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Abstract

Monocyte-derived dendritic cell (moDC)-based cancer therapies intended to elicit
antitumor T-cell responses have limited efficacy in most clinical trials. However,
potent and sustained antitumor activity in a limited number of patients highlights the
therapeutic potential of moDCs. In vitro culture conditions used to generate moDCs
can be inconsistent, and moDCs generated in vitro are less effective than natural
DCs. Based on our study highlighting the ability for certain kinase inhibitors to
enhance tumor antigenicity, we therefore screened kinase inhibitors for their ability to
improve DC immunogenicity. We identified AKT inhibitor MK2206, DNA-PK inhibitor
NU7441, and MEK inhibitor trametinib as the compounds most effective at
modulating moDC immunogenicity. The combination of these drugs, referred to as
MKNUTRA, enhanced moDC activity over treatment with individual drugs while
exhibiting minimal toxicity. An evaluation of 335 activation and T-cell suppressive
surface proteins on moDCs revealed that MKNUTRA treatment more effectively
matured cells and reduced the expression of tolerogenic proteins as compared with
control moDCs. MKNUTRA treatment imparted to ICT107, a glioblastoma (GBM)
DC-based vaccine that has completed Phase Il trials, an increased ability to
stimulate patient-derived autologous CD8" T cells against the brain tumor antigens
IL13R0O2(345.354) and TRP2(180-188). In Vivo, treating ICT107 with MKNUTRA, prior to
injection into mice with an established GBM tumor, reduced tumor growth kinetics.
This response was associated with an increased frequency of tumor-reactive
lymphocytes within tumors and in peripheral tissues. These studies broaden the
application of targeted anticancer drugs and highlight their ability to increase moDC

immunogenicity.
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Introduction

Dendritic cells (DC) are professional antigen presenting cells with the capacity to
activate tumor-reactive T cells. DC-based cancer therapies received FDA approval in
2010. The objective response rates to DC vaccines hover around 15% and are
associated with increased T-cell activity and tumor infiltration(1). Although most
responses to DC-based vaccines were incomplete, the strong responses observed in
a subset of patients merit further investigation into the mechanisms that support the
generation of robust and durable T-cell activity. The failure to elicit sustained
antitumor T-cell responses in cancer patients has been attributed to a variety of
reasons including the poor immunogenicity of DC vaccines as well as the expression
of T-cell inhibitory signals such as programmed death ligand 1 (PD-L1) and PD-L2
(2,3).

Initial studies focused on developing in vitro-based monocyte-derived DCs
(moDCs) with ability to activate CD8" T-cell responses. moDCs are generally
matured and activated in the presence of a cocktail of cytokines and ‘danger signals’,
including TNFa and Toll-like receptor (TLR) agonists. Although many in vitro-
differentiated moDCs can be generated, their differentiation state and function
remains in doubt. For example, moDCs are usually differentiated with GM-CSF and
IL4(4), which do not drive differentiation of natural DCs. The altered in vitro
differentiation protocol could result in altered DC phenotype and function(5,6). Also,
depending upon the cues received by DCs in vivo, they can differentiate into
specialized subsets garnering the ability to mediate distinct immune responses(7).
On the other hand, in vitro-generated moDCs appear to be more heterogenous than
natural DCs in terms of functional capacities and in vivo migration patterns (8,9).
Suboptimal differentiation conditions can result in the generation of immature or
semi-mature moDCs which can be tolerogenic(10). The frequency and differentiation
of moDCs under standardized manufacturing procedures varies across patients.
Nevertheless, ongoing strategies are focused on improving the quality of moDC-
based vaccines by combining them with other immunotherapies including checkpoint
blockade-based therapies or by refining their properties to increase immunogenicity.

Variations of moDC maturation cocktails have been investigated and are typically

composed of inflammatory cytokines, TLR agonists, CD40 agonists, and/or
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prostaglandin E, (PGE;) (11). However, these receptors can become saturated and
responses may plateau (12). Potentiation of the effects of these factors could
improve moDC maturation and immunogenicity. Alternatively, moDCs can be
genetically engineered to improve efficacy(13), although such modifications add to
the already labor-intensive process required to generate moDC cells.

Most receptor-ligand interactions transduce signals through kinase-mediated
phosphorylation(14). Small molecule kinase inhibitors have been developed for
targeted anticancer therapy(15,16). To date, 43 kinase inhibitors are approved
worldwide. Clinical trials are testing more than 150 candidates, most of which are for
cancer treatment(15). Based on our study, highlighting the ability of certain kinase
inhibitors to enhance tumor immunogenicity, we screened a library of 60 kinase
inhibitors and identified AKT, DNA-PK, and MEK inhibitors that increased the moDC
immunogenic phenotype while decreasing expression of T-cell inhibitory factors on
moDCs. Combining MK2206, NU7441 and trametinib (MKNUTRA) further enhanced
moDC immunogenic phenotype and function. We observed that MKNUTRA
treatment of a glioblastoma multiforme (GBM) DC-based vaccine, known as
ICT107(17), which has completed a Phase Il clinical trial (NCT01280552), improved
ICT107’s ability to activate and expand tumor-reactive T cells and augmented anti-
tumor activity in tumor-bearing mice. These findings shed insights into the
immunomodulatory capacity of various small molecule kinase inhibitors, broaden the
application of these compounds, and highlight the opportunity to improve the efficacy
of DC-based vaccines.

Materials and Methods
Reagents

Kinase inhibitors (selleckchem) used in this study are listed in Supplementary
Table S1. All drugs were dissolved in dimethyl sulfoxide (DMSO). AIM-V media
(Invitrogen) was supplemented with 2.5% human AB serum (Sigma), penicillin-
streptomycin (100U/ml, ThermoFisher), and 1% NEAA (ThermoFisher). BioLegend
products were listed as follows: PE/cy7 anti-human CD209 (330113), Brilliant Violet
605 anti-human HLA-A,B,C (311432), FITC anti-human HLA-DR, DP, DQ (361706),
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APC anti-human CD83 (305312), Pacific Blue anti-human CCR7 (353210),
Percp/cy5.5 anti-human PD-L1 (329738), PE anti-PD-L2 (329606), Alexa Fluor 488
anti-human CD40 (334318), PE anti-human CD86 (374206), Brilliant Violet 605™
anti-human CD3 (317322), PE/Cy7 anti-human CD8a (300914), recombinant human
GM-CSF (572905), recombinant human IL4 (574008), recombinant human TNFa
(570106), recombinant human IL6 (570804), recombinant human IL1B (579404),
recombinant human IFNy (570204), recombinant human IFNa (592704), recombinant
human IL2 (589108), zombie aqua™ fixable viability kit (423101), LEGENDScreen™
human PE Kit (700007), LEGEND MAX™ human IFNy ELISA Kit (430107),
LEGEND MAX™ human granzyme B ELISA Kit (439207). IL12p70 ELISA kit was
from ThermoFisher (BMS238HS). LPS (L4524), prostaglandin E2 (P0409), and
polyinosinic—polycytidylic acid sodium salt (pl:C, P1530) were from Sigma. MART1-
tetramer (NIH Tetramer Core Facility) and NY-ESO1-Pentamer (Proimmune) were
used to track antigen-specific T cells. Antigen-loaded HLA-A2: Ig dimers were
prepared according to the manufacturer’s standard protocols (551263, BD). Solvent-
loaded HLA-A2:Ig dimers were prepared for analyzing background staining. HLA-A2-
restricted peptide NY-ESO-1(157.165) [SLLMWITQV], Melan-A/MART1(27.35)
[AAGIGILTV], GP100209-217) [[IMDQVPFSV], TRP2 (150-188) [SVYDFFVWL], HER2(773-
782) [VMAGVGSPYV] and IL13R02345.354) [WLPFGFILI] were synthesized by
Genscript.

Generation and phenotyping of human monocyte-derived dendritic cells

(moDCs) and DC Vaccine preparation

Human moDCs were generated as described previously (18). Briefly,
adherent cells from PBMCs were cultured in complete AIM-V media supplemented
with GM-CSF (100 U/ml) and IL4 (200 U/ml) for 6 days and matured by LPS (1ug/ml)
and TNFa (50 ng/ml) for 36-48 hours. Some groups of cells were also exposed to (1)
TNFa (50 ng/ml)/IL1B (25 ng/ml)/IL6 (1000 U/mlI)/PGE; (1 nM), (2) LPS
(Tpug/ml)/1IENy (1000 U/ml), or (3) TNFa (50 ng/ml)/IL1B (25 ng/ml)/pl:C (20
pg/ml)/IFNa (3000 U/ml)/IFNy (1000 U/ml) (19). The ICT107 cancer vaccine, which
consists of purified mature DCs pulsed with peptides representing tumor antigens,
and autologous lymphocytes were provided by ImmunoCellular Therapeutics, Ltd.

The preparation of ICT107 vaccine used in a phase | trial was described previously
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(20). For phenotyping, immature DCs were exposed to LPS/TNFa for 3-6 hours prior
to drug treatment for 24-36 hours. Drug-induced changes are indicated by log,-fold
changes of median fluorescence intensity (MFI) between drug- and DMSO-treated
group. The effects of drug interactions were determined by comparing the drug-
induced changes of MFI between sum of mono-drug treatments (Aa+Ab) and poly-
drug treatment (Aab), non-interaction (Aa=0, or Ab=0), additive interaction
(Aa+Ab=Aab, and Aa*Ab>0), synergistic interaction (JAa+Ab|<|Aabl|, and Aa*Ab>0),
and antagonistic interaction (|Aa+Ab|>|Aab|, or Aa*Ab<0). The ICT107 cancer
vaccine consists of purified mature DCs pulsed with peptides representing tumor
antigens and were provided by ImmunoCellular Therapeutics, Ltd. The preparation
of ICT107 vaccine used in a phase | trial was described previously(20). Briefly,
adherent cells from leukapheresis products were cultured for 5 days in RPMI 1640
with 10% autologous serum supplemented with recombinant human GM-CSF
(Berlex, 800 units/ml) and 1L4 (R&D systems,500 units/ml) and matured by TNFa
(R&D systems, 50 ng/ml) for for 3—4 days. Peptides included HLA-A1 restricted,
MAGE1161-191) [EADPTGHSY], AIM-2 [RSDSGQQARY], and HLA-A2 restricted,
GP100209-217) [[MDQVPFSV], TRP2(180-188) [SVYDFFVWL], HER2773_782)
[VMAGVGSPYV] and IL13Ra2345.354) [WLPFGFILI] (Clinalfa, Switzerland). Cells
from day 8-9 cultures were cultured at 10°/ml with peptides (10 pg/ml per antigen) for
16—-20h.

In vitro moDC function assay

T cells from healthy HLA-A2" donors were engineered with DMF5 TCR or NY-
ESO1 TCR. Cells were labeled with eFluor™ 450 proliferation dye (65-0842-85,
ThermoFisher) according to the manufacturer’s standard protocol. DMSO- or drug-
treated autologous moDC were loaded with 10 pg/ml of MART127.35- or NY-ESO1;157-
165- peptide and mixed with eFluor™ 450-labeled, cognate TCR-engineered T cells
at DC:T ratio of 1:320 to 1:40. T cells were cultured in the presence of IL2 at 10
U/ml. Antigen-pulsed, DMSO- or drug- treated ICT107 DC were cultured with
autologous lymphocytes at DC:T ratio of 1:40 or 1:10. Four days later, cells were
stained with anti-CD8a and MART1-tetramer/NY-ESO1-Pentamer/HLA-A2:1g dimer

and analyzed by flow cytometry.

Xenogeneic murine tumor model
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Studies were approved by the UMB Institutional Animal Care and Use Committee.
4-8-week male NOD.Cg-Prkdc®®® 112rg™"™/SzJ (NSG) mice were purchased from
veterinary resources of UMB. NSG mice were injected with U87 glioblastoma cells
subcutaneously (s.c.) on the right flank (3 x 10° cells per injection). U87 glioblastoma
cells were cultured for 10-14 days before injection into mice and were authenticated

within a year of their use. All cultures were Mycoplasma negative.

ICT107 vaccine were treated by DMSO or drugs for 24-36 hours and pulsed by
peptide GP100 (209-217), TRP2 (180-188), HER2 (773-782) and IL13R02 (345.354) (10pg/ml for
each). On days 14 and 21, tumor-bearing mice were intravenously (i.v.) injected with
either patient-derived T cells alone (10x10° cells/injection) or T cells plus ICT107
vaccine (2x10° cells per injection). Human IL2 was administered intraperitoneally
(i.p.) daily for 3 days (10,0001U/mouse/injection) following T-cell transfer. Mouse
body weight and tumor sizes were measured every 3 days. Tumor volume was
calculated by the modified ellipsoid formula (21): Tumor volume =

1/2(length x width?). Mice were euthanized on day 37, and tumor-reactive T cells
isolated from blood, spleen and tumor were quantified and analyzed using anti-
CD8a, anti-CD3, and HLA-A2: Ig dimers.

Statistical analysis

Results of ELISA and flow cytometry analysis were normalized to control if needed
and analyzed by t-test. Results of HLA-AZ2:lg dimer staining were normalized by
subtracting the results of solvent-loaded HLA-A2:1g dimer. Animal studies contained
5 to 6 animals per group for tumor growth, and 3-6 per group for ex vivo flow
cytometry analysis. Tumor growth was analyzed by two-way ANOVA with Bonferroni
posttests for all groups. The values and error bars represent mean £ SEM (*, p <
0.05; **, p < 0.01; ***, p < 0.001).

Results

Kinase inhibitors that influence moDC immunogenic phenotype

Sixty kinase inhibitors, listed in Supplemental Table S1, were selected based on
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their FDA approval as anticancer agents or because of their ability to modulate the
expression of MHC class I, MHC class Il and immunosuppressive proteins including
PD-L1, CD155 and CD73 on melanoma cell lines (22). We first evaluated drug
toxicity on moDCs following exposure to different concentrations of kinase inhibitors.
Most compounds had little effect on cell viability at 0.3uM and less than 6% of drugs
reduced cell viability at 3uM (Fig. 1A). At 10 yM, however, nearly 20% of drugs, most
of which targeted the EGFR, PDGFR, and/or the PI3K/AKT signaling pathways,
induced moDC cell death (Fig. 1A).

Next, we evaluated the effects that kinase inhibitors had on expression of cell
surface proteins on moDCs that activate T cells. We also assessed CCR7
expression on moDCs as this receptor plays a role in their survival and migration to
lymph nodes (23). Changes in the median fluorescence intensity (MFI) of MHC class
I, MHC class Il, CD83, PD-L1, PD-L2 and CCR7 were plotted in 3D charts to
visualize the impact that each drug had on expression of the indicated cell surface
molecules. The data in Fig. 1B highlights the 10 drugs that most impacted
expression of these surface molecules on moDCs. At 0.3 pM, three MEK inhibitors,
trametinib, AS703026 and selumetinib, respectively induced the most substantial
increases in CD83 and MHC class I. Increasing drug concentrations to 3uM further
increased their expression. Although MEK inhibitors increased PD-L1 and PD-L2
expression at 3 uM, DNA-PK inhibitor NU7441 downregulated PD-L1 and PD-L2 and
simultaneously increased MHC class | (Fig. 1B). PP-121, a multi-targeted inhibitor of
PDGFR, mTOR, and DNA-PK, also downregulated PD-L1 and PD-L2 expression
and moderately upregulating CCR7 and MHC class |. Of the compounds tested,
MK2206 was the most effective at augmenting CCR7 expression but also exhibited
high toxicity at 3 uM. MK2206 moderately reduced PD-L1 and PD-L2 expression
(Fig. 1B). Lapatinib, an EGFR/HER?2 inhibitor, increased CCR7 and reduced PD-L1,
PD-L2, MHC class | and MHC class Il expression. Another EGFR/HER2 inhibitor,
mubritinib, had similar effects as lapatinib, except that it reduced MHC class Il
expression. The mTOR inhibitor everolimus increased MHC class Il expression and
reduced PD-L1, CCR7 and MHC class | expression. The PLK1 inhibitor volasertib
decreased PD-L1, PD-L2, MHC class I, and CD83 expression. Despite targeting
similar enzymes, other inhibitors targeting PDGFR, mTOR and PI3K did not mimic
the effects of PP-121. MK2206, NU7441, trametinib, AS703026, PP-121 and
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selumintinib, were identified as the most effective compounds that modulated
expression of numerous cell surface proteins favoring T-cell activation. The effects of
the top 6 drugs were validated using freshly prepared compounds (Fig. 1C). We
observed that MK2206 was most efficient at increasing CCR7 (4.37+1.12 fold over
DMSO control-treated cells, p <0.05). MK2206 moderately reduced PD-L1 (0.68 +
0.07 fold, p <0.05) and PD-L2 (0.73 = 0.03 fold, p <0.001)expression. NU7441
increased MHC class | expression 1.4 + 0.05 fold,p < 0.001 and reduced PD-L1
(0.44 £ 0.02 fold, p<0.001) and PD-L2 expression; 0.55+0.09 fold, p<0.05.
Trametinib and selumintinib were both effective at increasing MHC class | (1.76 £
0.09 fold, p < 0.001 and 1.49 = 0.17 fold, p <0.05, respectively) but also increasing
PD-L1 (1.51 £ 0.18 fold, p < 0.05 and 1.24 + 0.08, p < 0.05) and PD-L2 (1.67 £ 0.14
fold, p < 0.05 and 1.52 £ 0.22, p = 0.07) expression .

Beneficial interactions in combining MK2206, NU7441 and Trametinib

We investigated the effect that combining MK2206, NU7441, and trametinib had
on expression of various T cell-stimulatory cell surface proteins on moDCs. We first
optimized drug concentrations to reduce toxicity (Fig. 2A, left panel). At 20 nM,
MK2206 could not significantly increased CCR7) but still slightly decreased PD-L1
and PD-L2) expression by 10% (p < 0.05) (Fig. 2A, right panel). At 2 uM, NU7441
maintained its ability to increase MHC class | and reduce PD-L1 and PD-L2. At 20
nM, trametinib increased MHC class |, CCR7 and CD83 but also increased PD-L1.
Combining MK2206 and NU7441 (referred to as MKNU) increased MHC class |
expression to a greater extent than either of these drugs alone. Further, PD-L1 and
PD-L2 expression was decreased but to no greater extent than NU7441 alone.
Combining NU7441 and trametinib (NUTRA) was also more effective at augmenting
MHC class | and CCR7 expression as compared with mono-drug treatment. This
combination also decreased PD-L2 more effectively than did single drug treatment.
Although NU7441 did not impact CCR7 expression at 2uM, it exhibited synergistic
effects when combined with trametinib. MK2206 plus Trametinib (MKTRA)
upregulated MHC class | and CD83 expression, whereas NU7441 plus trametinib
upregulated MHC class | but reduced CD83 expression. Combining all three drugs
(MKNUTRA) increased MHC class I, CCR7, CD83 and decreased PD-L1 to a

Downloaded from cancerimmunolres.aacrjournals.org on July 23, 2019. © 2019 American Association for Cancer Research.


http://cancerimmunolres.aacrjournals.org/

Author Manuscript Published OnlineFirst on July 2, 2019; DOI: 10.1158/2326-6066.CIR-18-0684
Author manuscripts have been peer reviewed and accepted for publication but have not yet been edited.

10

greater extent than did mono- or dual-drug treatment (Fig. 2A & 2B). The data in Fig.
2C highlight the additive, synergistic or antagonistic impact that combination

therapies had on expression of activation proteins on moDCs.

To further understand how MKNUTRA treatment impacted cell membrane proteins
of moDCs, we evaluated expression of 335 surface markers by flow cytometry. Cell
surface proteins were categorized as receptors, adhesion molecules, or regulator
molecules (Fig. 2D). Among receptors, MKNUTRA most decreased expression of
CD205, CD206, and CD209. These changes are reflective of a more mature moDC.
Several molecules associated with negative immunoregulation were also
downregulated in response to MKNUTRA, including CD85k (ILT3). Of adhesion
molecules, CD11b was the most downregulated in response to treatment.
MKNUTRA also downregulated Tim-3 (Fig. 2D, regulatory molecules). The DC
subset lineage markers CD123 and CLEC9A were also upregulated whereas CD141
and CD1c expression was reduced following treatment (Fig. 2D). Histograms
demonstrating such changes following MKNUTRA treatment are shown in Fig. 2E. In
addition to induction of phenotypic changes, drug exposure altered DC function as
demonstrated by increased IL12p70 production (Fig. 2F).

Taken together, these data show that low-dose combination treatment with
MK2206, NU7441 and Trametinib induces phenotypic and functional changes that

favor their ability to activate T cells.

MKNUTRA augments moDC ability to stimulate tumor-reactive T cells in vitro

To determine the effect that MKNUTRA treatment had on moDC ability to
stimulate T cells of a known tumor antigen specificity, we engineered T cells to
express a TCR specific for the NY-ESO1157.165) peptide and stimulated them with
autologous moDCs pulsed with the NY-ESO-1157-165) peptide. In the absence of
moDCs, CD8" NY-ESO-1 pentamer” T cells did not proliferate (Fig. 3A). However,
27.6% of CD8" NY-ESO-1 pentamer” T cells activated with DMSO-treated moDCs
underwent at least two cell divisions. In contrast, more than double the amount of
CD8" NY-ESO-1 pentamer” T cells (66.9%) stimulated with MKNUTRA-treated

moDCs underwent multiple rounds of cell division. We also investigated T-cell
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proliferation in response to activation with varying numbers of DCs from various
donors and found that MKNUTRA treatment augmented moDC stimulatory capacity
(Fig. 3B). Likewise, MKNUTRA-treated moDCs demonstrated enhanced ability to
activate T cells engineered to express the TCR reactive towards Melan-A/MART1 (,7.
35) (DMF5, Fig. 3C and 3D). Enhanced proliferation was mirrored by the increased
propensity of T cells to produce IFNy and granzyme B when stimulated with
MKNUTRA-treated moDCs (Fig. 3E).

MKNUTRA enhances effects of other moDC maturation protocols

We next investigated whether MKNUTRA improved the maturation status and
function of other stimuli typically used to generate and activate moDCs. Three
different clinical-grade maturation cocktails were tested: cocktail “A” consisted of
TNFa/IL1B/IL6/PGE; (24), cocktail “B” of LPS/IFNy(25), and cocktail “C” of
TNFa/IL1B/pl:C/IFNa/IFNy(19). Cocktails B and C both produced IL12. Expression of
CCR7, MHC class I, PD-L1, and PD-L2 was compared between immature moDCs
and moDCs activated with each of the cocktails with or without MKNUTRA. We
found that only cocktail “A” induced higher expression of CCR7, MHC class |, PD-L1
and PD-L2 relative to moDCs treated with LPS/IFNy or with TNFa/IL1B/IL6/PGE;
(Fig. 4A). Adding MKNUTRA to cocktails A, B, or C further increased CCR7 and
MHC class | production and reduced PD-L1 and PD-L2 expression. Fig. 4B
summarizes data collected from several donors and demonstrates fold-changes
(over immature DCs) in the expression of the indicated molecules. Although
treatment with LPS/ IFNy or TNFa/IL1B/IL6/PGE;, MKNUTRA augmented 1L12
production (Fig. 4C).

We investigated the impact that MKNUTRA had on moDC ability to stimulate
tumor antigen-reactive T cells in the context of these different maturation cocktails.
For these studies, moDCs were matured with the various cocktails indicated in Fig.
4D and in the presence of MKNUTRA or DMSO control. MoDCs were pulsed with
NY-ESO157-165 peptide and their ability to activate autologous T cells engineered to

express NY-ESO1 TCR was assessed by measuring IFNy or granzyme B
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production. We observed that at the 1:80 of DC:T cell ratio used, MKNUTRA
increased moDC ability to induce NY-ESO1 T-cell proliferation regardless of how
moDCs were matured (Fig. 4D). Likewise, MKNUTRA treatment augmented
production of IFNy and granzyme B (Fig. 4E).

MKNUTRA improves ICT107 function and T-cell activity from GBM patients

We next investigated the effects that MKNUTRA had on ICT107 viability and
phenotype. ICT107 is a moDC-based cancer vaccine which has completed both
phase | (20) and a phase Il (NCT01280552) clinical trial for patients with newly
diagnosed glioblastoma. Briefly, ICT107 cells were prepared from leukapheresis
products of glioblastoma patients by treating adherent cells with GM-CSF/4 for
differentiation; TNFa was used to mature DCs (20). As shown in Fig. 5A, MKNUTRA
reduced DC viability less than 8%. However, MKNUTRA treatment increased MHC
class I, MHC class II, CD40, CD83, CD86, and CCR7 expression and concurrently
decreased PD-L1 and PD-L2 expression (Fig. 5A). Additionally, MKNUTRA-treated
ICT107 demonstrated an enhanced ability to augment MART-1 reactive T-cell
numbers as compared with T cells activated with DMSO- or single drug-treated
ICT107 (Fig. 5B).

ICT107 was designed as a six peptide-pulsed DC vaccine, of which four peptides,
GP100¢09-217), TRP2(180-188), HER2(773-782) and IL13Ra2345.354) are presented by HLA-
A2. We sought to determine the impact that MKNUTRA-treated ICT107 had on
expansion of naturally occurring tumor antigen-reactive T cells from GBM patients.
Autologous PBMCs were co-cultured with MKNUTRA-treated ICT107 loaded with
TRP2(180-188)- and IL13Ra234s5.354)-peptide. The frequency of antigen—reactive T cells
was determined by flow cytometry after four days (Fig. 5C). Antigen-specific CD8" T
cells were quantified using peptide-loaded HLA-A2:Ig dimer. We observed that
patients had a pre-existing population of circulating antigen-reactive T cells and that
these frequencies varied between patients (Supplementary Fig. S1). However, T
cells reactive towards these peptides were not detectable in healthy donors.
Exposure of autologous T cells to DMSO-treated ICT107 increased the frequencies
of IL13R02 345.354- and TRP2(150.188)- specific CD8™ T cells by ~25% (p<0.05); Fig. 5C
and 5D). In contrast, MKNUTRA-treated ICT107 increased the number of these cells
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by more than 1 fold (p<0.001) . The percentage of GP10009.217)- and HER2(773_782)-
specific CD8" T cells were generally below 1% and their frequency was not altered
following exposure to DMSO- or MKNUTRA-treated ICT107 (Supplementary Fig. S2).

We investigated the antitumor efficacy of MKNUTRA-treated ICT107 plus
autologous T cells in mice bearing an established GBM tumor. NSG mice were
implanted with human HLA-A2" U87 glioblastoma cells, which express GP100,
HERZ2, and IL13Ra2 but not TRP2(26). Tumor-bearing mice were injected with HLA-
A2" patient-derived peripheral T cells with or without autologous DMSO- or
MKNUTRA-treated ICT107. As shown in Fig. 5E, mice injected with T cells alone
exhibited delayed tumor growth and were comparable to untreated mice. These data
suggest that the pre-existing population of GBM-reactive T cells mediated a small
degree of immunity. Mice injected with DMSO-treated ICT107 plus T cells exhibited
slower tumor growth as compared with mice injected with T cells alone, highlighting
the DCs ability to enhance T-cell activity in tumor-bearing mice. At later time points,
mice treated with MKNUTRA-treated ICT107 and T cells demonstrated greater
antitumor activity than mice treated with DMSO-treated ICT107. We also analyzed
frequencies of the tumor antigen-specific T cells ex vivo in the blood, spleen and
tumor. Only IL13Ra2 (345.354) peptide-specific T cells were detected by HLA-A2-
peptide:lg dimer staining. The number of GP100209-217y—, HER2(773-782)— and
TRP2180-188y—specific T cells were below the threshold of detection. The frequency of
IL13Ra2 (345-354) peptide-specific T cells in mice treated with MKNUTRA-treated
ICT107 was higher than in mice treated with DMSO-treated ICT107 (Fig. 5F),
supporting our in vitro data demonstrating improved T-cell activation by MKNUTRA-
treated DCs.

Discussion

In this study, we identified compounds that augment dendritic cell immunogenicity
resulting in enhanced T-cell activity towards tumor antigens. We screened kinase
inhibitors for their ability to positively modulate moDC phenotype and capacity to
activate tumor-reactive T cells. MK2206, NU7441 and Trametinib were found to be

effective at altering expression of several cell surface costimulatory and coinhibitory
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molecules as well as chemokine receptors on moDCs, improving moDC ability to
activate T cells. Identifying strategies to ensure consistent generation of high quality
moDCs will maximize their potential to activate T cells and prevent immune

exhaustion or tolerance(10).

We observed that MEK inhibitors such as Trametinib enhanced moDC maturation
as reflected by their ability to increase MHC class |, MHC class Il and CCR7
expression. These findings are in agreement with previous reports demonstrating the
propensity for ERK inhibitors to enhance TNF’s or LPS’s ability to activate
DCs(27,28). CCRY7 directs mature DCs to secondary lymphoid tissues and
enhances DC survival(27). Despite MEK inhibitors’ ability to alter expression of these
molecules, we found that MEK inhibitors (Trametinib, AS703026 and Selumetinib)
upregulated expression of PD-L1 and PD-L2, which have the potential to restrict
moDC'’s ability to stimulate T cells. The DNA-PK inhibitor NU7441 also increased
MHC class | expression but, in contrast to MEK inhibition, downregulated PD-L1 and
PD-L2 surface expression and did not affect CCR7 expression. NU7441 reduced
PD-L1 expression and increased MHC class | expression on melanoma cells(22).
DNA-PK is involved in DNA double-strand break repair pathway (DSB) but can also
impact transcriptional regulation by interacting with transcription factors(29). DSB
can induce PD-L1 expression in cancer cells(30), in which DNA-PK may be involved.
Here, were found that NU7441 downregulated PD-L1 and PD-L2 on moDCs.
Although the precise mechanisms by which NU7441 impacts PD-L1 and PD-L2
expression on DCs is unknown, it is plausible that reactive oxygen species (ROS)
generated by monocytes in response to GM-CSF(31) induces DNA damage and
contributes to reduced PD-L1 expression in the presence of NU7441. GM-CSF- and
IL4-induced moDC differentiation has also been shown to upregulate DNA-PK

expression and may render moDC resistant to ROS in the presence of NU7441(32).

The combination of MK2206, NU7441, and MEK inhibitors generated moDCs with
properties for activating T cells including elevated expression of CCR7, MHC, and
CD83 and reduced expression of PD-L1 and PD-L2. Scrutinizing several hundred
cell surface proteins on MKNUTRA-treated moDCs revealed that combination
treatment decreased expression of CD206 and CD209 .CD206 and CD209 are
involved in antigen uptake and are typically expressed on mature moDCs (33-35).
Our data indicate that MKNUTRA—treated moDCs seemed less likely to be
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tolerogenic based on the downregulation of several immunoinhibitory proteins
including PD-L1, PD-L2, ILT3 (CD85k) (36,37), CD11b (38) and TIM3 (39).
MKNUTRA also increased IL12 production, necessary for optimal T-cell activation
(40). Tim-3 reduces DC antitumor potential by reducing their ability to respond to
Toll-like receptor-mediated activating signals resulting in reduced production of Type
| IFNs and IL12 (41,42). CD123 (a.k.a. 3RA) is a marker on plasmacytoid DCs and in
vitro generated moDCs and defines a population of DCs with tumor-inhibiting activity.
CLEC9A-expressing DCs have also been proposed as targets for in vivo vaccination
due to their ability to produce inflammatory cytokines that drive T-cell activation
(43,44). Here, we found that both CD123 and CLEC9A expression on moDCs were
increased upon MKNUTRA treatment. Additionally, NF-kB functions in LPS-induced
moDC maturation(45). In THP-1 cells, a human myelomonocytic cell line, NF-kB-
dependent gene transcription was inhibited by constitutively active MEK1 via the
inhibition of TATA-binding protein (TBP) phosphorylation(46). Previous studies also
indicate that AhR (aryl hydrocarbon receptor) contributes to the MEK-dependent
maintenance of an immature DC status(47). Therefore, it is conceivable that MEK
inhibition during moDC maturation enhances the transcriptional activity and target-

occupancy of NF-kB and AhR resulting in a more functional DC.

MKNUTRA-treated ICT107 demonstrated enhanced antitumor activity in mice
with established GBM tumors. Increased activity was associated with increased
tumor infiltration and two- to three-fold increases of IL13Ra2 (345.354—reactive T-cell in
peripheral tissues. MKNUTRA'’s ability to enhance moDC immunogenicity in vivo
agrees with its propensity to induce development of an immunophenotypic profile
that favors moDC longevity and T-cell activation. Despite MKNUTRA's ability to
increase moDC immunogenicity, IL12 production and T-cell activation in vitro and the
enhanced anti-GBM activity was moderate and only observed at later time points.
We speculate that antitumor efficacy was limited by the small numbers of tumor-
reactive T cells as well as the dependence on a limited number of tumor antigen
targets. For example, expression of tumor antigen IL13Ra2 and TRP-2 are more
greater than expression of GP100(48) or HER-2(49) in GBM samples, as measured
in a retrospective clinicopathologic study. That IL13Ra2 and TRP-2 are more
prevalent was supported by our observations of higher frequencies of IL13Ra2zas.
354~ and TRP2(1g0.188—reactive CD8" T cells in GBM patient blood samples.
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IL13R02345.354) peptide-pulsed DC vaccines demonstrate antitumor responses in a
subset of HLA-A*24/A*02 patients with recurrent malignant glioma(50), which is
consistent with the preferential expansion of IL13Ra2z45.354)-reactive T cells in our
study. Our tumor model used the TRP2™ U87 GBM cell line, further limiting the
number of tumor-reactive T cells that could respond. Thus, the suboptimal activation
and frequencies of GP100 and HER-2—-reactive T cells together with the lack of TRP-
2 expression on U87 meant that the antitumor efficacy of DC-activated T cells relied

entirely on IL13Ra2sss.352—reactive T cells to control tumor growth.

The inclusion of small molecules inhibitors such as those described in these
studies could offer additional opportunities to improve anti-tumor responses. In
addition to improving the function of in vitro-prepared moDCs, these drugs also
function as tumoricidal compounds in vivo and can modulate expression of
immunosuppressive molecules (i.e. PD-L1, PD-L2, CD155 and others) and
immunostimulatory and costimulatory molecules on cancer cell and tumor-infiltrating
DCs(22).

Breakthroughs in cancer immunotherapies include the ability to target tumor-
specific antigens such as neoantigens, T cells engineered to express tumor reactive
TCRs, use of tumor-infiltrating lymphocyte adoptive therapy (TIL) therapy, and
immune checkpoint blockade. In each of these avenues, T-cell responses might be

potentiated by incorporation of DCs.
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Figure Legend

Figure 1. Screening a kinase inhibitor library for positive modulators of moDC

immunogenic phenotype.

(A) Human primary moDCs were cultured in the presence of 300nM, 3uM and 10 uM
of the indicated drugs for 24-36 hours during the DC maturation process. Cell death
(relative to DMSO control) was plotted by the pheatmap package in R. Data
represents means of three independent experiments. (B) moDCs were treated with
the indicated drugs at 0.3 yM and 3uM during the maturation process. Relative
expression of MHC class |, MHC class Il, CD83, CCR7, PD-L1, and PD-L2 was
determined by flow cytometry (MFI fold-change of drug-treated group to DMSO
control) from three independent experiments and plotted in 3D-scatter charts
generated by R package scatter3D. 3D images were generated using the top 10 lead
drugs. Drugs that target the same pathways are highlighted in similar colors. Data
represent means of three independent experiments. (C) moDCs were treated with
MK2206, NU7441, PP-121, AS702036, selumetinib, and trametinib (3uM) during DC
maturation. Median fluorescence intensity (MFI) values are indicated next to each
histogram. Red dashed line represents the MFI of the control group.

Figure 2. Effects of low-dose MK2206, NU7441 and Trametinib on moDC

immunogenic phenotype in single-, dual- and triple- drug use.

(A) MK2206 (MK, 20nM), NU7441 (NU, 2uM) and Trametinib (TRA, 20nM) were
added individually or in combination during the moDC maturation process. After 24-
36 hours, cell viability and expression of MHC class |, CCR7, CD83, PD-L1, and PD-
L2 were determined by flow cytometry. The red dashed line represents MFI of
DMSO-treated cells. (B) Heat maps represent fold-changes in MFI relative to DMSO-
treated cells and interactions among drugs were calculated based on MFI changes
and indicated in panel (C). (D) The expression of 335 surface molecules on control
DMSO- and MKNUTRA-treated moDCs was analyzed by flow cytometry. Heat maps
represent the MFI fold-changes relative to DMSO-treated cells. (E) Representative
histograms demonstrating changes in the expression levels of key surface molecules
altered by MKNUTRA treatment. Isotype (light grey), DMSO (light blue), MKNUTRA

(light red). (F) 1L12p70 produced by moDCs from several donors was measured by
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ELISA 24-36 hours after treatment with DMSO or MKNUTRA. All data represent at

least 3 independent experiments. **, p<0.05, paired t-test.

Figure 3. MKNUTRA augments moDC function to stimulate TCR-engineered T

cells.

CD8" T cells engineered to express the NY-ESO1 TCR (A) or DMF5 TCR (C) were
labeled with eFluor™ 450 proliferation dye and stimulated with autologous DMSO- or
MKNUTRA-treated moDCs pulsed with peptides representing the NY-ESO1157.165) Of
MART1,7.35 antigens. TCR-engineered autologous T cells were cultured at DC:T
ratio of 1:320 to 1:40. Four days later cells were stained by NY-ESO1157.165)
pentamer or MART1(»7.35) tetramer and anti-CD8a and analyzed by flow cytometry.
R2/R1 values were indicated in panels A and C. (B) and (D) show the extent of T-cell
proliferation at different DC:T ratios. (E) IFNy and granzyme B production by NY-
ESO1 TCR- or DMF5 TCR-engineered T cells in response to stimulation with
DMSO- or MKNUTRA-treated moDCs at a DC:T ratio of 1:80. All data represent at
least 3 independent experiments.

Figure 4. MKNUTRA enhances the effects of other moDC maturation cocktails

(A) moDCs were matured with LPS/IFNy, TNFo/IL1B/IL6/PGE, or
TNFo/IL1B/pl:C/IFNa/IFNYy, in the presence of either DMSO (light blue) or
MKNUTRA (light red) and expression of CCR7, MHC class |, PD-L1 and PD-L2 was
measured by flow cytometry. (B) Fold-changes in MFI relative to DMSO-treated
immature moDCs. Cells were gated on live and CD209" cells. (C) IL12p70
production by moDCs matured using the conditions shown in panel A were
determined by ELISA. (D) moDCs were matured using the conditions described in
panel A and then pulsed with the NY-ESO1157.165) peptide. eFluor™ 450-labeled
NY-ESO1 TCR-engineered T cells were cultured with indicated moDCs for 4 days at
which time NY-ESO1 TCR proliferation was determined based on eFluor™ 450
dilution. T cells were gated on CD8o and NY-ESO1(1s7-165) pentamer and eFluor™
450 MFI shown to the left of histograms. (E) IFNy and granzyme B production after
two days of co-culture NY-ESO1 TCR-engineered T cells with indicated moDCs at a

DC:T ratio of 1:80 were determined by ELISA. All data represent at least 3
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independent experiments. Each symbol represents one donor. *, p < 0.05; **, p <
0.01; *** p < 0.001.

Figure 5. MKNUTRA improves ICT107 cancer vaccine in vitro and in

xenogeneic murine tumor model.

(A) ICT107 DCs were treated by DMSO or MKNUTRA for 24 hours. Cells were gated
on live and CD209" for analysis. Changes in viability and the MFI of the indicated
proteins between MKNUTRA-treated ICT107 (MKNUTRA-ICT107 DC, light red bar)
and DMSO-treated ICT107 (DMSO-ICT107 DC, light blue bar) are shown. (B)
ICT107 DCs were treated with vehicle control DMSO (e), 20nM trametinib (TRA, m),
2uM trametinib (A), 2uM NU7441 (NU, V) or MKNUTRA (@) for 24 hours. After this
time ICT107 DCs were cultured with autologous GBM patient-derived PBMCs at a
DC:T ratio of 1:40 for 4 days. The frequencies of tumor-reactive T cells were
determined by gating on CD8a and MART127.35) tetramer cells. (C and D) ICT107
DCs were treated with DMSO or MKNUTRA for 24 hours. After this time, cells were
washed and then co-cultured for 4 days with autologous PBMCs derived from GBM
patients at a DC:T ratio of 1:10. The numbers of IL13Ra2 (345.354)- and TRP2 (180.188)-
specific CD8" T cells was determined by flow cytometry using HLA-A2-peptide:lg
dimers. In panel D, each symbol represents a different patient. Results of HLA-A2:Ig
dimer staining were normalized by subtracting the results of non-peptide-pulsed
HLA-A2:1g dimer control. (E) Mice (n=5-6/group) were injected subcutaneously with
U87 glioblastoma cells. Fourteen and 21 days after tumor cell injection, mice
received MKNUTRA- or DMSO-treated ICT107 DCs and GBM-patient derived T
cells (enriched from PBMCs). Alternatively, mice remained untreated or received T
cells only. Statistical differences were determined by two-way ANOVA with
Bonferroni posttests for all groups (vertical lack bar) and detailed comparisons
between DMSO-DC and MKNUTRA-DC treatment (blue dash bar, days 32-35). (F)
The abundance of IL13R02 345.354)-Specific CD8" T cells in the spleen, peripheral
blood, and tumor of tumor-bearing mice was determined using IL13R02345.354)-
loaded HLA-A2:1g dimer as described in panel D. The data shown in A, B, D, and F
represent as least 3 independent experiments and show the mean + SEM. *, p <
0.05; **, p <0.01; *** p < 0.001 analyzed by t-test.
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