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ABSTRACT

Background The conventional type 1 dendritic cell subset
(cDC1) is indispensable for tumor immune responses and
the efficacy of immune checkpoint inhibitor (ICI) therapies
in animal models but little is known about the role of

the human CD141* DC ¢DC1 equivalent in patients with
melanoma.

Methods We developed a flow cytometry assay to
quantify and characterize human blood DC subsets in
healthy donors and patients with stage 3 and stage 4
metastatic melanoma. To examine whether harnessing
CD141* DCs could improve responses to ICIs in human
melanoma, we developed a humanized mouse model by
engrafting immunodeficient NSG-SGM3 mice with human
CD34" hematopoietic stem cells (HSCs) from umbilical
cord blood followed by transplantation of a human
melanoma cell line and treatment with anti-programmed
cell death protein-1 (anti-PD-1).

Results Blood CD141* DC numbers were significantly
reduced in patients with stage 4 melanoma compared
with healthy controls. Moreover, CD141* DCs in patients
with melanoma were selectively impaired in their ability to
upregulate CD83 expression after stimulation with toll-like
receptor 3 (TLR3) and TLR7/8 agonists ex vivo. Although
DC numbers did not correlate with responses to anti-PD-1
and/or anti-cytotoxic T-lymphocyte-associated protein 4
(CTLA-4) ICls, their numbers and capacity to upregulate
CD83 declined further during treatment in non-responding
patients. Treatment with anti-PD-1 was ineffective at
controlling tumor growth in humanized mice but efficacy
was enhanced by indirectly expanding and activating DCs
in vivo with fms-like tyrosine kinase-3 ligand (FIt3L) and a
TLR3 agonist. Moreover, intratumoral injections of CD141*
DCs resulted in reduced tumor growth when combined
with anti-PD-1 treatment.

Conclusions These data illustrate quantitative and
qualitative impairments in circulating CD141* DCs in
patients with advanced melanoma and that increasing
CD141* DC number and function is an attractive
strategy to enhance immunogenicity and response rates
to ICls.

BACKGROUND
Dendritic cells (DCs) are professional
antigen-presenting cells that serve as master
regulators of CD4" and CD8" T cell responses.
They are attractive targets to harness as
vaccines for enhancing tumor immune
responses, particularly when combined with
other treatments such as immune check-
point inhibitors (ICIs)." * Circulating DCs
in humans are comprised of distinct subsets
with specialized functions, namely conven-
tional (c) DC1 (CD141/BDCA-3" DCs), cDC2
(CD1c/BDCA-1" DCs) and plasmacytoid (p)
DCs. A separate subset, monocyte-derived
(Mo) DCGs, arises during inflammation and
infection.' > Conserved across species, cDC1
specialize in eliciting CD8" T cell responses,
while ¢cDC2 primarily orchestrate CD4" T cell
responses.1 ? Plasmacytoid DCs (pDGCs) are
known as potent type I interferon (IFN-I)
producers important for anti-viral immunity,
while MoDCs appear more specialized in
controlling inflammatory responses." >
Human MoDCs generated from mono-
cytes with interleukin (IL)-4 and granulocyte-
macrophage colony-stimulating factor in vitro
have been the DC subset most commonly used
as vaccines in the clinic.”* While CD1c" DCs
and pDCs have also shown potential utility,
accumulating evidence points to a critical
role for CD141" DCs in CD8' T cell-mediated
tumor immunity." Mouse ¢cDCI are required
for anti-tumor responses in inducible and
spontaneously regressing tumor models
including melanoma, lymphoma, breast
cancer, colorectal cancer, thymoma, pancre-
atic cancer, and others, and are required
for the efficacy of adoptive T cell therapies,
anti-PD-1/anti-CTLA-4 ICI, and anti-CD137
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agonistic immunotherapies.' >"° Enhancing mouse ¢cDC1
numbers and activation with combined FIt3L and the
TLR3 agonist polyinosinic:polycytidylic acid (PolylC),
respectively, has provided proof of principle that cDC1
can be therapeutically targeted to increase immuno-
genicity and responses to immunotherapy in these
models.” ? "' 15 CD141" DC/cDC1 gene signatures
within human tumors are highly correlated with CD8" T
cell gene signatures,'® with survival in melanoma, lung
cancer, breast cancer, and head and neck squamous cell
carcinoma (HNSCC),17 8 and with responses to anti-PD-1
in melanoma,'” suggesting that human CD141" DCsmay
play a similar role in tumor immune responses to cDC1
in mice.

Blood-based assays are attractive because of the non-
invasive nature of sample collection and their potential
to serve as predictive biomarkers of responses to ther-
apeutics. For example, PD-L1 and CD137 expression
on peripheral T cells have been reported as response
biomarkers to ICIs in melanoma.' Circulating DCs are
known to be numerically and functionally impaired in
patients with cancer, including melanoma, breast cancer,
prostate cancer, and mesothelioma,1 but a detailed subset
analysis in advanced melanoma or within the context of
immunotherapy has not been performed. We examined
human DC subsets in the blood of patients with advanced
melanoma and found numerical and functional defects
in the CD141" DC compartment, however, these did
not correlate with responses to ICI. Using a humanized
mouse model comprised of a human melanoma growing
alongside a reconstituted human immune system, we
demonstrated that enhancing CD141" DC number and
function, via FIt3L and PolyIC, respectively,” ? ' 12 1415
synergized with anti-PD-1 to limit tumor growth. Further,
vaccination with CD141" DCs as a cellular therapy was
effective at enhancing anti-PD-1 efficacy. Taken together,
our findings demonstrate that while CD141" DCs may be
decreased and impaired in advanced melanoma, they can
be harnessed and targeted to restore immunogenicity to
melanoma and responses to ICIs.

MATERIALS AND METHODS

Human samples

Blood was obtained from patients with stage 3 (n=32) and
stage 4 (n=21) advanced melanoma and age-matched and
sex-matched healthy volunteers (n=25) (online supple-
mental table 1). Samples were also collected from patients
with melanoma pre-treatment and at 6, 12, and 24 weeks
during treatment with ICIs including pembrolizumab
(anti-PD-1, Keytruda), ipilimumab (anti-CTLA-4, Yervoy),
or combined nivolumab (anti-PD-1, Opdivo) and ipili-
mumab (n=18) (online supplemental table 2). Clinical
responses were evaluated by radiological scans according
to standard response criteria” (online supplemental
table 2 and figure 1). Umbilical cord blood (UCB) was
obtained from the Queensland Cord Blood Bank. CD34"
hematopoietic stem cells (HSCs) were isolated from UCB

via density gradient centrifugation with Ficoll-Paque (GE
Healthcare) followed by a CD34" isolation kit (Miltenyi
Biotec) and cryopreserved until use.

Whole blood assays

For quantitation of cell subsets, 400pL whole blood
collected in EDTA anticoagulant was reverse pipetted
into a 5mL round-bottom polystyrene tube (Corning),
and incubated for 15mins in the dark at room tempera-
ture with anti-human antibodies (all purchased from
BioLegend unless otherwise stated) CD45-APC-Cy7
(HI30), CD14-Alexa Fluor 700 (HCD14), CD16-BV785
(3G8), CD3- (OKT3), CD19- (HIB19), CD20- (2H7),
CDb56-Pacific  Blue (HCD56), HLA-DR-PerCP-Cyb.5
(L243), CD123-BUV395 (1A4, BD Biosciences), CD1c-PE
Dazzle 594 (L161), and CD141-PECy7 (M80). Red cells
were lysed using 1x FACS lysing solution (BD), then
leukocytes were centrifuged at 500 g for 5 mins and resus-
pended in 700pL autoMACS running buffer (MACS
buffer) (Miltenyi) containing 10,050 TruCount beads
(BD). Samples were acquired on a LSR Fortessa X-20
cytometer (BD) and analyzed using FlowJo software
V.10.2. Absolute cell counts were reported as cells per mL
blood, calculated as number of gated cells/number of
beads acquired x 10,050 beads per tube/400 pL x 1000
pL.
For DC phenotyping, 1mL EDTA whole blood was
cultured in 15mL Falcon tubes (Corning) alone or with
25png/mL high molecular weight PolylC (InvivoGen) and
1pg/mL R848 (InvivoGen) for 4hours at 37°C, 5% CO,,.
Samples were stained with the antibodies listed above
except for CD14-Alexa Fluor 700 and CD16-BV785, and
with the addition of CD14- (HCD14) and CD16-Pacific
Blue (3G8), CD40-APC (5C3) or BTLA-APC (J168-540,
BD), CD83-FITC (HB1be, BD), PD-L1-PE (MIH1, BD),
and Live/Dead Aqua (Thermo Fisher). Readouts for
phenotyping markers were reported as geometric mean
fluorescence intensity corrected for background from
the fluorescence minus one controls. Chemokine and
cytokine analysis was performed on plasma collected
from lithium heparin whole blood cultured alone or
with PolylC and R848 for 4hours, using a LEGENDplex
human antiviral kit (BioLegend), or ELISA for FIt3L
(Quantikine kit, R&D Systems) and G-CSF (Abcam), as
per manufacturer’s instructions.

Generation of a humanized mouse melanoma model
Neonatal NSG-SGM3 mice (NOD.Cg-Prkdc™ I12rg™"""
Tg(CMV-IL3,CSF2,KITLG) 1Eav/MloySz];  stock  no.
013062, The Jackson Laboratory) were irradiated with
1 Gy prior to intra-hepatic injection of human UCB CD34"
HSCs. Human CD45 chimerism was confirmed approxi-
mately 8 weeks post engraftment by staining peripheral
blood with anti-human CD45-APC-Cy7, anti-mouse CD45-
V500 (30-F11, BD) and Live/Dead Aqua.

The human melanoma cell line LM-MEL28*' was subcu-
taneously injected (5x10° cells) into the flank of 9 to
15weeks old humanized or non-humanized NSG-SGM3
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mice. Tumors were measured two to three times per week
using digital calipers. Mice were injected with pembroli-
zumab or isotype control antibody (mouse IgG1x, MGI-45,
BioLegend) intraperitoneally (100pg/100pL. HBSS) on
days 13, 15, and 18 post tumor injection. Human recom-
binant FIt3L (BioXCell) was administered (50 pg/100pL
HBSS) subcutaneously at days 9 and 15 post tumor injec-
tion. PolyIC (50pg/10pl. HBSS) was intratumorally
injected on days 14 and 19. Mice were culled 35 days
post tumor injection or when tumors reached 1000 mm?®.
Blood and bone marrow were collected, while spleens
and tumors were digested in collagenase IV (Sigma) and
DNase I (Sigma) followed by Percoll density gradient
(spleen only) as previously described® . Five million cells
from each organ were stained with anti-human-CD45-
APC-Cy7, anti-CD3-BV711 (OKT3), anti-CD8-BUV395
(RPA-T8, BD), anti-CD19/CD20-Pacific Blue, anti-
CD11c-PE-CF594 (B-ly6, BD), anti-CLECY9A-PE (8F9),
anti-CD1c-Alexa Fluor 700 (L161), anti-CD141-PECy7,
anti-CD11b-BV650 (3.9), anti-HLA-DR-PerCP-Cy5.5, anti-
CD56-FITC (HCD56), anti-CD123-BUV395 (7G3, BD),
anti-mouse CD45-V500, and Live/Dead Aqua in 100pL
PBS for 20 to 30 mins at 4°C before acquisition on LSR
Fortessa X-20 cytometer.

Intratumoral administration of DC subsets in humanized mice
DC subsets for vaccination were isolated from spleens
and bone marrow of humanized non-tumor-bearing
littermates treated with FIt3L as previously described.”
Briefly, DCs were enriched by negative selection from
bone marrow cells by incubation with anti-mouse Ter119
(TER-119), anti-human CD14 (RMOb52, Beckman
Coulter), anti-human CD19 (J3-119, Beckman Coulter),
anti-human CD3 (OKT3, BioXCell), anti-human CD34
(Myl0, BD), and anti-mouse CD45 (30-F11, BD) followed
by removal of antibody-bearing cells using sheep anti-rat
IgG Dynabeads (Invitrogen). Enriched cells were stained
with anti-human CD45-APC-Cy7, anti-HLA-DR-PECy7
(L243), anti-CD123-PerCP-Cy5.5 (6H6), anti-CD141-APC
(M80), anti-CD1c-PE (LL161), anti-CD11c-PE-CF594,
and anti-CD3/CD19/CD20-Pacific Blue. DC subsets
were sorted as CD3/CD14/CD19/CD20 HLA-
DR'CD11c¢'CD141" (cDC1) and CD3/CD14/CD19/
CD20"HLA-DR'CD11¢'CD141” (¢DC2) using a MoFlo
Astrios cell sorter (Beckman Coulter). DCs were activated
for 2hours with 10pg/mL PolylC prior to intratumoral
injection of 20-25 x 10° DCs per mouse.

Statistical analysis

Statistical analyses were performed using GraphPad Prism
7.0. Normality of data was assessed by Shapiro-Wilk test.
Comparisons between two groups were performed using
paired or unpaired ttest as indicated. For comparisons
between three or more groups, one-way or two-way analysis
of variance (ANOVA) with Bonferroni’s multiple compar-
isons test was used. Results were considered statistically
significant when p value was<0.05.

RESULTS

CD141* DCs are numerically and functionally impaired in
patients with advanced melanoma

We developed a modified TruCount assay”’ using 400 pL.
of fresh whole blood to compare DC numbers in patients
with advanced melanoma (stage 3, n=29-30, stage 4,
n=20) with age-matched and sex-matched healthy donor
controls (n=24-25) (figure 1A). Some of the patients
with melanoma were newly diagnosed while others had
previous surgery (35.8%), radiation (17%) or systemic
therapy (1.9%, online supplemental table 1). Total CD45"
leukocytes were elevated both in stage 3 and stage 4
patients relative to controls (figure 1B). Within the CD45"
compartment, patients with both stage 3 and stage 4
melanoma had increased granulocytes and CD16" mono-
cytes compared with healthy donor controls (figure 1B).
CD14" monocytes, including a CD1c¢" CD14" subpopu-
lation previously found to be increased in patients with
melanoma,** were significantly increased in patients with
stage 3 but not stage 4 (figure 1B). While CD1c¢" DC and
pDC numbers were unaltered in patients with melanoma,
CD141" DCs were significantly lower in patients with both
stage 3 and stage 4 relative to controls (figure 1B).

To examine DC function, whole blood was stimulated
for 4hours with PolyIC (TLR3 agonist) combined with
R848 (TLR7/8 agonist) to activate all DC subsets™ *°
(controls, n=12-16, patients, n=11-22). In the absence
of activation, CD40 was expressed by a subpopulation of
CD141" DCs in both healthy donors and patients with
advanced melanoma, and was only modestly increased
after activation (figure 2A). In contrast, CD40 was not
expressed by CD1c" DCs or pDCs in the steady state but
induced within 4hours of activation. CD1c¢" DCs and
CD141" DCs from patients with advanced melanoma
expressed similar levels of CD40 to healthy donors after
activation, however pDCs from patients with melanoma
expressed significantly lower CD40 after activation when
compared with healthy donors (figure 2A). CD83 expres-
sion was not detectable in the absence of activation but
was induced on all DC subsets after activation (figure 2B).
CD83 was upregulated to a similar degree by CD1c¢" DCs
and pDCs from patients with melanoma and healthy
donors, but expression levels were selectively impaired on
CD141" DCs from patients with melanoma (figure 2B).
HILA-DR was constitutively expressed by all DC subsets in
the steady state and was further upregulated after activa-
tion, but was significantly lower in patients with melanoma
compared with healthy donors, both in the steady state
and after activation (figure 2C). However the fold change
in expression of CD40, CD83 and HLA-DR after activa-
tion relative to the matched non-activated samples was
similar for all DC subsets in healthy donors and patients
with melanoma (online supplemental figure 2). This
suggests basal defects in expression of these molecules
in melanoma patient DCs that are maintained after acti-
vation rather than specific defects in their upregulation.
BTLA was highly expressed on CD141" DCs, moderately
on pDCs, and weakly on CD1c¢" DCs in the steady state,
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Figure 1 CD141" DCs are selectively decreased in patients with stage 3 and stage 4 melanoma. (A) Gating strategy for
immune cell profiling from 400 uL whole blood. CD45* leukocytes were gated as granulocytes (GRA) and mononuclear cells
(MNCs) combined. DCs and monocytes were gated as singlet lineage (CD3, CD19, CD20, CD56)” HLA-DR* events and
monocytes were then gated as CD14* CD167, CD16" and CD1c* CD14" subsets. DCs were defined as lineage” HLA-DR* CD14~
CD16™ CD123* pDCs, CD123 CD141~ CD1c* DCs or CD123 CD1c™ CD141* DCs. (B) Absolute cell numbers (per mL whole
blood) of each subset in healthy donors (HD, n=24-25), and patients with stage 3 (n=29-30) and stage 4 (n=20) melanoma.
Median values are shown. *p<0.05, **p<0.01 by one-way analysis of variance. DCs,dendritic cells.
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Figure 2 Activation of CD40, CD83, and HLA-DR by DC subsets in patients with advanced melanoma and healthy donors.
Expression of CD40 (A), CD83 (B), and HLA-DR (C) by DC subsets from patients with advanced (stage 3/4) melanoma and
healthy donor controls after ex vivo whole blood culture alone (untreated) or after activation with PolylC +R848. Left panels:
Representative histograms showing fluorescence minus one (FMO) control (light gray), and marker expression on untreated
(blue) or activated DC subsets from healthy donors (dark gray) and patients with melanoma (red). Number represents geometric
mean fluorescence intensity (gMFI) values. Right panels: Compiled background-subtracted gMFI of expression of each marker
(healthy controls, n=12-16, patients, n=11-22). Median values are shown. *p<0.05, **p<0.01, **p<0.001, ***p<0.0001 by two-

way analysis of variance. pDC,plasmacytoid dendritic cell.

and only downregulated on pDCs after activation (online
supplemental figure 3A). PD-L1 was not expressed by
any DC subset in the steady state but induced on all DC
subsets after activation (online supplemental figure 3B).
However, no differences were observed between patients
with melanoma and healthy donors in expression of
BTLA and PD-L1 by DC subsets (online supplemental
figure 3A,B). Taken together, these data reveal that
patients with advanced melanoma have subset-specific
deficits in DC quantity and quality. Notably, CD141* DCs
are decreased in number and expression of CD83 and
HLA-DR after activation.

Plasma IL-1p and IL-8 detected from stimulated whole blood
is elevated in advanced melanoma patients

We examined DC and monocyte-associated cytokines in
the plasma of healthy donors (n=10-12) and patients
with advanced melanoma (n=12-18) after a 4-hour stim-
ulation of whole blood in the presence or absence of
PolyIC+R848. Under these conditions, CD141" DCs are
the major producers of IFNA1, CD1c" DCs the major
producers of IL-12p70, and pDCs the major producers of
IFN0:2.#** IFNA1 was present at low levels in unstimulated
plasma and increased to a similar degree in the plasma of
healthy donors and patients with melanoma after activa-
tion (figure 3). IL-12p70 and IFNa:2 were undetectable in
the absence of activation and were induced after activa-
tion, with no significant differences in their levels between
healthy controls and patients with melanoma (figure 3).

Inflammatory cytokines produced by DCs as well as other
leukocyte subsets were also examined. In the absence of
activation, melanoma patient and healthy donor plasma
had similar levels of inflammatory cytokines IL-6, IL-8,
and TNFaq, the hematopoietic growth factor FIt3L, and
the chemokine CXCL10, while IL-1B was undetectable.
IL-1B, IL-6, I1-8, TNFo and CXCL10 were increased after
activation with PolyIC+R848 (figure 3). Notably, signifi-
cantly higher levels of IL-1§ and IL-8 levels were found in
melanoma patient plasma compared with healthy donor
plasma after activation. No differences were observed in
the levels of IL-6, IL-10, TNFo., IFNB, IFNY, and CXCL10
between patients with melanoma and healthy donors

(figure 3).

CD141* DC number and function are decreased in patients
who do not respond to immunotherapy

DC subset numbers and function were further investi-
gated in patients receiving anti-PD-1 and/or anti-CTLA-4
immunotherapy (n=18) (online supplemental table 2
and figure 1). Patients were categorized as responders
to immunotherapy (complete or partial responders) and
non-responders. Prior to treatment, there were no signif-
icant differences in total CD45" leukocytes, granulocytes,
mononuclear cells (MNCs), or monocyte and DC subsets
in responding compared with non-responding patients
(online supplemental figure 4A). Total CD45" leuko-
cytes counts were not significantly altered in responding
or non-responding patients over the 24 weeks treatment
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Figure 3 Plasma IL-1f and IL-8 after whole blood stimulation is elevated in patients with advanced melanoma. Plasma, IL-
1B, IL-6, IL-8, IL-10, IL-12p70, TNF, IFNo2, IFNB, IFNA1, IFNy, and CXCL10 in the absence (-) or presence (+) of activators
PolylC+R848, in healthy donor controls (n=10-12) and patients with stage 3 and stage 4 melanoma (n=12-18). Median values
are shown. *p<0.05 by Welch'’s t-test. IFN, interferon; IL, interleukin; TNF, tumor necrosis factor.

duration (figure 4A). Although CD141" DC numbers were
significantly decreased in responding patients after 12
weeks of immunotherapy, their levels were comparable to
pretreatment by 24 weeks (figure 4A). This observation is
consistent with the time point at which clinical responses
were beginning to be observed (mean 22 weeks, online
supplemental figure 1). By contrast, CD141" DC numbers
had significantly declined after 24 weeks of treatment
compared with pre-treatment counts in non-responding
patients (figure 4A). A similar trend was observed for
CD1c¢" DC and pDC counts in non-responding patients,
however the results did not reach statistical significance.
We next examined DC function in responders and
non-responders across time through phenotypic assess-
ment of DC subsets post PolyIC+R848 stimulation.
When pre-treatment samples were compared between
responders and non-responders, no differences in CD83
expression were observed in any DC subset (online
supplemental figure 4B). At 24 weeks into treatment,
however, CD83 expression on stimulated CD141" and
CD1c" DCs was significantly lower in non-responders
than responders, while that on stimulated pDCs was
higher in non-responders at 12 weeks into treatment
(online supplemental figure 4B). Interestingly, in non-
responding patients only there was significantly lower
CD83 expression on all DC subsets at 24 weeks into
treatment compared with 12 weeks, and in CD1c" DCs
in particular, CD83 expression was significantly lower
at 24 weeks compared with all previous time points
(online supplemental figure 4B). CD40 expression
on stimulated CD1c¢" DCs and pDCs also significantly
decreased between 12 and 24 weeks into treatment in
non-responders, with a similar, but not statistically signif-
icant trend observed for CD141" DCs in non-responders
and in all DC subsets in the responding patients (online
supplemental figure 4C). No significant differences in

CD40 expression were observed between responders
and non-responders in any DC subset when comparing
between samples at matched time points (online supple-
mental figure 4C). Taken together, these data show a
further decline in DC numbers, and functional deficits
in upregulation of CD83 and CD40 by DC subsets in
patients who fail to respond to immunotherapy after 24
weeks of treatment.

Lower plasma TNFa, IL-8, IFNy, and IFNp were observed in
non-responders to immunotherapy

Cytokine levels before and after whole blood TLR stimu-
lation were examined in the plasma of patients with mela-
noma receiving immunotherapy (n=4-10 responders
and n=4-6 non-responders). In the absence of TLR
stimulation, significantly lower levels of plasma IL-8 and
TNFo were observed in non-responding compared with
responding patients during treatment with immuno-
therapy (figure 4B). Lower levels of IL-6 and CXCL10
were also observed in non-responding patients but these
did not reach statistical significance (online supple-
mental figure 5). After whole blood stimulation with Poly-
IC+R848, non-responding patients produced lower levels
of IFNy and IFNP (figure 4C). No differences between
responding and non-responding patients were found
in the levels of plasma cytokines IL-6, IL-10, IL-12p70,
IFNo., and IFNA prior to or during treatment with immu-
notherapy (online supplemental figure 5). In summary,
while cytokine response was variable between responders
and non-responders, and dynamic across time, lower
levels of plasma TNFo and IL-8 in the absence of acti-
vation, and lower IFNy, and IFNf after TLR activation
were characteristic of patients who failed to respond to
immunotherapy.
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Figure 4 CD141" DCs and plasma IL-8, TNFa, IFNy, and IFNP are decreased in patients with melanoma who do not respond
to immunotherapy. (A) DC subset and CD45" leukocyte numbers in patients with advanced melanoma at pre-treatment, and at
6, 12, and 24 weeks on treatment, segregated as responders (green, n=8) and non-responders (red, n=6). Dotted lines represent
median numbers of each subset in healthy donors. Median values are shown. Each symbol represents individual patient.
Statistical significance was determined using two-way ANOVA. *p<0.05. (B,C) Comparison between responders and non-
responders in plasma cytokine and IFN production. (B) IL-8 and TNFo. were measured at steady state and (C) IFNy, and IFNf
were measured post stimulation with PolylC+R848. Samples were collected at baseline (pre-treatment) or later time points as
indicated, across n=4-10 responders and n=4-6 non-responders. Dotted lines represent median values of cytokine production
based on healthy controls. Median values are shown. Statistical significance was determined using two-way ANOVA followed
by Bonferroni’s multiple comparison test . *p<0.05, **p<0.01, **p<0.001. ANOVA, analysis of variance; DCs, dendritic cells; IFN,

interferon; IL, interleukin; TNF, tumor necrosis factor.
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Increased numbers of CD141* DC enhances response to
pembrolizumab in a humanized mouse model of melanoma
To examine whether improving human CD141" DC quan-
tity or quality can improve responses to ICIs in human
melanoma, we developed a humanized mouse model
where human melanoma develops in the presence of a
human immune system in NSG-SGM3 mice (figure bA).
In this model, the frequency of human CD45" cells
among total leukocytes in blood was 23.3% (+11%, n=25)
at 8 weeks, and 40% (+23%, n=23) at 12 weeks post recon-
stitution of irradiated neonatal NSG-SGM3 mice with
human cord blood CD34" HSCs (online supplemental
figure 6A,B). Human CD45" leukocytes developed in the
bone marrow, liver, spleen, and blood, and comprised
CD3" T cells, CD19/20" B cells, CD56" NK cells, along
with plasmacytoid and both subsets of conventional DCs
(figure 5B,C, online supplemental figure 6C,D). The
presence of a human melanoma cell line LM-MEL28%
implanted subcutaneously in the flanks of humanized
NSG-SGM3 (huNSG-SGM3) mice did not significantly
alter frequencies of human immune populations in
spleens or blood of humanized mice in the absence of
immunotherapy (figure 5C, online supplemental figure
6C). LM-MEL-28 tumors were infiltrated with human
CD45" leukocytes, the majority of which were CDI11b"
myeloid cells (mean 43.72%+7.97SEM, n=9) and CD3" T
cells (mean 25.07%+5.38 SEM, n=9; figure 5D). CD141"
DCs (0.32%), CD1c" DCs (0.76%) and pDCs (4.59%)
were also detectable in very low frequencies in some
tumors (online supplemental figure 7A).

Tumors grew at a similar rate following implantation
into NSG-SGM3 mice in the presence or absence of a
human immune system (figure 5E). Thus, we estab-
lished a manipulable immunocompetent in vivo model
containing integral human cell types necessary for
immunotherapy.

Murine melanoma models have provided evidence to
demonstrate that ¢cDC1 (equivalent of human CD141"
DCs) are indispensable for the efficacy of anti-PD-L1, anti-
PD-1, and agonistic anti-CD137 therapies.7 ? Responses
to ICIs in these melanoma models can be enhanced
by increasing cDCI quantity via administration of the
cytokine FIt3L, along with site-specific activation using
intratumoral PolyIC.6 " We therefore examined whether
improving human CD141" DC quantity and quality could
increase response to pembrolizumab in huNSG-SGM3
mice (figure 6A).

Treatment with pembrolizumab alone had a negligible
effect on LM-MEL28 melanoma growth in huNSG-SGM3
mice (figure 6A,B). FIt3L+PolyIC had little effect on
tumor growth (figure 6A,B) but increased splenic CD141"
DC and to a lesser extent CD1c"” DC numbers 10 days
after the first FIt3L treatment (ie, day 19 of experiment,
figure 6C). CD141" DC (mean 1.33%=+1.15SEM of human
CD45" cells) and CD1c" DC (mean 3.839%+2.26 SEM of
human CD45" cells) were also clearly detectable in two
out of four tumors in FIt3L+PolylC treated mice at this
time point (online supplemental figure 7B).

However, when pembrolizumab, FIt3L, and PolylC
were combined as a tritherapy, tumor growth was signifi-
cantly impaired compared with control and FIt3L+PolyIC
groups (figure 6A,B). Spleens of mice treated with trith-
erapy or FIt3L+PolylCalso harbored significantly higher
numbers of CD123" pDCs by day 35 (figure 6D). Although
there were no significant differences in the number or
frequency of CD141" DCs or CD1c" DCs by day 35 (online
supplemental figure 8), increased ratios of CD141" DCs
relative to CD1c¢" DCs and CD11b" myeloid cells was also
observed (figure 6F).

A trend for an increased percentage of CD3" and
CD3'/CD8 (likely CD4") T cells in tritherapy-treated
and pembrolizumab-treated mice compared with
Flt3L+PolylC-treated and vehicle control mice was
observed in spleens and tumors, although this did not
reach statistical significance (online supplemental figure
8). Differences in the absolute number of CD56" NK
cells were also observed between groups; significantly
decreased total numbers were observed in spleens of the
pembrolizumab group compared with vehicle control
and tritherapy groups (figure 6G).

Intratumoral injection of GD141* DCs inhibits tumor growth
To provide more direct evidence that increasing CD141"
DC quantity and quality can improve responses to
pembrolizumab, humanized mice were treated with
pembrolizumab along with intratumoral injections
of activated CD141" DCs derived from autologous
HSCs (figure 7A,B). In keeping with previous results
(figure 6A,B), pembrolizumab alone did not abrogate
tumor growth and this was not improved when combined
with adoptive transfer of CD11c¢" DCs. However, adoptive
transfer of CD141" DCs combined with pembrolizumab
resulted in a significant reduction in tumor growth
(figure 7C) that was associated with increased infiltration
of CD8" T cells (figure 7D).

Taken together, our results in a novel humanized mouse
model identify increasing CD141" DC quantity and quality
as an attractive strategy to increase immune responses in
advanced melanoma resistant to PD-1 blockade.

DISCUSSION

In this study, we identified quantitative and qualitative
systemic defects within the DC compartment in patients
with advanced melanoma. CD141" DCs were decreased
in number and in their ability to upregulate HLA-DR
and CD83 after activation with combined TLR3, TLR7,
and TLR8 stimulation. While CD141" DC counts prior
to treatment with ICIs did not associate with responses,
their numbers and capacity to activate continued to
decline in non-responding patients over 6 months of
treatment. Similar trends were observed within the CD1c"
DC and pDC compartment. Using a novel humanized
mouse model, we further demonstrated that increasing
numbers of activated CD141" DCs is an attractive strategy
to enhance responses to anti-PD-1 in human melanoma.
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Human CD141" DC gene signatures within tumor biop- ~ tumor CD141" DC frequencies have also been associated
sies are associated with favorable prognosis in melanoma,  with responses to anti-PD-1 in patients with melanoma.'”
as well as many other human cancers.'”"®** Increased ~ Although we were unable to obtain tumor biopsies from
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Figure 6

In vivo DC targeting with FIt3L and PolyIC increases efficacy of pembrolizumab. (A) Tumor growth curves for tumor-

bearing huNSG-SGM3 mice treated with respective regimens are shown (n=5-6 mice per group). Data are the combined
replicates from two independent experiments. (B) Corresponding tumor weights from mice shown in (A). (C) Percentage

of DC subsets within the human CD45" population in spleens of FIt3L and PolylC-treated mice 10 days after treatment
commencement (day 19). Interconnecting lines represent mice engrafted with the same human donor HSCs. (D) Total number
of CD123* pDCs/spleen is shown for each treatment group. (E) Ratio of CD141* DC:CD1c* DC in spleens of mice in each
treatment group. (F) Ratio of CD141* DC:CD11b* myeloid cells in spleens of mice in each treatment group. (G) Total number of
CD56"* NK cells in spleens of huNSG-SGM3 mice. Statistical significance was determined using one-way analysis of variance
with Bonferroni’s multiple comparisons test with the exception of ratio-paired t-test in (C). All mice were analyzed at day 35
post-treatment. *p<0.05, **p<0.01, **p<0.001, ***p<0.0001. FIt3L, fms-like tyrosine kinase-3 ligand; HSCs, hematopoietic stem
cells; pDC, plasmacytoid dendritic cell; PolylC, polyinosinic:polycytidylic acid.

the patients recruited to this study, migration of CD141"
DCs to the tumor site is one possible explanation for their
reduced frequencies in the circulation compared with
healthy controls. However, our data suggest that circu-
lating CD141" DC frequencies do not predict responses
to immunotherapy and are therefore unlikely to serve
as surrogates for their tumor counterparts. Systemic
dysregulation of DC development could also account for
the reduced circulating CD141" DC numbers in patients
with advanced melanoma. In support of this, tumor-
derived granulocyte colony-stimulating factor (G-CSF)
skews myeloid differentiation towards granulocytes
and myeloid-derived suppressor cells at the expense of
CD141" DCs and their precursors in breast and pancreatic
cancer.” Impairments in systemic cDCI levels in a mouse
pancreatic cancer model were found to be due to cDCl1
apoptosis mediated by tumor-derived IL-6."* Our data
demonstrating increased abundance of granulocytes in
patients with advanced melanoma is consistent with their
previously reported association with poor prognosis® *'
and supports the notion of dysregulated myeloid develop-
ment as a contributing factor to the reduced frequencies
of CD141" DCs. Although we did not observe differences
in patient plasma FIt3L, IL-6, or G-CSF to support this, it
is possible that these factors may act more locally within
the bone marrow to regulate hematopoiesis and/or that
other factors may be required. Reduced frequencies of
circulating DCs have also been found in patients with

other cancer types including multiple myeloma, mesothe-
lioma, acute myeloid leukemia, breast, ovarian and pros-
tate cancer.' ** Systemic DC defects may therefore be a
common feature of human malignancy, however patient
age, disease type, severity and treatments will likely impact
the degree of the defects.

Our data also revealed that CD141" and CD1c¢" DCs in
patients with advanced melanoma expressed lower levels
of HLA-DR compared with healthy donors. CD141" DCs
also expressed lower levels of the maturation marker
CD83 after stimulation with PolyIC and R848. In contrast
to CD1c¢" DCs and pDCs, CD40 was only modestly upreg-
ulated by CD141" DCs within 4hours of activation and to
a similar degree in patients with melanoma and healthy
donors. The ability of DCs to upregulate maturation
markers after activation did not associate with responses
to immunotherapy prior to commencement of treatment,
but declined in non-responding patients after 6 months.
Whether these defects are intrinsic to the DCs or are
mediated by factors within their environment remain
to be determined. Despite this, patients with melanoma
retained their ability to produce the cytokines IFNo., IFNA
and IL-12p70 after whole blood activation.

While we did not find significant differences in steady
state plasma cytokines, IL-8 and IL-1f were significantly
higher in patients with melanoma compared with healthy
donors after activation. Interestingly, reduced steady state
serum IL-8 has been associated with responses to anti-PD-1
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increases efficacy of pembrolizumab. (A) Humanized mice
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in both melanoma and non-small-cell lung cancer” while
IL-1B, IL-6, and TNFa were increased in patients with
melanoma responding to IFNo treatment.”* Although
these findings were not replicated in our patient cohort,
higher levels of plasma TNFo and IL-8 in the absence of
additional ex vivo activation, and IFNy and IFNP after
activation, were characteristic of patients responding to
ICI immunotherapy. Similar but non-significant trends
were observed in levels of IL-6 and CXCL10 that warrant
follow-up in larger patient cohorts.

The critical role of mouse c¢DCI1 in mediating tumor
immunity and responses to ICIs is well established.' *'°
These models have also demonstrated the potential of
enhancing cDCI quantity and quality, either directly by
adoptive transfer, or indirectly via administration of
FIt3L+aDC activation stimulus, as a means of improving
immune responses to ICIs.' >'° Using a novel humanized
mouse model comprised of human melanoma growing in
the presence of a human immune system, we showed that
FIt3L+PolylC was effective at reducing human melanoma
growth when combined with anti-PD-1 and that this was
associated with increased proportions of human CD141"
DCs in the spleens. Adoptive transfer of human CD141"
DCs was also effective at limiting tumor growth when

combined with anti-PD-1. FIt3L+PolyICLC (the stabi-
lized analog of PolylC, Hiltonol, Oncovir) administered
as an in situ vaccine was shown to be well tolerated and
induced systemic cancer remission when combined with
radiotherapy in patients with indolent non-Hodgkin’s
lymphoma, demonstrating that this approach is safe
and feasible in humans, with potential to be combined
with ICIs and/or other standard therapies.ll Clinical
trials are also underway to investigate FIt3L+PolyICLC
combined with radiation and anti-PD-1 in lymphoma,
breast cancer, and HNSCC (NCT03789097). Adoptive
transfer of human CD141" DCs may also be feasible in
the future with the development of methods to differen-
tiate them in large numbers from CD34" progenitors in
vitro.” *® This could be an attractive strategy to pursue
in situations where FIt3L may be insufficient to expand
DC numbers® or where administration of FIt3L could be
potentially detrimental as in the case of Flt3-expressing
hematological malignancies.”” ** Adoptively transferred
DCs have potential to be administered by a number of
routes, including intratumorally.”’ Collectively, these
findings demonstrate the potential of enhancing human
CD141" DC quantity and quality as a strategy to improve
response rates to ICIs in human patients with melanoma.
In summary, our study has revealed numerical and
functional deficits in DC subsets in patients with advanced
melanoma, particularly within the CD141" DC compart-
ment. Importantly, we provide evidence that CDh141°
DCs may be harnessed in vivo for anti-tumor efficacy in
a humanized experimental model of melanoma unre-
sponsive to anti-PD-1 alone, thus serving as a foundation
for future studies targeting human CD141" DCs to boost
immune responses in patients unresponsive to ICIs.
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