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Abstract
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Background: Transient depletion of CD4* T cells results in tumor suppression and survival benefit in murine
models; however, the tumor progression and recurrence still occur over more long-term monitoring of mice. Thus,
we explored an additional strategy to enhance endogenous immune responses by an alarmin, high mobility group

Methods: The anti-tumor effects of HMGN1, anti-CD4 depleting antibody, and their combined treatment were
monitored in the Colon26 or the B16F10 subcutaneous murine models. The tumor-infiltrating CD8™ T cell proliferation,
differentiation, exhaustion, and its gene expression were determined by flow cytometry, transcriptome analysis, and

Results: Our results show that a systemic administration of low doses of HMGN1 with an anti-CD4 depleting antibody
(HMGN1/aCD4) promoted expansion of CD8" T cell populations (e.g. CD137* PD-1* and CD44™ PD-1), recruited
CCR7" migratory dendritic cells to the tumor, and reduced co-inhibitory molecules (e.g. PD-1, LAG-3, and TIM-3) to

Conclusion: The HMGN1/aCD4 treatment expanded effector CD8" T cells and prolonged their anti-tumor activities by
rescuing them from exhaustion, thus resulting in tumor regression and even rejection in long-term monitored mice.

Keywords: High mobility group nucleosome binding protein 1 (HMGN1), Anti-CD4 depleting antibody, Combination

Background

Immunosuppression induced by cancer cells and CD4*
immunosuppressive cells (e.g. Foxp3™ T regulatory cells)
limits the anti-tumor effect of effector CD8" T cells [1-3].
Among the strategies used to reverse immunosuppression,
cancer immunotherapy that targets immune checkpoints
such as cytotoxic T-lymphocyte-associated antigen-4
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(CTLA-4), programmed cell death 1 (PD-1) or pro-
grammed cell death ligand 1 (PD-L1) of immune check-
point has demonstrated remarkable efficacy in various
cancers. Transient depletion of CD4" immunosuppressive
cells in the tumor-bearing host represents another poten-
tial anti-tumor therapeutic strategy against cancer. Previ-
ously we have reported that in tumor-bearing mice, CD4
depletion with an anti-CD4 depleting antibody (clone:
GK5.1) enhances the proliferation of effector CD8" T cells
in the draining lymph node and results in potential
anti-tumor immunity [2]. Furthermore, co-administration
of anti-CD4 depleting antibody and anti-PD-1 or
anti-PD-L1 antibodies resulted in rejection of established
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tumors in some mice [2]. However, these combination
therapies are not effective in all individuals, highlighting
the need for additional anti-tumor strategies, such as en-
hancement of endogenous immune responses.

Here we focus on high mobility group nucleosome bind-
ing protein 1 (HMGN1), an alarmin and endogenous
damage-associated molecular pattern (DAMP) molecule
that is released from cells via the endoplasmic
reticulum-Golgi secretion pathway or via non-programmed
cell death after cellular stress or damage [4, 5]. HMGN1
serves as a potent immune stimulator that promotes den-
dritic cell (DC) activation and migration, and consequently
polarizes Type 1 T helper cell-mediated immune responses,
which enhance anti-tumor immunity in mice [6-9].

In 2017, a new cancer vaccine consisting of HMGN1,
toll-like receptor agonist (e.g. R848) and immune check-
point blockade (e.g. anti-PD-L1 or anti-CTLA-4
antibody) was termed TheraVac. Intratumoral adminis-
tration of TheraVac in mice promotes DC activation and
CD107a* CD8" T cell expansion in the tumor and re-
sults in inhibition of tumor growth [10, 11]. These find-
ing suggest that extracellular HMGNI triggers local
anti-tumor responses through intratumoral administra-
tion. However, it remains to be established whether sys-
temic administration of HMGN1 also influences
anti-tumor T cell responses.

In this study, we evaluated the anti-tumor effects and
immunological responses induced by co-administration of
HMGNT1 and anti-CD4 depleting antibody intraperitone-
ally in Colon26 or B16F10 tumor-bearing mice. We also
investigated the effect of HMGNI on the gene expression
of CD8" T cells. Our results demonstrate that the combined
treatment with low-dose HMGNI1 and anti-CD4 depleting
antibody exerts synergistic anti-tumor effects by promoting
CD8" T cell activation, expansion, and by counteracting
exhaustion of activated CD8" T cells in the tumor.

Methods

Mice

Seven-week-old female BALB/c, BALB/c-nu, and C57BL/
6 mice were purchased from Japan Charles River. Pmel-1
(B6.Cg-Thyla/Cy Tg(TcraTcrb)8Rest/]) mice with trans-
genic gpl00 melanoma antigen-specified T cell receptor
and Ly5.1 (B6.SJL-Ptprca Pepcb/Boy]) mice were pur-
chased from the Jackson Laboratory (ME, USA). Each ex-
periment group contained 8 mice except where otherwise
specified. All animal experiments were conducted in ac-
cordance with institutional guidelines with the approval of
the Animal Care and Use Committee of the University of
Tokyo and the Tokyo University of Science.

Cell lines and tumor models
Colon26 cells were obtained from the Cell Resource
Center for Biomedical Research (RRID: CVCL_0240;
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Institute of Development, Aging, and Cancer, Tohoku
University, Japan). B16F10 cells were obtained from the
American Type Culture Collection (RRID: CVCL_0159;
ATCC, USA). Colon26 cells (2 x 10° cells / mouse) and
B16F10 cells (5 x 10° cells / mouse) were inoculated sub-
cutaneously into the right flank of BALB/c, BALB/c-nu or
C57BL/6 mice. Tumor diameter was measured by twice
weekly and used to calculate tumor volume (V, mm?)
using the formula V=Lx W x W/ 2 (where L is tumor
length and W is tumor width).

Recombinant HMIGN1

Recombinant HMGNT1 proteins were produced in E. coli
and purified using sequential fractionation by heparin af-
finity column, ion exchange column and reverse-phase
column. The final protein products had over 99% purity
with under 1 endotoxin unit concentration per microgram
protein, as assessed by SDS-PAGE and an Endospecy
ES-50 M Kit (Seikagaku Corporation, Japan), respectively.
Detail of the production and purification of mouse and
human recombinant HMGNT1 proteins is described in
Additional file 1: Method S1, Figure S1 and Table S1.

In vivo treatment

HMGNTI protein (at a dose of 0.16 ug per mouse per
injection, unless otherwise specified) was administered
intraperitoneally on days 9, 14, 17, and 20 after tumor
inoculation. Anti-CD4 depleting antibody (clone
GK1.5; BioXcell, USA) was injected intraperitoneally
on days 5 and 9 after tumor inoculation, at a dose of
200 ug per mouse per injection [2]. The optimized
protocol for B16F10 tumor-bearing mice is described
in Additional file 1: Figure S2.

Flow cytometry and cell sorting

Three minutes before collecting tissues, intravascular leu-
kocytes were stained by intravenous injection of fluores-
cein isothiocyanate (FITC)-conjugated antibody (3 pg/
mouse) against CD45 [12]. Single cell suspensions were
prepared by enzymatic or mechanical dissociation of tis-
sues with or without subsequent density separation, as de-
scribed previously [13, 14]. Flow-Count fluorospheres
(Beckman Coulter, USA) were used to determine cell
numbers. Cells were pretreated with Fc block reagents
(anti-mouse CD16/CD32 antibody, clone 2.4G2; BioXcell),
then stained with a mix of fluorophore-conjugated
anti-mouse antibodies as indicated in Additional file 1:
Table S2. Data were acquired on a Gallios flow cytometer
(Beckman Coulter) and analyzed by using FlowJo 10.5.3
software (FlowJo, LLC, USA). Nonviable cells were ex-
cluded from the analysis based on forward and side scatter
profiles, and dead cells were excluded by propidium iodide
(PI) staining. For intracellular cytokine detection, enriched
tumor-infiltrating CD8" T cells were re-stimulated with
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1 pg/ml ionomycin (IM) and 25 ng/ml phorbol myristate
acetate (PMA) in the presence of GolgiPlug (BD Biosci-
ences, USA) for 4h at 37°C. The re-stimulated CD8* T
cells were stained with surface antigens, and these cells
were stained for intracellular cytokines using a Cytofix/
Cytoperm kit (BD Biosciences, USA), according to the
manufacturer’s instructions. For the transcriptome ana-
lysis, CD8" T cells from the tumor were sorted on FAC-
SAria II Cell Sorter (BD Biosciences, USA).

Murine BMDC generation and treatment

Bone marrow cells were extracted from the femurs of Ly5.1
mice and hematopoietic progenitors were enriched by de-
pleting lineage (CD3, B220, NK1.1, Ly-6G, Ter119) positive
cells with magnetic beads (Miltenyi Biotec, Germany). Bone
marrow-derived dendritic cells (BMDCs) were gener-
ated by culturing hematopoietic progenitors for 7
days in complete medium (RPMI 1640, 55 uM 2-mer-
captoethanol, 1mM sodium pyruvate, 10 mM HEPES,
100 U/mL Penicillin-Streptomycin, 0.1 mM non-essential
amino acids, and 10% fetal bovine serum) with 20 ng/mL
GM-CSF. After 7-days of culture, immature BMDCs were
further cultured in maturation medium (complete
medium with 10 ng/mL GM-CSF and 0.5 pg/mL lipopoly-
saccharide) for 24 h.

Ex vivo CD8 T cell expansion assay

Pmel-1 (CD90.1") CD8" T cells were enriched from
spleen single cell suspensions by depleting the lineage
(CD4*, CD11b*, CD11c*, B220", NK1.1%, Ter119*) on
an autoMACS cell separator (Miltenyi Biotec, Germany).
Pmel-1 CD8" T cells were labeled with carboxyfluores-
cein diacetate succinimidyl ester (CFSE) at a final con-
centration of 2 puM/ 3 x 10° cells/ml for 5min at room
temperature. In the DC-dependent assay, CFSE-labeled
Pmel-1 CD8" T cells were cultured with gp100-pulsed
BMDCs (pre-stimulation with 1 pg/mL gp100 for 2h) in
complete medium with or without 100 ng/mL. HMGNI1
for 48h. In the DC-independent assay, CFSE-labeled
Pmel-1 CD8" T cells were cultured in a dish pre-coated
with anti-CD3/CD28 antibodies with complete medium
with or without 100ng/mL HMGNI1 for 72h. The
proliferation of activated Pmel-1 CD8" T cells
(CD25"CD90.1"CD8") was assessed by CFSE intensity
using flow cytometry.

Transcriptome analysis

The whole transcripts were amplified from sorted CD8" T
cells and those transcripts were used to generate the 3’end
Serial Analysis of Gene Expression (SAGE)-sequencing li-
braries (Additional file 1: Method S2). The sequencing
was performed by using an Ion Hi-Q Chef kit, an Ion PI
v3 Chip kit, and an Ion Proton Sequencer (Thermo Fisher
Scientific) according to the manufacturer’s instructions
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except the input library concentration was 100 pM.
Adapter trimming and quality filtering of sequencing data
were performed by using Trimommatic-v0.36 [15] and
PRINSEQ 0.20.4 [16]. The filtered reads were mapped on
Refseq mm10 using Bowtie2—2.2.5 (parameters: -t -p 11
-N 1 -D 200 -R 20 -L 20 -i S,1,0.50 --norc). The reads un-
mapped to NIalll cutting sites were removed, and the
mapped reads per gene (raw tag counts) were be quanti-
fied as gene expression. Between-sample normalization of
gene expression was performed against raw count data by
using R 3.4.3 (https://cran.r-project.org/) with TCC [17],
DESeq2 [18], and edgeR [19] packages. Genes with ad-
justed p value less than 0.05 and a fold-change of > 2 be-
tween at least two samples were identified as statistically
significant differentially expressed genes (DEGs). Raw data
from the experiment have been deposited in the NCBI
Gene Expression Omnibus (GEO, http://www.ncbi.nlm.
nih.gov/geo); accession GSE113307.

Functional annotation of DEGs

Functional analysis of DEGs was performed by using
Cytoscape 3.6.0 with ClueGO plugin (v2.5.0) [20, 21].
Significantly enriched Gene Ontology (GO) terms [22]
(GO-biological process, GO levels: 3-8) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway
terms [23] in DEGs were explored and grouped, and a
term network was constructed based on the overlap of
their elements (kappa score = 0.4). Leading terms within
each group were defined as the most significantly enriched
term in each group. Terms not connected with any other
term were excluded. Significantly-enriched functional
terms (adjusted p values < 0.05) for which genes from up-
or down-regulated genes comprised over 60% of all genes
are shown in the Additional file 1: Table S4. We used ver-
sions of the GO term database (Nov. 20, 2017) and KEGG
pathway term database (Nov. 20, 2017).

Quantitative real-time PCR analysis

The primers used in this study were designed using the
University Probe Library Assay Design Center (Roche,
Switzerland) and are listed in Additional file 1: Table S3.
Quantitative real time PCR (qPCR) was performed using
Thunderbird SYBR qPCR Mix (Toyobo, Japan) or Thun-
derbird Probe qPCR Mix (Toyobo) on an Applied Bio-
system® 7500 qPCR system (Thermo Fisher Scientific,
USA). Three independent biological replicates for each
group and double technical replicates for each biological
replicate were analyzed. Target gene expression was nor-
malized to the expression of the internal control gene,
Gapdh.

Statistical analysis
Unless otherwise noted, all experiments were performed
at least three times. Data are presented as mean + SEM.
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The significance of differential expression of genes in
TCC-normalized 3" SAGE-seq data was calculated by
using TCC package (glmL RT formula in edgeR package)
in R 3.4.2. The significance of GO term enrichment was
calculated by using Cytoscape 3.6.0 with ClueGO plugin
(v2.5.0). Correction for multiple comparisons was per-
formed using the Benjamini-Hochberg method. For
comparisons between groups in the in vivo study, we
used one-way ANOVA with the Dunnett post hoc test in
GraphPad Prism software 6.0 (GraphPad Software, USA).
For comparisons between the means of two variables, we
used two-tailed unpaired Student’s t-test in GraphPad
Prism software 6.0. All statistical analyses were conducted
with a significance level of a = 0.05 (P < 0.05).

Results

HMGN1/aCD4 treatment exerted robust anti-tumor
effects in mice

Two hundred pg anti-CD4 depleting antibody (aCD4)
on day 5 and 9 [2], and various doses (0.0032 to 2 ug/
ml) of murine HMGN1 (mH) on day 9, 14, 17, and 20
were administered intraperitoneally to Colon26-bearing
mice (Fig. 1a). Monotherapy with aCD4 showed moder-
ate tumor growth inhibition, whereas the combination
of aCD4 with mH at doses higher than 0.08 pg per injec-
tion showed significant tumor growth inhibition in
Colon26-bearing mice (p < 0.001) (Fig. 1b). We observed
the highest tumor growth inhibition in the mice receiv-
ing aCD4 with an mH concentration of 0.08-0.4 pug per
injection (Fig. 1b). Based on low doses results, we
adopted a dose of 0.16 ug mH per injection as an effect-
ive dose in this study. In this setting, combination ther-
apy of mH/aCD4 showed significant tumor growth
inhibition relative to monotherapy with «CD4 on day 18
(p=0.001) and day 24 (p<0.001) (Fig. 1lc). Similar
anti-tumor effects were observed in the combination
therapy of aCD4 with human HMGN1 in Colon26-bear-
ing mice (Additional file 1: Figure S2A, B), suggesting
that human HMGNI1 might share the similar structure
and function with murine HMGNI1, and might have
cross-species activity in its anti-tumor effects.

Moreover, we monitored the long-term outcomes and
patterns of tumor progression after treatments. The
mice received mH/aCD4 treatment showed low tumor
progression (2 out of 8) relative to that of aCD4 treat-
ment (8 out of 8) (Fig. 1d). We re-challenged a quintuple
dose (1 x10° of Colon26 cells in the five cured mice
with complete tumor rejection after mH/aCD4 treat-
ment. Four out of five mice resisted to the tumor
re-challenge, suggesting that those cured mice might
have developed immunological memory (Fig. 1e).

In the case of B16F10 melanoma, mH/aCD4 treatments
did not result in significantly smaller tumor volumes rela-
tive to aCD4 treatment (Additional file 1: Figure S3A-C).
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Since the tumor growth of B16F10 model is faster than
that of Colon26 model, we gave an additional mH injec-
tion to B16F10-bearing mice on day 5 (Additional file 1:
Figure S3D). Using this optimized setting, we found that
combination with 200 pg a«CD4 and 0.08 pg mH signifi-
cantly reduced tumor volumes compared to monother-
apy groups on day 15 (p=0.002) (Additional file 1:
Figure S3E, F), suggesting that the proper optimization
based on different types of cancers should be considered.

In addition, the anti-tumor effects of mH and aCD4
were not observed in the Colon26-bearing BALB/c-nu
mice which lack thymus-dependent T cells, suggesting
that anti-tumor effects of these treatments are mediated
by CD8" T cell responses (Fig. 1f). Collectively, these
results suggest that combination of aCD4 and
low-dose HMGNT1 (in the range of 0.08 to 0.4 pg per
injection), brings T-cell dependent anti-tumor effects
in mouse subcutaneous tumor models and has an
ability to develop immunological memory against
tumor cells.

HMGN1 expanded CD8* T cells in the tumor

To investigate the nature of the T-cell mediated anti-tumor
immunity during mH/aCD4 treatment, we prepared single
cell suspensions from the implanted mouse tumor tissue
and draining lymph node on day 13. Among
tumor-infiltrating cells, we identified a population of
lineage™ (CD11b~ CDIllc™ CD49%b  Ly-6C™ Ly6G~
Ter1197) CD3* CD4" or CD3" CD8" T cells (Fig. 2a). Most
of CD4" T cells were depleted in the tumor and draining
lymph nodes after mice were treated with «CD4 (Fig. 2b,
Additional file 1: S4A).

The number of CD8" T cells was significantly higher
in the aCD4- or mH/aCD4-treated mice than in the un-
treated control mice (Fig. 2c, Additional file 1: S4B). Al-
though the number of CD8" T cells in the draining
lymph node of aCD4- or mH/aCD4-treated mice were
equivalent (Additional file 1: Figure S4B), the density of
CD8" T cells in the tumor was higher in the mH/aCD4--
treated mice than in the aCD4-treated mice (p =0.03)
(Fig. 2b, ). Moreover, we also analyzed the subpopula-
tion of tumor-infiltrating CD8" T cells by using flow cy-
tometry (Fig. 2a). The density of tumor-reactive CD137"
PD-1* CD8" T cells [24-26] and memory-phenotype
CD44" PD-1* CD8" T cells [27, 28] was significantly
higher in mH/aCD4-treated mice than aCD4-treated
mice (p =0.03 and p = 0.04) (Fig. 2d-g).

Collectively, these results suggested that aCD4 treat-
ment, but not mH treatment, play a major role in the
expansion of CD8" T cells in draining lymph node, and
that mH treatment, when combined with aCD4 treat-
ment, synergistically increases the number of CD8" T
cells in the tumor.
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Fig. 1 HMGN1/aCD4 treatment exerted robust anti-tumor effects in mice. a The optimized protocol for HMGN1/aCD4 treatment in Colon26
model. b The effective dose of murine HMGN1 (mH) in combination with anti-CD4 depleting antibody (aCD4) was screened within a range of
0.0032 to 2 ug/mL mH. #, P < 0.05, ##, P < 0.01, ###, P <0.001 for a Student’s t-test comparing mH/aCD4 and aCD4-treated groups at day 29. ¢ The
tumor growth analysis during mH/aCD4 treatment, and the tumor volume of each mice on day 18. d The tumor progression analysis for 40 days.
e Tumor rechallenge analysis. f The tumor growth analysis during mH/aCD4 treatment in Colon26-bearing BALB/c-nu model, and the tumor
volume of each mice on day 18. Tumor growth is representative of three independent experiments with at least eight mice per group. Data are
presented as mean + SEM. *, P < 0.05, **, P < 0.01, *** P < 0.001 for a dunnett's post hoc test (compared with control); p values in the figure
indicate Student's t-test comparing mH/aCD4-treated and aCD4-treated groups

HMGN1/aCD4 treatment increased CCR7* CD80" CD86™
migratory DCs in the tumor

To understand why the mH/aCD4 treatment synergis-
tically increases CD8" T cells in the tumor, we focused
on the C-C chemokine receptor (CCR) 7" migratory
DCs. Previous reports described that CCR7 is essential
for the DC trafficking from the tumor to draining lymph
nodes. Those CCR7"* migratory DCs can support prim-
ing and expansion of CD8" T cells [29-31]. Here we de-
fined the CCR7" migratory DCs as lineage” (CD3~
B220" Ly6C™ Ly6G~) MHC class II" CD11c" CD11b*
CCR7" cells (Fig. 3a, Additional file 1: S5). On day 13,
we found a higher percentage and an increased number of
CCR7" migratory DCs in the tumor of mice treated with

mH or mH/aCD4 (p < 0.05), relative to the mice without
mH treatment (Fig. 3b, c). Surprisingly, those increased
number of CCR7" migratory DCs with an activated
phenotype of CD80™ CD86™ MHC class II" were only
observed in mice received mH/aCD4 treatment (p < 0.02)
(Fig. 3d), suggesting that those activated CCR7" migratory
DCs might drive CD8" T expansion.

HMGN1 promoted DC-dependent CD8* T cell expansion
ex vivo

To imitate the in vivo CD8" T cell expansion, we first
generated a CD8" T cell expansion assay by co-culturing
Pmel-1 CD8" T cells with gp100-pulsed BMDCs in vitro
(Fig. 4a). After 48-h co-culture, we observed a 13% of
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Fig. 3 HMGN1/aCD4 treatment increased CCR7"CD80™CD86™ migratory DCs in the tumor. a Flow cytometry gating of CCR7" migratory DCs. b, ¢
The frequency and number of CCR7" migratory DCs in the tumor. d The expression of CD80, CD86, and I-A/I-E (also known as MHC class Il) on
CCR7* migratory DCs. Each result is representative of three independent experiments with at least four mice per group. Data are presented as
mean + SEM. *, P < 0.05, **, P < 0.01, ***, P < 0.001 for a dunnett's post hoc test (compared with control); p values in the figure indicate Student's

t-test comparing mH/aCD4-treated and aCD4-treated groups. Mean fluorescence intensity (MFI)

proliferating Pmel-1 CD8" T cells (CD25" CD90.1*
CD8" T cells) in control group and a 20.9% of proliferat-
ing Pmel-1 CD8" T cells in mH-added group (Fig. 4b).
There was an increased number of proliferating Pmel-1
CD8" T cells in mH-added group relative to unadded
control (p=0.003) (Fig. 4c), suggesting that HMGN1
might enhance the CD8" T cell proliferation in the pres-
ence of DCs.

To investigate whether DCs are important to support
HMGN1-dependent proliferation of CD8" T cells, we
next generated another CD8" T cell expansion assay by
stimulating Pmel-1 CD8" T cells with anti-CD3/CD28
antibodies. After 72-h stimulation, we observed a 55.4%
of proliferating Pmel-1 CD8" T cells in control group

and a 53.4% of proliferating Pmel-1 CD8" T cells in
mH-added group (Fig. 4d). There was no significant dif-
ference between control and mH-added groups. Collect-
ively, these results suggest that HMGN1 promotes
DC-dependent CD8" T cell proliferation.

HMGN1/aCD4 treatment synergistically reduced
exhausted CD8" T cells in tumor

Following antigen exposure, CD8" T cells proliferate and
differentiate into effector cells, then most of effector
cells die off, leaving a small fraction of these cells to
become memory cells. However, long-term antigen ex-
posure converts CD8" T cells into exhausted cells in
tumor microenvironment. These exhausted CD8* T cells



Chen et al. Journal for InmunoTherapy of Cancer (2019) 7:21 Page 8 of 13

A
Pmel-1 (@} mHer) Estimate the
i . CFSE
Pmel-1 (CDY0.1") @@ =25, CD8* T cell
. CD8* T cells [0) . .
Spleen  Lincage (-) ¢ (CD3/CD28 stimulation) Proliferation
Ly5.1 CFR mH (+) or () o / I
S O\ g
Ly5.1 (CD45.1%) — !#mﬁ‘d ’ |
Bone  BMDC BMDCs (DC co-culture) NEEEEE )
marrow generation
B C D
{T+DC mH (-) = CD3+CD28 mH ()
T only S 15004 )
H )
] LR P=0.003
13.0 4 & 10004 —
/ a +8 y
/ . o WA
T -103 1% 10°10° éé 500 T -102 10° 10% 10
— en — 1
= IT+DC mH (+) £ S .CD3+CD28  mH (+)
GQ\ T only g A A D DA 8 ] )
] XV XN (¢ -
O SRS ©
% | 209 R xR %0
(. S | s 11 | A
O I 1 1 O VA
10° 10* 10°10° Ct mH 10% 10° 10%10

CFSE ———» CFSE ——»

Fig. 4 HMGN1 promoted DC-dependent CD8" T cell expansion ex vivo. a The experimental design of CD8" T cell expansion through CD3/CD28
stimulation or DC co-culture. b A CD8" T cell expansion assay of co-culturing naive Pmel-1 CD8" T cells with Ly5.1" gp100-specified BMDCs. After
48-h co-culture, the 13% increase in number of generation (G) = 2, CD25" CD90.17 CD8* T cells in control and the 20.9% increase in mH-added
group. ¢ The cell number of CD25" CD8" T cells in G 2 2 cell generation. d The CD8" T cell expansion assay of stimulating naive Pmel-1 CD8" T
cells by using anti-CD3 antibody and anti-CD28 antibody. After 72-h stimulation, the 55.4% increase in number of G =2, CD25" CD90.1* CD8* T
cells in control and the 53.4% increase in mH-added group. Each result is representative of three independent experiments. Data are presented as
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express co-inhibitory molecules (e.g., PD-1, LAG-3,
TIM-3, TIGIT) and lose the ability to produce multiple
cytokines such as interferon (IFN)-y, tumor necrosis fac-
tor (ITNF)-a, and interleukin (IL)-2, namely they lose
anti-tumor activities [32—35].

To determine whether mH/aCD4 treatment is able to
restore the effector functions of those exhausted CD8" T
cells, we analyzed the expression of co-inhibitory mole-
cules and the ability of cytokine production from these
PD-1" CD8" tumor-infiltrating T cells on dayl7 after
tumor inoculation (Fig. 5a). We observed that the ex-
pression of LAG-3 and TIM-3 on the PD-1" CD8" T
cells significantly decreased in the mH/aCD4-treated
mice compared to the untreated control mice (p < 0.001)
and the aCD4-treated mice (p = 0.002), whereas no sig-
nificant difference was observed in the TIGIT expression
among treatment groups (Fig. 5b). The number and per-
centage of LAG-3" PD-1" CD8" T cells decreased in the
mH/aCD4 treated mice relative to that of the aCD4
treated mice (p = 0.04) (S6A, B), whereas the percentage

of TIM-3" PD-1* or TIGIT" PD-1" was equivalent
among treatment groups (Additional file 1: Figure S6C).
In addition, the proportion of the IFN-y-, TNF-a-, and
IL-2-producing multifunctional population within the
PD-1" CD8" T cells was higher in the mH/aCD4-treated
mice than in the aCD4 treated (P <0.001) or untreated
control (P<0.001) mice (Fig. 5¢, d). Collectively, these
results suggested that the HMGN1/aCD4 treatment re-
duces the level of co-inhibitory molecules in these
exhausted CD8" T cells, increases their effector func-
tions, and decreases the proportion of exhausted CD8"
T cells in the tumor.

Transcriptome analysis revealed the activation signatures
of CD8* T cells after HMGN1/aCD4 treatment

To gain further insight into the phenotypic changes of
CD8" T cells during HMGN1/aCD4 treatment, we per-
formed a transcriptome analysis on tumor-infiltrating
CD8" T cells on day 16. We identified 517 differentially
expressed genes (DEGs) with adjusted p value less than
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0.05 and a fold-change of >2 between at least two samples.
In comparison with aCD4 treatment group, CD8" T cells
had 153 up-regulated and 364 down-regulated DEGs in
mH/aCD4 treatment group (Fig. 6a). GO analysis revealed
that these 153 up-regulated genes significantly included T
cell activation-, chemokine production-, responses
to interferons-, and ribosome related translation

processes-related genes (Additional file 1: Figure S7). Par-
ticularly, these genes included cytotoxic function-related
(Gzmm), chemotaxis-related (Ccl5), interferon-related
(fitml1, Ifitm2, Ifitm3), T cell survival and memory-related
(Rora, Rara, Irfl), and T cell-T cell interaction-related
(Icaml) genes (Fig. 6b). In contrast, those 364
down-regulated genes significantly included cell cycle-, cell
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division-, telomere maintenance- and chromosome and cell cycle/ cell division-related (Atr, Bublb, Ccnb2,
organization processes-related genes (Additional file 1:Fig-  Ccnd3, Ccng2, Cdc27, Cdknlb, Chek2, Mcm6, Pcna) genes
ure S7). These genes included co-inhibitory-related (Fig. 6b).

(Pdcdl, Havcr2, Cd226), glycolysis-related (Pgaml), Consistent with the transcriptome data and the flow
telomere-related (Nek2, Hnrnpal, Hnrnpc, Dkcl, Cct2), cytometric data in Fig. 5, qPCR results also revealed
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down-regulation of co-inhibitory receptor-related genes
(PD-1 (Pdcdl), TIM-3 (Havcr2), LAG-3 (Lag3), and
CTLA-4 (Ctla4)) in CD8" T cells after mH/aCD4 treat-
ment relative to that of aCD4 treatment (Fig. 6¢). Col-
lectively, these results suggested that HMGNT1 treatment
might promote CD8" T cell activation and effector func-
tions, and sequentially suppressed the cell cycle and
differentiation-related processes.

Discussion

Comparing to intratumoral injection of HMGNI1 (at
10 pg/ injection/ mice) in previous reports [10, 11], an op-
timal therapeutic dose (in the range: 0.08 to 0.4 pug/ injec-
tion) of HMGN1 was used for combination therapy in our
study, which was beyond our expectations. Previously we
demonstrated that the depletion of CD4" T cells enhances
CD8" T cell proliferation in the draining lymph node of
tumor-bearing mice [2], and that intratumoral injection of
HMGNI1 promotes the recruitment and maturation of
DCs, thus resulting in the enhancement of endogenous
immune responses [7]. In the present study, we observed
that those mice receiving intraperitoneal administration of
low-dose HMGN1 with aCD4 had an increasing number
of tumor-infiltrating CD8" T cells with the less exhausted
phenotypes and the capacity to produce multiple cyto-
kines. The cellular and molecular mechanisms underlying
the increase in the number of functional CD8" T cells
after HMGN1/aCD4 combination treatment remain elu-
sive. However, it is likely that the depletion of the Foxp3*
CD4" regulatory T cells, which suppresses CD8" T cell ex-
pansion in the draining lymph node through the cytotoxic
T-lymphocyte-associated antigen-4 (CTLA-4) medicated
downregulation of B7 co-stimulatory molecules in DCs,
may contribute to the increased number of tumor-infil-
trating CD8" T cells.

In term of the function of endogenous HMGNI1 within
nucleus, Michael Bustin and his colleague reported that
lack of endogenous HMGNI1 in mouse embryonic fibro-
blasts increased the sensitivity to ionizing radiation, and
enhanced the tumorigenesis including the proliferation,
colony formation and tumor development. Lack of en-
dogenous HMGNT1 affects histone modifications which re-
late to double-strand breaks repair, thus resulting in the
abnormal chromatin formation. The abnormal chromatin
formation causes high radiosensitivity and tumorigenesis
in Hmgnl™" cells [36]. Moreover, Hmgnl ™~ mice without
endogenous HMGNI1 displayed lower number of CD8* T
cells and higher tumor growth rate relative to HmgnI™'*
mice [7]. All these findings indicate that lack of endogen-
ous HMGN1 is likely to contribute to tumor progression.

On the other hand, there has been an increasing interest
in the interplay between physiological function of extracel-
lular HMGN1 and immune activation of cells. In 2012, we
reported that extracellular HMGN1 binds to toll-like

Page 11 of 13

receptor (TLR)-4 on DCs to induce pro-inflammatory im-
mune responses. Once TLR-4 downstream signaling path-
way was blocked, HMGNI1 lost most of the ability to
promote DC activation and inflammation, suggesting that
TLR-4 is a receptor for extracellular HMGNI1 [6]. Further-
more, another HMG family protein HMGBLI is reported
to induce chemotaxis and inflammation through the re-
ceptor for advanced glycation end products (RAGE) or
TLR-2 [37-40] . The interaction of HMGB1 and RAGE
triggers the activation of mitogen-activated protein kinase
(MAPK) pathway, which activates downstream signaling
molecule nuclear factor (NF)-xB to induce inflammation
[41]. It is likely that TLR2/4 and RAGE would serve as
HMGNI receptor, though the effective doses of HMGN1
we used in this study were extremely lower than the doses
described in previous reports, which suggesting the exist-
ence of additional specific receptor for HMGNI.

In the context of CD8" effector and memory T-cell dif-
ferentiation, our transcriptomic analysis revealed that
CD8" T cells expressed more cytotoxic and chemotactic
molecules with their active phenotype after HMGN1/
aCD4 treatment than aCD4 treatment; however, those
CD8" T cells also had slow-dividing cell feature with low
expression of cell cycle/cell division-associated genes. In
other words, those CD8" T cells were undergoing a cell in-
trinsic process to promote TCR stimulation, co-stimulatory
signals, and cytokine releasing by downregulating cell cycle
phase and/or metabolic activity, which resembles memory
T cells [42, 43]. This result is consistent with our finding
that the number of CD44" PD-1* CD8" T cells increased
in the tumor. Those CD44™ PD-1* CD8" T cells with
memory pattern have high sensitivity to antigen stimula-
tion, which resulting in a rapid proliferation and a
high-level cytotoxic and cytokine productions [44—46].
Thus, the enhancement of CD8" T cell signatures possibly
explains the reason why those mice receiving HMGN1/
aCD4 treatment would be able to resist tumor progression
and recurrence.

In addition to the combination therapy of HMGNI1 with
aCD4, there is another combination therapy related to
HMGNI1. The TheraVac is composed of HMGN1, R-848
(also known as Resiquimod) and immune checkpoint
blockades (e.g. anti-PD-L1 antibody, anti-CTLA4 anti-
body). In a hepatocellular tumor model (Hepal-6), mice
treated with TheraVac had the increased number of cyto-
toxic T lymphocytes in the draining lymph node and
tumor [10, 11]. However, the number of CD4" T cells also
increased in tumor after HMGN1/R848 or TheraVac
treatment, which raises a possibility to cause immunosup-
pression by CD4" T regulatory cells. Thus, combination
therapy of TheraVac with aCD4 might be an effective
method to limit the function and number of CD4" im-
munosuppressive cells in short-term. Now, we are in the
process of conducting phase I clinical trial of a humanized
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anti-human CD4 depleting antibody IT1208 in Japan to
promote the anti-tumor effect in human. In preclinical
studies in nonhuman primates, no serious adverse effects
were detected after several weeks of treatment with our
humanized anti human CD4 depleting antibody.

Conclusion

Our study represents a novel combination therapy of
low-dose HMGN1 with aCD4 to exert robust anti-tumor
effects in mice. The combination therapy brings synergis-
tic effect of enhancing tumor-associated CD8" T cell ex-
pansion together with reduced exhaustion phenotype,
with resultant robust anti-tumor effects. Combination
therapy of HMGN1/aCD4 might be a promising strategy
to treat patients with solid tumors.
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