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SUMMARY

Inactivating STKZ/LKB1 mutations are genomic drivers of primary resistance to immunotherapy
in KRAS-mutated lung adenocarcinoma (LUAD), although the underlying mechanisms remain
unelucidated. We find that LKB1 loss results in enhanced lactate production and secretion via

the MCT4 transporter. Single-cell RNA profiling of murine models indicates that LKBZ1-deficient
tumors have increased M2 macrophage polarization and hypofunctional T cells, effects that could
be recapitulated by the addition of exogenous lactate and abrogated by MCT4 knockdown or
therapeutic blockade of the lactate receptor GPR81 expressed on immune cells. Furthermore,
MCT4 knockout reverses the resistance to PD-1 blockade induced by LKBL1 loss in syngeneic
murine models. Finally, tumors from STKZ1/LKB1 mutant LUAD patients demonstrate a similar
phenotype of enhanced M2-macrophages polarization and hypofunctional T cells. These data
provide evidence that lactate suppresses antitumor immunity and therapeutic targeting of this
pathway is a promising strategy to reversing immunotherapy resistance in STKZZ/LKB1 mutant
LUAD.

In brief

Qian et al. uncover that enhanced lactate secretion plays a critical role in promoting the
immunotherapy-resistant phenotype observed in STKZ1/LKB1 mutant lung adenocarcinoma
(LUAD). They demonstrate that increased lactate secretion via the MCT4 lactate transporter
promotes M2 macrophage polarization and suppresses T cell function, and that targeting MCT4
improves the response to immune checkpoint blockade in tumors with STKZZ/LKB1 mutations.
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INTRODUCTION

Loss or inactivating mutations of the tumor suppressor gene serine/threonine kinase STK11
encoding the LKBL1 protein (henceforth referred to as STKZZAKB1 mutations) occurs

in approximately 20% of lung adenocarcinoma (LUAD) and 2-19% of squamous cell
carcinoma.l™ STK11/LKB1 is frequently co-mutated with KRAS (KL tumors), and these
co-occurring alterations lead to a specific biological signature associated with a more
aggressive phenotype.5-8 While immunotherapy checkpoint blockade (ICB) has transformed
the standard of care for cancer patients and is widely indicated to treat various malignancies,
KL tumors are associated with resistance to immunotherapy, which has been shown to be
effective against LKB1-proficient non-small cell lung cancer (NSCLC) tumors with KRAS
mutation (K) or NSCLC tumors with KRASand 7P53 comutations (KP).%-11 Indeed, LKB1
loss has emerged as a major driver of a cold tumor immune-microenvironment (TIME),
associated with low T cell infiltration, low PD-L1 expression, and enhanced recruitment of
neutrophils and myeloid-derived suppressor cells (MDSCs).12 In preclinical models, LKB1
deficiency has been shown to result in secretion of immunosuppressive chemokines and
cytokines such as VEGF, IL-6, TGF-B, and CXCR2 ligands.13.14

LKB1 is a primary regulator of the 14 AMPK-related kinases.1>:16 More recently, the
salt-inducible kinases (SIKs) have been identified as key substrates of LKB1 that suppress
lung tumor formation and regulate gene expression.1”18 Importantly, LKB1 loss has been
associated with metabolic reprogramming, and synergizes with KRAS mutations to activate
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hypoxia, glycolysis, and glutamine and serine metabolism,1%-21 through upregulation of
pivotal genes such as HIF-1a or KEAP1-NRF2. Additionally, KL tumor cells overexpress
the urea cycle enzyme carbamoyl phosphate synthetase-1 (CPS1), leading to nitrogen
flow into pyrimidines to support cell growth.22 The impact of the altered metabolic
phenotype of KL tumors on the TIME is poorly understood and likely contributes to the
immunosuppressive phenotype observed in these tumors.

Monocarboxylate transporter 4 (MCT4, also known as solute carrier family 16 member

3 or SLC16A3), is upregulated in hypoxia by HIF-1a, and is thought to be the primary
mediator of lactic acid transportation across the plasma membrane which is fundamental for
maintaining the flow of glycolysis.23 MCT4 is overexpressed in several types of cancers,
including NSCLC, and serves as an independent negative prognostic factor.24 However,

the impact of enhanced lactate production and MCT4-mediated lactate secretion on tumor
progression and on the TIME, or more specifically in KL tumors, is unknown.

Here, we investigate the biological consequence of LKB1 loss on tumor immune-infiltration
and lack of response to ICB. We establish that LKB1 loss significantly affects tumor
metabolism by enhancing glycolysis as well as lactate production and secretion, effects

that are dependent on the upregulation of the lactate transporter MCT4. We show that
LKB1-deficient tumors display a reduced immune infiltration of CD8* T cells, but enhanced
M2 macrophage polarization. Our findings indicate that enhanced lactate secretion in LKB1-
deficient tumors contribute to M2 macrophage polarization and knock out of MCT4 partially
depleted pro-tumoral M2 macrophages as well as enhanced ICB anti-tumor therapeutic
response /n vivo. Collectively, our data suggest that inhibition of MCT4 is a promising
therapeutic strategy to overcome the inert TIME observed in LKB1-deficient tumors and
potentially increase the clinical efficacy of immune checkpoint blockade in this patient
population.

LKB1 deficiency increases lactate secretion

To further understand the impact of LKB1 deficiency, we performed single-cell RNA
sequencing (ScCRNA-seq) analysis of murine Kras-mutant (LKR13 K) and Kras-mutant/
LKB1-loss (LKR13 KL) syngeneic tumor models. LKB1-deficient tumors were reported to
show an enhanced rate of glycolysis.1® Consistent with this, gene set variation analysis
(GSVA) on these tumor populations revealed a strong enrichment of genes related to
glycolysis, as well as E2F signature and angiogenesis in KL compared to K tumors (Figure
S1A). Subsequent studies were performed using isogenic pairs (+/— LKB1 expression) in
our murine syngeneic LKR13/LKR10 and human (A549, H460, H23, and H2030) LUAD
models. Restoring LKB1 expression significantly decreased extracellular acidification rate
(ECAR) and increased oxygen consumption rate (OCR) (Figures 1A and 1B), while
knockdown of LKB1 decreased OCR (Figure S1B). However, using 5-aminoimidazole-4-
carboxamide riboside (AICAR) to activate AMPK, a key metabolic regulator downstream of
LKB1, showed a reduction on both OCR and ECAR in LKB1 deficient cells, suggesting the
metabolic alteration was not fully AMPK dependent (Figure S1C).

Cancer Cell. Author manuscript; available in PMC 2024 June 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Qian et al.

Page 5

We next evaluated the impact of LKB1 deficiency on lactate production in LUAD tumor
cells. The results from a prior study?2 and Cancer Cell Line Encyclopedia (CCLE)
metabolomic profiling suggested that lactate levels were elevated in LKB1-deficient tumor
samples and cell lines (Figures S1D and S1E). Moreover, we found that LKB1-deficient
tumor cells produced higher extracellular lactate levels than their LKB1-proficient isogenic
counterparts, while knockdown of LKB1 in H441 LKB1-proficient cells significantly
increased lactate secretion (Figures 1C and 1D). Additionally, LKB1 loss significantly
decreased intracellular pH (Figure 1E).

LKB1 loss upregulates MCT4 expression in LUAD tumor cells

MCT4 plays a key role in the transport of lactate and is upregulated in LUAD tumors
compared to normal tissue (Figure S1F). Because of this, we sought to determine whether
LKB1 modulates MCT4 expression. We observed varying expression levels of MCT4
across a panel of KL and KP cell lines (Figure S1G). More importantly, re-expressing
LKB1, but not kinase-dead LKB1, in LKB1 deficient cell lines decreased MCT4 expression
(Figures 1F-1G, S1H). Likewise, we found that the knockdown of LKB1 in KP cell line
H2009 increased MCT4 expression, but not in H358 which harbors a mitochondrial NADH
dehydrogenase mutation25 (Figure S11). Similar findings were observed in LKR13 and
LKR10 murine models which also showed MCT4 was increased in LKB1 loss tumor cells
(Figure 1H). Additionally, protein expression data from reverse phase proteomic arrays
(RPPA) was consistent in that MCT4 expression is significantly upregulated in LKR13KL
cells (Figure S1J). From the Cancer Genome Atlas (TCGA) cohort, we also observed

a significant upregulation in MCT4 mRNA expression in LKB1 mutant tumors (Figure
S1K). Moreover, cell surface MCT4 expression was also increased when evaluated by flow
cytometry in both human and murine isogenic pair cell lines (Figure 11). To investigate
MCT4 expression in LKB1-proficient and -deficient tumors in vivo, we evaluated MCT4
expression in tumor tissues from K and KL genetically engineered mouse models (GEMMs)
and syngeneic tumor models. Immunostaining showed a significantly increased level of
MCT4 in KL tumors (Figures 1J and S1L).

Knockout of MCT4 impairs lactate secretion and cell viability in LKB1-deficient cells

To explore the functional role of MCT4 on cell growth and metabolism in LKB1-deficient
tumors, we used CRISPR/Cas9 gene editing to knockout the MCT4 gene (MCT4-KO) in
LKR13, LKR10 K, and KL cell lines. MCT4 loss reduced cell viability in both K and

KL cells (Figures 2A, 2B, and S2A), although KL cells were impacted to a lesser extent.
Consistent with its role in lactate transport, MCT4 depletion resulted in decreased levels

of extracellular lactate and increased intracellular accumulation of lactate (Figures 2C and
S2B). We assessed intracellular pH following MCT4 KO by immunofluorescence and flow
cytometry and found that intracellular pH was significantly lower in MCT4-KO (Figures 2D
and 2E). Furthermore, MCT4 loss led to a significantly decreased glycolytic and oxidative
phosphorylation (OXPHOS) rate as assessed by ECAR and OCR quantification (Figures

2F and S2C). To further evaluate whether cellular energy production is dependent on
MCT4, we converted ECAR and OCR measurements into ATP production rate as previously
described.28 The maximal glycolytic capacity of K and KL tumor cells was similar.
However, KL cells displayed a significantly lower potential for mitochondrial respiration
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compared to parental K cells (rectangle indicates maximum bioenergetic potential, Figure
S2D). ATP production from glycolysis (Jarp gly) and OxPhos (Jarp 0xphos) were similar
in K, but not KL cells, consistent with the findings that KL cells are more dependent

on glycolysis. As expected, MCT4 knockout dramatically impaired ATP production from
both glycolysis and OxPhos (Figure S2E), as well as the maximal production capacity
(Figures S2F and S2G). Collectively, these results indicate that LKB1 loss enhances
MCT4 expression which promotes cell viability, ATP production, and extracellular lactate
accumulation and acidification.

MCT4 knockout abrogates M2 macrophage polarization induced in LKB1-deficient tumors

Given that lactate is known to impact different cell types within the tumor
microenvironment, we next asked whether the metabolic reprogramming associated with
LKBL1 deficiency and MCT4 overexpression contributes to the inert TIME. To do this we
analyzed the scRNA-seq data from K, KL, and KL MCT4-KO syngeneic tumors. Each
type of immune population was well characterized according to the assessment of known
cell-type markers and the Immunological Genome Project (ImmGen) dataset.2”

Among immune subpopulations, the monocyte/macrophage lineage was the most commonly
represented (Figure S3A) although the specific monocyte/macrophage phenotypes were
markedly impacted by LKB1 and MCT4 depletion. In addition to macrophage, a subset of
hypofunctional T cells was also significantly enriched in KL tumors but reversed in KL
MCT4-KO tumors (Figure S3A).

Specifically, macrophages in K tumors demonstrated a higher M1 score, while KL tumors
were polarized toward higher M2 signature score. These changes induced by LKB1 loss
were reversed by MCT4 KO (KL MCT4-KO) which, similar to LKB1-proficient K cells,
had a higher M1 signature score?® (Figures 3A and 3B), supporting a role for MCT4 in
mediating the M2 polarization induced by LKBL1 loss. Further analysis of macrophages
represented by the indicated feature genes identified six different clusters (Figure 3C, Table
S1). Argl, a marker of M2 macrophages, was expressed in all clusters except monocyte
cluster (c3) (Figure S3B), suggesting that tumor-associated macrophages (TAMs) displayed
a general M2 phenotype. To further explore the phenotype of these clusters, we evaluated
the M2 and M1 scores in all six clusters (Figure S3D). Among these clusters, cluster 0 (c0)
showed a high M2 score, and was marked by high expression of Vegfa, enhanced arginine
metabolism, and IL8 (Figures S3B and S3C). This population has previously been reported
to promote angiogenesis and tumor progression.22:30 By contrast, c2 expressed ArgZ and
/126 but did not express many other macrophage markers,3 while c¢3 and ¢5 showed high
M1 score. Compared with K tumors, KL tumors were particularly highly enriched in c0 and
had lower levels of c2. Conversely, KL MCT4-KO tumors reversed the changes observed in
KL tumors, with a reduction of cO compared with KL tumors but increased in c2 (Figure
3D), and an increase in the ¢3 cluster. Consequently, the M2/M1 ratio was higher in KL
tumors compared with K tumors or KL MCT4-KO tumors (Figure 3E). There were no
significant changes among the other clusters including SppI* (c4) or EgrI* inflammatory
(c5) macrophages.
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We then evaluated M1 and M2 macrophages by immunofluorescence using murine
syngeneic models. Consistent with the sSCRNA-seq data, KL tumors had significantly higher
levels of M2 macrophages (F4/80*ARG1™ cells), and significantly lower M1 macrophages
(F4/80*iNOS™ cells), compared with K tumors while these changes were reversed by MCT
knockout in both LKR13 and LKR10 models (Figures 3F, S3E). To verify that this enhanced
M2 polarization was not related to the location of the tumor (e.g. subcutaneous vs. lung), we
analyzed tumors from the lungs of GEMMs bearing either Kras®12P or Kras®12D; Stk
alleles which confirmed higher levels of M2 macrophages and reduced M1 macrophages in
KL tumors (Figure S3F).

KL conditioned medium promotes M2 polarization in vivo in an MCT4-dependent manner

We next hypothesized that the M2-polarized phenotype promoted by LKB1 loss was

due at least in part to factors secreted by these tumors. To test this, we took implanted
gelfoam sponges impregnated with conditioned media from K, KL, or KL MCT4-KO tumor
cells subcutaneously in mice,32 and evaluated macrophage infiltration and polarization

after 14 days. The relative abundance of M2 macrophages was significantly higher in
gelfoam sponges containing KL-conditioned media than in sponges from K alone, while M1
macrophages showed the opposite trend (Figure 4A). These changes induced by LKB1 loss
could be reversed by MCT4 knockout. These data provide evidence that the M2 polarization
induced by LKB1 loss was induced at least in part by factors secreted by tumor cells

and that these changes were dependent on the lactate transporter MCT4, consistent with a
potential role for lactate in promoting M2 polarization.

Suppression of lactate-MCT4 pathway abrogates the M2 polarization induced by LKB1

deficiency

Based on the aforementioned observations, and earlier studies demonstrating that lactate

can induce M2 polarization,33 we hypothesized that the MCT4-dependent shift toward M2
polarization in KL cells may be due to enhanced lactate secretion. To more directly test the
impact of the lactate-MCT4 pathway on macrophage polarization /in vitro, we utilized the
established system of Raw264.7 macrophage cell line and freshly isolated peritoneal primary
macrophages. As expected, primary macrophages exhibited high expression of macrophage
markers including CD11b and CD11c (Figure S4A). These cells were then co-cultured with
control media or conditioned medium (CM) from K, KL, and KL MCT4-KO tumor cells.
Flow cytometry of CD206* cells, reflective of an M2 polarized phenotype, demonstrated an
increase in M2 polarization when macrophages were cultured with KL-conditioned media,
but not K or KL MCT4-KO media. Moreover, the direct addition of lactate in KL MCT4-KO
conditioned media significantly increased the percentage of M2 macrophage, while pyruvate
or hydrochloric acid which induce a similar pH did not have such significant effects,
(Figures 4B and S4B) indicating that the changes were not merely pH-dependent.

We next tested the effects of inhibiting the lactate receptor GPR81 present using 3-Oba
(beta-hydroxybutyrate) to antagonize the effects of lactate.34-36 GPR81 inhibition reversed
the M2 polarization induced by KL conditioned media (Figure 4B). Similar results were
obtained using primary macrophages (Figure S4B). Moreover, Boyden chamber assay
showed enhanced macrophage migration when co-cultured with KL medium compared
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to macrophages incubated with conditioned media K or KL MCT4-KO (Figures 4C and
S4C); this enhanced migration in KL cells was abrogated by 3-Oba. Phagocytosis has been
reported to partially support antigen presentation.3” We observed that conditioned media
from KL tumor cells or media supplemented with lactate decreased phagocytosis (Figures
4D and S4D), while 3-Oba or MCT4-KO CM could reverse this effect. We also investigated
additional markers of macrophage polarity and found that RNA levels of M2 markers
(Mcp1 and Mrcl) were increased after co-culture with KL-conditioned media, and MCT4
knockdown reversed the effect, while M1 markers showed the opposite trends (Figures 4E
and S4E).

Moreover, previous studies indicated that ERK1/2 signaling was associated with M2
macrophages while STAT1 signaling with M1.38 Concordantly, we also found that
conditioned media from KL tumor cells or lactate induced activation of ERK1/2 but

not STAT1 in macrophages (Figure S4F). We also observed that PD-L1 expression was
increased on Raw264.7 cells treated with KL CM or lactate (Figure S4G). Next, we
evaluated the effect of polarized macrophages on T cell killing. Raw264.7 cells were
co-cultured with the CM supplemented with either Oba or lactate or sodium lactate for

two days. Then, LKR13K-SIINFEKL-expressing cells were used as target cells and cultured
with macrophages overnight. OT-I T cells were then added, and cell killing was assessed
after 6 h. Treatment with KL CM or lactate promoted the immunosuppressive phenotype of
macrophages and inhibited T cell cytotoxicity, and treatment with MCT4-KO CM reversed
this effect (Figures 4F, S4H).

LKB1-deficiency is also associated with increased expression of chemokines such as
CXCL2 and IL6.39 To further isolate the effect of lactate, we denatured the CM from K, KL,
and KL MCT4-KO tumor cells in effort to inactivate bioactive protein factors. Alternatively,
we dialyzed CM to filter low moleculaer weight (MW) (<3 KD) metabolites. Lactate and
TGF-p were used as positive controls. Denatured KL CM or exogenous lactate increased
CD206 expression on Raw264.7 cells, while filtered medium did not (Figure 4G). Similarly,
denatured KL CM retained its ability to increase M2-associated mRNA gene expression and
decreased M1-associated genes, but filtered CM did not (Figures 4H, S41). Taken together,
these findings provide further evidence that enhanced lactate secretion associated with
LKBL1 loss promotes a pro-tumorigenic M2 macrophage polarization that can be reversed by
knockout of the lactate transporter MCT4 or lactate receptor blockade.

MCT4 knockout restores CD8* T cell activity against tumor cells

We next investigated whether T cell hypofunction was also mediated at least in part via the
lactate-MCT4 pathway. We incubated the OT-I T cells and LKR13K-SIINFEKL target cells
with conditioned media from K, KL, or KL MCT4-KO cells. Compared with conditioned
media from K cells, there was significantly less target cell apoptosis induced by T cells

in the presence of conditioned media from KL cells (Figure 5A, p = 0.002); and this
suppression of T cell-mediated apoptosis was largely, but not completely, abrogated when
conditioned media from KL cells bearing MCT4-KO was used (Figure 5A, p = 0.006, and
Figure S5A). We then investigated whether lactate played a role in this suppression of T
cell function. The addition of exogenous lactate in KL MCT4-KO medium significantly
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suppressed T cell-mediated apoptosis (p = 0.032). Moreover, KL CM, or lactate, decreased
the percentage of IFN-y* T cell population (Figure 5B), as well as IFN-y release (Figure
S5B). Further analysis indicated that lactate in KL CM, not merely changes in pH,
suppressed T cell cytotoxicity function and IFN-y production (Figures 5C, S5C-S5E).
Notably, the suppressive effects of KL CM could also be reversed by 3-Oba (Figures 5C and
S5E).

In addition, lactate-enriched medium, as well as KL medium, but not KL MCT4-KO
medium, significantly reduced T cell expression of PD-1 and proliferation (Figures S5F—
S5G). We further co-cultured T cells with either denatured or filtered CM from K, KL,

and KL MCT4-KO, and observed that lactate or the denatured KL CM suppressed T cells
function. The filtered KL CM also suppressed T cell-mediated cell-killing, but the effects
were less than denatured CM (Figures 5D, S5H). Previous studies also suggested that high
lactate in the tumor microenvironment may dampen T cell function by inhibiting glycolysis
during T cell activation.%? Here, we observed similar findings with T cell ECAR decreased
in KL CM and reversed by MCT4-KO or 3-Oba (Figure 5E) which suggests that inhibiting
the lactate pathway restores T cell metabolism and function. Taken together, these data
suggest that the lactate/MCT4 pathways play a role in the suppression of T cell function
induced by LKBL1 loss.

MCT4 knockout restores cytotoxic CD8* T cells populations in KL tumors

In addition to the /in vitro findings, we further observed from the sScRNA-seq data that

T cells in KL tumor exhibited high exhaustion and STAT3 signaling, while MCT4-KO
tumors showed an opposite phenotype and increased PD-1/PD-L1 pathway (Figure 5F). We
next took advantage of the T cell inflamed gene expression profile and found MCT4-KO
increased some of these genes’ expression levels such as 7igit, Cxcl9, and Cd274 (Figure
S51).

Importantly, our analysis revealed an increased proportion of hypofunctional T cells

in KL tumor compared with K tumors and this increase was reversed by MCT4-KO

(Figures 5G, S5J, and Table S2), and this type of T cells showed diminished response

to immunotherapy.#142 We also investigated the checkpoint/stimulator genes expression in
CD8™ T cells from three types of tumors to evaluate their activation status (Figure S5K).

The percentage of CD8" T cells co-expressing stimulators Gitr ( 771f7sf18)/4—1bb ( Tnfrsf9)
and checkpoint genes Pd/ Tigitwas high, indicating an activated phenotype in K tumor.43-46
However, this was dramatically reduced in KL tumors, in which greater than 50% of CD8* T
cells showed lower co-expression. This phenotype was partially reversed by MCT4 knockout
in KL MCT4-KO tumors (Figure 5H).

In conclusion, these data indicate that increased lactate in the TIME of LKB1-deficient
tumors exerts a negative impact on CD8* T function, and that focusing a therapeutic strategy
on suppressing tumor lactate secretion could enhance cytotoxic T cell activity.

MCT4 loss enhances LKB1-deficient tumors to immune checkpoint blockade therapy

The aforementioned data provides evidence that LKB1 loss results in increased lactate
secretion via MCT4, and that this lactate-MCT4 pathway exerts effects on both macrophage
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polarization and T cell function. To test the impact of MCT4-KO on tumor growth and
whether it could be explained by immune cell effects, we injected LKR13K and LKR13KL
cells with or without MCT4 KO in immunodeficient and immunocompetent mice (Figures
6A and 6B). In LKB1-deficient LKR13KL cells, MCT4-KO significantly inhibited tumor
growth in immunocompetent, but not immunodeficient, mice (Figure 6A), supporting a
role for antitumor immunity in mediating the effects of MCT4-KO. In mice with intact
LKB1, however, reduced growth was observed for LKR13K in both immune-competent
and immunodeficient models, and MCT4-KO modestly decreased tumor growth in both as
well (Figure 6B) suggesting that the impact of MCT4-KO was not dependent on antitumor
immunity.

We further explored the effect of MCT4-KO combined with ICB. K tumors with intact
LKB1 were responsive to anti-PD1. MCT4-KO significantly reduced tumor growth, and in
this model treatment with anti-PD-1 showed no significant inhibition of tumor (Figure 6C).
However, in LKB1-deficient tumors that are resistant to PD-1 inhibition,%12 we observed
that MCT-KO restored responsiveness to anti-PD1 treatment which led to a significant
reduction in tumor growth (Figure 6D) and significantly prolonged survival (Figure 6E)
compared to mice treated with control antibodies in LKB1-deficient tumors. Similar results
were obtained using separate murine tumor models, including LKR10, and 344sq which
harbors Kras/ Tp53 mutations (Figures 6F—61). In the LKR10 model, 6 of 18 mice bearing
LKR10 KL MCT4-KO tumors treated with anti-PD1 immunotherapy showed a complete
tumor regression 60 days post-randomization, whereas none of the 16 mice with KL tumors
showed complete regression with anti-PD1 (Figure S6A). Mice bearing LKR10 KL MCT4-
KO tumors that had a complete response were re-challenged with a second inoculation

four times the amount of the previously injected tumor cell number 4 weeks after tumor
regression. All re-inoculated mice showed tumor growth inhibition after 10 days when
compared with naive control mice (Figure S6B), suggesting a strong and durable anti-tumor
immunity.

To further validate that T cells are critical for inhibiting tumor growth in MCT4-KO tumors
treated with anti-PD1, we used anti-CD8 antibody to deplete CD8* T cells and treated with
anti-PD1 on MCT4-KO tumor-bearing mice (Figure S6C). We observed that the depletion
of CD8™* T cells completely abrogated the effect of ICB, and tumor growth was accelerated
(Figure S6D). Furthermore, MCT4-KO tumors showed a low serum lactate/glucose ratio,
suggesting MCT4-KO inhibited lactate export /n7 vivo (Figures S6E-S6G), but there was not
a significant difference in the intratumoral lactate/glucose level (Figures S6H-S61).

Collectively, our findings suggested that (i) LKB1 loss led to enhanced lactate secretion

via the transporter MCT4; (ii) enhanced lactate in KL medium promoted M2 macrophage
polarization and impaired T cell function; (iii) knockout of MCT4 or blocking GPR81

by Oba reversed the immunosuppressive phenotypes; and (iv) KL medium induced
immunosuppressive phenotypes could be recapitulated by exogenous lactate or be abrogated
by filtering the medium but not by denaturing. These data support the conclusion that
blockade of MCT4 and/or disruption of lactate metabolism is a promising therapeutic
strategy to increase anti-tumor immune responses of checkpoint inhibition therapy in
patients harboring LKB1-deficient LUAD (Figure 6J).

Cancer Cell. Author manuscript; available in PMC 2024 June 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Qian et al.

Page 11

LKBL1 loss is associated with reduced T cell infiltration and M2 polarization in LUAD

patients

To investigate whether the findings observed in murine models of LKB1-deficient tumors
mirror changes observed in patients, we evaluated the relative abundance and localization
of immune populations using fluorescent multiplex immunohistochemistry (IHC) from the
immunogenomic profiling of NSCLC (ICON) cohort (n = 148, Figure 7A). We observed a
low immune cell infiltration associated with LKBL1 loss, including reduced CD3* T, CD8*
T cells, and CD68* myeloid cells in both tumor and stromal sites (Figures 7B-7D, S7A,
and S7B). Then, we utilized array-based expression profiling data from the PROSPECT
MDACC dataset (n = 152, 44 cases of LKB1 deficient, 108 cases of LKBL1 intact) and
performed CIBERSORT#’ to quantify the proportion of macrophages and other immune
cells. Consistent with the IHC data, we observed a trend toward a lower proportion of CD8*
T cells in LKB1-deficient tumors compared with LKB1 wild-type (WT) tumors (Figure

7E, p = 0.073). Moreover, tumor immune infiltration of M1 macrophages was significantly
lower in LKB1-deficient tumors compared to LKB1 WT tumors (Figure S7C). In contrast,
there were no significant differences in alternative activated M2 macrophage population
between LKB1 WT and LKB1-deficient tumors, which led to a predominantly high M2
ratio in LBK1-deficient tumor samples (median = 0.78, ranges from 0 to 1 vs. median =
0.69, ranges from 0.22 to 1, Figure 7F). Additionally, higher M2 ratio negatively correlated
with CD8" T cells (Figure S7D). CIBERSORT was also performed in TCGA LUAD cohort
revealing similar trends, with a marginal increase in M2 ratio and inverse correlation with
CD8* T cells (Figures S7E and S7F). To further validate this finding, we explored the
scCRNA-seq data of 16 patients with KRAS mutant LUAD and identified 11 clusters of
myeloid population (Figure 7G). Clusters 1 and 8 corresponded to M2 macrophages as
determined by key differentially expressed markers (CD163, MRC1, MARCO, and TGFBI).
Importantly, we observed that STKZ1 mutations were associated with an increased median
level of M2 macrophages as a fraction of the total macrophage population (Figure 7H).
While the sample size is modest, the observations are consistent with a shift toward M2
polarization in the population of KRAS LUAD bearing STK11 mutations.

Next, we assessed the association between MCT4 expression and M2 macrophages, as well
as CD8* T cells in an LKB1-mutant subgroup from TCGA LUAD. The expression of MCT4
was positively correlated with M2 macrophage level but negatively correlated with CD8*

T cells (Figure 71). However, we observed no significant correlation in the overall LUAD
cohort (Figure S7G). Moreover, in LKB1-mutant patients with high CD8* T cell infiltration,
we observed high MCT4 expression was significantly associated with poor overall survival,
but not in patients with low CD8* T presence (Figure 7J). Altogether, these results indicate
that LKB1 loss is associated with lower T cell immune infiltration and function, and with
increases in pro-tumoral M2 macrophage polarization, which are associated with MCT4
expression.

DISCUSSION

Immunotherapy with drugs targeting the PD-1-PD-L1 axis has transformed the treatment
landscape of NSCLC but the majority of patients experience primary resistance with
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objective response rates to ICB monotherapy in the range of ~10-30%.48-52 Primary
resistance to immunotherapy has been associated with low PD-L1 levels and some driver
oncogenes such as EGFR and ALK.23 Recent studies from our group and others have
previously demonstrated that alterations in STKZZ/LKB1 in LUAD are associated with an
immunosuppressed phenotype® and primary resistance to ICB, even among patients with
high PD-L1 expression or tumor mutational burden (TMB),%->4 and represent the genomic
marker most closely associated with a “cold” immune phenotype.® Given its importance
as a potential driver of immunotherapy resistance, there remains a major unmet need to
better elucidate the mechanisms of this ICB resistance and develop rational therapeutic
approaches for overcoming it. Here, we investigate the impact of metabolic alterations
induced by LKBL1 loss and identify MCT4-dependent lactate secretion as a mediator of this
immunosuppression, at least in part via its effects on M2 polarization and effector CD8* T
cell function. This mechanism is not observed in other LUAD subgroups that have similar
low response rates to immunotherapy, such as patients bearing EGFR mutation.53:55 Our
study, therefore, highlights the lactate-MCT4 axis is a relevant therapeutic target for these
patients with limited therapeutic alternatives.

The LKBL1 protein is known to serve as a master regulator of cellular metabolism

and growth, exerting its effects via regulation of downstream kinases including AMPK

and SIKs.1517.18 Tymors lacking LKB1 expression undergo metabolic reprogramming
characterized by an increased glycolytic rate and glutaminolysis dependence.20-%6 Several
studies have reported that dysregulation of the LKB1-AMPK axis promotes a metabolic
switch to aerobic glycolysis which is associated with enhanced lactate production and
secretion in LKB1-deficient tumors.19:57:58 Consistent with earlier studies, we find that
LKBL1 loss leads to a marked upregulation in lactate secretion as well as a metabolic shift
toward higher glycolysis, lower oxygen consumption, and a reduced OXPHQOS phenotype.
Notably, using isogenic human and murine cells as well as genetically engineered mouse
(GEM) models, we also find that LKB1 loss is associated with upregulation of MCT4,

one of two major transporters (along with MCT1) known to promote lactate secretion,
glycolysis, tumor cell invasion, metastases, and tumor growth,5%-85 and to be associated
with poor outcome in NSCLC and other solid tumors.24 Highlighting its importance in
these metabolic changes, we find that depletion of MCT4 essentially abrogates the increase
in extracellular lactate induced by LKB1 loss and increases intracellular lactate with a
concomitant decrease in intracellular pH. Interestingly, while MCT1 has been found to

be upregulated in some cancers,56-68 we observed upregulation of MCT4, but not MCT1,
following LKB1 loss.®® Recent studies indicated that MCT4 expression was associated with
mitochondrial NADH dehydrogenase (VD) mutation.25 We observed that in H358 cells
which harbors mutant VD, MCT4 is highly expressed and knockdown of LKB1 does not
cause a further increase in MCT4 expression, suggesting that the impact of LKB1 on MCT4
may be most pronounced in cells with WT ND, and that /D mutation may be a dominant
regulator of MCT4 expression.

Given the known immunosuppressive effects of lactate,’0-74 we next investigated whether
the MCT4/lactate pathway played a role in the ICB resistance and immunosuppressed
phenotype observed in LKB1-deficient tumors. Previous studies have suggested that lactate-
induced M2 macrophage polarization,33:7>:76 modulated MDSCs and T cell function, and
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that inhibition of the lactate receptor GPR81 promoted a pro-inflammatory macrophage
response.’’ First, we investigated the tumor microenvironment of immune-competent KRAS
mutant murine models using sScCRNA-seq and found that LKB1 loss led to a striking

shift in the macrophage phenotype toward M2 polarization, an observation supported by
our analysis of clinical specimens from LUAD patients harboring WT or STKZZ/LKB1-
mutation. These data highlight a previously unappreciated aspect of the immune phenotype
of these tumors, which have been reported to have lower levels of T cell infiltration, PD-L1,
IFN-v signaling,8-12 stimulator of interferon genes (STING) expression,’® and higher levels
of granulocytic myeloid-derived suppressor cells (G-MDSCs)’® and immunosuppressive
cytokines such as 1L-6 12. Based on single-cell RNA-seq and functional studies using
SIINFEKL peptide-expressing tumor cells, we also observed not only lower levels of

CD8™ T cells but also evidence of hypofunctional CD8* T cells or a late stage of T

cell exhaustion, changes which were also reversed by MCT4 knockout. This phenotype of
hypofunctional or exhausted T cells has been associated with reduced ICB benefit.*> These
data, taken together with other recent studies,12:79 support the model that LKB1-mediated
immunosuppression involves multiple immune subpopulations, including increased M2
polarization and suppression in the number and function of effector CD8* T cells.

We then investigated whether these changes were dependent on the lactate/MCT4 axis.
MCT4 knockout could reverse the M2 polarization observed /n vivo using murine models,
as well as /n vitro using conditioned media from LKB1-deficient cells. Similar changes
were also observed using a modulator of the lactate receptor GPR81. Although GPR81
inhibitors are currently unavailable,89 several studies have shown the equivalent effects of
3-Oba treatment compared to GPR81 knockdown,81-83 suggesting using 3-Oba to suppress
lactate-mediated GPR81 activation. MCT4 knockout and GPR8L1 inhibition also reversed
some, but not all, of the effects on T cell subpopulations induced by LKB1 loss such as

a reduction in the hypofunctional T cell population. More importantly, in three different
LKB1-deficient murine LUAD models that were completely resistant to PD-1 inhibition,
MCT4 knockout restored responsiveness to PD-1 inhibition to levels similar to that of
LKBJ1-intact tumors,® supporting the biological significance of the lactate/MCT4 axis.

These findings have significant mechanistic and therapeutic implications. Our data further
elucidate the immunosuppressive phenotype of LKB1-deficient LUAD tumors, including
increased M2 polarization and hypofunctional or exhausted CD8* T cells. Our study also
demonstrates, for the first time, that enhanced MCT4-dependent lactate secretion is a
mediator of at least some of these changes, and that targeting this pathway at the level

of the MCT4 transporter or lactate receptor can abrogate M2 polarization, restore certain
aspects of T cell function, and overcome the PD-1 inhibitor resistance induced by LKB1
loss. It is noteworthy, therefore, that MCT4 inhibitors or dual MCT1/4 inhibitors have shown
promising anti-tumor effects in pre-clinical models.84 One limitation of the current report is
that the findings are largely based on animal models. Additional work will be required to
establish the clinical relevance in human KRAS-LKB1 mutant NSCLC. Our data do not rule
out that other potential mechanisms such as suppressed STING expression’8 or increased
G-MDSCs’? or cytokine expression may contribute to the observed ICB resistance. Our
findings do, however, provide evidence that targeting the MCT4-lactate axis may enhance
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antitumor immunity and ICB response in LKB1-deficient LUAD and that this approach
merits further investigation for this recalcitrant population.

STARXMETHODS
RESOURCE AVAILABILITY

Lead contact—*Further information and requests for resources and reagents should
be directed to and will be fulfilled by the Lead Contact, John V. Heymach
(jheymach@mdanderson.org).

Materials availability—This study did not generate new unique reagents.

Data and code availability—Datasets are publicly available in the Gene Expression
Omnibus (GEO) database under accession codes (GEO: GSE231742). All computer code
used in this study is publicly available, as listed in the key resources table. All data are
available upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Human tumor specimens—A total of 16 LUAD samples from Massachusetts General
Hospital were analyzed in this study. 11 samples with KRAS mutation/ STK11 wild-type,
and 5 samples with KRAS/ STK11 co-mutation. Institutional Review Boards at MGH
approved protocols for tissue collection used for sequencing. Informed consent was obtained
from all subjects prior to collection.

Cell lines and culture—Human Kras/ Stk11 mutant cell lines A549, H460 and H2030
and their paired LKB1 overexpression cells were used. H358, H441, H2009, H1792,
H2122, HCC44, H1355, H1944 were used. Murine cell lines LKR10 and LKR13 and
isogenic pair K, KL, and 344sq cells were. Cells were maintained in RPM11640 medium
supplemented with glutamine, 10% fetal bovine serum and 1% penicillin-streptomycin.
HEK?293T, Phoenix cells and Raw264.7 cells were maintained in DMEM medium. All the
cell lines were authenticated by short tandem repeat analysis and mycoplasma test.

For establishing LKB1 kinase dead protein overexpressing cells, 2ug pBABE-FLAG-KD
LKB1 plasmid was transfected into Phoenix cells using lipofectamine 2000. After 48h,
supernatant was collected and filtered by 0.45uM filter, then added into A549 and H460
cells with polybrene (2ug/ml) for 2days, and the stable cell lines were selected by
puromycin.

Mouse model—The mice were maintained in The Research Animal Support Facility,

and all animal experiments were conducted according to the protocols approved by the
Institutional Animal Care and Use Committee (Approved number: 00001213-RNO03). For
Genetically engineered mouse (GEM) model, Kras€12P (K) mice and KrasC12D; Sek11fi/fl
(KL) mice were used. Briefly, K mice (4 female and 3 male) and KL mice (3 female, 3
male) were treated with Adenovirus-Cre through inhalation at the age of 6 weeks. Six to
nine weeks after Adenovirus-Cre administration, the mice were sacrificed, and the lung
tumor nodules were harvested for the further analysis. C57BL/6 Tg(TcraTcrb)1100Mjb (OT-

Cancer Cell. Author manuscript; available in PMC 2024 June 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Qian et al. Page 15

I mice) were purchased from Jackson Laboratory. Mice were maintained in pathogen-free
conditions and the spontaneous lung tumors were collected at designated time points.

METHOD DETAILS

Opal multiplexed IHC staining and imaging—The formalin-fixed paraffin-embedded
tissue microarray containing human LUAD was acquired from MD Anderson Cancer
Center. The slides were processed using the Opal 7 manual kit. Images were captured and
analyzed by pathologists at Department of Translational Molecular Pathology.

In vivo studies—For nude mice experiment, LKR13K and LKR13KL cells (1.8*106) with
or without MCT4-KO were injected into the right flank of the mice at the ages of about 8
weeks. Tumor growth was measured three times a week.

For the syngeneic mouse model, LKR10KL, LKR13KL, 344sqKL with or without MCT4
knock out (KO) murine LUAC cells (1*10%) were injected subcutaneously into the right
flank of syngeneic recipient male mice (129SV genetic background) at the ages of 6-8
weeks. Mice bearing tumors around 150-250mm3 were randomly assigned to i.p. treated
with 200mcg anti-PD-1 (clone RMPI-14, BioXCell) or isotype control IgG (clone 2A3,
BioXCell) twice a week. Tumor growth was measured three times a week, and when

the tumor volume reached 2000mm3, the mice were sacrificed. For 344sqKL model, we
set the endpoint as the tumor volume reached 1000 mm3. Tumor tissues were frozen in
liquid nitrogen, embedded with OCT or formalin fixed, paraffin embedded for histological
analysis. To deplete CD8* T cells, 200mcg anti-CD8 antibody was i.p. injected into the mice
onday -1, 2, 6, 9, 13, 16, total six doses.

Establishing knock out cell lines by CRISPR/Cas9—Knock out of MCT4 was
performed by transfecting MCT4 CRISPR-Cas9 plasmid (Santa Cruz Biotechnology, USA,
sc-429828). Expressing gRNA sequences are derived from the GeCKO (v2) library and the
Cas9 protein to induce a site-specific double strand break (DSB) in the genomic DNA. Cells
were plated into 12-wells plate and transfection was performed using Lipofectamine 2000
(Life Technologies, Carlsbad, CA, USA) according to the manufacturer’s instruction. After
48h, GFP* cells were sorted into 96-wells plates for single clone selection. MCT4 lack of
expression was confirmed by western blotting. For knockout human or mouse LKB1, LKB1
CRISPR/Cas9 KO plasmid (h) or LKB1 CRISPR/Cas9 KO plasmid (m) were transfected
into human cell lines and 344sq cells, respectively. Single LKB1 KO 344sq cell was sorted
by flow cytometry and the LKB1 KO was confirmed by western blot.

Western blotting—Western blot was performed as described previously.’” The total
protein concentration was calculated using BCA Assay kit. The primary antibodies were
incubated overnight at 4°C. The membranes were developed using ECL method.

Reverse-phase protein arrays (RPPAs)—Protein was extracted from tumor tissues,
and RPPAs were performed as previously described.?2 MCT4 primary antibody was
purchased from Milllipore (AB3314P). RPPA data were analyzed using SuperCurve method,
and the protein levels were detected by MicroVigene software and R package developed at
MDACC.
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Quantative real-time PCR (qRT-PCR)—Total RNA was isolated using the RNeasy
Plus Mini Kit (74136, Qiagen). First strand cDNA was synthesized by SuperScript™ 11
First-Strand Synthesis System (18080051, ThermoFisher) according to the manufactures’
protocol. qRT-PCR was performed with PerfeCT SYBR Green Fast Mix (95074-012,
Quantabio) and various primers at AB17500 FAST real-time PCR system (ThermoFisher).
Actin was used as internal control.

Cell viability—1*103 indicated Cells were plated into 6-well plates and cultured in normal
condition for colony formation for 10-14 days. Then cells were fixed and stained with
0.5% crystal violet and analyzed by Image J. The assays were repeated at least times
independently.

Flow cytometry—Cells were harvested into single cell suspension. For cell surface
markers such as CD206, PD-L1, PD1, cells were stained with fluorescently conjugated
antibodies or dye according to the manufacturer’s instructions. For intracellular TNF and
IFN-v staining, cells were fixed, permeabilized and stained according to the manufacture’s
protocol. Flow cytometric analysis was performed on a BD FACSCanto Il system and data
were analyzed with FlowJo v10 software.

Lactate/glucose detection—Cells were plated into 6-wells plate at a density of 2x10°
cells/well for culturing 24h. Both cell lysis and medium were collected. For cell lysis,
resuspend cell in 100ul assay buffer and sonicated for 3min (10s on, 12s off, 240W).

Then centrifuge and collect the supernatant. lactate detection was performed using Assay
kits (ScienCell, Carlsbad, CA, USA, #8308) following the manufacturer’s instruction then
normalized to total protein.

To measure serum and intratumoral lactate and glucose, we sacrificed the mice, and
collected the serum and tumor samples. Serum samples were diluted with PBS only;

for tumor samples, flash frozen tumors were minced into powder in liquid nitrogen and
resuspended in PBS. Lactate level and glucose level were detected with Lactate-Glo™ Assay
kit (J5022) and Glucose-Glo™ Assay (J6021, Promega) according to the manufactures’
instruction.

Metabolic assays—Cell oxygen consumption rate (OCR) and extracellular acidification
rate (ECAR) were measured using Seahorse XF96 system according to the protocol. Briefly,
tumor cells or macrophages at density of 1.5*10%well were seeded into XF96 plates
overnight and then changed into XF medium. Cell bioenergetics were assessed through
subsequently adding glucose (10mM), oligomycin (1.5uM), and 2-deoxyglucose (2-DG,
50mM); or oligomycin (1.5uM), carbonyl cyanide-4 (trifluoromethoxy) phenylhydrazone
(FCCP, 0.5uM) and rotenone/antimycin (Rot/AA, 0.5uM). Data were normalized to cell
number and processed by Wave software (Agilent). Bioenergetic capacity was calculated
based on the protocols developed by Mookerjee et al. and the basal level was measured at
culture conditions.

Intracellular pH assay—To assess cytosolic pH, cells were plated into 12-wells plate and
stained with pHrodo™ Red AM dye in HBSS-free buffer, and DAPI for 20min. Then, cells
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were pictured under fluorescence microscopes and the fluorescence was measured by BD
FACSCanto Il system.

Single-cell RNA sequencing (ScRNA-seq)—1x10% LKR13 K, LKR13 KL and
LKR13 KL MCT4KO cells were injected into the flack of 129SV mice. When tumor volume
reached 500 mm3-700mm3, tumors were harvested and dissociated in single cells suspension
according to the protocol. Briefly, tumor tissues were mechanically disrupted and digested
with Collagenase A, hyaluronidase, Dispase and DNase I. Then suspended cells were passed
through a 40um strainer and treated with ammonium chloride to remove red blood cells for
further processing. Single cell cDNA library was prepared and sequenced at the University
of Texas MD Anderson Cancer Center Sequencing Core using the 10X Genomics platform.

Immunofluorescence staining—~Frozen sections were fixed in cold acetone, acetone/
chloroform (1:1, v/v) and acetone for each 5 min, then washed with PBS. The slides were
blocked using PBS containing 5% horse serum and 1% goat serum for 20min and incubated
with primary antibody overnight at 4°C. The next day, sections were washed 3 times with
PBS and incubated with block solution for 10min and then secondary antibody for 1h.
Sections were washed with PBS and stained with DAPI mount for imaging. The primary
antibodies were anti-iNOS (Thermo, 1:200), anti-F4/80 (abcam, 1:200), anti-ARG1 (Cell
signaling Technology, 1:50), anti-MCT4 (Santa Cruz, 1:50). The secondary antibodies were
Alexa Fluor488 anti-Rabbit 1gG (1:400), Alexa Fluor488 anti-mouse IgG (1:400), Alexa
Fluor594 anti-Rat 1gG (1:400).

For evaluating the staining score, Fiji/lmage J with coloc 2 was used and the percentage of
double positive cells were measured.

In vivo macrophage attraction assay—Sterile gelfoam sponges were cut into 5 mm3
sections and hydrated in PBS overnight. PBS was removed and a solution of 0.4% agarose
containing either PBS or conditioned medium from K, KL, and KL MCT4-KO cell lines
was added to each sponge. The sponges were incubated at room temperature for 1h and
implanted subcutaneously into mice. Two weeks later, sponges were harvested, embedded
with OCT and cut as frozen sections.

Ex vivo macrophage polarization—Peritoneal macrophages were isolated as
previously described.% Briefly, 2ml of 4% Brewer thioglycollate medium was injected
into the peritoneal cavity of C57BL/6 mice. After 4 days, the mice were anesthesia
and euthanized. Inject 10ml cold PBS through peritoneal wall and aspirate fluid from
peritoneum. Centrifuge and resuspend cell pellet in cold DMEM medium.

To induce the M2 polarization, the primary peritoneal macrophages were treated with
conditioned medium (CM) for 2 days. Additional treatment included lactate (10mM),
sodium lactate (10mM), sodium pyruvate (10mM), sodium 3-hydroxybutyrate (8mM),
hydrogen chloride. The mMRNAs of target genes were measured and the percentage of M2
was tested using flow cytometry by labeling with anti-mouse CD206 antibody. The mobility
of polarized macrophages was performed using the transwell (BD). Primary macrophages
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were seeded at a density of 2*10° cells/well to top chamber with 8uM pore, and co-cultured
with CM in the bottom for 24hours. Migrated cells were stained using crystal violet.

For the phagocytosis analysis, Raw264.7 or peritoneal macrophages were cultured with the
specified conditioned medium for two days. LKR13K cells were labeled with MitoTracker™
Deep Red for 30 minutes, trypsinized, and co-cultured with the macrophages for 10 minutes.
After washing the cells, the fluorescent fractions within the macrophages were quantified by
flow cytometry.

T cell stimulation assay was performed by co-culturing polarized macrophages, OT-1 CD8*
T cells and SIINFEKL target cells together. Briefly, Raw264.7 cells were co-cultured

with the specified conditioned medium supplemented with either Oba or lactate or sodium
lactate for 2 days. Then, LKR13K-SIINFEKL expressing cells were added and co-cultured
overnight. The following day, OT-I T cells were added and cell killing and IFN-y expression
were measured after 6 hours.

To determine the effect of lactate, the conditioned mediums from K, KL and KL MCT4-KO
were boiled for 5min or dialyzed by centrifuging using 3000 Dalton MW cutoff filters at
4000g for 30min. Then, these mediums were used for the following experiments.

T cell functional assay—CD8* T cells were isolated from spleens of OT-1 mice

using EasySep ™" Mouse CD8* T Cell Isolation Kit (Stemcell Technologies). CD8* T were
stimulated by anti-CD3 (0.5ug/ml) and anti-CD28 (5ug/ml) pre-coated plates for 2days and
maintained in RPMI11640 medium with 2-mercaptoethanol (50uM), 1% ITS. Then T cells
were expanded with IL2 (0.4ng/ml). All reagents were from Gibco.

SIINFEKL peptide was overexpressed in murine Kras LKR13 (LKR13K-SIINFEKL)
tumor cells to serve as a target for OT-I cells. /n vitro T cell killing assay were

performed by co-culturing the SIINFEKL expressing target cells with CD8" T treated with
different conditioned medium, with or without the addition of lactate (L0mM), sodium
lactate (10mM), sodium pyruvate (10mM), sodium 3-hydroxybutyrate (8mM), or hydrogen
chloride. Target cells were labeled with Mitotracker Deep Red (M22426, Thermo, 100nM)
for 30min at 37°C. Then, adding T cells and Incucyte® Caspase-3/7 Green Reagent (4440,
Essen Bioscience). Cell viability was monitoring and analyzed using Incucyte Live-Cell
Assays (Sartorius).

To establish luciferase reporter cells, pHIV-luc-zsgreen, pMD2.G and psPAX2 plasmids
were co-tranfected to 293T cells. Lentivirus was collected after 72hours and filtered using
0.45uM filter. LKR13K expressing SIINFEKL cells were infected with pHIV-luc-zsgreen
lentivirus, and GFP positive cells were selected. To detect the T cell killing by luciferase
reporter, after co-culturing target cells with T cells, removed medium and added 150pug/ml
D-luciferin and incubated for 10min. The luciferase activity was measured by FLUOstar
OPTIMA microplate reader. The T cell killing was calculated as follows: cell lysis%=(Value
neg ~ValUe getect)/Value negx100.

IFN-y expression was detected using ELISA MAX™ Standard Set Mouse IFN-y (430801,
BioLegend) according to the protocol. To measure the intracellular TNF/IFN-vy, T cells with
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different CM treatment were co-cultured with SIINFEKL target cells for 6hours, and then T
cells were collected and fixed. After permeabilization, T cells were stained with PerCP-TNF
and PE-IFN-y, and then analyzed by flow cytometry. To measure cells proliferation, after
IL2 expansion for 1day, T cells were labeled by CFSE (C34554, Thermo, 5uM in PBS)

and cultured in medium with conditioned medium for 4-5 days and then detected by flow
cytometry.

To measure the metabolism of T cells, 2x10° cells/well were added into Seahorse cell
culture plate and centrifuged at 400g for 5mins, and then detected according to the protocol.

QUANTIFICATION AND STATISTICAL ANALYSIS

Unsupervised clustering analysis—The raw scRNA-seq data were preprocessed using
the Cell Ranger pipeline analysis provided by 10xGenomics. After data filtering, doublets
removal, batch-effect evaluation and data normalization as described previously,?* “Seurat”
R package (v3.1.5) was used to analyze the normalized gene-cell matrix. Each cluster was
determined by highly variable genes identified with FindClusters function. For visualization,
the dimensionality was further reduced using t-SNE or UMAP methods with Run7TSNE and
RunUMAP functions.

Deferentially expressed genes (DEGs) and pathway enrichment analysis—We
identified DEGs with FindMarkers function. The DEGs list was filtered with expression
fold change, g value and then as input for Ingenuity Pathway Analysis (Qiagen). Pathway
enrichment was visualized with “ggplot2” package. Gene set variation analysis by “GSVA”
package (v1.36.2) was used for gene set enrichment analysis. For the gene signature score,
we used AddModuleScore function. The phagocytosis related genes include Msr1, Mertk,
Clgb, Cd36, Cd47, Clec9a, Adgrbl, Itgam, Clec12a, Fcgr2and Mrcl, the angiogenesis
related genes include Vegfa, Nircam, Vican, Pdgfb, Fhl3, Ang2, Mmpl2, Serpineland Tgfbl,
the glycolysis related genes include £nol, Gapdh, Pkm, Slc16a3, EnoZ, Hk1, Pgaml, Ldha,
Prkl, Pfkp, Tpil,Slc2al, Hk2, Eno3, Slc16al, Aldoa, Pgam?Z, Pfkm, Pkirand Ldhb, the
OXPHOS related genes include Acly, Acol, AcoZ, Cs, Dlat, DId, Dist, 1dh1, 1dh2, 1dh3a,
1dh3b, Mdh1, Ogadh, Ogadhl, Pck1, Pck2, Pdhal, Pdhb, Sdhc, SuclaZ, Suclgl and SuclgZ,
M1 related genes include Cc/3, Ccl4, Prfi, 116, Irf5, Cxcl10, 111b, Ccl12, Tnf, Cd86, Ifng,
Tox21, Il17a, Cd8a, 112, 1112a, M2 related genes include Argl, Cd74, Ptgs2, Vegfa, Ciita,
1110, Mmp12, Mif, Cd274, Mrc1, Msr1, Csfir, 1112, Csf2, Ctlad.

SPICE (simplified presentation of incredibly complex evaluations) charts
analysis—The expression of indicated markers in CD8" T cells were evaluated in each
types of tumors. Excel sheet containing all the cells and relative frequencies of cells in

each combination of co-expression was created, converted to a spice-compatible file and pie
charts were visualized with SPICE (v6).

Trajectory analysis—“Monocle 2” package was applied to the trajectory analysis.
Dimensionality reduction was done using DDRTree method, and cells were ordered by
orderCells function.
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Analysis of immune cell infiltration, MCT4 expression and outcomes in TCGA
dataset—Infiltration estimation, MCT4 expression and survival data for all LUAD were
extracted from TIMER2.0 and TCGA dataset, respectively. Kaplan-Meier curve was
generated by splitting the patients with expression percentage (50%) and infiltration
percentage (50%).

Statistical analysis—Mann-Whitney test was used to measure the difference between
each group in clinical samples. Survival was analyzed using Logrank test. Two-sided
student’s t test and 2-way ANOVA were used to detect the statistical significance between
each group from preclinical experiments. Statistical analysis was performed in GraphPad
Prism 8 software. P value less than 0.05 was considered statistically significant. *, p<0.05,
** p<0.01, *** p<0.001.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

STKI11/LKB1 mutation is associated with increased MCT4 and lactate
secretion

MCT4-mediated lactate secretion polarizes M2 macrophage and suppresses T
cell

MCT4 depletion reverses the immunosuppressive phenotype mediated by
LKB1 loss

MCT4 depletion enhances sensitivity to immune checkpoint blockade
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Figure 1. LKB1-deficiency induces metabolic alteration, increases glycolysis, lactate export, and
MCT4 expression

(A) ECAR analysis of A549 con (LKB1-deficient) or LKB1 re-expression (LKB1-
proficient) cells. Cells were detected at basal level, followed by adding glucose (10mM),
oligomycin (Oligo, 1.5uM), and 2-DG (50mM). (n = 4).

(B) OCR analysis of A549 con and LKB1 cells. (n = 3).

(C) Extracellular lactate level of LKB1-proficient and deficient cell lines. (n = 6).

(D) Extracellular lactate level of H441 (LKB1-proficient) with or without LKB1 knockdown
cells (n = 3).

(E) Intracellular pH level of LKB1-proficient and deficient cells. (n = 3).

(F) MCT4 expression was detected by Western blot in H460, H23, and H2030 cells with or
without LKB1 overexpression. Numbers were the relative quantification of MCT4 bands and
normalized to housekeeping gene.

(G) LKB1 kinase dead protein (LKB1 K78lI, labeled as KD) was overexpressed in A549

and H460 cells. MCT4 expression was detected by Western blot. Numbers were the relative
guantification of MCT4 bands and normalized to housekeeping gene.

(H) MCT4 expression in LKR10 and LKR13 K/KL cells.

() Cell surface staining of MCT4 was detected by flow cytometry in cells with or without
LKB1. (n = 3).
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(J) Immunofluorescence staining of MCT4 in K and KL GEMM models. Bar, 100um. (h =
3). All quantitative data are represented as Mean = SD; all statistical analysis (p values) are
Student’s ftest.

See also Figure S1.
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Figure 2. MCT4 knockout impairs lactate export and cell viability in LKB1 deficient cells
(A and B) Upper panel: Western blot confirms the MCT4 KO in K and KL cells in LKR10

cells (A) and LKR13 (B) models. Lower panel: statistical analysis of colony formation assay
of K and KL cells with or without MCT4 KO. Representative data of triplicate experiments

(n=3).

(C) Extracellular lactate level of cells with MCT4 KO. Representative data of triplicate

experiments (n = 3).

(D) Intracellular pH was detected by pHrodo Red, and representative images were shown in

K and KL cells with MCT4 KO. Bar, 100um. (n = 3).

(E) Intracellular pH was detected by flow cytometry. (n = 3-5).
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(F) ECAR and OCR analysis of K and KL cells with MCT4 KO in LKR13 model. (n = 6).
All quantitative data are represented as Mean + SD; all statistical analysis are Student’s ¢
test.

See also Figure S2.
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Figure 3. MCT4 knock-out abrogates M2 polarization induced in LKB1 deficient tumors
(A) UMAP plot of macrophage populations in K, KL, and KL MCT4-KO tumors

highlighting M2-score and M1-scores.

(B) Dot plot of M2- and M1-scores in macrophages from three types of tumors.

(C) UMAP plot of macrophage clusters.

(D) The proportion of each macrophage sub-cluster from three types of tumors.

(E) M2-high cluster (c0, c4), M1-high cluster (c3, c4, c5), and the ratio.

(F) The presence of M2 macrophages (F4/80*ARG1") and M1 macrophages (F4/80*iNOS™)
was detected by immunofluorescence in K, KL, and KL MCT4-KO tumors (LKR13 model).
Bar, 50um. (n = 3-5). All quantitative data are represented as Mean + SD; all statistical
analysis are Student’s #test.

See also Figure S3 and Table S1.
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Figure 4. Targeting lactate secretion by MCT4 knockout decreases M2 macrophage polarization
in LKBL1 deficient tumor cells

(A) In vivo chemoattraction assay was performed using conditioned medium (CM) from
K, KL, and KL MCT4-KO cells. Frozen slides were stained with M1, M2 markers, and
representative images were shown. Bar, 50um. (n = 4).

(B) CD206" M2-like cells were detected by flow cytometry after co-culturing Raw264.7
cells with CM from K, KL, and KL MCT4-KO tumor cells. Additional treatments were
added as indicated. Oba, 3-hydroxy-butyrate (8mM); Lac, lactate (10mM); NaLac, sodium
lactate (10mM); NaPy, sodium pyruvate (10mM). (n = 4-6).
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(C) Cell migration assay of Raw264.7 cells co-cultured with CM and additional treatments.
(n =3-4).

(D) Phagocytosis analysis of Raw264.7 cells treated with CM from K, KL, and KL MCT4-
KO tumor cells. Additional treatments were added as indicated. (n = 4).

(E) Representative markers of macrophage polarization were determined by gRT-PCR. (n =
4).

(F) Raw264.7 cells were treated with CM and then co-cultured with OT-I T cells and
SIINFEKL-expressing cells. Cell lysis was measured. (n = 4-5).

(G) CM from K, KL, and KL MCT4-KO tumor cells either boiled to denature the bioactive
protein or dialyzed by centrifuging to remove the metabolites. Raw264.7 cells were treated
with denatured CM or filtered CM (>3KD CM). CD206 expression was detected by flow
cytometry. Lactate (10mM) and TGF-$ (20 ng/ml) were used as positive controls. (n = 3).
(H) M2 and M1 markers were detected in Raw264.7 cells treated with denatured CM. (n =
4). All quantitative data are represented as Mean + SD; all statistical analysis are Student’s ¢
test.

See also Figure S4.
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Figure 5. MCT4 knockout restores LKB1 deficiency induced CD8* T cell dysfunction
(A) CD8* T cells were isolated from OT-I mice and co-cultured with conditioned medium

(CM) from K, KL, and KL MCT4-KO tumor cells, and performed targeted cell killing using
LKR13K-SIINFEKL overexpressing cells. Cell apoptosis was monitored using Incucyte
system. (n = 12).

(B) OT-I T cells were pre-treated with CM from K, KL, and KL MCT4-KO tumor cells, and
then co-cultured with target cells for 6 h. T cells were collected and IFN-y production was
detected by flow cytometry (left). The statistical analysis of the IFN-y* T cells according to
the flow cytometry (right). (n = 4).

(C) OT-I T cells were co-cultured with indicated CM and additional treatments and targeted
cell killing was performed. Hydrogen chloride was used as a low pH control. (n = 5).
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(D) T cells were treated with denatured CM or filtered CM (>3KD CM) as in Figure 4G.
Targeted cell killing was measured. (n = 6).

(E) ECAR analysis of OT-1 T cells co-cultured with indicated CM and additional treatments.
(n=4).

(F) Ingenuity Pathway Analysis (IPA) of differential expressed genes in CD8* T cells
comparing KL with K tumors, or KL MCT4-KO with KL tumors, respectively, based on
ScCRNA-seq data.

(G) The proportion of hypofunctional T cells in three types of tumors.

(H) Immune checkpoint markers and co-stimulator co-expression in the CD8* T cells from
three types of tumors. All quantitative data are represented as Mean + SD; all statistical
analysis are Student’s ftest.

See also Figure S5 and Table S2.
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Figure 6. MCT4 knockout impairs tumor growth and enhances immunotherapy response in

LKBI1 deficient tumors

(A and B) LKR13K and LKR13KL cells with or without MCT4 KO were injected in
immunodeficient mice (nude, A), and immunocompetent mice (129SV, B). Tumor growth

was monitored. (n = 6-7).

(C) Syngeneic model was performed by subcutaneously injecting LKR13K cells with or
without MCT4 expression into the flank of 129SV mice. Once tumors reached 150-250
mm3, animals were randomized to receive anti-PD-1 or 1gG control. Tumor growth was

monitored. (n = 6-10).
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(D) Tumor growth of LKR13KL with or without MCT4 KO tumors treated with 1gG or
anti-PD1. (n = 16-18).

(E) Kaplan-Meier curve of LKR13KL with or without MCT4 KO treated with 1gG or
anti-PD1. (n = 16-18).

(F and G) Tumor growth (F) and survival analysis (G) from LKR10KL model. (n = 16-18).
(H and 1) Tumor growth (H) and tumor progression (cutoff tumor volume > 1000mm,2 1) of
344sq LKB1 KO cells with or without MCT4 KO and treated with 1gG or anti-PD1. (n =
10).

(J) Schematic of MCT4 impact on regulating TME. All quantitative data are represented as
Mean + SD; Student’s ttest used for comparing groups at the last time point, A, B, C, D, F,
H; Log rank test, E, G, I.

See also Figure S6.
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Figure 7. LKBL1 loss is associated with reduced T cells tumor infiltration and M2 polarization in
LUAD patients
(A) Representative image of multiplex IHC (mIHC) in LKB1-deficient (mutant/loss) and

wild-type (WT) LUAD tumors from MDACC ICON dataset. Bar, 100um.

(B-D) The presence of CD3* (B) and CD8" (C) and CD68* (D) cells in LKB1-deficient and
WT NSCLC tissues.

(E) CIBERSORT analysis was performed in PROSPECT cohort to estimate the immune cell
infiltration. The abundance of CD8* T cells in LKB1-deficient and WT tumors was shown.
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(F) M2 macrophage ratio was compared in LKB1-deficient and WT tumors based on
CIBERSORT analysis.

(G) The UMAP plot of the myeloid cell population clusters in Massachusetts General
Hospital (MGH)’s patient cohort.

(H) The ratio of M2 macrophages in all macrophage populations according to the mutation
status.

(1) The correlation between M2 macrophage infiltration, CD8* T cell infiltration and MCT4
expression in LKB1-mutant LUAD TCGA cohort.

(J) The patients from LKB1-mutant LUAD TCGA cohort were sub-grouped by MCT4
expression and CD8* T infiltration. The Kaplan-Meier curves were shown.

Data are represented as boxplot (B, C, D, E, F, H, top line, third quartile, middle line,
median, bottom line, first quartile, whiskers, minimum and maximum data points). Mann-
Whitney test, B, C, D, E, F; Pearson correlation coefficient, I; Log rank test, J.

See also Figure S7.
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