698-82; RRID:AB_11149124

Cat# 400415; RRID:AB_326521

Cat# 400411; RRID:AB_326517

Cat# 12-4321-81; RRID:AB_470051

Cat# 17-4321-81; RRID:AB_470181

Cat# 400521; RRID:AB_326542

Cat# 400535; RRID:AB_10933427

Cat# 12-5870-81; RRID:AB_465973

Cat# 12-5825-82; RRID:AB_925761

Cat# 11-9949-82; RRID:AB_465458

Cat# 12-1371-83; RRID:AB_465865

Cat# 48-5874-82; RRID:AB_1944394

Cat# 17-1341-82; RRID:AB_10717260
(Continued on next page)
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CD62L (MEL-14) eBioscience Cat# 56-0621-82; RRID:AB_494003
CD44 (IM7) BD PharMingen Cat# 559250; RRID:AB_398661

Anti Fcgamma, purified

CD3 (for in vitro T cell activation)

CD28 (for in vitro T cell activation)

mouse anti-CTLA-4 (9H10, in vivo antibody)
mouse anti-CTLA-4 (9D9, in vivo antibody)
Syrian Hamster IgG

InVivoMAb mouse IgG2b isotype control (MCP-11)
mouse anti-PD-1 (RMP1-14, for in vivo experiment)

InVivoMADb rat IgG2a isotype control (2A3)
NK1.1 (PK138, in vivo antibody)

MSK Antibody and Bioresource Core
MSK Antibody and Bioresource Core
MSK Antibody and Bioresource Core
Bioxcell
Bioxcell
Bioxcell
Bioxcell
Bioxcell
Bioxcell
Bioxcell

Clone: 2.4G2

Clone: 145-2C11

Clone: 37N

Cat# BE0131; RRID:AB_10950184
Cat# BE0164; RRID:AB_10949609
Cat# BE0087; RRID:AB_1107782
Cat# BE0086; RRID:AB_1107791
Cat# BE0146: RRID:AB_10949053
Cat# BE0089; RRID:AB_1107769
Cat#BE0036; RRID: AB_1107737

Bacterial and Virus Strains

Ad5CMVCre

Ul Viral Vector Core Web

VVC-U of lowa-5

Chemicals, Peptides, and Recombinant Proteins

Selumetinib Selleckchem Cat# S1008
Trametinib Selleckchem Cat# S2673
gp100 peptide, human Anaspec Inc Cat# AS-62589
Recombinant mouse IL-2 eBioscience Cat# 14-8021-64
Fixable viability dye (for flow cytometry) eBioscience Cat# 65-0866-14
Critical Commercial Assays

LIVE/DEAD Fixable Aqua Dead Cell Stain Kit ThermoFisher Cat# L34966
CD5 (Ly-1) MicroBeads, mouse Miltenyi Cat# 130-049-301
Luminex cytokine analysis (mouse)-MILLIPLEX Millipore Cat# MCYTMAG-70K-PX32
MAP Mouse Cytokine/Chemokine Magnetic

Bead Panel - Immunology Multiplex Assay

Mouse Cytokine 23-plex Assay Bio-Rad #m60009rdpd
Cell titer Glo luminescent cell viability assay Promega G7571

QUICK RNA FFPE Kit Zymo Research R1008

Deposited Data

Affymetrix transcriptome data

NCBI Gene Expression Omnibus

GEO: GSE126202

Experimental Models: Cell Lines

Mouse; CL13

Mouse; CL25

Mouse; 033

Mouse; HKP1

Mouse; LLC

Mouse; Kras®'2PTrp53"1 cell line from GEMM

Mouse: primary T lymphocytes

Dr. Phillip A. Dennis

Dr. Phillip A. Dennis

Dr. Phillip A. Dennis

Dr. Vivek Mittal laboratory (WCMC)
ATCC

Dr. Kwok-Kin Wong laboratory (NYU)
This study

PMID: 26637667
PMID: 26637667
PMID: 26637667
PMID: 25704820
ATCC® CRL-1642
N/A

N/A

Experimental Models: Organisms/Strains

Mouse; KRAS-S-G12¢ GEMM

Mouse; Pmel TCR transgenic mouse

Mouse; Rag1—/—; B6.129S7-Rag1tm1Mom/J
Mouse; C57BL/6J; C57BL/6J

Dr. Kwok-Kin Wong laboratory (NYU)
Dr. Nicholas Restifo laboratory (NIH)
Jax lab
Jax lab

PMID: 29945997
PMID: 12925674
Jax 002216
Jax 000664

Software and Algorithms

3D slicer
GraphGad Prism 7

Online download
Online download

https://www.slicer.org/

https://www.graphpad.com/scientific-
software/prism/

(Continued on next page)
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FlowdJo v.10 Online download https://www.flowjo.com/solutions/
flowjo/downloads

IVIS Living image software v. 4.4 Perkin Elmer http://www.perkinelmer.com/category/

in-vivo-imaging-software?gclid=
EAlalQobChMIoK2N_LKW4AIVK4TICh
OLeAUSEAAYASACEgLwr_D_BwE

Transcriptome Analysis Console (TAC) Software v.4.0 ThermoFisher Scientific https://www.thermofisher.com/us/en/
home/life-science/microarray-analysis/
microarray-analysis-instruments-
software-services/microarray-analysis-
software/affymetrix-transcriptome-
analysis-console-software.html

Robust Multi-array Average (RMA) procedure Irizarry et al., 2003a https://www.rdocumentation.org/
packages/affy/versions/1.50.0/topics/rma
Other
MRI imaging Dana-Farber Cancer Institute’s Lurie http://www.lIfic.dfci.harvard.edu/about
Family Imaging Center
Affymetrix microarray Assay ThermoFisher Scientific Mouse Clariom D Pico assay

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Taha
Merghoub (merghout@mskcc.org).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines and transplantable mouse model

CL13, CL25, 1038 cells lines (Jones-Bolin et al., 1998) were obtained from Dr. Phillip A. Dennis (Lastwika et al., 2016). They were
cultured in RPMI with 7.5% FBS and Pen/Strep. The HKP1 cell line was obtained from Dr. Vivek Mittal at Weill Cornell Medical College
(Choi et al., 2015). LLC (Lewis Lung Carcinoma) was obtained from ATCC (CRL-1642). HKP1 and LLC were cultured in DMEM with
10% fetal calf serum, L-Glutamine, sodium pyruvate, and Pen/Strep. Sex of CL13, CL25, 1033, HKP1, and LLC is female based on our
sequencing analysis. Kras®'2Pp53"f cell line was derived from male mouse in Dr. Kwok-Kin Wong’s laboratory and cultured in RPMI
with 7.5% FBS and Pen/Strep. The cell lines have been kept in culture for a limited number of passage. Cell lines are also routinely
mycoplasma tested and each new cell line is mycoplasma tested by the monoclonal core facility at MSK. Cell lines are also tested for
Mouse antibody production (MAP) routinely at MSK.

All animal studies were reviewed and approved by the Institutional Animal Care and Use Committee (IACUC) at the Memorial Sloan
Kettering Cancer Center and Dana-Farber Cancer Institute. All mice for transplantable model were 6 —12 week old of age and
females and tumor-bearing mice were randomized before selumetinib treatment (5 mice per group for flow cytometry analysis,
10 mice per group for survival analysis).Transplantable lung cancer was generated by intravenous injection of 1 x 10° HKP1 cells
into C57BL/6J (Jax 00664) mice and monitored using the IVIS Spectrum in vivo imaging system (Perkin Elmer). 50ul of 30 mg/ml
D-luciferine (Perkin Elmer) was injected retro-orbitally under anesthesia using isoflurane and mice were then placed supine in an
imaging chamber for imaging. Another transplantable model was generated by subcutaneous injection of 500,000 - 1,000,000
LLC cells in the flank of C57BL/6J (Jax 00664) mice or Rag1—/— (Jax 002216) and tumor growth was measured by calipers. Mice
were treated with selumetinib (Selleckchem, Houston, TX USA) from day 5 or day 7 to examine effect of MEKis on tumor growth
and survival. Selumetinib was prepared in corn oil and administered by oral gavage twice a day as 25mg/kg for the continuous group
daily and 25mg/kg or 300mg/kg for the cyclical pulsatile group according to a planned pulsatile schedule. Survival was analyzed
based on the approved humane endpoints (distress and tumor size limit). 100 ug of anti-CTLA-4 was administered to a mouse twice
a week for 2-3 weeks intraperitoneally with 9H10 clone for first three doses, then 9D9 clone for rest of doses. 250 ug of anti-PD-1
(RMP1-14) was administered to a mouse twice a week for three weeks intraperitoneally. To deplete NK cells, 200 ug of anti-
NK1.1 antibody (PK-136) was injected twice a week for three weeks intraperitoneally.

GEMM model studies

All animal studies were reviewed and approved by the Institutional Animal Care and Use Committee (IACUC) at the Dana-Farber Can-
cer Institute and New York University School of Medicine (NYUSoM). The genetically engineered mouse model (GEMM) harbors a
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conditional activating mutation of the human version of KRAS (KRAS-SL-G12C/+) at the collagen | locus (Li et al., 2018) . CRE
recombinase was induced through intranasal inhalation of 2.5x1 08 p.f.u. adeno-Cre (University of lowa adenoviral core). Lung adeno-
carcinoma appeared 6 weeks after induction. For drug treatment studies in GEMM models, age matched littermates (15 — 21-week-
old) were induced at the same time and tumor burden was monitored by MRI. Once the tumor size reached 500 mm? (at about
12 weeks after adenoviral inoculation), mice were randomly assigned to experimental groups. We did not observe gender bias
response between male and female mice, in terms of tumor growth and response to drug treatment. Mice were evaluated by MRI
imaging to quantify lung tumor burden before and after drug treatment. Mice were treated with either vehicle, or 25 mg/kg selumetinib
twice daily by oral gavage using either continuous (every day for 3 weeks) or cyclical pulsatile (one week on, one week off) dosing
schedule. PFS was analyzed based on the standard criteria in clinical trials. Briefly, PFS was the duration between treatment start
and progression, which was defined by increase of tumor size compared to the previous scan of radiological CT and the appearance
of new lesions.

METHOD DETAILS

In vitro MEKis treatment

Selumetinib or trametnib (Sellekchem) were added to tumor cells in 96-well plates. Viability was measured using the CellTiter Glo
luminescent viability kit (Promega) after 72 hr using a Wallace plate reader (Molecular Probe). To determine pERK after MEKis treat-
ment, Kras mutant lung tumor cell lines and splenocytes collected from HKP1 tumor bearing mice were treated with selumetinib or
trametinib for 2 hr at 37C. Selumetinib and trametinib stock solutions were prepared in DMSO and diluted in media. Cells were stim-
ulated with 0.1 ug/ml PMA for 2 min at 37C, then immediately fixed with 4% paraformaldehyde and permeabilized using ice cold 95%
methanol. pERK was stained using anti-pERK (#9106, Cell signaling) and goat anti-mouse Ig(H+L)-FITC (SouthernBiotech) by flow
cytometry. Washout experiments were done using CD5+ splenocytes from HKP1 tumor bearing mice. CD5+ cells were collected
using CD5 microbeads (Miltenyi MACS cell separation system), then seeded in the presence of selumetinib or trametinib into flat bot-
tom 96-well plates pre-coated with anti-CD3 (145-2C11, 1ug/ml) and anti-CD28 (37N, 1ug/ml). After 24hrs, media (RIPA + 7.5%
FBS + 0.1% B-mercaptoethanol) was replaced with MEKis (continuous group) or DMSO diluent (wash out group) and the media
was changed every day with freshly prepared MEKis. At 72hrs and 96 hr, cells were collected and analyzed by flow cytometry.

Western blot

Trametinib was used in vitro at indicated doses in 1% DMSO. Cells were treated for 24 hours before isolating protein. Protein lysate
was isolated from cultured cells using RIPA buffer with protease inhibitor (50mM Tris pH 8, 150 mM NaCl, 0.5% sodium deoxycho-
late, 1% NP-40). Protein quantification was performed using DC Lowry assay. Antibodies for pERK (#4370), ERK1/2 (#9102) were
obtained from Cell Signaling Technologies.

Ex vivo T cell priming with MEKis treatment

Pmel-1 TCR transgenic mice (Overwijk et al., 2003) were obtained from Dr. N. Restifo (National Institutes of Health). Splenocytes from
a Pmel-1 mouse were stained with 5uM of CFSE (Invitrogen), then seeded at approximately 400,000 cells per well in a U-shape bot-
tom 96 well plate with 1ug/ml of heteroclitic human gp100 peptide (AnaSpec Inc) at day 0in 0.1% B-mercaptoenthanol supplemented
RPMI media with 7.5% FBS. At the same time, splenocytes from another Pmel-1 mouse were set for priming in T175 flask. At day 2 or
3, 20U of mouse IL-2 (eBioscience) was added to the supernatant of the T175 flask that was subsequently used to prepare following
treatment groups for the plate. Supernatant with MEKis (selumetinib, trametinib) were added to continuous groups according to the
experimental plan. Washout groups were treated with supernatant containing IL-2 and DMSO. At day 4 or 5, 20U/ml of mouse IL-2
supplemented fresh T cell media with or without MEKis was added to support extensive cell growth, and cells were stained and
analyzed at day 5 by flow cytometry

MRI quantification

Animals were anesthetized with isoflurane to perform magnetic resonance imaging (MRI) of the lung field using the BioSpec USR70/
30 horizontal bore system (Bruker) to scan 24 consecutive sections. Overall tumor volumes within the whole lung were quantified
using 3D slicer software to reconstruct MRI volumetric measurements as previously described (Chen et al., 2012). Acquisition of
the MR signal was adapted according to cardiac and respiratory cycles to minimize motion effects during imaging.

Tumor-infiltrating immune cells isolation and analysis

Mice were sacrificed, and lungs were perfused using sterile PBS through heart perfusion from the right ventricle. The whole lung was
minced into small pieces and digested in collagenase D (Sigma or GIBCO) and DNase | (Sigma) in Hank’s Balanced Salt Solution
(HBSS) at 37°C for 30 min. After incubation, the digested tissue was filtered through a 40 um or 70 um cell strainer (Fisher) to obtain
single-cell suspensions. Separated cells were treated with 1X RBC lysis buffer (Biolegend) to lyse red blood cells. Live cells were
determined by LIVE/DEAD® fixable aqua dead cell stain kit (Molecular Probes) or Fixable viability dye €506 (eBioscience).
The cell pellets were re-suspended in PBS with 2% FBS for flow cytometry analysis. Cells were stained with cell surface markers
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as indicated followed by fixation/permeabilization using foxp3 fixation/permeabilization kit (eBioscience). Lung infiltrating immune
cells were stained with different combinations of fluorochrome-coupled antibodies and analyzed by FACS analysis.

Transcriptome analysis

RNA was extracted from 6 - 10 FFPE tissue sections using QUICK RNA FFPE kit (Zymo Research). Expression profiling was per-
formed using Affymetrix Clariom D Pico Assay, mouse and analyzed using Transcriptome Analysis Console as previously described.
(Andrzejewski et al., 2017; Nassal et al., 2017). Heatmaps were plotted in R using the Robust Multi-array Average (RMA) procedure
(Bolstad et al., 2003; Carvalho and Irizarry, 2010; Irizarry et al., 2003a; Irizarry et al., 2003b). Expression values were normalized using
Affymetrix mta10 annotation data and gene names were translated to MGl symbols. Heatmaps of signature gene sets were extracted
from a study of Brant et al. (Brant et al., 2017).

Flow cytometry analysis

Immune cells obtained via ex vivo treatment or in vivo were collected and processed as single-cell suspensions and stained with an-
tibodies against mouse CD3 (145-2C11), CD62L (MEL-14), CD44 (IM7), T-bet (eBio4B10), CD45 (30-F11), PD-1 (J43), 4-1BB (17B5),
CTLA4 (UC10-4B9), Ki67 (SolA15), Foxp3 (FJK-16 s), CD4 (GK1.5), CD8 (3B5), and fixable viability dye 506 (eBioscience) for ex vivo
studies; and antibodies against mouse CD3 (17A2), CD4 (GK1.5), CD8 (53-6.7, 5H19), Foxp3 (FJK-16 s), CD11b (M1/70), CD11c
(N418), Epcam (G8.8), CD279 (PD-1, 29F.1A12, J43), CD152 (CTLA-4, UC10-4B9), TIM-3 (RMT3-23), CD223 (Lag-3, COB7W),
ICOS (c398.4A), 4-1BB (17B5), GITR (DTA-1), OX-40 (OX-86), PD-L1 (10F.9G2) for in vivo studies. Staining signals were acquired
on BD LSRFortessa or BD LSR Il (BD Biosciences) and analyzed using FlowJo software (FlowJo, LLC).

Cytokine profiling analysis

The supernatant of primed Pmel-1 with or without selumetinib was collected at day 5 after human gp-100 peptide addition and sub-
jected to Luminex cytokine analysis using Luminex MAGPIX system and Milliplex multiplex assays mouse panel (Millipore) and
analyzed using xPOTENT software (Millipore Sigma). Mouse lung bronchoalveolar lavage (BAL) from GEMM KRAS®'C mice after
the treatment was performed by intratracheal injection of 2ml of sterile PBS and collected by aspiration. Cytokines were measured
using Mouse Cytokine 23-plex Assay (Bio-Rad) and measured on Bio-Plex 200 system (Bio-Rad). Concentrations [pg/ml] of each
protein were derived from 5-parameter curve fitting models. Fold changes relative to the control were calculated and plotted as
logoFC. Lower and upper limits of quantitation (LLOQ/ULOQ) were derived from standard curves for cytokines above or below
detection.

Immunohistochemistry (IHC) staining and analyses

Paraffin-embedded sections were deparaffinized, followed by immunohistochemical staining with antibodies against pERK (Cell
Signaling) and examined using a Leica upright microscope (Liu et al., 2015b). H&E sections were examined by a pathologist at
Dana-Faber Cancer Institute. Results were independently scored by two pathologists using multiplicative quick systems (Liu
et al., 2015b). Briefly, the expression score of each marker was calculated by multiplying a score indicating percentage of positively
stained cells within tumor cells counted (1 = 0%—4%; 2 =5%-19%; 3 = 20%-39%; 4 = 40%-59%; 5 = 60%-79%; 6 = 80%—-100%) by
the intensity grade of staining (0 = negative; 1 = weak; 2 = moderate; 3 = strong).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical Analysis

Data are presented as mean with SEM unless otherwise specified. Statistical comparisons were performed using unpaired Student’s
t tests for two tailed p value unless otherwise specified. *p < 0.05, **p < 0.01, ***p < 0.001. Survival was analyzed by Log-rank analysis
by Graphad Prism 7.

DATA AND SOFTWARE AVAILABILITY

Data Resources
The accession number for the Affymetrix transcriptome analysis reported in this paper is GEO: GSE126202.
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Figure S1. Related to Figure 1. A. Kras mutations from diverse murine lung cancer cell lines. Sequencing histogram of codon 12 or codon 61
of Kras gene from 1033, CL13 CL25, and LLC lung cancer cell lines. Red and blue boxes indicate codon 12 and codon 61. Blue arrows
indicate changes in a sequence in individual cell lines. B. Viability measured by flow cytometry using fixable viability dye after different
concentrations of selumetinib (left) or trametinib (right) on splenocytes that were activated with anti-CD3 and anti-CD28 antibodies. C. IFNy
expression by flow cytometry of T cells from lung and spleen of tumor-bearing mice (four mice from control group and three mice from
treatment group).
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Figure S2. Pulsatile schedule of MEKi treatment altered T cell activation status in vitro, Related to Figure 2. CTLA-4, PD1, Ki-67, and 4-1BB
expression in CD8+ cells and CD4+Foxp3- cells from spleen of HKP1 lung tumor-bearing mice by flow cytometry after selumetinib (left) and

trametinib (right) treatment for 72 hrs. Welch’s test, * <0.05, **<0.01, ***<0.001
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Figure S3. Flow cytometry analysis of primed Pmel-1 CD8+ cells after continuous or pulsatile treatment of MEK inhibitors during priming,
Related to Figure 3. A. Expression of Thet from Pmel-1 CD8+ cells after long or short treatment of MEKIis by flow cytometry. B. Frequency
of CFSE negative cells from subsets of CD44 and CD62L combination.
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Figure S4. T cells show differential phenotypes with continuous and pulsatile selumetinib treatment, Related to Figure 4. HKP1 lung tumor-
bearing mice were treated for 2 weeks either continuously with 25mg/kg of selumetinib twice a day (continuous group) or with pulsatile
dosing with 2 cycles of treatment. Pulsatile treatment was done with 300 mg/kg twice a day, 4 days ON and 3 days OFF (Figures A, B) or with
25 mg/kg twice a day, 5 days ON and 2 days OFF (Figures C-F). The control group was treated with vehicle continuously. All mice were
sacrificed, and lungs were collected and analyzed by flow cytometry after 2 weeks of treatment. A. pERK expression in CD8+ cells and CD4+
cells. B. Co-inhibitory markers expression of T cells. C. T cell infiltration in tumor lung (left) and Thet and Eomes expression from T cells in
tumor lungs (right). D. Co-stimulatory markers expression of T cells in HKP1 tumor lungs. Mann Whitney, * <0.05. E. Tumor growth
measured by bioluminescence from 5+2 days treatment experiment. F. Survival of tumor-bearing mice from 5+2 days treatment.
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Figure S5. KRAS®12C mice treated with pulsatile or continuous selumetinib, Related to Figure 5. A. The starting tumor volume of KRAS®2C mice
with individual treatments at baseline. B. Representative images of MRI of KRASG12C mice before and after treatment with pulsatile selumetinib,
continuous selumetinib or vehicle control. C. MEK signature from transcriptome analysis of lung tumors. VEH_CON (vehicle for continuous
group), CON (continuous group), VEH_PUL (vehicle for pulsatile group), PUL (pulsatile group). Each group has 4 - 5 mice for this analysis.
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Figure S6. Flow cytometry analysis of selumetinib treated KRASG12C GEMM tumor from Figure 5 experiment, Related to Figure 6. A. MFI
of CTLA-4 and PD-1 from CD4+ cells and CD8+ cells. B. CTLA-4 and PD-1 of Treg cells gated as CD4+Foxp3+ cells. C. CD69 and Ki-67
from pulsatile treated mice. D. PD-L1 from continuous and pulsatile treatment E. Myeloid cells infiltration from continuous and pulsatile
treatment. ** < 0.01; *** < 0.001
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Figure S7. Related to Figure 7. A. Survival of anti-PD-1 mono/combination therapy in transplantable LLC model. The experiments were
performed twice and representative result was presented. B. NK cell infiltration in lung tumors from GEMM and HKP1 transplantable
model. C. Survival of selumetinib + anti-CTLA-4 treatment with/without NK cells depletion in transplantable LLC model, 4 weeks of
treatment. Pulsatile treatment: 4 days ON + 3 days OFF (n = 5). Flow cytometry analysis and survival analysis were performed once.
*<0.05; **<0.01; ***<0.001.
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