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RX-5902, a novel β-catenin modulator,
potentiates the efficacy of immune
checkpoint inhibitors in preclinical models
of triple-negative breast Cancer
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Abstract

Background: Triple-negative breast cancer (TNBC) is an aggressive breast cancer subtype with limited systemic
treatment options. RX-5902 is a novel anti-cancer agent that inhibits phosphorylated-p68 and thus attenuates
nuclear β-catenin signaling. The purpose of this study was to evaluate the ability of β-catenin signaling blockade to
enhance the efficacy of anti-CTLA-4 and anti-PD-1 immune checkpoint blockade in immunocompetent, preclinical
models of TNBC.

Methods: Treatment with RX-5902, anti-PD-1, anti-CTLA-4 or the combination was investigated in BALB/c mice
injected with the 4 T1 TNBC cell line. Humanized BALB/c-Rag2nullIl2rγnullSIRPαNOD (hu-CB-BRGS) mice transplanted
with a human immune system were implanted with MDA-MB-231 cells. Mice were randomized into treatment
groups according to human hematopoietic chimerism and treated with RX-5902, anti-PD-1 or the combination. At
sacrifice, bone marrow, lymph nodes, spleen and tumors were harvested for flow cytometry analysis of human
immune cells.

Results: The addition of RX-5902 to CTLA-4 or PD-1 inhibitors resulted in decreased tumor growth in the 4 T1 and
human immune system and MDA-MB-231 xenograft models. Immunologic analyses demonstrated a significant
increase in the number of activated T cells in tumor infiltrating lymphocytes (TILs) with RX-5902 treatment
compared to vehicle (p < 0.05). In the RX-5902/nivolumab combination group, there was a significant increase in
the percentage of CD4+ T cells in TILs and increased systemic granzyme B production (p < 0.01).
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Conclusions: Conclusions: RX-5902 enhanced the efficacy of nivolumab in a humanized, preclinical model of TNBC.
Several changes in immunologic profiles were noted in mice treated with RX-5902 and the combination, including
an increase in activated TILs and a decrease in human myeloid populations, that are often associated with
immunosuppression in a tumor microenvironment. RX-5902 also was shown to potentiate the effects of checkpoint
inhibitors of CTLA4 and the PD-1 inhibitor in the 4 T-1 murine TNBC model. These findings indicate that RX-5902
may have important immunomodulatory, as well as anti-tumor activity, in TNBC when combined with a checkpoint
inhibitor.

Keywords: RX-5902, Triple-negative breast cancer, p68, β-Catenin, PD-1 inhibitor, Immunotherapy, Humanized
mouse models

Background
Triple-negative breast cancer (TNBC) is an aggressive
breast cancer subtype with limited systemic treatment
options, in part due to a lack of expression of the estro-
gen receptor (ER), progesterone receptor (PR), and amp-
lification of human epidermal growth factor receptor 2
(HER2) [1, 2]. TNBC makes up 10–20% of all breast
cancers and is more common in younger women,
African-American women, and those harboring BRCA1
mutations [3, 4]. TNBC can be further subdivided into
molecular subtypes using gene expression profiling,
however, the development of effective, targeted therapies
for TNBC subtypes has been challenging [5, 6].
The emergence of immunotherapies targeting checkpoint

proteins such as PD-1, PD-L1 and CTLA-4 has revolution-
ized the treatment of many cancers, including melanoma
and non-small cell lung cancer, where these therapies lead
to a meaningful improvement in the overall survival of pa-
tients with metastatic disease [7–10]. In metastatic TNBC,
the addition of the PD-L1 inhibitor atezolizumab to
chemotherapy with nab-paclitaxel improved progression-
free survival in the intent-to-treat population and the PD-
L1-positive subset, leading to the FDA-approval of this
combination in patients with PD-L1-positive metastatic
TNBC [11]. Despite these promising results, the median
progression-free survival with combination therapy in the
PD-L1-positive subgroup was only 7.5months, highlighting
the critical need to enhance the response to immune check-
point inhibitors in TNBC and increase the proportion of
responding patients and the duration of benefit.
Inhibitors of the Wnt/β-catenin signaling pathway

have the potential to improve the response to immune
checkpoint inhibitors given the role of Wnt signaling in
proliferation, maturation and differentiation of dendritic
and T cells [12, 13]. High levels of nuclear β-catenin are
associated with low tumor-infiltrating lymphocytes
(TILs) and poor response to immune checkpoint inhibi-
tors [14]. In breast cancer, mutations in Wnt pathway
components are uncommon, however, activation of Wnt
signaling is observed in over half of breast cancers and
associated with inferior overall survival [15].

The p68 RNA helicase is a prototypical member of the
DEAD-box family of nuclear RNA helicases with roles in
pre-mRNA, rRNA and miRNA processing and ribosome
biogenesis [16]. p68 can be phosphorylated at Y593 by
growth factors, including platelet-derived growth factor
(PDGF) acting through c-Abl signaling, promoting onco-
genesis through enhanced β-catenin nuclear localization
[17]. p-p68 functions as a nuclear chaperone for β-
catenin, promoting nuclear translocation and activation of
cyclin D1, c-JUN and c-MYC [17, 18]. In this role, p-p68
regulates cellular proliferation, malignant transformation,
epithelial to mesenchymal transition (EMT) and cell mi-
gration pointing to a vital role in oncogenesis and cancer
progression [17, 19]. RX-5902 is a first in-class, orally bio-
available, small molecule inhibitor of phosphorylated-p68
(p-p68) that decreases nuclear localization of β-catenin in
preclinical models of solid tumors [20–22]. RX-5902 in-
teracts with Y593 p-p68 and inhibits β-catenin-dependent
ATPase activity and has minimal impact on the RNA-
dependent ATPase activity of p68 [20]. RX-5902 exposure
results in potent antiproliferative activity in TNBC cell
lines and tumor growth inhibition in cell line xenograft
and patient-derived tumor xenograft models [22]. Add-
itionally, RX-5902 treatment in preclinical TNBC models
results in a decrease in nuclear β-catenin and cellular
levels of MCL-1 with induction of apoptosis, confirming
target engagement [22].
The purpose of this study was to evaluate the combin-

ation of RX-5902 with CTLA-4 and PD-1 immune
checkpoint inhibitors in immunocompetent mouse
models of TNBC to determine if inhibition of p-p68 may
potentiate the activity of immunotherapy. Correlative
studies were performed in a human immune system
mouse model to evaluate effects on human TILs and im-
mune activation markers.

Methods
Drugs
RX-5902 was provided by Rexahn, Inc. (Rockville, MD)
[22]. The drug was prepared in sterile miliQ H2O for
in vivo dosing. The anti-mouse CTLA-4 (CD152, clone
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9D9) and anti-mouse PD-1 (CD279, clone RMP1–14)
monoclonal antibodies were obtained from Bio X cell
(West Lebanon, NH). Nivolumab (anti-human PD-1)
was obtained from the University of Colorado Hospital
Pharmacy.

Cancer cell lines
The human MDA-MB-231 TNBC cell line was pur-
chased from American Type Culture Collection and cul-
tured in DMEM supplemented with 10% FBS, 1%
penicillin–streptomycin, 1% MEM nonessential amino
acids and 1% normocin. Cells were harvested during ex-
ponential growth and resuspended in a 1:1 mixture of
DMEM supplemented with 10% FBS, 1% PenStrep and
1% non-essential amino acids and Matrigel (BD Biosci-
ences) prior to injection into mice. Cells were authenti-
cated by the Barbara Davis Center for Childhood
Diabetes Core and tested for the absence of mycoplasma
every 3 months. The murine 4 T1 TNBC cell line was
obtained from Crown Bioscience Inc. (Taicang, China)
and cultured in RPMI media supplemented with 10%
FBS. All cells were grown at 37 °C with 5% CO2 in an
incubator.

Animal studies
All animal studies were performed in accordance with
the NIH guidelines for the care and use of laboratory
animals in a facility accredited by the American Associ-
ation for Accreditation of Laboratory Animal Care with
approval by the Institutional Animal Care and Use Com-
mittee prior to initiation of experiments. Tumor cell in-
oculations were performed under isoflurane anaesthesia
via regulated administation machines. Animals were eu-
thanized via CO2 and cervical dislocation. Approxi-
mately 60 animals were utilized in these studies.

4 T1 murine TNBC xenograft model
Five- to six-week-old BALB/c mice were housed in
groups of five per cage and allowed 1 week of acclima-
tion prior to handling. 4 T1 cells were harvested during
logarithmic growth and 3 × 105 cells in 100 μl of PBS
were injected subcutaneously in the right lower flank.
When tumors reached a median tumor volume of ~ 90
mm3, mice were randomized into treatment arms: ve-
hicle, RX-5902 60 mg/kg by oral gavage daily, anti-PD-
1100 μg/ mouse i.p. twice a week × 4 weeks or the com-
bination. Tumor growth inhibition (TGI) was calculated
using the following formula: TGI (%) =100 x (1- Vt /
Vvc)) where Vt and Vvc) is the mean tumor volume of
the treated and vehicle control groups, respectively. The
experiment was repeated as above and mice were ran-
domized to following treatment arms: vehicle, RX-5902
35mg/kg by oral gavage daily, RX-5902 35mg/kg plus
anti-CTLA-4 (5 mg/kg) i.p. twice a week × 3 weeks, RX-

5902 (75 mg/kg), or RX-5902 (75 mg/kg) plus anti-
CTLA-4 (5 mg/kg) i.p. twice a week × 3 weeks. The 4 T1
experiments were performed by Crown Bioscience Inc.
(Taicang, China).

Stem cell isolation for the generation of the humanized
mice
CD34+ hematopoietic stem cells (HSCs) were isolated
using magnetic CD34+ Miltenyi beads from PBMCs pre-
pared from clinically-rejected cord blood units from the
University of Colorado Cord Blood bank at Clinimmune
Labs (Aurora, CO) and expanded in short-term cultures
with IL6, SCF and Flt3L as previously described [23].
CD34+ cells were frozen in 90% FCS/10% DMSO and
stored at − 80 °C.

Human immune system (hu-CB-BRGS) mice and
hematopoietic chimerism evaluation
To generate human immune system (HIS) mice, 0.2–
0.6 × 106 expanded and thawed CD34+ cells were
injected into neonate BRGS (BALB/c Rag2nullIL2Rγnull-

SirpaNOD) pups that had been irradiated with 300 rad 2–
6 h prior to injection [18]. Mice were injected in the
facial vein or liver, as previously described [18]. Mice
were weaned at 3–4 weeks of age and analyzed for
human chimerism at 10 and 16 weeks of age by staining
of PBMCs, isolated from retro-orbital bleeds, to deter-
mine human (hCD45+), T (hCD3, hCD8, hCD5) and B
(hCD20) cell chimerism. Human chimerism was defined
as % hCD45+/(% hCD45+ + % mCD45+), the chimerism
of the total (human+mouse) hematopoietic system. The
mice were sorted into experimental groups based on
overall human and T cell chimerism detected in the
blood at the later time point.

Hu-CB-BRGS mice treatment studies
At 19 weeks post engraftment, 5 × 106 MDA-MB-231
cells were injected into the left and right flanks of hu-
CB-BRGS mice. When the average tumor size reached a
volume of ~ 150–300 mm3, mice were randomized into
treatment groups: vehicle control, RX-5902 15 mg/kg by
oral gavage daily, nivolumab (anti-human PD-1) 15 mg/
kg i.p. twice weekly, or the combination according to
levels of human and T cell chimerism as previously de-
scribed [18]. Tumor size was evaluated twice weekly by
caliper measurements and the tumor volume was calcu-
lated (tumor volume = (length × width2) × 0.52). Tumor
growth inhibition (TGI) was calculated using the follow-
ing formula: TGI (%) =100 x (1- Vt / Vvc)) where Vt and
Vvc is the mean tumor volume of the treated and vehicle
control groups, respectively. Treatment was continued
until tumors reached a single volume of 2000 mm3 or a
total volume of 3000 mm3/mouse. Exponential growth
rate was calculated using the formula: Y=Y0*exp.(k*X)
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where Y0 is the Y value when X (time) is zero and k is
the rate constant expressed in reciprocal of the X axis
time units (days).

Immune correlatives in the hu-CB-BRGS mice experiments
At sacrifice, bone marrow, lymph nodes (LN), spleen
and tumors were harvested for flow cytometry analysis
of human immune cell characteristics. Single cell sus-
pensions were prepared using mechanical disruption
with frosted glass slides, flushing of tibias and femurs
and mechanical disruption with razor blades followed by
Liberase DL digestion for LN and spleen, bone marrow
and tumors, respectively as previously described [18] .
Filtered single-cell suspensions were stained as previ-
ously described [18] Flow cytometry was performed with
constant rates and times on a Cyan analyzer (Dako
Cytomation) at the University of Colorado Cancer
Center flow cytometry core facility. FlowJo software was
used for data analysis.
At sacrifice, a portion of the dissected tumor was fixed

in formalin, paraffin-embedded and prepared for multi-
spectral imaging on Vectra 3.0 Automated Quantitative
Pathology Imaging System (Perkin Elmer) as previously
described [18]. In brief, four micron sections of
formalin-fixed tumor tissues were mounted onto glass
slides and sequentially stained for human CD3 and pan-
cytokeratin on a Bond RX autostainer (Leica) and HRP-
reactive OPAL fluorescent technology (Opal 540, Perkin
Elmer). Whole slide scans were collected using the 10x
objective and approximately 10 regions were selected for
multispectral imaging with the 20x objective. The multi-
spectral images were analyzed with inForm software
(Perkin Elmer).

Statistical analysis
Treatment groups were compared by ANOVA paramet-
ric analysis of the means using a commercially available
statistical program (Prism GraphPad 8.3.0). The compar-
isons between sensitivity of treatment and vehicle groups
in vivo were analyzed using an unpaired two-tailed para-
metric t-test with Welch’s corrections when appropriate
(Prism Graph Pad 8.3.0).

Results
RX-5902 enhances the anti-tumor activity of anti-PD-1
and anti-CTLA-4 antibodies in the 4 T1 immunocompetent
murine model of TNBC
Given the ability of β-catenin to modulate the anti-
cancer immune response, we sought to determine if
treatment with RX-5902 could enhance the anti-tumor
activity of anti-mouse-PD-1 or anti-mouse-CTLA-4
monoclonal antibodies in an immune-competent BALB/
c, 4 T1 mouse model of TNBC [14]. As depicted in
Fig. 1a-b, single agent RX-5902 60mg/kg treatment

resulted in significant antitumor activity compared to ve-
hicle control (TGI = 44%; p = 0.007), whereas single
agent anti-mouse-PD-1 was minimally active (TGI =
21%; p = 0.173). However, the combination treatment of
RX-5902 with anti-mouse-PD-1 resulted in significant
antitumor activity (TGI = 61%; p = 0.001) compared to
vehicle control and to the RX-5902 and anti-mouse-PD-
1 alone treatment groups (p = 0.032 and p = 0.001,
respectively).
As shown in Fig. 1c-d, single agent treatment with

RX-5902 35 mg/kg and 75mg/kg treatment resulted in
significant, dose proportional antitumor activity com-
pared to vehicle control (TGI = 35%; p = 0.006 and TGI =
76%; p = 0.001, respectively). The combinations of RX-
5902 (35 mg/kg and 75mg/kg) and anti-mouse-CTLA-4
were also efficacious compared to vehicle control (TGI =
67%; p = < 0.001, TGI = 81%; p = < 0.001, respectively).
The combination of lower dose RX-5902 (35 mg/kg) plus
anti-CTLA-4 resulted in greater tumor growth inhibition
compared to RX-5902 (35 mg/kg) alone (p = 0.007). All
treatments were well-tolerated and no severe weight loss
or abnormal clinical signs were observed in the mice
these studies.

RX-5902 potentiates the activity of anti-PD-1 in a
humanized mouse model of TNBC
We used the humanized (hu-CB-BRGS) mouse MBA-
MD-231 xenograft model to assess the efficacy of com-
bining RX-5902 with the anti-human-PD-1 antibody
nivolumab. This system allowed evaluation of both the
anti-tumor activity and the impact on the human anti-
tumor immune response of RX-5902, nivolumab and the
combination. Mice were randomized to treatment
groups based on their human hematopoietic chimerism
and the percentage of human hematopoietic (CD45+),
and human T (CD3+) and B (CD20+) subsets in blood
were also well-represented across the treatment groups
prior to initiation of treatment (Fig. 2a, b). Submaximal
doses of nivolumab and RX-5902 as single agents re-
sulted in modest inhibition of tumor growth, however,
the combination resulted in a statistically significant in-
hibition and reduction in tumor doubling time (Fig. 2c)
Tumor growth inhibition (TGI) was calculated at 26%
for Nivo alone; − 0.28% for RX-5902 alone; and 74.5%
for the combo, compared to vehicle (Fig. 2d). Addition-
ally, tumor growth rate, as measured by volume doub-
ling time, was also greatly reduced in the combo
treatment arm (Fig. 2e). Treatment in the combination
group was continued for approximately 2 weeks longer
than the other treatment arms to observe long-term effi-
cacy (Fig. 2c). The observed increase in tumor growth
during this period may indicate an escape of the tumor
from immune control, potentially due to loss of human
chimerism.
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Fig. 1 a-b Treatment of 4 T1 TNBC xenograft model with vehicle control, RX-5902 (60 mg/kg), anti-mouse PD-1 (100 μg/mouse) or the
combination. TGI compared to vehicle: RX-5902 60 (TGI = 44%; p = 0.007), anti-mouse-PD-1 (TGI = 21%; p = 0.173), combination (TGI = 61%; p =
0.001). Combination compared to RX-5902 alone and anti-mouse-PD-1 alone (p = 0.032 and p = 0.001, respectively). c-d Treatment of 4 T1 TNBC
xenograft model with vehicle control, RX-5902 (35 mg/kg), RX-5902 (75 mg/kg), RX-5902 (35 mg/kg) plus anti-CTLA-4 (5 mg/kg) or RX-5902 (75
mg/kg) plus anti-CTLA-4 (5 mg/kg) resulted in TGI at day 25 compared to vehicle control: TGI 35%, p = 0.006; TGI 76%, p < 0.001; TGI 67%, p <
0.001, TGI 76%, p < 0.001. Combination of RX-5902 (35 mg/kg) plus anti-CTLA-4 (5 mg/kg) compared to RX-5902 alone (p = 0.007). *
p < 0.05, **p < 0.01

Fig. 2 a Flow cytometry gating strategy for detecting presence of human immune cells in blood of hu-CB-BRGS mice 16 weeks post engraftment
and prior to tumor cell inoculation. b Percentage of human CD45+ cells in blood of hu-CB-BRGS mice plotted according to their distribution into
treatment groups. c Tumor growth curves of MDA-MB-231 TNBC cell line xenograft tumors in hu-CB-BRGS mice at the indicated doses. Vehicle,
Nivo, and RX-5902 arms were ended at Day 26 due to tumor size limits. Treatment was continued for the Combo arm due to their increased
survival compared to the other groups. d Percent tumor growth inhibition (%TGI) for the indicated treatment groups. e Tumor growth rates for
individual tumors in the indicated treatment groups over the duration of the treatment time. ****p < 0.0001; ***p < 0.001; *p < 0.05
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Immune cell characterization in the hu-CB-BRGS MDA-MB-
231 xenograft model treated with RX-5902, nivolumab or
the combination
We performed a comprehensive analysis of human im-
mune cell characteristics using flow cytometry of single
cell suspensions isolated from the spleen, LNs, bone
marrow and tumor tissue obtained at the time of sacri-
fice from all treatment arms (Fig. 2c). The combination
treatment group was sacrificed approximately 2 weeks
after the other treatment groups based on the parame-
ters for sacrifice based on tumor size and animal
weights.
Human hematopoietic chimerism was evaluated at the

end of study in spleen and tumor tissue. Figures 3a, b
depict the % human (h) hematopoietic cells in these tis-
sues. As expected, there was no significant difference in
the frequency of hCD45+ cells in the spleen across

treatment groups (Fig. 3b). We did observe a few tumors
in the single agent arms with increased frequencies of
hCD45+ cells, however, there was no statistically signifi-
cant difference across the treatment groups (Fig. 3b).
We analyzed the overall composition of the human

immune system by cell type in the spleen and tumor tis-
sue to determine if the effects observed were systemic
(i.e. present in spleen and tumor tissue) or present only
in the tumor microenvironment. Among the hCD45+
cells, we determined the fraction of T cells (CD3) and
observed a statistically significant increase in absolute
number and frequency of CD3+ T cells in the tumors of
the RX-5902 treated mice compared to vehicle (Fig. 3c-
d). An increase in CD3+ T cells in the tumor
microenvironment was also observed using immuno-
fluorescence (IF) performed on fixed tumor tissues
(Fig. 3e). We further characterized the TILs and

Fig. 3 Human immune subsets in spleens and tumors of hu-CB-BRGS MDA-MB-231 bearing mice at the end of study. a Flow cytometry panel for
identification of mouse (mCD45) and human (mCD45) hematopoietic cells, and T (CD3) and B (CD20) cells among the hCD45+ population (right),
in the spleen (top) and tumor (bottom). b Percentage of human (hCD45+ of (mCD45+ + hCD45+)) cells in the spleens and tumors. c T cell
(CD3+) numbers and frequencies and d among the hCD45+ cells. e Representative fields from tumors collected at end of study from the
indicated treatment arms stained with anti-CD3 antibodies (green) and DAPI and imaged using the Vectra 3.0 system. f Frequency of live cells
among CD8+ human (hCD45+) cells in tumors. Each dot represents data from an individual spleen, bone marrow or tumor from mice receiving
either no drug (Vehicle), nivolumab alone (Nivo), RX-5902 alone, or combination of nivolumab and RX-5902 (Combo) treatment. Lines represent
arithmetic means. p-value: * < 0.05
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observed a statistically significant increase in the fre-
quency of live CD8+ TILs in the RX-5902 treated tu-
mors suggesting a functional advantage for these cells
treated with RX-5902 (Fig. 3f). The increase in CD3+ T
cells in the tumor tissue that was observed consistently
with RX-5902 treatment was not seen in the group
treated with nivolumab and RX-5902. There are various
potential explanations for these findings, including dif-
ferences in timing of animal sacrifice, immune cell ex-
haustion, and loss of chimerism over time.
The frequency of B cells was low regardless of treat-

ment arm in tumor tissue as compared to the spleen.
(Fig. 4a-b). The frequency of human myeloid cells de-
fined by the expression of either CD33, CD11b or
CD11c in CD3, CD19-negative, hCD45+ cells was higher
in tumor tissue as compared to bone marrow (Fig. 4c-d).
We observed a decrease in the frequency of myeloid
cells in the tumors treated with RX-5902, however, this
did not reach statistical significance (Fig. 4d). Myeloid
cells in tumors are often associated with an

immunosuppressive tumor microenvironment and low
expression of HLA-DR. We used the expression of the
HLA-DR class II molecule as a relative readout for the
ability of the human myeloid cells to present antigen to
the T cells, and thus function in a more immunogenic
manner (Fig. 4e-f). We found that human myeloid cells
in the tumors from nivolumab-treated mice had higher
frequencies of HLA-DR+ cells. There was a statistically
significant increase in the nivolumab-treated mice com-
pared to vehicle (p < 0.05) and a trend with combination
treatment. Although this marker alone does not defini-
tively identify these cells as non-myeloid-derived sup-
pressor cells (MDSCs), the higher expression of the class
II molecule suggests these myeloid cells are in a more
immunogenic state.

Human immune cell functional analysis
In addition to characterizing the make-up of immune
cells present in tumor and peripheral tissues, we investi-
gated functional markers present on immune cells

Fig. 4 a Flow cytometric gating strategy depicting identification of T (CD3) and B (CD19+) cells among hCD45+ hematopoietic cells in the
spleen (left) and tumor (right). b Frequencies of B (CD19+) B cells in each mouse in spleen and tumors. c Gating strategy to detect myeloid cells,
defined as CD33+, CD11b + and/or CD11c+, among the hCD45+ cells in bone marrow and tumors. d Frequencies of myeloid cells in each hu-CB-
BRGS mouse in bone marrow and tumor. e Representative flow cytometry analysis depicting expression of HLA-DR MHC Class II molecules on
hCD45+ myeloid cells in spleen (top) or tumor (bottom). f Frequencies of HLA-DR+ among myeloid cells in the spleen and tumor for each hu-
CB-BRGS mouse. Each dot represents data from an individual spleen, bone marrow or tumor from mice receiving either no drug (Vehicle),
nivolumab alone (Nivo), RX-5902 alone, or combination of nivolumab and RX-5902 (Combo) treatment. Lines represent arithmetic means.
p-value: * < 0.05
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associated with either anti- or pro-tumor immune re-
sponses. Granzyme B (GrB) is a cytotoxic molecule se-
creted by activated T cells and natural killer (NK) cells
[24, 25]. We observed an increase in the frequency of
GrB+ CD4 and CD8 among T cells in the tumors from
mice treated with the combination of RX-5902 and nivo-
lumab compared to either agent alone (Fig. 5a-b). Al-
though the frequency of T cells was lower in the tumors
treated with RX-5902 plus nivolumab (Fig. 3c-d), the
anti-tumor activity of this combination was greater
(Fig. 2c) and there was a higher frequency of GrB+ acti-
vated T cells in tumors from the combination group.
In addition to GrB, the secretion of the cytotoxicity-

associated IFNγ cytokine by CD8 T cells is widely
reported to be associated with a favorable response to
immune checkpoint blockade [26]. Analysis of IFNγ se-
cretion by either CD4 or CD8 T cells showed increased
production with only RX-5902 treatment alone in tumor
tissue (Figs. 5c-d). MHC Class II is upregulated upon ac-
tivation of T cells. Consistent with increased functional-
ity of T cells in tumors from RX-5902 treated mice, we
observed an increase in HLA-DR MHC Class II expres-
sion among the T cells in the tumor from RX-5902
treated mice (Fig. 5e). The low frequency in the combin-
ation treated mice could be explained either by an

inhibition of this mechanism with nivolumab, which is
in opposition to other reports, or a kinetic effect of the
study.
Finally, we measured the expression of inhibitory mol-

ecules PD-1 and Tim-3 as a further indicator of immune
status. Both PD-1 and TIM-3 are inhibitory receptors on
activated and/or exhausted T cells. Specifically, TIM-3 is
an immune inhibitory receptor associated with highly
differentiated, IFNg+ T cells and exhausted T cells [27,
28]. RX-5902 treatment as a single agent resulted in the
highest expression of both PD-1 and Tim-3 on T cells
from all treatment groups (Figs. 5f-h). This increased
PD-1 and Tim-3 is indicative of more activated and dif-
ferentiated T cells, and could represent an increase in
targetable T cells populations for checkpoint inhibition
with RX-5902 treatment. Of note, we were not able to
determine PD-1 expression on T cells of mice treated
with nivolumab as this monoclonal antibody targets and
blocks PD-1.

Impact of treatment on tumor immunogenicity
A common mechanism for tumors to escape immune
surveillance is to downregulate HLA molecules and up-
regulate immunosuppressive molecules such as PD-L1
[29]. Thus we again used flow cytometry to analyze

Fig. 5 Human T cell function in spleens and tumors of hu-CB-BRGS MDA-MB-231 bearing mice. Flow cytometry gating strategy for measurement
of a Granzyme B, and c IFNγ producing CD4 and CD8 T cells in the spleen or tumors and the calculated frequencies of b Granzyme B, and d
relative cell numbers, per g of tumor, of IFNγ producing CD4 and CD8 T cells in spleens and tumors of each hu-CB-BRGS mouse. a represents
sample from Combo treated mice, and c from RX-5902 treated mice. Expression (as determine by mean fluorescence intensity, MFI) of e HLA-DR
activation, and f inhibitory PD-1 molecules on human T cells in tumors. g Flow cytometry analysis measuring frequency of Tim3+ cells among T
cells in the spleens and tumors. h Frequency of Tim-3+ cells among human T cells in spleens and tumors of hu-CB-BRGS tumor-bearing mice. For
all graphs, each dot represents data from an individual spleen or tumor from mice receiving either no drug (Vehicle), nivolumab alone (Nivo),
Rexahn-5902 alone (RX-5902) or a combination of nivolumab and Rexahn-5902 (Combo) treatment. Lines represent arithmetic means. p-values:
* < 0.05, ** < 0.01

Tentler et al. BMC Cancer         (2020) 20:1063 Page 8 of 13



expression of MHC Class I (HLA-ABC) and Class II
(HLA-DR),as well as PD-L1, on non-hematopoietic
tumor cells (mCD45-, hCD45-). We used the expression
of these molecules on hCD45+ cells in the spleens and
human PBMCs as controls (Fig. 6a-d). As expected, we
found very low levels of both Class I and Class II HLA
molecules on tumor cells in all mice, with a modest, yet
significant, upregulation of HLA-DR on tumor cells in
combination-treated mice relative to controls (Fig. 6b-c).
However, PD-L1 expression was higher on the tumor
cells relative to control human PBMCs or hCD45+ cells
in the spleen or tumors of the hu-CB-BRGS tumor-
bearing mice (Fig. 6d). Notably, the expression of the
immunosuppressive PD-L1 molecule was lower on
tumor cells in RX-5092 treated mice (Fig. 6d).

Discussion
In this study, we explored inhibition of the Wnt/β-ca-
tenin signaling pathway as a strategy to potentiate the
anti-tumor activity of immune checkpoint inhibition in
immunocompetent models of TNBC. We utilized the
novel inhibitor of p-p68, RX-5902, due to its ability to
block the coactivator function of p-p68 and prevent p-
p68-mediated nuclear shuttling of β-catenin, thereby
negating its transcriptional activities [20, 22]. The Wnt/
β-catenin pathway is a well-characterized driver of
several cancers, a promoter of cancer progression and
mediator of resistance to checkpoint inhibitors through
its dysregulation of tumor-immune cycle [14]. Specific-
ally, β-catenin signaling directly affects regulators critical
for T-cell tumor infiltration, and antitumor activities of

Fig. 6 a Expression of human MHC Class I (HLA-ABC), Class II (HLA-DR) and PD-L1 on cells in MDA-MB-231 tumors from hu-CB-BRGS mice.
Tumors extracted from hu-CB-BRGS mice were prepared into single cell suspensions and stained for mCD45, hCD45 and Epcam. The mean
fluorescence intensities (MFIs) of HLA-ABC MHC Class I b, HLA-DR MHC Class II c and PD-L1 d were determined on both the human
hematopoetic (hCD45+) and the tumor cells (m,hCD45-). Expression of these molecules on PBMCs were included as a positive control for each
graph. Each dot represents data from an individual tumor from mice receiving either no drug (Vehicle), nivolumab alone (Nivo), Rexahn-5902
alone (RX-5902) or a combination of Nivolumab and RX-5902 (Combo) treatment. Lines represent arithmetic means. p-values: * < 0.05, ** < 0.01
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effector T cells, T helper cells and regulatory T cells.
Given the association of elevated β-catenin signaling
with low TIL infiltration and in resistance to checkpoint
inhibitors, we sought to determine if RX-5902, when
combined with anti-CTLA4 and PD-1 monoclonal anti-
bodies, could enhance anti-tumor and immunologic re-
sponses in a preclinical models of TNBC. Towards this
end, we utilized the 4 T1 mouse model of TNBC as well
as a hu-CB-BRGS humanized mouse model bearing hu-
man MDA-MB-231 TNBC xenograft tumors which
would allow for end of treatment immune analyses to
further elucidate the mechanisms of RX-5902 action.
Our intention in the humanized mouse studies was to

evaluate the human immune populations in the tumor
in an attempt to correlate changes with treatments and/
or immune responses (tumor growth). Our hu-CB-
BRGS HIS mouse model, similar to many humanized
mouse models, generates a multi-lineage human im-
mune system, with caveats [30]. The lymphocyte lineage
is overrepresented, initially by B cells and followed by T
cells. Thus these lineages are easy to detect and interro-
gate. Human myeloid cells do develop, but more variably
and less robustly, and are most abundant in the bone
marrow and non-lymph organs, such as liver and lung,
physiologically appropriate locations. NK cells that de-
velop are immature and non-functional, in the absence
of exogenous IL-15, as reported in several publications
regarding HIS mice [31]. Given these limitations, and
the abundant role of T cells following checkpoint
blockade immunotherapy treatments in both mouse and
human cancers, we focused our analysis on the lympho-
cytes, and more specifically functional assays for the T
cells. We enumerated the frequency of both human B
and myeloid cells as well, however we did not interro-
gate their subsets and functions. We also did not evalu-
ate the NK cell populations, given that this is a minor,
non-functional population of the immune system in this
model. Since immature NK cells do not express CD11b
[32], the NK population in our mice would be repre-
sented in the Lin- (CD3-CD19-CD33-CD11b-CD11c-)
fraction, which is very minor in our system. The human
myeloid population consists of numerous subtypes, in-
cluding monocytes, macrophages and multiple types of
dendritic cells. As with all immune cell subsets, the
function of each can be immune-activating or suppress-
ing, dependent on environmental context. In tumors, the
myeloid lineage is most often associated with immuno-
suppression with a large population of tumor associated
macrophages (TAMs, M2) and MDSCs. The flow cyto-
metric phenotypes of these lineages are still disputed in
the literature; however, a common, albeit not exclusive,
feature of immunosuppressive myeloid cells is a lower
expression of HLA-DR. Therefore, we calculated the
HLA-DR high frequency as an indication of ability to

present antigen. Notably, we did not detect significant
alterations in the frequency of myeloid lineage cells in
any treatment group.
In dosing studies, we found that in both models, RX-

5902 demonstrated anti-tumor activity on its own but
this was significantly enhanced when combined with
checkpoint inhibitors. The tumors in the hu-CB-BRGS
MDA-MB-231 bearing mice were well-infiltrated with
human immune cells, unlike other “cold” tumors we and
others have observed with the use of this model [18, 33].
The major infiltrates are T cells and myeloid cells, with
very few B cells consistent with other reports [18, 34].
Treatment with RX-5902, both alone and in combin-

ation with nivolumab, resulted in changes in human im-
mune components in MDA-MB-231 tumors that are
largely consistent with reports in other human and
mouse studies involving inhibition of β-catenin signaling.
Specifically, we observed increases in total T cells and
CD8+ T cell infiltration with RX-5902. In our study
these RX-5902 exposed T cells, both CD4 and CD8, pro-
duced increased IFNγ, as observed in other reports with
β-catenin inhibitors [14, 35]. However, this T cell in-
crease did not correlate with tumor growth, suggesting
this response was suboptimal as a single agent. Notably,
in our system we also observed consistent increases of
Granzyme B production, again by both CD4 and CD8 T
cells, when the RX-5902 is combined with nivolumab.
Further investigation is required to understand if the
Granzyme B pathway is related to the decreased tumor
growth, however the cytotoxic nature of this pathway is
intriguing. Indeed we have seen this correlation in other
humanized mouse immunotherapy studies [36] and
there are reports that Granzyme B predicts immunother-
apy response in other models [30]. We also quantified
the Treg population by measuring co-expression of
CD25 and FoxP3, but in contrast to other reports [14,
35], we did not detect changes in the frequencies among
treatment groups of this clearly detectable population
that represented on average 3.5% of human TILs (Sup-
plementary Fig 1). A previous report studying PRI-724, a
CBP/β-catenin inhibitor, in a mouse model of colorectal
cancer, observed increases in the Treg population with
drug treatment, suggesting that a decrease in Tregs is
not a consistent finding with β-catenin inhibition [37].
Our analysis of the myeloid populations showed that al-
though they are underrepresented in general in human-
ized mice, we did observe substantial representation of
these cells in tumors. An increase in CD103+ DC in tu-
mors has been observed in some tumors with β-catenin
inhibition. While we did not look at this population spe-
cifically, we did observe an increased trend in MHC
Class II (HLA-DR) expression on tumor myeloid cells
with nivolumab or combination therapy. The higher
Class II expression is often associated with increased
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antigen presentation and inflammatory myeloid cells,
consistent with increased antigen presentation by DCs.
One interesting result from our study is an increased ex-
pression of inhibitory receptor TIM-3 on the myeloid
cells in the tumor with RX-5902 alone, indicating that
this co-receptor is a possible combination target. In con-
trast to the changes we observed in treated immune
cells, we did not observe changes in the expression of
MHC Class I or II molecules or PD-L1 inhibitory recep-
tor on the tumor themselves, suggesting that in our
model the major influence of the β-catenin inhibitor is
on the immune system and less so on the tumor. We of
course cannot rule out that other changes, that were not
measured, occurred as well. Although we observed T cell
phenotype, activation and functional differences among
treatment groups, and not changes in either B cell or
myeloid populations, we cannot rule out changes among
myeloid subsets with treatments, as we did not examine
these populations in depth.
Human immune system mice do not fully recapitulate

the immune environment of human patients. The im-
mune system takes time to develop and T cells often do
not appear until months after cord blood engraftment.
There is also variability among chimerism. To take these
issues into account, we verified the presence of T cells in
blood of mice before tumor injection and randomized
our treatment groups according to overall human and T
cell chimerism. In addition, we ensured the development
of LNs at end of study and splenic chimerism as inclu-
sion criteria. Furthermore, the kinetics of these human-
ized mice experiments are important and may affect the
results. In our studies, we harvested mice over a three-
week time period, for both practical reasons and to ac-
quire as much tumor growth data as possible. Because
the MDA-MB-231 tumors in the combination arm grew
at a far slower rate, they were allowed to continue in the
study for a longer time period before harvest and ana-
lysis, which may explain some discrepant data observed,
such as lower tumor T cell numbers. Since the tumor-
immune interface is a dynamic process, fluctuating be-
tween activated and suppressed responses, it is possible
that our snap-shot of the immune system, as for all simi-
lar immune interrogations following treatments in mice
or humans, is affected by these different time points. It
is well-appreciated that T cell activation is a dynamic
process, beginning with upregulation of activation
markers, rapid proliferation of antigen-specific T cells,
followed by exhaustion of T cells that can include
activation-induced cell death. In this experiment, there
were fewer T cells in the combination-treated animals,
with a higher death rate as seen by lower frequency of
live cells among the CD8+ T cells. The increased num-
ber of T cells, frequency of live CD8+ T cells, and ex-
pression of activation markers HLA-DR and Tim-3

expression in the RX-5092 cohort suggest more acti-
vated T cells in this group. However, this could also in-
dicate a T cell response earlier in the process. Given the
dynamic changes in the constitution of immune cells in
the tumor microenvironment over time, this difference
in timing of obtaining tumor tissue for the planned im-
mune correlatives hinders clear interpretations as to
whether the T cells, or other immune subsets, are re-
sponsible for the tumor response. In future studies ef-
forts will be made to minimize these differences.
The final outcome of an immune response such as

tumor growth inhibition is a highly coordinated process,
involving integration of both positive and negative sig-
nals across multiple, interacting cell receptors and cell
types, including the antigen presenting cell and the
responding lymphocyte. Even very sophisticated analyses
such as mass cytometry, RNA-seq and ATAC-seq data
of the immune populations within tumors (or blood) are
at best correlative to the tumor response, at the moment
in time in which the immune cells are being evaluated.
Attempts to understand mechanism of tumor rejection
by an immune response is always muddled with these
limitations. However, the evaluation of the immune phe-
notypes, characteristics and functions within a model,
and identifying differences among treatment cohorts,
can direct further studies. Our studies suggest that RX-
5092 may alter T cell responses, although we cannot say
whether this is a direct effect on the T cell or through
antigen presenting cells.

Conclusions
Together, these preclinical models allowed us to demon-
strate that RX-5902, in addition to its direct anti-tumor
activity, can induce positive alterations in the tumor im-
munologic environment that may allow for enhanced re-
sponses to immunotherapies. This may be due to its
effects on decreased β-catenin signaling, though add-
itional effects on other p68 targets is also possible. These
preclinical results support a planned Phase 2 clinical trial
combining RX-5902 with nivolumab in patients with
TNBC, which will include biological correlates designed
to identify biomarkers of response that may inform im-
proved patient selection strategies for this population.
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Additional file 1: Figure S1. No difference observed in frequency of T
regulatory cells (CD25 + FoxP3+) among human CD4+ T cells in the
tumors of control or treated mice. A) Representative flow plots illustrating
detection of Tregs by CD25 and FoxP3 and B) frequency of Tregs among
CD4+ T cells in the lymph nodes (LN) and tumors (TIL) for each mouse,
according to treatment. Bars represent arithmetic means.

Tentler et al. BMC Cancer         (2020) 20:1063 Page 11 of 13

https://doi.org/10.1186/s12885-020-07500-1
https://doi.org/10.1186/s12885-020-07500-1


Additional file 2: Table S1. Antibodies used in these studies. Antibody
Sources, Clone ID and Fluorochromes are as indicated.

Abbreviations
TNBC: Triple-negative breast cancer; ER: Estrogen receptor; PR: Progesterone
receptor; HER2: Human epidermal growth factor receptor 2; PDGF: Platelet-
derived growth factor; hu-CB-BRGS: Humanized BALB/c-
Rag2nullIl2rγnullSIRPαNOD mice; HIS: Human immune system mice; TILs: Tumor
infiltrating lymphocytes; PD-1: Programmed death receptor-1; PD-
L1: Programmed death-ligand 1; CTLA-4: Cytotoxic T-lymphocyte-associated
protein-4; MHC: Major histocompatibility complex; DC: Dendritic cell;
NK: Natural killer cell; TAM: Tumor associated macrophages; MDSC: Myeloid-
derived suppressor cells; Treg: Regulatory T cell; GrB: Granzyme B; LN: Lymph
node; EMT: Epithelial to mesenchymal transition; TGI: Tumor growth
inhibition; ATAC-seq: Assay for transposase-accessible chromatin-sequencing

Acknowledgements
The authors would like to thank the University of Colorado Preclinical
Human Immune System Mouse Model and Analysis Shared Resource and
the Human Immune Monitoring Shared Resource for their support in the
development and analysis of the HIS mouse studies.

Authors’ contributions
JJT, JL, TMP, EB, DJK, YBL, AE, and JRD conceived and designed the studies;
JL, AC, SMB, SJH, BWY, and BG performed the experiments and provided
data collection and analysis; JL, RL, TMP, DJK, AE, EB, and SGE provided
technical advice and contributed in writing the manuscript. The author(s)
read and approved the final manuscript.

Funding
This work was supported by the National Institutes of Health (NIH) and the
National Cancer Institute (NCI) through 5P30CA046934–25 (University of
Colorado Cancer Center Support Grant), 1K23CA172691-01A1 (J.R. Diamond)
and CPRIT Scholar Award #RR160093 (S. G. Eckhardt). Support was also re-
ceived from Rexahn Pharmaceuticals, Inc. These funding bodies played a role
in study design, data collection, analysis, and interpretation, and manuscript
preparation.

Availability of data and materials
All data generated or analyzed during this study are included in this
published article [and its supplementary information files].

Ethics approval and consent to participate
In vivo studies were carried out in accordance with the University of
Colorado Institutional Animal Care and Use Committee. Approval number
00021.

Consent for publication
All authors approved the final version of the manuscript.
This manuscript does not contain any individual person’s data in any form.

Competing interests
Research funding from Rexahn Pharmaceuticals, Inc. to JRD, SGE and JJT.
DJK, EB, AE, and YBL are current or former employees of Rexahn
Pharmaceuticals, Inc.

Author details
1Division of Medical Oncology, School of Medicine, University of Colorado
Anschutz Medical Campus, 12801 E 17th Ave, MS8117, Aurora, CO 80045,
USA. 2University of Colorado Cancer Center, Anschutz Medical Campus,
12801 E 17th Ave, MS8117, Aurora, CO 80045, USA. 3Department of
Immunology and Microbiology, University of Colorado Anschutz Medical
Campus, Aurora, USA. 4Dell Medical School, Department of Oncology,
University of Texas at Austin, Austin, TX, USA. 5Rexahn Pharmaceuticals Inc.,
Rockville, MD, USA.

Received: 28 February 2020 Accepted: 6 October 2020

References
1. Davis SL, Eckhardt SG, Tentler JJ, Diamond JR. Triple-negative breast cancer:

bridging the gap from cancer genomics to predictive biomarkers. Ther Adv
Med Oncol. 2014;6:88–100.

2. Kassam F, Enright K, Dent R, et al. Survival outcomes for patients with
metastatic triple-negative breast cancer: implications for clinical practice and
trial design. Clin Breast Cancer. 2009;9:29–33.

3. Ismail-Khan R, Bui MM. A review of triple-negative breast cancer. Cancer
Control. 2010;17:173–6.

4. Bauer KR, Brown M, Cress RD, et al. Descriptive analysis of estrogen receptor
(ER)-negative, progesterone receptor (PR)-negative, and HER2-negative
invasive breast cancer, the so-called triple-negative phenotype: a
population-based study from the California cancer registry. Cancer. 2007;
109:1721–8.

5. Chen X, Li J, Gray WH, et al. TNBCtype: a subtyping tool for triple-negative
breast Cancer. Cancer Informat. 2012;11:147–56.

6. Lehmann BD, Jovanovic B, Chen X, et al. Refinement of triple-negative
breast Cancer molecular subtypes: implications for Neoadjuvant
chemotherapy selection. PLoS One. 2016;11:e0157368.

7. Rosenberg SA. Decade in review-cancer immunotherapy: entering the
mainstream of cancer treatment. Nat Rev Clin Oncol. 2014;11:630–2.

8. Akinleye A, Rasool Z. Immune checkpoint inhibitors of PD-L1 as cancer
therapeutics. J Hematol Oncol. 2019;12:92.

9. Larkin J, Chiarion-Sileni V, Gonzalez R, et al. Combined Nivolumab and
Ipilimumab or Monotherapy in untreated melanoma. N Engl J Med. 2015;
373:23–34.

10. Borghaei H, Paz-Ares L, Horn L, et al. Nivolumab versus Docetaxel in
advanced nonsquamous non-small-cell lung Cancer. N Engl J Med. 2015;
373:1627–39.

11. Schmid P, Adams S, Rugo HS, et al. Atezolizumab and nab-paclitaxel in
advanced triple-negative breast Cancer. N Engl J Med. 2018;379:2108–21.

12. Zhan T, Rindtorff N, Boutros M. Wnt signaling in cancer. Oncogene. 2017;36:
1461–73.

13. Li X, Xiang Y, Li F, et al. WNT/beta-catenin signaling pathway regulating T
cell-inflammation in the tumor microenvironment. Front Immunol. 2019;10:
2293.

14. Wang B, Tian T, Kalland KH, et al. Targeting Wnt/beta-catenin signaling for
Cancer immunotherapy. Trends Pharmacol Sci. 2018;39:648–58.

15. Lin SY, Xia W, Wang JC, et al. Beta-catenin, a novel prognostic marker for
breast cancer: its roles in cyclin D1 expression and cancer progression. Proc
Natl Acad Sci U S A. 2000;97:4262–6.

16. Fuller-Pace FV. The DEAD box proteins DDX5 (p68) and DDX17 (p72):
multi-tasking transcriptional regulators. Biochim Biophys Acta. 1829;2013:
756–63.

17. Yang L, Lin C, Liu ZR. P68 RNA helicase mediates PDGF-induced epithelial
mesenchymal transition by displacing Axin from beta-catenin. Cell. 2006;
127:139–55.

18. Capasso A, Lang J, Pitts TM, et al. Characterization of immune responses to
anti-PD-1 mono and combination immunotherapy in hematopoietic
humanized mice implanted with tumor xenografts. J Immunother Cancer.
2019;7:37.

19. Jalal C, Uhlmann-Schiffler H, Stahl H. Redundant role of DEAD box proteins
p68 (Ddx5) and p72/p82 (Ddx17) in ribosome biogenesis and cell
proliferation. Nucleic Acids Res. 2007;35:3590–601.

20. Kost GC, Yang MY, Li L, et al. A novel anti-Cancer agent, 1-(3,5-
Dimethoxyphenyl)-4-[(6-Fluoro-2-Methoxyquinoxalin-3-yl)Aminocarbonyl]
Piperazine (RX-5902), interferes with beta-catenin function through Y593
Phospho-p68 RNA helicase. J Cell Biochem. 2015;116:1595–601.

21. Lee YB, Gong YD, Yoon H, et al. Synthesis and anticancer activity of new 1-
[(5 or 6-substituted 2-alkoxyquinoxalin-3-yl)aminocarbonyl]-4-(hetero)
arylpiperazine derivatives. Bioorg Med Chem. 2010;18:7966–74.

22. Capasso A, Bagby SM, Dailey KL, et al. First-in-class phosphorylated-p68
inhibitor RX-5902 inhibits beta-catenin signaling and demonstrates
antitumor activity in triple-negative breast Cancer. Mol Cancer Ther. 2019;18:
1916–25.

23. Lang J, Kelly M, Freed BM, et al. Studies of lymphocyte reconstitution in a
humanized mouse model reveal a requirement of T cells for human B cell
maturation. J Immunol. 2013;190:2090–101.

Tentler et al. BMC Cancer         (2020) 20:1063 Page 12 of 13



24. Larimer BM, Wehrenberg-Klee E, Dubois F, et al. Granzyme B PET imaging as
a predictive biomarker of immunotherapy response. Cancer Res. 2017;77:
2318–27.

25. Martinez-Lostao L, Anel A, Pardo J. How do cytotoxic lymphocytes kill
Cancer cells? Clin Cancer Res. 2015;21:5047–56.

26. Opzoomer JW, Sosnowska D, Anstee JE, et al. Cytotoxic chemotherapy as an
immune stimulus: a molecular perspective on turning up the
immunological heat on Cancer. Front Immunol. 2019;10:1654.

27. Das M, Zhu C, Kuchroo VK. Tim-3 and its role in regulating anti-tumor
immunity. Immunol Rev. 2017;276:97–111.

28. McLane LM, Abdel-Hakeem MS, Wherry EJ. CD8 T cell exhaustion during
chronic viral infection and Cancer. Annu Rev Immunol. 2019;37:457–95.

29. Beatty GL, Gladney WL. Immune escape mechanisms as a guide for cancer
immunotherapy. Clin Cancer Res. 2015;21:687–92.

30. Larimer BM, Bloch E, Nesti S, et al. The effectiveness of checkpoint inhibitor
combinations and administration timing can be measured by Granzyme B
PET imaging. Clin Cancer Res. 2019;25:1196–205.

31. Huntington ND, Legrand N, Alves NL, et al. IL-15 trans-presentation
promotes human NK cell development and differentiation in vivo. J Exp
Med. 2009;206:25–34.

32. Fu B, Wang F, Sun R, et al. CD11b and CD27 reflect distinct population and
functional specialization in human natural killer cells. Immunology. 2011;133:
350–9.

33. Gammelgaard OL, Terp MG, Preiss B, Ditzel HJ. Human cancer evolution
in the context of a human immune system in mice. Mol Oncol. 2018;
12:1797–810.

34. Wang M, Yao LC, Cheng M, et al. Humanized mice in studying efficacy and
mechanisms of PD-1-targeted cancer immunotherapy. FASEB J. 2018;32:
1537–49.

35. Zhu Y, Wu J, Chen M, et al. Recent advances in the biotoxicity of metal
oxide nanoparticles: impacts on plants, animals and microorganisms.
Chemosphere. 2019;237:124403.

36. Lang J, Capasso A, Jordan KR, et al. Development of an adrenocortical
Cancer humanized mouse model to characterize anti-PD1 effects on tumor
microenvironment. J Clin Endocrinol Metab. 2019;105:26–42.

37. Osawa Y, Kojika E, Nishikawa K, et al. Programmed cell death ligand 1
(PD-L1) blockade attenuates metastatic colon cancer growth in cAMP-
response element-binding protein (CREB)-binding protein (CBP)/beta-
catenin inhibitor-treated livers. Oncotarget. 2019;10:3013–26.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Tentler et al. BMC Cancer         (2020) 20:1063 Page 13 of 13


	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Drugs
	Cancer cell lines
	Animal studies
	4&thinsp;T1 murine TNBC xenograft model
	Stem cell isolation for the generation of the humanized mice
	Human immune system (hu-CB-BRGS) mice and hematopoietic chimerism evaluation
	Hu-CB-BRGS mice treatment studies
	Immune correlatives in the hu-CB-BRGS mice experiments
	Statistical analysis

	Results
	RX-5902 enhances the anti-tumor activity of anti-PD-1 and anti-CTLA-4 antibodies in the 4&thinsp;T1 immunocompetent murine model of TNBC
	RX-5902 potentiates the activity of anti-PD-1 in a humanized mouse model of TNBC
	Immune cell characterization in the hu-CB-BRGS MDA-MB-231 xenograft model treated with RX-5902, nivolumab or the combination
	Human immune cell functional analysis
	Impact of treatment on tumor immunogenicity

	Discussion
	Conclusions
	Supplementary information
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

