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In many solid tumors including triple-negative breast cancer (TNBC),
upregulation of the interleukin-4 receptor (IL-4R) has been shown to pro-
mote cancer cell proliferation, apoptotic resistance, metastatic potential,
and a Th2 response in the tumor microenvironment (TME). Since
immunosuppressive cells in the TME and spleen including myeloid-derived
suppressor cells (MDSCs) and tumor-associated macrophages (TAMs) also
express the IL-4R, we hypothesized that selective depletion of IL-4R-bear-
ing cells in TNBC would result in the direct killing of tumor cells and the
depletion of immunosuppressive cells and lead to an enhanced antitumor
response. To selectively target IL-4R" cells, we employed DABIL-4, a
fusion protein toxin consisting of the catalytic and translocation domains
of diphtheria toxin fused to murine IL-4. As anticipated, DABIL-4 has
potent cytotoxic activity against TNBC cells both in vitro and in vivo. We
demonstrate in the murine 4T1 TNBC model that DABIL-4 significantly
reduces tumor growth, splenomegaly, and lung metastases. Importantly, we
also show that the administration of DABIL-4 results in the selective
depletion of MDSCs, TAMs, and regulatory T cells in treated mice, with a
concomitant increase in IFN-y" CDS effector T cells in the TME. Since the
4T1 antitumor activity of DABIL-4 was largely diminished in IL-4R
knockout mice, we postulate that DABIL-4 functions primarily as an
immunotherapeutic by the depletion of MDSCs, TAMs, and regulatory T
cells. NanoString analysis of control and treated tumors confirmed and
extended these observations by showing a marked decline of mRNA tran-
scripts that are associated with tumorigenesis and metastasis. In conclu-
sion, we demonstrate that DABIL-4 targeting of both tumor and
immunosuppressive host cells likely represents a novel and effective treat-
ment strategy for 4T1 TNBC and warrants further study.
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1. Introduction

Interleukin 4 (IL-4) is an important pleiotropic cyto-
kine primarily secreted by activated Th2 lymphocytes,
basophils, mast cells, and eosinophils. IL-4 promotes
differentiation of Th2 cells, upregulates the expression
of major histocompatibility complexes and the IL-4
receptor (IL-4R), and regulates immunoglobulin class
switching, especially immunoglobulin E production,
making it an important cytokine in allergic responses
[1]. IL-4 functions by binding to three different classes
of IL-4R. The type I receptor is primarily found on T
cells, basophils, mast cells, natural killer cells (NK
cells), and most B cells and consists of the IL-4Ra and
common gamma C (yc) subunits. The type II receptor,
comprised of the IL-13Ral and IL-4Ro subunits, is
expressed on tumor cells. And the type III receptor is
present on B cells and monocytes, consists of the IL-
4Ra, IL-13Ral, and yc subunits [2].

Upregulation of the IL-4R (CD124) has been shown
in multiple human and murine malignancies including
glioma, lung, breast, pancreatic, bladder, colon, and
ovarian cancers [2]. The binding of IL-4 to the IL-4R
recruits and phosphorylates tyrosine kinases Jakl/2
and Tyk2, which then activate the PI3K/AKT, mito-
gen-activated protein kinase (MAPK), and Jak/STAT6
signaling pathways [3]. Upon activation, these path-
ways promote cancer cell proliferation, resistance to
apoptosis, and metastatic potential [3,4]. In the tumor
microenvironment (TME), IL-4 elicits an increased
Th2 response and activates myeloid-derived suppressor
cells (MDSCs) and tumor-associated macrophages
(TAMs), both of which express the IL-4R, to promote
immunosuppression and angiogenesis [2]. Therapeutic
targeting of the IL-4/IL-4R interaction and its conse-
quences has led to effective antitumor strategies, which
include pharmacological inhibition of the downstream
pathways (AKT, ERK, JAK/STAT6, and mTOR),
monoclonal antibody blockade of IL-4 or the IL-4R,
engineered IL-4R antagonists, and IL-4 fused with
cytotoxic payloads [3,2].

In breast cancer, upregulation of IL-4/IL-4R signal-
ing has been associated with poor prognosis in both
human and murine models [5]. Additionally, IL-4
blockade has been shown to effectively downregulate
the MAPK pathway and reduce the growth and inva-
sion of breast cancer cells [4,6]. Interestingly, triple-
negative breast cancer (TNBC) cells were shown to
secrete higher levels of IL-4 in the tumor milieu, com-
pared with estrogen receptor (ER)-positive breast can-
cer cells, contributing to their proliferation and
metastatic potential [4], and recently, an IL-4 mediated
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boost in glucose and glutamine metabolism was identi-
fied as a driver of TNBC cell growth [7]. As TNBC
tumors are difficult to treat owing to their inherent
molecular heterogeneity and lack of targetable recep-
tors (estrogen, progesterone, and HER2) [8-10], we
sought to interrupt the IL-4/IL-4R signaling axis in
TNBC using a targeted bacterial protein toxin-based
approach.

In the present study, we have determined the under-
lying mechanistic details of the action of IL-4R-tar-
geted fusion protein toxin: s-DAB_3go-mIL-4 (referred
to as DABIL-4 hereafter) in a murine model of TNBC
adenocarcinoma. DABIL-4 consists of the catalytic
and translocation domains of diphtheria toxin (DT)
genetically fused to murine IL-4 (mIL-4) [11]. We
demonstrate that DABIL-4 selectively targets the IL-
4R" murine 4T1 TNBC cells in vitro. In vivo adminis-
tration of DABIL-4 in 4T1 tumor-bearing mice results
in significant reductions in tumor growth, splenome-
galy, and metastases to lung. We also demonstrate a
marked decline in the population of TL-4R* MDSCs,
TAMs, and regulatory T cells (Tregs) in TME and/or
spleen that is associated with a concomitant increase
in INF-y" effector T cells.

2. Materials and methods

2.1. Plasmids, bacterial strains, and cloning

Escherichia coli-Corynebacterium diphtheriae  shuttle
vector pKN2.6Z LC127 was constructed in the labora-
tory [12]. Murine IL-4 sequence was codon-optimized
as per C. diphtheriae codon usage table and was syn-
thesized by GenScript. hIL-2 sequence in pKN2.6z
LC127 was replaced with the mIL-4 sequence generat-
ing pKN2.6z LCI128 using Gibson assembly (NEB,
New England Biolabs, Rowley, MA, USA). Primers
were specifically designed to introduce tobacco etch
virus protease sequence between murine IL-4 and His-
6 sequence. The construct was then transformed into
either chemically competent E. coli DHS5a strain
(NEB) or electrocompetent C. diphtheriae CT7s(—)tox-.

2.2. Fermenter protein purification

Corynebacterium diphtheriae nonlysogenic nontoxigenic
C7s(-)tox- strain transformed with pKN2.6Z-LCI128
was grown in CY medium in a fermenter (BioFlo/Cel-
liGen 110) as previously described [12]. At OD ~ 12—
15, culture was harvested, and the supernatant was
collected and concentrated 20-fold by tangential flow
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filtration and a 30 kD hollow fiber membrane (Repli-
gen, Waltham, MA, USA). The flow concentrate was
then diafiltered against 2 L of 50 mM NaH,POy,
500 mm NaCl, and 50 mMm imidazole (pH 7.4). The
concentrate was then adsorbed onto a HisTrap HP
column (Cytiva, Malborough, MA, USA), and the
protein was eluted with 50 mm NaH,PO,4 500 mwm
NaCl, and 500 mMm imidazole (pH 7.4). The eluate was
again concentrated using 10 kDa Amicon Ultra-15
centrifugal units (Millipore Sigma, Burlington, MA,
USA) and separated over a HiPrep 26/60 Sephacryl S-
100 HR sizing column (Cytiva). The protein was
eluted with PBS in 5 mL fractions and analyzed by
SDS/PAGE. The protein concentration was then esti-
mated, and aliquots were stored at —80 °C in PBS.

2.3. Cell lines, media, and growth conditions

Murine origin TNBC cell lines 4T1 (laboratory stock)
and EO771 (purchased from CH3 Biosystems,
Ambherst, NY, USA) were grown in DMEM FI2
(Corning Life Sciences, Tewksbury, MA, USA) and
RPMI-1640 (Corning) + 0.1% HEPES, respectively,
supplemented with 10% heat-inactivated FBS (Gibco
Laboratories, Gaithersburg, MD, USA) and 1%
antibacterial antimycotic solution (Sigma-Aldrich Inc,
Miamisburg, OH, USA). The cell lines were grown in
a humidified incubator at 37 °C under 5% CO, atmo-
sphere.

2.4. MTS cell viability assay

For MTS assays, 5000 4T1 cells were plated per well
in triplicate in 200 pL volume in 96-well plates,
allowed to adhere, and treated with twofold serial dilu-
tions of DABIL-4 fusion toxin or no drug. After 48-h
incubation with the drug, 3-(4,5-dimethylthiazol-2-yl)-
5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-te-
trazolium, inner salt; MTS reagent (Promega Corpora-
tion, Madison, WI, USA) was added to the individual
wells. After 90-120 min, absorbance at 490 nm was
recorded with the iMark Microplate Reader (Bio-Rad,
Hercules, CA, USA) to score cell viability.

2.5. Western blots

For analyzing the protein samples, cell lysate or puri-
fied protein was boiled in 4x SDS loading buffer (Bio-
Rad) and separated on precasted 4-15% SDS/PAGE
gel (Bio-Rad). The separated proteins were transferred
to activated poly(vinylidene difluoride) membrane and
probed with appropriate primary antibodies followed
by secondary antibodies and detected by ECL Reagent
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(Thermo Fisher Scientific, Waltham, MA, USA). Anti-
bodies for western blots were purchased from different
sources: anti-IL-2 (CST, Danvers, MA, USA, Cat#
12239), anti-His (Abcam, Cat# abl8184), anti-DT
(Abcam, Cambridge, MA, USA, Cat# ab53828), anti-
total PARP (CST, Cat# 9532), anti-cleaved PARP
(CST, Cat# 5625), anti-BCL-xL (CST, Cat#), anti-
cleaved caspase-3 (CST, Cat#), and anti-B-actin
(Sigma, Cat# A5441). CST stands for Cell Signaling
Technology.

2.6. Caspase activity assay

4T1 cells were seeded at the density of 1000 cells per
well. After adherence, cells were treated with no drug,
20 nm DABIL-4, and 2.5 pM doxorubicin (as a posi-
tive control). Caspase activities in cells were quantified
after 48 h of treatment using Caspase-Glo® 3/7 Assay
System (Promega) as per manufacturer’s instructions.

For testing the expression of apoptosis-associated
markers (such as PARP, caspase-3, and BCL-xl), 4T1
cells were seeded in six-well plates at a density of
5000 cells per well and treated with DABIL-4 or no
drug. After 48 h, cells were trypsinized, washed with
PBS, and lysed with RIPA buffer (Thermo Fisher) for
30 min on ice. The lysates were then centrifuged at
15 800 g for 10 min at 4 °C. The protein concentration
was estimated as per Bradford assay, and equal sam-
ples were loaded on SDS/PAGE gel (40 pg protein per
lane). Western blot was performed as mentioned in the
earlier section.

2.7. In vivo mouse experiments

All animal experimental procedures and protocols
were reviewed and approved by Johns Hopkins
University Animal Care and Use Committee. The ani-
mals were housed at the animal vivarium located in
Koch Cancer Research Building located at the East
Baltimore Campus of Johns Hopkins University. For
tumor generation, 10 000 4T1 cells in 0.1 mL Matrigel
(50% v/v in PBS; Corning) were orthotopically
implanted into fourth mammary fat pad of 6-week-old
female Balb/c mice (Charles River Laboratories,
Wilminton, MA, USA) and Balb/c IL-4R knockout
(KO) mice (purchased from Jackson Laboratory, Bar
Harbor, ME, USA). On day 7, when tumor became
palpable, PBS and DABIL-4 (10 pg per mice in
100 pL PBS) were administered via intraperitoneal
route on alternate days thrice a week till the comple-
tion of the study. Tumor growth was assessed twice a
week (Monday and Thursday) by measuring tumor
volume using electronic caliper. Tumor volume was
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calculated using the following equation = length x
width x width x 0.5. Mice were sacrificed at the indi-
cated time points. Tumor and spleen were isolated and
weighed.

For single-cell suspension preparation, tumors were
minced and digested with collagenase D and DNase I
at 37 °C for 1 h, while spleens were passed through
100-um mesh filters. Red blood cells were lysed using
RBC lysis buffer (BioLegend, San Diego, CA, USA).

2.8. Flow cytometry

Single-cell suspensions from the tumor and spleen were
stained with trypan blue and manually scored for via-
bility. One million cells were incubated with purified
anti-mouse CD16/32 antibody (BioLegend, Cat#
101320) in FACS buffer (eBiosciences, San Diego, CA,
USA, Cat# 422226) and stained with two panels of
antibodies (BioLegend unless otherwise indicated): (a)
lymphoid panel: APC/Cy7 CD45, BV785 CD3,
BUV563 CD4 (Becton Dickinson, Franklin Lakes, NJ,
USA), AF700 CD8a, BV711 CD25, PE-Texas Red
CD39, BV650 CD44, and BV421 PD-L1; and (b) mye-
loid panel: APC/Cy7 CD45, BV650 CDI11b, BV605
Ly6G (BD), PE/CY7 Ly6C, BV711 CDI15, PE
CD124, BUV396 1IA/IE (BD), APC F4/80, and FITC
CDS86. For identifying IL-4R™ T, B, and NK cells, a
single panel consisting of APC/Cy7 CD45, BV785
CD3, BUV363 CD4 (BD), AF700 CDS8a, BV650
CDl11b, APC CDI19, PE/Cy7 CD49b, BV605 Ly6G,
and PE CD124 was used. Zombie Aqua fixable viabil-
ity dye was included in both the panels to select viable
cells. After surface staining, cells were fixed in fixation
buffer and intracellular staining was performed using
transcription factor buffer set followed by staining
with FITC Foxp3 (lymphoid panel) and PerCP/Cy5.5
CD206 (myeloid panel). The stained samples were
acquired on LSRFortessa™ X-20 Cell Analyzer (BD),
and data were analyzed using FLowso v.10 software
(BD). To exclude debris and aggregates, FSC-A versus
SSC-A gate, and to exclude duplets, FSC-W and SSC-
H gates were designed. Inside this latter gate, dead
cells were excluded using the Zombie Red fixable via-
bility dye. All reagents were purchased from BioLe-
gend unless otherwise indicated.

2.9. T-cell stimulation and intracellular cytokine
staining

For in vitro stimulations, harvested cells were incu-
bated with cell activation cocktail (PMA/ionomycin
without Brefeldin) and monensin in RPMI-1640 media
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supplemented with 10% FBS at 37 C for 4 h. After
stimulation, cells were surface-stained with APC/Cy7
CD45, BV785 CD3, BUVS563 CD4, and AF700 CD8a,
as described earlier. Intracellular cytokine staining was
performed with Cyto-Fast™ Fix/Perm Buffer Set
(BioLegend) as per the manufacturer’s protocol and
labeled with BV421 interferon-gamma (IFN-y) or PE
IL-10. Samples were acquired on LSRFortessa™ X-20
Cell Analyzer (BD), and data were analyzed using
FLowJo v.10 software (BD). Zombie Aqua fixable dye
was included to score viability. All reagents were sup-
plied by BioLegend unless otherwise indicated.

2.10. Lung metastasis assay

To quantify metastases, lungs were isolated from
tumor-bearing mice, excised, minced, and digested with
collagenase D and DNase I to prepare a single-cell
suspension. All the cells from one single lung were pla-
ted in one well of six-well plates in 2 mL volume of
DMEM F-12 media supplemented with S-guanidine
and incubated in a humidified incubator at 37 under
5% CO, for 10-14 days. Following selection, colonies
were formalin-fixed and stained with crystal violet
prior to manual counting. Plates were also pho-
tographed for record keeping.

2.11. IVIS imaging-based metastasis assay

10 000 4T1-Luciferase (Luc) cells were orthotopically
implanted into fourth mammary fat pads of syngeneic
Balb/c mice (n = 3; purchased from Charles River Lab-
oratories) [13]. On day 12, primary tumors were
removed and mice were distributed into two groups.
PBS and 10 pg DABIL-4 were administered i.p. to
groups 1 and 2, respectively. On day 9, the mice were
injected with 0.15 g-Kg~' p-luciferin (Sigma-Aldrich)
and were imaged within 10 min using IVIS Imaging
System (Perkin Elmer, Hopkinton, MA, USA). The
images were analyzed using IVIS imaging software by
Perkin Elmer. During image analysis, total photon flux
coming from thoracic cavity was quantified and plotted.

2.12. Immunohistochemistry assay

At the specified time point, 4T1 tumors were harvested
and fixed in 10% formalin. The fixed sections were
then paraffin-embedded and sectioned, and immuno-
histochemical analyses were performed using anti-
cleaved caspase-3 (CST, Cat# 9661) antibody. Images
were captured using a Leica microscope at 20x magni-
fication.
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2.13. RNA isolation and NanoString analysis

RNA was isolated from 3 4T1 tumors from both PBS-
treated and DABIL-4-treated group by using RNeasy
Mini Kit (Qiagen, Germantown, MD, USA) as per
manufacturer’s protocol. All RNA samples passed
quality control (assessed by OD 260/280) and were
analyzed by nCounter murine PanCancer Immune
Profiling Panel according to manufacturer’s protocol
at Johns Hopkins Transcriptomics and Deep Sequenc-
ing Core Facility (NanoString Technologies, Seattle,
WA, USA). Raw data were normalized using the NsOL-
VER 3.0 analysis software (NanoString Technologies).
Gene expression (represented in log,) was calculated as
the mean, and data were imported to GRAPHPAD PRISM
software for statistical analysis and graphical represen-
tation.

3. Results

3.1. DABIL-4 selectively targets IL-4 receptor-
expressing 4T1 cells in vitro

Lakkis ez al. [11] first described the genetic construc-
tion and expression of DABIL-4 in recombinant
E. coli more than 30 years ago. In the present study,
we used a strategy recently developed in our labora-
tory to reconstruct the structural gene encoding
DABIL-4 with the native diphtheria rox signal
sequence, the fox promoter, and a mutant tox operator

S. Parveen et al.

in recombinant C. diphtheriae C7(-)"°*[12] (Fig. S1).
This construct directs the constitutive expression and
secretion of DABIL-4 into culture medium as a fully
folded, biologically active, monomeric recombinant
protein that is readily purified to > 98% homogeneity
(Fig. S2A,B). Immunoblot analysis of the purified pro-
tein probed with anti-DT, anti-mIL-4, and anti-Hisg
antibodies demonstrated the chimeric nature of the
fusion toxin (Fig. S2C).

To evaluate whether DABIL-4 was cytotoxic for IL-
4R* TNBC cells, we performed a dose—response analy-
sis using 4T1 cells, a murine IL-4R"™ TNBC cell line
[6]. Upon incubation with varying concentrations of
DABIL-4 for 48 h, 4T1 cells exhibited sensitivity to
DABIL-4 in a dose-dependent manner with an half-
maximal inhibitory concentration (ICsq) of 2 nwm
(Fig. 1A), while heat-inactivated DABIL-4 was non-
toxic (Fig. 1B). To demonstrate that the activity of
DABIL-4 is mediated through the IL-4R, we examined
the competitive inhibition of increasing concentrations
of recombinant murine IL-4 upon the cytotoxicity of
25 nm DABIL-4. As shown in Fig. 1C, recombinant
IL-4 completely blocked the cytotoxic activity of
DABIL-4, demonstrating that the action of the fusion
protein is mediated via the IL-4R/IL-4 interaction.
Another TNBC cancer cell line, E0771 [14], also
showed sensitivity to the fusion toxin albeit with a
slightly higher ICso value of 4 nm, a difference poten-
tially attributable to different IL-4R expression levels
and/or growth rates (Fig. 1D). It should be noted,
however, that the TNBC status of E0771 remains

A 4T1/DABIL-4 B 4T1/Heat Inactivated DABIL-4
120 120 Fig. 1. DABIL-4 exhibits cytotoxic
1004 1004 activity against IL-4R™ TNBC cells.
o IC,,=2nm . (A) Activity of DABIL-4 against 4T1
% 80+ e % 804 cells in an MTS assay showed an
2 604 £ 60 ICso of 2 nm, while (B) after heat
K 2 inactivation, it showed no
401 401 cytotoxicity. (C) Recombinant IL-4,
204 204 in a dose-dependent fashion,
4 3 92 1 0 1 2 3 4 3 =2 4 0 1 2 3 blocked the cytotoxic activity of
log4o concentration (nm) log4 concentration (nm) 25 nv DABIL4 in an MTS assay
c with 4T1. (D) Activity of DABIL-4
120- 4T1/+25 nM DABIL-4 E0771/DABIL-4 against EO771 cells in an MTS
100500 . assay showed an ICgy of 4 nwm.
1004 1C.=4nm Data are shown as mean + SD.
E 80 Z 804 I: /5" The experiments were performed
g el 2 o 1 in at least triplicates.
s H
= =
401 40+ ‘\(\l\h
20 ¢
20 T T T r T T ,
°'> Qb “9 n® ":'b ° %9 ’3’3"1?;1 b: &Q . Iogj cor;::entrgtion :nM) : ’
rlL-4 concentration (nm) e
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controversial [15]. DABIL-4 also showed cytotoxic
activity (ICsg ~ 2.3 nm) against NT2.5, a murine trans-
genic breast cancer cell line, which express rat Her2/
neu [16] (Fig. S3A), supporting the potential versatility
of this fusion protein toxin.

As previously reported, once internalized by the tar-
get cell, the catalytic subunit from either native DT or
diphtheria-based fusion protein toxins is translocated
into the cytosol where it catalyzes the ADP-ribosyla-
tion of elongation factor 2 (EF-2), which leads to the
inhibition of cellular protein synthesis [17,18]. Yamai-
zumi et al. [19] demonstrated that the introduction of
a single molecule of the catalytic domain is sufficient
to kill a eukaryotic cell, and this occurs within 48 to
72 after exposure by the induction of apoptosis. Using
a chemiluminescence-based assay, we demonstrated
that DABIL-4 treatment led to threefold induction of
caspase-3/7 activity in 4T1 cells, which was compara-
ble to that elicited by the cytotoxic agent doxorubicin
(Dox; Fig. S4A). Immunoblot analysis further demon-
strated apoptosis induction in DABIL-4-treated cells
revealing cleavage of both PARP and caspase-3
(Fig. S4B). These results confirm that DABIL-4 is a
potent cytotoxic agent, which induces apoptosis in
cancer cells expressing the IL-4R.

Targeting of myeloid cells in breast cancer

3.2. DABIL-4 inhibits 4T1 tumor growth and
prevents lung metastases in vivo

The 4T1 mammary tumor model in syngeneic BALB/c
mice shares many characteristic features with human
breast cancer including progressive growth of primary
tumors and the ability to metastasize to lungs, liver,
bone, and brain. Following orthotopic injection of as
few as 10 000 cells into the mammary fat pads, palpa-
ble tumors appear within 7 days and metastases are
observed by 18-28 days [20]. We utilized the ortho-
topic 4T1 murine model to evaluate the cytotoxicity of
DABIL-4 against 4T1 cells in vivo (Fig. 2A). Tumor-
bearing mice were treated by intraperitoneal injection
on alternate days with either 10 pg DABIL-4 or PBS
alone. As shown in Fig. 2B,C, we observed significant
reductions in tumor volume and weight in mice treated
with DABIL-4. Upon immunohistochemical staining
of the tumors, we also observed a higher expression of
caspase-3 in DABIL-4-treated mice compared with the
PBS-treated control (Fig. S5A). Additionally, we iso-
lated tumors, prepared single-cell suspension, and per-
formed flow cytometry to detect IL-4R" tumor cells
(CD45~ CDl11b~ CD3— CDI124") and found that
DABIL-4 treatment significantly reduced the frequency

Fig. 2. DABIL-4 shows antitumor
activity in  4T1 adenocarcinoma
model in Balb/c mice. (A) Schematic

Tumor Volume Sacrifices on day
17 and 25

(twice a week) post implant

of the experiment. Treatment was
given thrice weekly on days 7, 9, 12, Orthotopic implant of i.p. dosing of DABIL-4
10,000 4T1 cells thrice a week )
.14, 16, 1.9' 21, and 23 post-tumor in/athimarnmary fat pad (8 times) Clonogenic assay for
implantations. (B) DABIL-4 of Balblc lung metastasis
administration led to the decline in
tumor volume (n=5), (C) tumor B Cc
weight (n=05), and (D) lung 6007 o PBS 30 —
L]
metastasis (n = 3) both qualitatively Tae| T DABILS ki 25]
and (E) quantitatively. Statistical ém ok 5
significance for tumor growth and 3 £ %9
TRK S
lung metastasis experiments was g% 3 15
. . I3 dokk
assessed by two-tailed unpaired Em- § — .
. . o 1.04
Student’s  ttest considering an £ oo ol
unequal distribution. Tumors were < 0.51
measured by electronic Vernier S R e e B ® Day 17 Day 25
calipers. Red arrows indicate the DABIL-4 [T TTT T 11
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mean £ SD. *P < 0.05, **P < 0.01, Lung metastasis (Day 17) g3
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of IL-4R" cells in tumors (Fig. S5B). The data confirm
that DABIL-4 induces apoptotic cell death in 4TI
tumors in vivo. To rule out the strain specificity, we
tested the efficacy of DABIL-4 in the orthotopic
E0771 TNBC model generated in C57BL/6 strain
background and observed that DABIL-4 significantly
reduced E0771 tumor growth (Fig. S6).

4T1 tumors are also known to have high metastatic
potential [20]. To evaluate the impact of DABIL-4
upon metastatic progression, we harvested lungs from
4T1 tumor-bearing mice from both treated and
untreated mice on day 17, isolated metastatic cancer
cells, and performed clonogenic assays. We observed a
12-fold reduction in the number of metastatic tumor
colonies cultured from the lungs of DABIL-4-treated
mice compared with the PBS-treated group (Fig. 2D,
E). In addition, we confirmed the effect of DABIL-4
upon metastasis using bioluminescence imaging.
Briefly, we orthotopically implanted bioluminescent
4T1-Luc cells into mammary fat pads, surgically
removed primary tumors on day 12, and treated one
group of mice with DABIL-4 every third day. On day
9 post-tumor removal, we monitored luminescence of
the thoracic cavity using the IVIS Imaging System. As
shown in Fig. S7TA,B, we observed decreased biolumi-
nescence in the thoracic cavities of the DABIL-4-trea-
ted mice. The thoracic cavities of 2 of the 3 mice from
the DABIL-4-treated group did not show any biolumi-
nescence.

To further characterize the in vivo effect of DABIL-
4 upon the metastatic potential, we analyzed total
RNA isolated from the primary tumors using the
NanoString PanCancer Immune Profiling Panel Assay.
We noted significant declines in the level of several
transcripts associated with metastasis (Cd36 [21], Egr3
[22-24], and Maf [25]) and tumorigenesis (Ccr2 [26]
and Ccr6 [27]) in many solid tumors including breast
cancer (Fig. 3 and Table 1). We also observed an
increased level of the C200r] transcript, which is asso-
ciated with the inhibition of metastasis and tumorigen-
esis [28,29] (Fig. 3 and Table 1). These observations
indicated that DABIL-4 not only prevented primary
tumor growth, but also inhibited metastatic dissemina-
tion of 4T1 cells to secondary sites.

3.3. DABIL-4 depletes MDSCs and TAMs in the
tumor microenvironment and/or spleen

In order to further characterize the action of DABIL-
4, we determined its effect on other cells in the TME
and spleen. One of the pathologic hallmarks of the
4T1 tumor model is splenomegaly (up to eightfold
increases in spleen weight), which is mostly due to

S. Parveen et al.

granulocytic hyperplasia [30]. We found that DABIL-
4 treatment led to a 20% reduction in the spleen
weights in 4T1 tumor-bearing mice, suggesting that
this fusion protein toxin also affects granulocytosis
and tumor-associated leukemoid reactions in addition
to tumor growth inhibition (Fig. 4A). It is well
known that IL-4R is not only expressed on 4TI
tumor cells but also expressed on MDSCs and
TAMs. Both of these immune cell populations con-
tribute to immunosuppression within the TME and
metastasis [31-34].

To investigate whether the observed inhibition of
tumor growth was due to direct targeting of IL-4R"
tumor cells, to depletion of IL-4R" MDSCs and
TAMs, or to a combination of the two, we orthotopi-
cally implanted IL-4R™ 4TI cells in an IL-4R KO
mouse strain (IL-4Ro /) and administered either PBS
or DABIL-4 thrice weekly starting on day 7. While we
observed a delayed progression of 4T1 tumors in the
IL-4R KO mice, DABIL-4 treatment was found to
reduce spleen weights by only 9% (P = 0.35 vs 20% in
WT; P =0.02 in WT) and tumor weights by only 18%
(P =0.52 vs 52% in WT; P = 0.04; Fig. 4B-D). These
results strongly suggest that direct killing of 4T1 tumor
cells by DABIL-4 contributes only modestly to the
observed delay in tumor expansion. Further, these
results suggest that the depletion of IL-4R™ immuno-
suppressive host cell populations (e.g., MDSCs,
TAMs, and Tregs) is most likely the primary mecha-
nism of DABIL-4’s antitumor efficacy in the 4TIl
model.

To directly address the effects of DABIL-4 on host
immune cell populations, we analyzed both tumor and
spleens from 4T1 tumor-bearing wild-type mice using
multicolor flow cytometry. As in Fig. 2A, mice began
thrice-weekly DABIL-4 or PBS treatment on day 7
after 4T1 tumor implantation. We investigated drug’s
impact on the two major myeloid cell subsets, MDSCs
and macrophages. We noted a marked decline in the
total MDSC population (Fig. S8A), and evaluation of
the two distinct MDSC subsets, polymorphonuclear
MDSCs (PMN-MDSCs; CDI11b" Ly6G" Ly6C°%
CD124") and monocytic MDSCs (M-MDSCs; CD11b"
Ly6G™ Ly6CMeM CD124"), revealed a 60% reduction in
IL-4R" PMN-MDSC population in DABIL-4-treated
mice (Fig. 5A and Fig. S9), while the level of IL-4R"
M-MDSCs remained the same (Fig. S8B). The popula-
tion of PMN-MDSC subset expressing IL-10 also
reduced (Fig. 5B). This cytokine is known to skew
antitumor T-cell responses toward a Th2 phenotype
and promote tumor growth [35].

We also evaluated the effect of DABIL-4 on the
macrophage population in both the TME and the
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spleen. As shown in Fig. 5C, we observed a marked
increase in the overall population of total macrophages
(CD11b" F4/80"), especially pro-inflammatory tumor
necrosis factor-alpha (TNF-a") M1-like macrophages
(CD11b" F4/80" CD86"; Fig. 5D) in spleen, while the
population of M2-like macrophages (CD11b" F4/80"
IL-4R* CD206") declined significantly (Fig. SE and
Fig. S10).

In a similar fashion, we noted an enrichment of
TNF-o" macrophages (Fig. S8C) in tumor homoge-
nates, while the macrophage population expressing
IL-4R and CD206 were reduced (Fig. S§D). These
results further suggest that DABIL-4 targets and
depletes IL-4R" MDSCs and M2-like macrophages in
both the TME and the spleen, thereby reducing the
ability of these cells to suppress an antitumor
immune response.
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DABIL-4

3.4. DABIL-4 administration increases effector T-
cell populations and their cytotoxic potential

in vivo

Since the depletion of MDSCs and TAMs was antici-
pated to result in an increase in the Teff response to
the 4T1 tumor, we investigated the effect of DABIL-4
administration upon both CD4" and CDS8" lympho-
cytes in 4T1 tumor-bearing mice. As in Fig. 2A, mice
began thrice-weekly DABIL-4 or PBS treatment on
day 7 after 4T1 tumor implantation and homogenates
from spleens and tumors were analyzed using multi-
color flow cytometry. In spleens, we detected enrich-
ment of CD4" and CD8" lymphocytes (Fig. 6A,B). We
also observed ~ 70% reduction in the frequency of IL-
10-producing CD4" T cells (Fig. S11A) and a reduced
expression of CD39 on both CD4" and CDS§"
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Table 1. List of mRNA transcripts identified using NanoString
PanCancer immune profiling panel.

Expression (log,)

mRNA s-DABIL-  P-

transcript PBS 4 value  Pathway Reference
Cd36 7.81 7.51 0.006 M [21]

Egr3 7.90 7.52 0.01 M [51]

Maf 8.45 8.10 0.01 M [25]

Ccr2 11.23 9.98 0.04 T [26]

Ccré 5.04 4.43 0.04 T [27]
Cd200r1 7.80 8.17 0.03 /M [52,28]
Gzmk 5.06 6.42 0.04 | [53]

1110ra 8.856 8.18 0.04 | [54]

lymphocyte subsets (Fig. 6C,D). CD39 cells along with
CD73 are major ectonucleotidases that are known to
scavenge pro-inflammatory nucleotide mediators pre-
sent in the TME and to generate immunosuppressive
adenosine nucleosides that promote suppression of
effector T cells and tumor growth [36,37].

In the TME, DABIL-4 treatment also depleted
CD39" activated Tregs (CD3" CD4" CD25" FoxP3"*

S. Parveen et al.

CD39"; Fig. 7A and Fig. S12). Murine Tregs overex-
press CD39, further enhancing their ability to suppress
effector T cells [38,39]. Accordingly, the loss of Tregs
was accompanied by an increased population of effec-
tor CD8" T cells expressing CD44 and IFN-y in the
TME (Fig. 7B,C). The change in the lymphocyte pop-
ulation was consistent with the elevated Granzyme K
(GzmK) and decreased IL-10 receptor mRNA tran-
script levels in the tumor (Fig. 7D,E and Table 1),
which may indicate either enhanced cytotoxic potential
of lymphocytes or an overall increase in lymphocyte
population in the TME.

We also evaluated the impact of DABIL-4 adminis-
tration upon IL-4R" natural killer (NK; CD49b") and
B lymphocytes (CD19%). While we did not observe sig-
nificant differences in the population of IL-4R" NK
cells in the spleen of DABIL-4-treated mice
(Fig. S11B), we did observe a marked decrease in the
overall population of IL-4R™ B cells (Fig. SI1C) and
regulatory B lymphocytes (Bregs) also known as IL-
10-producing B cells (Fig. S11D). Bregs are the
immunosuppressive lymphocytes, which have been
shown to promote breast cancer metastasis by
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Fig. 4. DABIL-4 shows no antitumor activity against 4T1 adenocarcinoma model in IL-4R KO mice. (A) DABIL-4 administration in 4T1 tumor-
bearing Balb/c mice showed reduction in spleen weights. In IL-4R KO mice, 10 000 4T1 cells were orthotopically implanted and allowed to
establish. Starting day 7, DABIL-4 was given via i.p. thrice a week on alternate days for total of 8 doses. Mice were sacrificed on day 27.
The fusion toxin administration did not significantly reduce (B) spleen weights, (C) tumor volumes, and (D) tumor weights. Statistical
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measured by electronic Vernier calipers. Data are shown as mean + SD.
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Fig. 5. DABIL-4 administration depletes immunosuppressive myeloid cell populations in spleen. As in Fig. 2A, mice were treated with
DABIL-4 thrice weekly beginning on day 7, and they were sacrificed on day 25. Single-cell suspensions of spleens from both treatment
groups were stained with specific antibodies and analyzed by flow cytometry (n = 5). We found differences in the population of (A) IL-4R™
PMN-MDSCs, (B) IL-10" PMN-MDSCs, (C) macrophages, (D) TNF-a" macrophages, and (E) IL-4R* CD206" M2 macrophages. Data are
represented as mean + SD and as percentage of CD45" population. Spleen was analyzed on day 25 post-tumor implant. Statistical
significance between the groups was assessed by two-tailed unpaired Student's t-test considering an unequal distribution. *P < 0.05,

**P < 0.01, ***P < 0.001, ****P < 0.0001.

inducing the conversion of resting CD4" T cells into
Tregs [40].

Taken together, based on these observations we
infer that DABIL-4-mediated depletion of immunosup-
pressive cell populations facilitates significant increases
in the population of activated effector T cells in the
TME.

4. Discussion

Here, we report that the DT-based fusion protein,
DABIL-4, is a highly potent and selective cytotoxic
agent that targets TNBC cells along with the immuno-
suppressive myeloid cell populations expressing IL-4R.
The fusion protein toxin inhibits tumor growth and
markedly reduces lung metastases in a murine syn-
geneic TNBC adenocarcinoma model. The primary
mode of DABIL-4 action is the depletion of IL-4R"
immunosuppressive PMN-MDSCs and M2-like macro-
phages, thereby facilitating a more robust antitumor
T-cell response. Almost 30 years ago, Lakkis et al. [11]
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reported a similar IL-4R™ DT-based fusion protein
that was expressed from recombinant E. coli and
demonstrated targeted cytotoxicity toward IL-4R-bear-
ing eukaryotic cells in vitro and a marked reduction in
delayed-type hypersensitivity in vivo. Since this has
been the only prior report describing DABIL-4, the
potential therapeutic efficacy of this fusion protein was
not evaluated in preclinical animal tumor models and
a more detailed understanding of its action against
host immune cells remained unknown. A similar
immunotoxin, 1L-4(38-37)-PE38KDEL, comprised of
a circularly permutated human IL-4 fused with Pseu-
domonas aeruginosa exotoxin A, was found to be cyto-
toxic against the human breast cancer cell line, MDA-
MB231, both in vitro and in murine xenograft models
[41]. Tt was also tested in preclinical models of various
human malignancies including breast cancer [2,41].
These studies with 1L-4(38-37)-PE38KDEL were car-
ried out in immunocompromised mice also without an
assessment of its effect on IL-4R" immune cells [41].
As a result, the effect of this fusion protein toxin upon
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Fig. 6. DABIL-4 administration promotes the accumulation of
lymphoid cell populations in spleen. Single-cell suspensions of
spleen were stained and analyzed by flow cytometry (n=5). We
evaluated the differences in the population of (A) CD4" and (B)
CD8" T cells of CD45" cells. We also noted the differences in (C)
CD39 expression upon CD4" and (D) CD8" T cells. All panels
correspond to day 25 post-tumor implantation. Statistical
significance between the groups was assessed by two-tailed
unpaired Student’'s t-test considering an unequal distribution. Data
are represented as mean + SD. **P < 0.01.

the host immune system remained undeciphered. While
several studies have shown therapeutic benefit of IL-
4R targeting [4,42], the present study is the first to
demonstrate the immunomodulatory activity of an IL-
4-targeted diphtheria fusion toxin.

In the present study, we demonstrate that DABIL-4
has not only a potent and direct cytotoxic activity
against IL-4R-positive TNBC cells, but it also targets
PMN-MDSCs and M2-like macrophages in vivo. In
order to assess the relative degree of direct 4T1 tumor
cell killing by DABIL-4, we established 4T1 TNBC
tumors in the mammary fat pads of IL-4R KO mice
and then treated these animals with DABIL-4. In this
model, we found only modest reductions in tumor pro-
gression (Fig. SB-D). While we did not test DABIL-4
tumors against IL-4R-negative tumors, these results
strongly suggest that the depletion of PMN-MDSCs

S. Parveen et al.

and M2-like macrophages in 4T1 tumor-bearing mice
accounts for a significant degree of DABIL-4 antitu-
mor efficacy. This antitumor effect is likely further
enhanced by a concomitant reduction in Tregs and the
concomitant increase in effector T-cell populations in
the TME. As further evidence of immunomodulatory
activity of the fusion toxin in the context of infectious
diseases, we recently demonstrated that DABIL-4
administration depletes MDSCs and M2 macrophages
leading to the better bacterial clearance in Mycobac-
terium tuberculosis-infected mice lungs [43]. Hence, the
data from IL-4R KO mice and the data from tubercu-
losis strongly suggest that both direct tumor killing
and an adjuvant immunomodulatory activity are
responsible for the DABIL-4-mediated therapeutic
benefit.

In addition, we observed a selective depletion of
splenic PMN-MDSCs, while the population of splenic
M-MDSCs remained the same in DABIL-4-treated
mice. Interestingly, in spleens of 4T1 tumor-bearing
mice, PMN-MDSCs constituted the major MDSC sub-
set and exhibited higher proliferation rate compared
with M-MDSCs [44,45]. This higher rate of prolifera-
tion could possibly be responsible for the increased
susceptibility of PMN-MDSCs to DABIL-4, which
catalyzes the NAD"-dependent ADP-ribosylation of
elongation factor 2 and thereby blocks protein synthe-
sis [46]. In many cancers, M-MDSCs have been shown
to be abundant in the TME and tend to rapidly differ-
entiate into TAMs [44]. However, considering the lim-
ited ability to distinguish M-MDSCs from
macrophages [47], the observed depletion of TAMs
may also arise from targeting of both TAMs and M-
MDSCs.

In 4T1 tumor-bearing mice, the spleen is known to be
the primary site of MDSC proliferation and sequestra-
tion [30,45], and the site from which these cells are sub-
sequently recruited to the TME in response to tumor-
secreted chemokines [48]. Accordingly, splenectomy has
been shown to reduce the amount of tumor-infiltrating
MDSC and to cause tumor regression in murine cancer
models [49], suggesting that splenic MDSCs may also
contribute to tumorigenesis [50]. Indeed, this observation
may at least partially explain why DABIL-4-mediated
depletion of splenic MDSCs results in a robust antitu-
mor response. Despite this robust response and an
in vitro 1Csq of 2-4 nm, DABIL-4 treatment of mice led
to incomplete tumor eradication. Reasons for this may
be the aggressiveness of tumors in the 4T1 model, poor
drug penetration into tumors, and the short half-life of
DT fusion proteins (~ 90 min) such as DABIL-4. Our
future work will focus on approaches to improve drug
exposure to the tumors, and also testing DABIL-4 in
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Fig. 7. DABIL-4 treatment promotes infiltration of effector cell populations in TME, mediating antitumor response. As in Fig. 2A, mice were
treated with DABIL-4 thrice weekly beginning on day 7, and they were sacrificed on days 17 and 25. Single-cell suspensions of the tumors
isolated from both the groups were stained and were analyzed by flow cytometry (n = 5). We found the differences in the population of (A)
CD39" Tregs of CD45", (B) activated CD44" CD8" T cells of CD45", and (C) IFN-y" CD8" T cells of CD3" cells. Total RNA isolated from
these tumors was subjected to NanoString PanCancer Immune Profiling Panel analysis and nSolver software (n = 3). Expression profiles of
(D) GzmK and (E) IL-10 receptor transcripts are shown for both treatment groups. RNA expression values are given as log,. All panels
correspond to day 17 post-tumor implantation except panel C that corresponds to day 25. All data are shown as mean £ SD. Statistical
significance between the groups was assessed by two-tailed unpaired Student’s t-test considering an unequal distribution. *P < 0.05 .

combination with other agents in preclinical models.
Additionally, as the mouse IL-4R/IL-4 interaction is
species-specific in that mouse IL-4 does cross-react with
human IL-4R, we were unable to perform cytotoxicity
assays with DABIL-4, either against human breast can-
cer cell lines in vitro or with in vivo murine models of
human breast cancer. We are currently focusing our
efforts on the generation of humanized DABIL-4 for
future studies. In summary, DABIL-4 is a promising
therapeutic that demonstrates both direct killing of IL-
4R-positive tumor cells combined with the depletion of
IL-4R-bearing immunosuppressive cells such as MDSCs
and TAMs. As such, it holds potential as dual cytotoxic
and immunotherapeutic agent for the treatment of mul-
tiple cancers including TNBC and warrants further
study.

5. Conclusions

In summary, solid tumors such as breast cancer
express IL-4R on both tumor and immunosuppressive
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cells in the TME. In this study, we have utilized a
fusion protein toxin, DABIL-4, composed of the cat-
alytic and translocation domains of DT and murine
IL-4 in order to selectively target and eliminate both
of these cell populations. We demonstrate that
DABIL-4 specifically eliminates 4T1 TNBC cells
in vitro. In vivo DABIL-4 markedly inhibited 4TI
tumor growth and metastasis to the lung; however, the
primary activity of this fusion protein toxin was found
to be the depletion of IL-4R* MDSCs, TAM, and
Tregs.
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