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Mixed lineage kinase 3 (MLK3), also known as MAP3K11, was
initially identified in a megakaryocytic cell line and is an emerging
therapeutic target in cancer, yet its role in immune cells is not
known. Here, we report that loss or pharmacological inhibition
of MLK3 promotes activation and cytotoxicity of T cells. MLK3 is
abundantly expressed in T cells, and its loss alters serum chemo-
kines, cytokines, and CD28 protein expression on T cells and its
subsets. MLK3 loss or pharmacological inhibition induces activa-
tion of T cells in in vitro, ex vivo, and in vivo conditions, irrespective
of T cell activating agents. Conversely, overexpression of MLK3
decreases T cell activation. Mechanistically, loss or inhibition of
MLK3 down-regulates expression of a prolyl-isomerase, Ppia, which
is directly phosphorylated by MLK3 to increase its isomerase
activity. Moreover, MLK3 also phosphorylates nuclear factor of
activated T cells 1 (NFATc1) and regulates its nuclear translocation
via interaction with Ppia, and this regulates T cell effector function.
In an immune-competent mouse model of breast cancer, MLK3
inhibitor increases Granzyme B-positive CD8* T cells and decreases
MLK3 and Ppia gene expression in tumor-infiltrating T cells. Like-
wise, the MLK3 inhibitor in pan T cells, isolated from breast cancer
patients, also increases cytotoxic CD8* T cells. These results collec-
tively demonstrate that MLK3 plays an important role in T cell
biology, and targeting MLK3 could serve as a potential therapeu-
tic intervention via increasing T cell cytotoxicity in cancer.
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he mixed lineage kinases (MLKSs) are distinct members of the
MAP3K family due to the presence of both Ser/Thr and ty-
rosine kinase signature sequences within their catalytic domains
(1). So far, biochemical studies have demonstrated that the MLKs
are functional Ser/Thr kinases; however, their tyrosine kinase ac-
tivity is still unknown (1). There are nine MLK family members
that are divided into three subgroups based on characteristic
structural domains (1). However, most reports related to the bi-
ology of the MLK family are described with a well-characterized
MLK family member, MLK3, also known as MAP3K11 (2-4).
The detailed biological functions of MLK family members are
still not well understood; however, a pan-MLK inhibitor, CEP-
1347, has gone through clinical trials for Parkinson’s diseases (5,
6). In addition, an MLK3-specific inhibitor, URMC-099, has shown
efficacy in animal models of HIV-associated dementia (7) and in
diet-induced nonalcoholic steatohepatitis (8). The URMC-099 has
also shown efficacy in amyloid-p clearance in a murine model of
Alzheimer’s disease (9) and prevented loss of hippocampal syn-
apses in experimental autoimmune encephalomyelitis (10).
These reports clearly indicate the importance of MLK family
members in a variety of neurologic conditions, yet their role in
other diseases, including cancer, is not fully understood.
‘We have reported that MLK3 plays an important role in breast
cancer. We demonstrated that MLLK3 activity is necessary for the
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cytotoxic effects of chemotherapeutic agents in estrogen receptor-
positive (ER™) breast cancer (3). We also reported that MLK3 is
inhibited by human epidermal growth factor receptor 2 (HER2)
amplification, and this allows HER2+ breast cancer cells to pro-
liferate and survive (11). In earlier work, we showed that cell
migration is dependent on MLK3/MLKSs activation and that
pharmacological inhibition of MLK3/MLKs with CEP-1347 pre-
vents breast cancer cell migration (12). These results collectively
provide convincing evidence that MLKs/MLK3 are viable thera-
peutic targets in cancer and neurological disorders. However, the
full range of functions of the MLKs in cancer is unknown. One
important unexplored aspect with potential therapeutic implica-
tions is the effect of the MLKSs on host immunity.

The MLK family members are reported to activate mitogen-
activated protein kinase (MAPK) pathways (1, 2, 13, 14), and
interestingly, MAPKs regulate a broad range of T cell functions
including early thymocyte development (15); positive and nega-
tive selection of thymocytes (16); and T cell activation, differ-
entiation, and proinflammatory responses (17-19). MAPKs also
play important roles in recognition of the T cell receptor (TCR)
major histocompatibility (MHC) complex and costimulatory
signaling (20). T cell-specific p38 MAPK activation is reported as
a component of TCR downstream signaling pathway (18), and

Significance

The agents that inhibit mitogen-activated protein kinases
(MAPKSs) are reported to have antineoplastic efficacies; however,
their impact on immune cells is not clearly defined. We identified
that genetic loss/inhibition of a MAP3K member, MLK3, in-
creases CD8" T cell cytotoxicity via inhibition of a prolyl isom-
erase, Ppia, and nuclear translocation of NFATc1. The MLK3
inhibitor increased the tumor infiltration of cytotoxic T cells in an
immune-competent mouse model of breast cancer. Similarly, the
MLK3 inhibitor increased the cytotoxic T cell population in pan
T cells isolated from breast cancer patients with metastatic dis-
ease. These results suggest that small-molecule inhibitor of
MLK3 might have clinical usage even in the advanced stage of
the disease, where tumor-induced immunosuppression is
frequent.

Author contributions: S.K. and A.R. designed research; S.K., S.K.S., N.V,, and AR. per-
formed research; G.S., RS.N., P.S,, and S.C.S. contributed new reagents/analytic tools;
S.K., R.E., K.-H, 0.D.,, G.R.J.T,, B.R, and A.R. analyzed data; S.K. and A.R. wrote the paper.

The authors declare no competing interest.

This article is a PNAS Direct Submission.

Published under the PNAS license.

"To whom correspondence may be addressed. Email: arana@uic.edu.

This article contains supporting information online at https://www.pnas.org/lookup/suppl/
doi:10.1073/pnas.1921325117/-/DCSupplemental.

First published March 24, 2020.

PNAS | April 7,2020 | vol. 117 | no. 14 | 7961-7970

a
=
<z
>3
o s
o<
—
o=
==
23
gz

www.manaraa.com


http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.1921325117&domain=pdf
https://www.pnas.org/site/aboutpnas/licenses.xhtml
mailto:arana@uic.edu
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1921325117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1921325117/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.1921325117

Downloaded at Palestinian Territory, occupied on November 27, 2021

Jun N-terminal kinase (JNK) activation is reported to regulate
interleukin 2 (IL2) production (21), which is necessary for T cell
activation. Importantly, JNK activation plays a differential role
in regulating IL2 in CD4* and CD8" T cells. The loss of INK2
promotes IL2 production and proliferation of CD8" T cells;
however, loss of INK1 or JNK2 does not affect IL2 production or
proliferation in CD4™ T cells (22, 23). These reports suggest that
members of the MAPK family play important roles in T cell
function, and targeting these kinases may represent an approach
to influence T cell activation and cytotoxicity during cancer
immunotherapy.

Here we report the immune functions of MLK3, which we
identified as the major MLK member present in T cells. Our
results demonstrate that genetic loss or pharmacological inhibi-
tion of MLK3 promotes T cell activation and cytotoxicity. We
also demonstrate that the function of MLK3 in T cells is medi-
ated via direct phosphorylation of a Peptidyl-prolyl cis-trans
isomerase A, Ppia, that regulates T cell cytotoxicity via nuclear
factor of activated T cells 1 (NFATcl) nuclear translocation.
Interestingly, inhibition of MLK3 leads to increased infiltration
of cytotoxic CD8* T cells in a murine model of breast cancer.
The MLK3 inhibition-mediated CD8* T cell cytotoxicity ob-
served in animal and in vitro models is also replicated in CD8"
T cells from breast cancer patients. Combined, these data sug-
gest that the MLK3/Ppia/NFATc1 axis could be an important
driver of the CD8" T cell cytotoxicity, and the agents targeting
MLK3, such as URMC-099, warrant consideration in the man-
agement of breast or other cancer.

Results

Genetic Loss of MLK3 Promotes T Cell Activation. The role of MLK
members in T cell biology is practically lacking. Therefore, first,
we examined messenger RNA (mRNA) expression of all four
MLK members (see primers, SI Appendix, Table S1) in mouse
CD4* and CD8" T cells. The MLK members were differentially
expressed in CD4" and CD8* T cells, and the expression of
MLK3 was comparatively highest in these cells (Fig. 1 4 and B).
The MLKS3 protein expression by Western blotting (Fig. 1C) and
confocal microscopy (Fig. 1D) also showed its expression in
CD4* and CD8™ T cells. MLK3 expressed robustly in T cells, and
therefore to determine its possible role in any immune modu-
lation, we estimated the levels of chemokines and Th1/Th2/Th17
cytokines in sera of wild-type (WT) and MLK3 knockout (i.e.,
MLK3™ 7) mice. The levels of chemokines CTACK, CXCL16,
CXCL1, and CCL22 were increased, whereas the levels of
CCL21, CCL11, CX3CL1, IL-16, CCL8, CCL12, and CXCL12
were decreased in sera of MLK3™'~ compared to WT mice (Fig.
1E and SI Appendix, Fig. S1). We also measured circulating cy-
tokine levels in MLK3™'~ and WT mice. The serum levels of
cytokines IL-4 and IL-12 were comparatively higher in
MLK3 ™"~ mice (Fig. 1F). The alteration in circulating cytokines
and chemokines levels due to systemic loss of MLK3 suggested a
possible function of MLK3 in regulating immune cells. The
surface expressions of receptors/ligands play important roles in
immune cells’ homeostasis, and therefore, we determined the
expression of various surface molecules on splenocytes from WT
and MLK37~ mice. The expression of several surface molecules,
especially CD28 and CD40L, were significantly up-regulated in
splenocytes from MLK3™~ mice (SI Appendix, Table S2). Since
IL4 and IL12 cytokines and surface molecules CD28 and CD40L
were up-regulated in MLK3™~ mice, and these are associated with
T cell activation, we sought to know whether loss of MLK3 would
alter T cell activation. We measured CD28 expressions on T cells
and their subsets, derived from WT and MLK3 ™~ mice. The ex-
pression of CD28 was indeed increased on T cells and their sub-
sets, isolated from MLK3~~ mice (Fig. 1G). To understand the
direct role of MLK3 in T cell activation, we then used various
in vitro and in vivo approaches to activate T cells from WT and
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MLK3~~ mice. Activation of splenocytes with phytohemagglutinin-
L (PHA-L) for 24 h increased the activation of T cells, as marked
by increased expressions of CD25 (SI Appendix, Fig. S24) and
CD38 (SI Appendix, Fig. S2C) on CD8" T cells from MLK3™~
mice. Importantly, the activation of CD8"* T cells was significantly
higher compared to CD4* T cells from MLK3™~ mice (SI Ap-
pendix, Fig. S2 B and D). To further support the role of MLK3 in
T cell activation, the splenocytes derived from WT and MLK3~~
mice were activated with phorbol 12-myristate—13-acetate (PMA)/
ionomycin (6 h) and analyzed by flow cytometry. The percentages
of CD4*CD25" and CD8*CD25" T cell populations were in-
creased in absence of MLK3 (Fig. 2 A and B). We also activated
purified pan T cells with antibiotin MACSiBead particles, loaded
with biotinylated, anti-CD3, and anti-CD28 antibodies for 40 h.
The expressions of T cell activation markers CD25 (Fig. 2 C and
D) and CD69 (SI Appendix, Fig. S2 E and F) were increased on
CD4* and CDS™ T cells from MLK3™~ mice, compared to WT.
Moreover, the T cells were activated in vivo using lipopoly-
saccharide (LPS), an ubiquitous immunogen present on Gram-
negative bacterial membrane (24). The administration of a single
dose of LPS for 2 h increased the activation of CD4* and CD8*
T cells in MLK3 ™~ mice (Fig. 2 E-G). In order to complement our
observation that loss of MLK3 promotes T cell activation, we
established a Jurkat T cell line with stable overexpression of MLK3
(i.e., MLK3 [WT] Jurkat cells) (Fig. 2H). The control (vector-
expressing) and MLK3 (WT) expressing Jurkat cell lines were ac-
tivated with ImmunoCult (containing anti-CD3e and anti-CD28
antibodies) for 72 h. The expressions of activation markers CD38
and CD69 were decreased in Jurkat cell line overexpressing MLK3
(Fig. 2 I and J). Taken together, these results suggest that loss of
MLK3 induces T cell activation.

MLK3 Regulates Peptidyl-Prolyl Cis-Trans Isomerase A in T Cells. Our
results so far suggested that MLK3 plays an inhibitory role in
T cell activation, yet the mechanism(s) by which MLK3 inhibits
T cell function is not known. To identify the target(s) that could
mediate functional inhibition of T cells via MLK3, proteins from
WT and MLK3™~ splenocytes were analyzed by two-dimensional
(2D) difference gel electrophoresis (DIGE). The expression of at
least 38 proteins was differentially regulated, including down-
regulation of 11 proteins and up-regulation of 27 proteins
(threshold fold change > 1.4) in MLK3~/~ compared to WT
splenocytes (Fig. 34). We characterized 13 differentially regulated
proteins with matrix-assisted laser desorption/ionization time-
of-flight/time-of-flight tandem mass spectrometry (MALDI-
TOF/TOF) followed by standard bioinformatics analysis on
one species against National Center for Biotechnology In-
formation (NCBI) or SwissProt database using MASCOT software.
The mass-spectroscopy analyses identified RBMXL-1, Chil3,
Abhsa-1, Actg, Anxa2, Hprtl, Ngp, Camp, Cofilin-1, Peptidyl-
prolyl cis-trans isomerase A (Ppia), S100a9 (two spots), and pfnl
(Fig. 34 and SI Appendix, Table S3), which were differentially
expressed in splenocytes from WT and MLK37~. Since we ob-
served a 4.1-fold decrease in Ppia in splenocytes from MLK3™~
mice and Ppia has been implicated in T cell activation (25), we
further explored the role of Ppia in MLK3-mediated T cell func-
tion. First, we determined the expression of Ppia in CD4% and
CD8" T cells from WT and MLK3™~ mice, where Ppia protein
expression in both CD4* and CD8" T cells from MLK3~'~ mice
was decreased (Fig. 3B). Since Ppia protein expression was sig-
nificantly decreased in MLK3™~ T cells, we wanted to know
whether Ppia protein expression could be regulated by MLK3.
The Ppia protein expression was increased in Jurkat cells over-
expressing WT MLK3 compared to vector control (Fig. 3C).
MILK3 is a potent activator of JNK pathway (2), and JNK is
reported to regulate gene expression via phosphorylation of AP-1
transcription factor (21). In silico promoter analysis of Ppia
revealed at least four conserved putative AP-1 binding sites (S/
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Fig. 1. Loss of MLK3 induces immune modulation. (A and B) Expressions of MLK1, MLK2, MLK3, and MLK4 mRNA in CD4" and CD8* T cells, determined by
gPCR. n = 2 mice per group. (C) Western blot of MLK3 protein expression in T cell-depleted (TCD) splenocytes, CD4" and CD8", T cells total lysates. Immu-
noblot was performed with the MLK3 specific antibody, and GAPDH was used as loading control. A representative experiment out of two has been presented.
(D) Pan T cells were isolated from WT and MLK3~'~ mice and cytospin on glass slides. The cells were stained either with anti-CD4 and MLK3 antibodies or anti-
CD8 and MLK3 antibodies, respectively. DAPI was used for nuclear staining (scale bar, 5 pm). A representative experiment out of two has been presented. (E)
Quantification of the serum chemokine profile shown by proteome profiler array. Pooled sera, n = 3 mice per group. (F) Serum Th1/Th2/Th17 cytokines
quantification by enzyme-linked immunosorbent assay (ELISA) (pooled sera, n = 5 mice per group; technical replicates). (G) Histogram plots of CD28 ex-
pression (Left) on T cells and its subsets and quantification (Right) shown by flow cytometry, n = 3 mice per group. MFI, mean fluorescence intensity.
Quantitative data in all panels are means + SD. *P < 0.05 (unpaired two-tailed Student’s t test). The experiment of A-D and G was repeated at least twice.

Appendix, Table S4), suggesting that Ppia gene expression might
be regulated via the MLK3-JNK-AP-1 axis. The Jurkat cells

interaction between MLK3 and Ppia in activated T cells by using
a proximity ligation assay (PLA). The MLK3-Ppia PLA blobs

expressing WT MLK3 (i.e., MLK3 [WT]) were treated with an
AP-1/c-Fos inhibitor, T-5224 (26), for 24 h, and gene expres-
sion of Ppia was estimated. Indeed, the gene expression of
Ppia was significantly down-regulated upon T-5224 treatment
(Fig. 3D).

The prolyl isomerases are reported to be regulated via phos-
phorylation (27), and therefore, we examined any possible
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were observed; however, their numbers were limited in activated
T cells (SI Appendix, Fig. S34). The MLK3-Ppia PLA blobs were
limited in activated T cells, and thus, we determined the interaction
between Ppia and MLK3 in purified CD8* T cells under basal
condition. The interaction was stronger under basal conditions, and
several positive MLK3-Ppia PLA blobs were observed in CD8"
T cells (Fig. 3E). The interaction between MLK3 and Ppia was also
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determined in MLK3 (WT) expressing Jurkat T cells by MLK3
pulled down with bacterially expressed GST-tagged recombinant
Ppia. The recombinant Ppia was able to pull down MLK3 (Fig. 3F),
suggesting that MLK3 binds with Ppia. Earlier, we reported that
MLK3 phosphorylates prolyl-isomerase, Pinl, and this phosphorylation
increased the catalytic activity of Pinl (2, 4), and therefore, we
examined whether Ppia can also be phosphorylated by MLK3 to
increase its isomerase activity. The bacterially expressed Ppia pro-
tein was indeed directly phosphorylated by MLK3 enzyme (Fig.
44), and isomerase activity of Ppia was increased upon MLK3-
induced phosphorylation (Fig. 4B). These results collectively sug-
gest that Ppia’s expressions, phosphorylation, and cis trans isom-
erase activity in T cells are regulated by MLK3.

Kumar et al.

MLK3-Ppia Axis Regulates NFATc1 Nuclear Translocation and T Cell
Effector Function. We observed above that T cells from MLK3™/~
mice were hyperactivated compared to WT mice, and Ppia protein
was decreased in T cells from MLK3™~ mice. These results sug-
gest that perhaps MLK3-dependent Ppia protein expression might
influence T cell effector function. It is reported that loss of Ppia in
T cells increases NFAT’s DNA-binding activity and, thus, T cell
function (25). To understand the role of MLK3-regulated Ppia in
NFATcl-mediated T cell function, we first examined any possible
interaction between Ppia and NFATc1 by PLA in CD8" T cells,
derived from WT and MLK3™~ mice. The PLA results showed a
possible interaction between MLK3-regulated Ppia and NFATc1
in CD8" T cells (Fig. 4C). Importantly, the NFATc1-Ppia blobs
were restricted to cytosol in CD8" T cells from WT mice (Fig. 4C).
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We also determined possible interaction between NFATcl and
Ppia in activated Jurkat cell lines, and, indeed, the number of
NFATCc1-Ppia blobs were significantly higher in cells overexpressing
MLK3 (SI Appendix, Fig. S3B). The NFAT nuclear translocation
and function are regulated via phosphorylation—dephosphorylation
mechanisms, where phosphorylation prevents and dephosphoryla-
tion promotes its nuclear translocation (28). To determine whether
MIK3 could regulate NFATc1 nuclear translocation via phosphor-
ylation, we first examined the phosphorylation status of NFATcI in
Jurkat T cell lines, either expressing MLK3 (WT) or vector control.
The NFATc1 phosphorylation on Thr and Tyr but not on Ser res-
idues was increased in Jurkat cells expressing WT MLK3 (Fig. 4D),
indicating that MLK3 could regulate translocation of NFATCcI.
NFATcl1 was phosphorylated in MLK3-expressing Jurkat T cells,

7966 | www.pnas.org/cgi/doi/10.1073/pnas.1921325117

and phosphorylated NFATCcl is retained in cytoplasm, and there-
fore, we asked whether loss of MLK3 could promote NFATc] nu-
clear translocation. The localization of NFATc1 in PMA/ionomycin-
activated CD8" and CD4* T cells from WT and MLK3™/~ was
analyzed by confocal microscopy. The NFATcl was primarily
nuclear in CD8" (Fig. 4E) and CD4" T cells, isolated from
MLK3™~ mice (SI Appendix, Fig. S4). Since Ppia expression was
regulated by MLK3, and it is reported that loss of Ppia increases
the transcriptional activity of NFAT (25), we determined the role
of MLK3-regulated Ppia on nuclear translocation of NFATc1. The
vector control and MLK3 (WT) expressing Jurkat cells were acti-
vated with PMA/ionomycin, and expression of Ppia and NFATcl
nuclear localization were determined by microscopy. The nu-
clear translocation of NFATcl in MLK3 (WT) Jurkat cells was

Kumar et al.
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attenuated at all time points of activation and correlated with in-
creased expression of Ppia (Fig. 5 A-C). To determine whether
MLK3-induced Ppia regulates NFATc1 nuclear translocation, the
Ppia was knocked down in pan T cells derived from WT mice (S
Appendix, Fig. S5 A and B) and then activated with PMA/ion-
omycin. The nuclear translocation of NFATc1 was increased upon
knockdown of Ppia, suggesting that MLK3-induced Ppia negatively
regulates the nuclear translocation of NFATc1 (Fig. 5D and SI
Appendix, Fig. S5C).

Nuclear localization of NFATc] is reported to induce CD8"
T cell cytotoxicity (29); we next examined any impact of MLK3
on cytotoxic T cell phenotypes. Flow cytometry analyses of activated
pan T cells from WT and MLK3 ™~ showed a higher percentage of
CD8*granzyme B* (CD8*GZMB") and CDS*IFNy"TNFoa" T
cells in absence of MLK3 (Fig. 6 A and B). We also determined
cytotoxic phenotypes of CD4" T cells. Again, loss of MLK3 increased
the percentage of CD4*GZMB* and CD4"IFNy*TNFa* T cell
phenotypes (SI Appendix, Fig. S6 A and B). To further understand
the physiological relevance of MLK3 in cytotoxicity of T cells, WT
and MLK3™~ mice were sensitized with OVA, and splenocytes
(i.e., effector cells) were prepared. Next, the splenocytes from
naive WT mice were pulsed either with OVA peptide, SIINFEKL,
or phosphate-buffered saline (PBS) and labeled with CFSE (i.e.,
target cells). The effector and target cells were cocultured ex vivo,
and after 12 h the total live cells (i.e., CFSE-positive) were de-
termined after exclusion of dead cells. The OVA peptide-pulsed

Kumar et al.

CFSE-positive target cells were significantly less in coculture
where OVA-sensitized effector cells from MLK3™~ mice were
used (SI Appendix, Fig. STA). In another complementary experi-
ment for CD8" T cell cytotoxicity, CD8* T cells from OVA-
sensitized WT and MLK3™~ mice were purified. These CD8* T
cells were cocultured with OVA peptide-pulsed, dendritic cells
(DCs) from naive mice, along with CFSE-labeled E.G7-OVA
cells (E.G7-OVA CFSE™ cells). The flow cytometry analyses
showed a decrease in live E.G7-OVA CFSE™ cells in the group
where CD8* T cells were derived from MLK3™~~ mice (SI
Appendix, Fig. S7B). In summary, our results demonstrate that
loss of MLK3 decreases Ppia protein expression and increases
NFATec1 nuclear translocation to induce CD8* T cell effector
function.

Pharmacological Inhibition of MLK3 Affects T Cell Function Similar to
Genetic Loss of MLK3. The small-molecule URMC-099 is reported
as a specific inhibitor of MLK3 (7). We observed above that loss
of MLK3 induced T cell activation and effector function. There-
fore, we envisioned that pharmacological inhibitor should have a
similar effect on T cell function. Splenocytes from WT (C57BL/6)
mice were stimulated with PHA-L in the presence and absence of
URMC-099. The URMC-099 treatment indeed enriched the
population of activated CD8" T cells (i.e., CD8*CD38" T cells)
(SI Appendix, Fig. S84), similar to loss of MLK3. We further
determined the effect of URMC-099 on T cell effector function by
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particles, loaded with biotinylated, anti-CD3, and anti-CD28 antibodies, and intracellular granzyme B (GZMB), IFNy, and TNFa were determined by flow
cytometry. A and B show representative contour plots of GZMB* and IFNy"TNFa™; CD8" T cells (Left) and quantification (Right), n = 3 mice per group;
quantitative data are means + SEM (unpaired two-tailed Student’s t test). (C) Experimental plan for D-F. (D) Representative contour plots of intracellular
expression of GZMB in CD8* T cells (Left) in lymph nodes of control and URMC-099-treated tumor-bearing mice and quantification (Right); n = 5 mice per
group, quantitative data are means + SEM. (E) The gPCR analysis for MLK3 and Ppia gene expressions in tumor-infiltrating T cells; n = 2, quantitative data are
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measuring intracellular GZMB in CD8" T cells upon activation of
pan T cells with PMA/ionomycin. The expression of GZMB in
CDS8* T cells upon treatment with URMC-099 was significantly
increased (SI Appendix, Fig. S8B). To determine the in vivo effect
of URMC-099 on T cell activation, C57BL/6 mice were treated
with the MLK3 inhibitor (S Appendix, Fig. S8C), and pan T cells
were isolated from splenocytes of control and URMC-099—treated
mice and subjected to activation with anti-biotin MACSiBead
particles, loaded with biotinylated, anti-CD3, and anti-CD28 an-
tibodies. The activation of CD8" T cells was increased in the
URMC-099-treated group, as evidenced by up-regulation of the
CD8"CD69™ T cell population (ST Appendix, Fig. S8D), similar to
T cells from MLK3™~ mice.

Cytotoxic T cells are important for tumoricidal effect, and
MLKS3 inhibitor, URMC-099 had effect on T cells effector func-
tion, and therefore we determined the physiological relevance of
MLK3 inhibition in animal model of breast cancer. We used a
syngeneic mouse breast cancer cell line, 4T1, in BALB/c mice to
develop orthotopic breast tumors (Fig. 6C). The population of
CD8*GZMB™ T cells was estimated in draining lymph nodes
(dLN) from tumor-bearing mice, either treated with vehicle or
URMC-099. Flow cytometry analyses showed a significantly higher
percentage of CD8*GZMB™ T cell population in the dLN of
tumor-bearing mice treated with URMC-099 (Fig. 6D). We ob-
served above that the expression of Ppia was decreased in T cells
from MLK3 knockout mice, and decrease of Ppia was associated
with increased T cell effector function. Therefore, we sought to
determine whether MLK3 inhibitor will have a similar effect on
tumor-infiltrating T cells. The Ppia and MAP3K11 (MLK3) gene
expressions in tumor-infiltrating T cells isolated from control and
URMC-099-treated mice were determined. The qPCR results
showed a significant decrease in MLK3 and Ppia expressions in
tumor-infiltrating T cells from the group treated with URMC-099
(Fig. 6E). In addition, we also determined GZMB expression in
tumor-infiltrating CD8" T cells, and, indeed, CD8" T cells with
GZMB expression were exclusively seen in the URMC-099 treat-
ment group (Fig. 6F). Taken together, these results show that
pharmacological inhibition of MLK3 promotes T cell activation
and cytotoxicity, similar to genetic loss of MLK3.

In vitro Inhibition of MLK3 in Pan T Cells from Breast Cancer Patients
Increases Cytotoxic CD8' T Cell Population. To understand the
clinical significance of MLK3 in immune cell function, peripheral
blood mononuclear cells (PBMCs) were isolated from female pa-
tients with advanced breast cancer (see SI Appendix, Table S5 for
patient details). The PBMCs were cultured and treated first with
MLK3 inhibitor, URMC-099, and then activated with PMA/
ionomycin. The expression of several immune-related genes in
PBMC:s was determined using the NanoString Human Immunology
panel. Normalized mRNA counts of NFATcl, IL2, CD40LG, and
IFNy were up-regulated several folds upon activation with PMA/
ionomycin, in presence of URMC-099 (SI Appendix, Fig. S9 A-C).

We also examined the impact of MLK3 inhibition on pan T
cells isolated from breast cancer patients (see SI Appendix, Table
S5 for patient details). Pan T cells were isolated from whole
blood and treated with either URMC-099 or vehicle and then
activated with PMA/Ionomycin (3 h) (Fig. 6G). Expressions of
the MLK3-regulated genes that were identified in mouse T cells
were determined in pan T cells from breast cancer patients by
gPCR. Similar to mouse T cells from MLK3 knockout, the ex-
pression of Ppia was decreased, whereas the expressions of NFATc!
and CD38 genes were increased in the URMC-099-treated group
(Fig. 6H; for primers, see SI Appendix, Table S1). The effect of
MLK3 inhibition on the cytotoxic T cell population was also de-
termined using pan T cells from breast cancer patients. Flow
cytometry analysis showed a significant increase in CD8*GZMB™
T cell population, following inhibition of MLK3 by URMC-099
(Fig. 6/ and SI Appendix, Fig. S9D). These results collectively
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demonstrate that inhibition of MLK3 is also able to increase cy-
totoxic T cell population in blood samples from breast cancer
patients.

Discussion

The considerable progress in developing targeted cancer thera-
pies over the past few decades has focused primarily on targeting
oncogenic signaling pathways. However, the effects of these ther-
apies on the host immune system, which plays an important role in
the clinical efficacy of antineoplastic therapies, are poorly under-
stood. The MAPKs or their downstream effectors have been tar-
geted for cancer therapy and are reported to play an important
role in host immunity (30, 31). Here, we report the role of a poorly
understood MAPK member, MLK3, in T cell function and its im-
pact on host immunity. We show that inhibition of MLK3 in T cells
from breast cancer patients increases the population of cytotoxic
CD8* T cells, highlighting the clinical relevance of our finding,

T cell activation is a key step in the immune response and is
determined by three major factors: 1) binding of TCR to MHC,
2) activation of costimulatory pathways, and 3) an immuno-
supportive microenvironment. Indeed, analyses of T cells from
MLK3 knockout mice had higher expression of costimulatory
molecules CD28 and CD40L under basal condition, corrobo-
rating one of the mechanisms by which loss of MLK3 can acti-
vate T cells. Our results show that loss of MLK3 promotes T cell
activation with a broad range of stimuli, including PHA-L, PMA/
ionomycin, LPS, and anti-CD3/CD28 antibodies, suggesting that
MLK3 plays an important role in T cell activation, irrespective of
the nature of the activating stimulus. Furthermore, we also de-
fined in detail the mechanism of MLK3-mediated inhibition of
T cell effector function. Our results show that a member of
prolyl-isomerase, Ppia, is down-regulated due to loss of MLK3 in
T cells. Ppia was further shown to be phosphorylated by MLK3,
which plays a role in retaining NFATcl outside the nucleus.
Moreover, we observed that loss of MLK3 decreases Ppia, and
this allows nuclear translocation NFATc1 for increasing T cell
cytoxicity. Taken together, our data clearly showed that MLK3
negatively regulates NFATc] nuclear translocation and effector
function of T cells (Fig. &J).

The small-molecule URMC-099 is reported to be a specific
inhibitor of MLK3 (7). Our in vitro and in vivo results suggest
that pharmacological inhibition of MLK3 with URMC-099 in
mice has the same effect on T cell activation and effector func-
tion as MLK3 loss. These observations provide the foundation
and strong rationale for clinical use of URMC-099 to enhance
cytotoxic T cell activity as immunotherapy in cancer. In vivo
results with 4T1 breast cancer orthotopic xenografts in immune-
competent mouse demonstrated that inhibition of MLK3 pro-
motes cytotoxic CD8" T cell population in draining lymph nodes
as well as in tumor. T cell activation is a prerequisite for its ef-
fector function, and in the majority of cancers, the host or tumor-
infiltrating T cells lack activation and therefore effector function.
This creates a condition where T cells are ineffective due to
T cell anergy and immune tolerance. Our results showed that
pharmacological inhibition of MLK3 was able to augment effector
function of both peripheral as well as tumor-infiltrating CD8*
T cells. Consistent with our findings in animal models, pharma-
cological inhibition of MLK3 in T cells from breast cancer patients
induced CD8" T cell cytotoxicity in vitro. Importantly, the pan
T cells were isolated from patients with metastatic disease (i.e.,
stage IV). Even in the advanced disease setting, URMC-099 in-
creased the activation and cytotoxicity of T cells, suggesting that
MLKS3 inhibition may have clinical benefit even in advanced stages
of disease where tumor-induced immunosuppression is most
profound.

In conclusion, our study elucidates a significant role of MLK3
in T cell activation and effector function. Loss of MLK3 up-
regulates costimulatory molecules CD28 and down-regulates Ppia
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to modulate T cell effector function via NFATc1 nuclear trans-
location. Based on our data and published reports, we propose that
inhibition of MLK3 could serve as an immunotherapeutic ap-
proach for cancer treatment.

Materials and Methods

Human blood samples from breast cancer patients were collected upon
written informed consents. Detailed information of materials and methods
and associated references is available in the S/ Appendix.

Mice and Cell Lines. The MLK3™~ breeding pairs in C57BL/6 background were
initially obtained from Roger Davis (UMass Memorial Medical Center,
Worcester, MA) and bred in-house to obtain WT and homozygous MLK3~~
mice. Sex- and age-matched WT and MLK3~~ mice (6-10 wk old) were used
for experiments. The age-matched C57BL/6 mice were treated (i.p. injection)
either with MLK3 inhibitor, URMC-099 (dose 7.5 mg/kg body weight), or
vehicle (control) for 3 wk daily to inhibit MLK3 activity in vivo. Female BALB/c
mice were obtained from Charles River Laboratory. The mice were housed in
Biologic Resources Laboratory (BRL) facility on a commercial diet and water.
All animal experiments were performed under a protocol approved by
University of Illinois at Chicago-Institutional Animal Care and Use Com-
mittee (UIC-IACUCQ). Jurkat cells (clone E6-1), E.G7-OVA, and 4T1 cells were
obtained from American Type Culture Collection (ATCC) and maintained
according to ATCC-recommended medium supplemented with 10% heat-
inactivated FBS and 100 IU/mL penicillin/streptomycin (Gibco).

Antibodies. The details of antibodies used for flow cytometry, Western
blotting, and immunofluorescence are given in S/ Appendix, Table S6.

In Vitro and In Vivo T Cell Activation. The splenocytes were stimulated using
PHA-L (2.5 pg/mL; eBiosciences) and PMA/ionomycin mixture (2 pl/mL; this
mixture contains phorbol-12-myristate 13-acetate [40.5 pM] and ionomycin
[669.3 uM] in DMSO; BioLegend) for various time points. The pan T cells (2 x
10%well) were activated using anti-biotin MACSiBead particles, loaded with
biotinylated, anti-CD3, and anti-CD28 antibodies (mouse T Cell Activation/
Expansion Kit; Miltenyi Biotec) in presence of 50 U/mL of recombinant miL-2
(BioLegend). For in vivo activation of T cells, WT and MLK3™" mice were
given LPS (20 pg/mouse, Sigma-Aldrich) for 2 h. Vector control and MLK3
(WT) Jurkat T cells were activated either with PMA/ionomycin or ImmunoCult
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