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Abstract: Myeloid-derived suppressor cells (MDSCs) are a heterogeneous population of immature myeloid cells with
inhibitory effects on T cell-mediated immune response. MDSCs accumulate under many pathological conditions,
including cancers, to avoid anticancer immunity. Unlike mouse MDSCs, common specific surface markers for hu-
man MDSCs are not clearly defined, mainly due to the complexity of MDSC subsets. In this study, we investigate
specific responses of the infrared dye MHI-148 to MDSCs. Mice bearing 4T1 breast cancer cells were established,
and splenocytes were isolated. Flow cytometric analyses demonstrated that MHI-148 was reactive to over 80%
of MDSC-specific cells manifesting CD11b*/Gr-1* acquired from both tumor-bearing mice and naive mice. Cells
sorted positive for either CD11b/Gr-1 or MHI-148 were also identical to their counterparts (99.7% and 97.7%,
respectively). MHI-148, however, was not reactive to lymphocyte or monocyte populations. To determine whether
MHI-148-reactive cells exert inhibitory effects on T cell proliferation, an EdU-based T cell assay was performed. MHI-
148 reactive cells significantly reduced T cell proliferation with increased arginase activity and nitrite production. In
an attempt to test MHI-148 as a marker for human MDSCs, MHI-148 was specifically reactive to CD11b*/CD33*/
CD14 granulocytic MDSCs acquired from selected cancer patients. This study demonstrates that the near-infrared
dye MHI-148 specifically reacts to mouse splenocytes with known MDSC-specific markers that have T cell suppres-
sive functions. The dye also selectively binds to a subpopulation of immature myeloid cells acquired from cancer
patients. While it is not clear how MHI-148 specifically stains MDSCs, this dye can be a novel tool to detect MDSCs
and to predict the prognosis of human cancer patients.

Keywords: Myeloid-derived suppressor cells, MDSC, heptamethine cyanine dye, near infrared dye, MHI-148, IR-
783

Introduction of these dyes were assumed to be due to the
differential expression of organic anion-trans-

Near-infrared (NIR) fluorescence dyes are poly- porting peptides in cancer cells [6, 9]. In addi-

cyanine heterocyclic compounds that exhibit a
emission wavelength between 650-950 nm [1].
NIR dyes are composed of heterocyclic or aro-
matic rings at both ends or in the middle, and
contain intramolecular polymethine chains [2].
Heptamethine cyanine dyes (IR-783 and its
derivative MHI-148) have been described as
tumor-targeting tools [3]. These dyes are prefer-
entially taken up by tumor cells, and are useful
tumor-specific targeting tools in a variety of pre-
clinical models [4-9]. Tumor cell-specific uptake

tion, there were no systemic toxicity reported by
heptamethine cyanine dyes in multiple experi-
mental mouse models [9-12].

Myeloid-derived suppressor cells (MDSCs) are
a subset of a heterogeneous population of
immature myeloid cells, which function to alter
adaptive immunity and induce immunosuppres-
sion [13]. These cells are derived from the lin-
eage of dendritic cells (DCs), macrophages, and
granulocytes [14]. The population of MDSCs is
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Figure 1. Synthesis of MHI-148. Chemical structure of the heptamethine
cyanine dye MHI-148 (A). Ultraviolet absorbance (B) and fluorescence (C) of

MHI-148.

maintained at extremely low levels under physi-
ological conditions [14]. However, MDSCs have
been found to accumulate under cancerous
conditions [14-16]. MDSCs are classified as
either polymorphic (granulocytic) MDSCs (PMN-
MDSC) or monocytic MDSCs (M-MDSC) [17].
Phenotypes for the two MDSC subtypes in mice
have been identified as CD11b* Ly-6C'“Ly-6G*
for PMN-MDSCs and CD11b*Ly-6CMe"Ly-6G" for
M-MDSCs [18]. Based on these phenotypes,
CD11b*Gr-1* is used as a specific marker for
MDSCs in mice. Human MDSCs are less well
defined. In cancer patients, MDSCs were ini-
tially defined as Lin'HLA-DR'CD33* or CD14"
CD11b*CD33* cells [19, 20]. PMN-MDSCs are
further defined as CD11b*CD14CD15* (or
CD11b*CD14-CD66b*) cells, and M-MDSCs
as CD11b*CD14*HLA-DR”*“CD15" cells [21].
CD33 can replace CD11b. However, markers
for MDSCs in humans are extremely diverse,
and are dependent on the type of cancer or
cancer patients [22]. Since the phenotypic het-
erogeneity of human MDSCs is a big obstacle
to understanding their roles in cancer immune
systems, exploring specific markers of MDSCs
may allow us to characterize and investigate
these clinically important cells.

In this study, we demonstrated the possibility
of using MHI-148 as a specific marker for
MDSCs. We first investigated whether MHI-148
can mimic CD11b*Gr-1* in splenocytes in tumor-
bearing mice, followed by determining the char-
acteristic MDSC functions associated with T
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cell suppression. We also test-
ed the responses of MHI-148
in peripheral blood mononu-
clear cells (PBMCs) collected
from selected cancer patients.

Materials and methods

802 nm

Synthesis and evaluation of
MHI-148

HM
—0.91375

The heptamethine cyanine
dye MHI-148 (2-[2-[2-chloro-3-
[2-[1,3-dihydro-3,3-dimethyl-
1-(5-carboxypentyl)-2H-indol-
2-ylidene]-ethylidene]-1-cyclo-
hexene-1-yl]-ethyl]-3,3-dimethyl-
1-(5-carboxypentyl)-3H-indoli-
um bromide) was synthesized
and purified by Bioacts (In-
cheon, Korea) (Figure 1A). Briefly, MHI-148 was
purified by HPLC with a retention time of 32
minutes (min). Structural characterization of
MHI-148 dye was analyzed by MALDI-TOF-MS.
MHI-148 (10 uM) was prepared in 0.1 M PBS
buffer (pH 7.45) with 0.25% (v/v) DMSO. The
absorption spectra of MHI-148 was measured
on a UV-Vis spectrometer (Biomate 5, Thermo
Spectronic, Rochester, NY, USA), scanned at a
wavelength range of 300-900 nm, and ana-
lyzed by VISIONIlite (Figure 1B). Fluorescence
emission spectra were measured with a Horiba
FluoroMax 4 spectrofluorometer (HORIBA Jobin
Yvon, Edison, NJ, USA). The spectral data were
recorded, processed, and plotted using the
Origin software (OriginLab, Seoul, Korea)
(Figure 1C).

850 nm

Cell line and tumor-bearing mice

The 4T1 mouse mammary carcinoma cell line
was purchased from the American Type Culture
Collection (ATCC, Manassas, VA, USA). Cells
were routinely cultured in DMEM (Invitrogen,
Carlsbad, CA, USA) supplemented with 10%
FBS and incubated at 37°C in an atmosphere
containing 5% CO,. All cultures were fed with
fresh medium every 3-4 days. Female BALB/c
mice (7-8 weeks old) were purchased from
OrientBio (Seongnam, Korea). All mice were
housed under specific pathogen-free condi-
tions in the animal facility at the Hwasun
Biomedical Convergence Center. All experi-
ments were performed in accordance with our
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institution’s guidelines for animal care. The
study was approved by the Animal Use and
Care Committees at Chonnam National Uni-
versity Medical School. For subcutaneous
mammary tumor implantation, mice were
injected with 5x10% 4T1 cells into the flank
region. Primary tumors were measured to be
8-10 mm in diameter 21 days after 4T1 cell
inoculation.

Reagents and antibodies

Anti-mouse-Gr-1-FITC, anti-mouse-CD11b-PE,
purified NA/LE anti-mouse-CD3, and purified
NA/LE anti-mouse-CD28 antibodies were pur-
chased from eBioscience (San Diego, CA, USA).
Mouse T cell isolation kit, CD8a+ T cell isolation
kit, mouse MDSC isolation kit, and MS columns
were obtained from Miltenyi Biotec (Auburn,
CA, USA). Pepstatin A, aprotinin, antipain, prop-
idium iodide (PI), L-arginine H,SO,, a-isonitro-
sopropiophenone, urea, sulfanilamide, N-1-na-
phthylethylenediamine dihydrochloride, and
sodium nitrite were obtained from Sigma-
Aldrich (St. Louis, MO, USA).

Mouse cell isolation and analysis

Spleens of naive or tumor-bearing mice were
harvested under sterile conditions. Single-cell
suspensions were prepared, and red blood
cells (RBC) were removed using the ACK lysing
buffer (0.15 M NH4CI, 1mM If(HCO3 and 0.1 mM
EDTA). Splenocytes (1x107) were re-suspended
in 1 ml of cold PBS and stained with anti-
mouse-Gr-1-FITC and anti-mouse-CD11b-PE
antibodies for MDSCs and/or MHI-148 dye (0.5
uM) at 37°C for 30 min. Cells were washed with
cold PBS, and then re-suspended in cold Hank’s
Balanced Salt Solution (2.5% FBS, GIBCO,
Carlsbad, CA, USA). Gr-1*/CD11b* cells and
MHI-148-positive cells were analyzed using the
FACSCalibur instrument (Becton Dickinson,
Heidelberg, Germany). MHI-148-positive cells
were isolated using the FACS ARIA Il instrument
(Becton Dickinson, Heidelberg, Germany).
Purity of both Gr-1*/CD11b* cells and MHI-148-
positive cells exceeded 90%. Purification of
mouse MDSCs from splenocytes were done
using the MDSC isolation kit (Miltenyi Biotech,
Auburn, CA, USA), which has been developed
for the isolation of Gr-1"&"Ly-6G* and Gr-19mLy-
6G™ myeloid cells according to the manufactur-
er’'s protocol. Flow cytometry data were ana-
lyzed using either the FlowJo (Becton Dickinson,
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Heidelberg, Germany) or Kaluza software
(Beckman Coulter, Inc. Brea, CA, USA).

Confocal microscopy

MDSC cells were plated onto 8-well chamber
slides under 5% FBS for 16 hours. Cells were
briefly rinsed by PBS and fixed with 2% parafor-
maldehyde at room temperature for 10 min-
utes. Cells were pre-incubated with 3% normal
goat serum followed by incubation with anti-
mouse-Gr-1-FITC and anti-mouse-CD11b-PE
antibodies (Invitrogen, Carlsbad, CA, USA) with
or without MHI-148 (0.5 uM). After washing,
slides were covered with anti-fade mounting
agent with DAPI and monitored with Zeiss
LSM700 confocal microscopy.

EdU-based cell proliferation assays

T cell proliferation assays were performed
using a Click-iT EdU assay kit (Invitrogen)
according to manufacturer’'s instructions.
Briefly, CD8" T cells were purified from the
spleens of naive mice via the use of magnetic
beads, using the CD8* T cell isolation kit accord-
ing to manufacturer’s protocol (Miltenyi Biotech,
Auburn, CA, USA). Purified CD8* T cells were cul-
tured in plates coated with anti-CD3 and anti-
CD28 antibodies and were maintained in RPMI
1640 containing 10% FBS, 100 U/ml penicillin,
100 mg/ml streptomycin, 50 uM B-merca-
ptoethanol, and 20 mM HEPES. Purified MHI-
148-positive cells or MDSCs were added to the
CD8* T cell-cultured plates, followed by incuba-
tion for 2 days. Then, 5’-ethynyl-2’-deoxyuridine
(EdU) solution was added at a final concentra-
tion of 10 uM, followed by incubation for 2 hrs.
Cells were harvested and fixed with 100 ul of
4% formaldehyde at room temperature (RT) for
15 min in the dark. Then, the cells were washed
and incubated with 100 ul of saponin-based
permeabilization buffer at RT for 15 min. Finally,
the cells were incubated with 500 ul of Click-iT
reaction cocktail buffer at RT for 30 min and
washed with 3 ml of PBS containing 1% BSA.
The EdU-stained cells were analyzed using the
FACSCalibur instrument. The results of the flow
cytometry were analyzed using the Kaluza
software.

Arginase activity

Arginase activity was measured in MHI-148
positive cells and MDSCs, as previously
described [18]. Cells (1x10°) were lysed with
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100 pl of lysis buffer containing Tris-HCI (pH
7.5), 0.1% Triton X-100, and 100 pg/ml pep-
statin A/aprotinin/antipain) at 37°C for 30 min.
Subsequently, cell lysates were added into 100
pl 25 mM Tris-HCI (pH 7.5) containing 10 ul of
10 mM MnCl, and the mixture was heated at
56°C for 10 min. The lysate was further incu-
bated with 100 ul of 0.5 M L-arginine (pH 9.7)
at 37°C for 2 hours. The reaction was stopped
by adding 900 ul of acid solution mixture (1
H,S0,: 3 H,PO,: 7 H,0). Subsequently, 40 pl of
9% o-isonitrosopropiophenone in 100% etha-
nol was added, and the mixture was heated at
95°C for 30 min. Urea concentration was deter-
mined spectrophotometrically by the absor-
bance of 540 nm measured with a microplate
reader. Arginase activities were determined
based on the rate of urea production.

Nitric oxide production

Nitric oxide production by MHI-148 positive
cells and MDSCs was measured using Griess
reagents, as previously described [18]. Briefly,
100 pl of culture supernatant was incubated at
RT for 10 min with 50 pl of Griess reagent A (1%
sulfanilamide in 2.5% H,PO,) and 50 pl of
Griess reagent B (0.1% N-1-naphthylethy-
lenediamine dihydrochloride in 2.5% H,PO,) in
96-well flat-bottom plates. Nitrite concentra-
tions were determined by comparing the absor-
bance values of the samples to a standard
curve generated by the serial dilution of a solu-
tion of sodium nitrite (0.1 mM). Absorbance
was measured at 540 nm. Data are represen-
tative of three independent experiments.

Human cell isolation and analysis

Heparinized blood samples were obtained from
adult patients diagnosed with cancers, prior to
the treatment. Blood from healthy donors was
also obtained from the Chonnam National
University Hwasun Hospital, Korea. All human
samples in this study were used according to
the Declaration of Helsinki. Written informed
consent was obtained prior to obtaining the
patient samples. All samples were processed
within 12 hours of collection. Whole blood was
first treated with the ACK lysing buffer prior to
staining, as described above. Next, PBMCs
were enriched by density gradient centrifuga-
tion using Ficoll-Paque Plus media (GH
Healthcare Bio-Sciences, Pittsburgh, PA, USA).
Trypan blue was used to determine the viability
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of PBMCs prior to flow cytometry analysis.
Reactive cell populations were identified by
staining cells with fluorophore-conjugated anti-
CD11b, anti-CD33, anti-CD14, and anti-CD15
(eBioscience) antibodies for 30 min on ice. The
cells were also treated with MHI-148 (in combi-
nation). Fluorescence data were acquired using
the FACSCalibur instrument. Normalized popu-
lation statistics, including the median fluores-
cence intensities (MFls), were determined using
the Kaluza software.

Statistical analysis

Statistical significance between values was
determined via Student’s t tests. All data were
expressed as the means * standard deviations
(SDs). The statistical software SPSS version
21.0 (SPSS Inc., Chicago, IL, USA) was used.
Statistical significance was achieved when p
values were less than 0.05.

Results

MHI-148 is reactive to a fraction of leukemic
white blood cells

The near-infrared dyes IR-783 and MHI-148
have shown to be preferentially taken up by
tumor cells and tissues [9]. Initially, we tested
whether MHI-148 can be used for the detection
of leukemic white blood cells. A preliminary
study showed that MHI-148 (0.1 uM) was
responsive to a small fraction of white blood
cells from patients suffering with either chronic
myeloid leukemia (CML) or chronic myelomono-
cytic leukemia (CMML) (Figure 2A, 2B).
However, MHI-148 did not respond to white
blood cells from patients with acute lymphoid
leukemia (ALL) or normal white blood cells
(Figure 2C, 2D). In order to identify MHI-148-
responsive cells, white blood cells from CML
patients were purified and incubated with MHI-
148, among which the responding cells were
sorted for the live cells (propidium iodide for
PE) and MHI-148 for APC (Figure 3A). Further
cytometric analysis demonstrated that MHI-
148-responsive cells were CD11b*/CD33" cells
(Figure 3B), suggesting that MHI-148-res-
ponsive cells are immature myeloid cells. CD33
is a myeloid marker, and is expressed by
myeloid stem cells (CFU-GEMM, CFU-GM, CFU-
G, and E-BFU), myeloblasts as well as mono-
blasts, monocytes/macrophages, granulocytes
precursors, and mast cells [23]. CD11b is a
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Figure 2. MHI-148 is responsive to the fraction of blood cells from leukemic
cancer patients. Peripheral blood was collected in EDTA-coated tubes from
patients with chronic myeloid leukemia (A), chronic myelomonocytic leuke-
mia (B), or acute lymphoid leukemia (C). White blood cells from non-cancer
patient was also evaluated (D); green, lymphocytes; blue, monocytes; red,
granulocytes). RBC-free white blood cells were treated with MHI-148, fol-
lowed by cytometric analysis using the FACSCalibur instrument. FSC, forward
scatter; SSC, side scatter; FL4, MHI-148.
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transmembrane glycoprotein
for leukocyte adhesion and
migration, and can be used as
a myeloid marker, similar to
CD33 [21]. To further chara-
cterize  MHI-148-responsive
cells, we determined the op-
timal concentration of MHI-
148 using either the granulo-
cytic (middle panel of Figure
3C) or lymphocytic (right panel
of Figure 3C) population of
white blood cells from CML pa-
tients. A fraction of granulo-
cytes were responsive to MHI-
148 in the range of 0.05-5
uM. A fraction of lymphocytes
was not responsive to up to
0.5 uyM of MHI-148. The opti-
mal concentration of MHI-148
was determined to be 0.5 uM,
and this concentration was
used for further studies.

MHI-148-responsive cells are
Gr-1*/CD11b* mouse spleno-
cytes

To further clarify the identity
of MHI-148-responsive cells,
syngeneic BALB/c mice were
inoculated with 4T1 breast
cancer cells; splenocytes were
collected from these mice.
RBC-free splenocytes from
either tumor-bearing mice or
naive mice were subjected to
flow cytometry to observe the
cells’ responses to MHI-148.
Splenocytes were stained wi-
th anti-Gr-1-FITC and anti-
CD11b-PE antibodies, fol-
lowed by incubation with
MHI-148. Many granulocytes
(>80%) from tumor-bearing
mice were Gr-1" and CD11b".
Over 78% of these double
positive cells were also reac-
tive to MHI-148 (Figure 4A).
Splenocytes from naive mice
showed dramatically smaller
portion of granulocytes, but
most of these cells (>78%)
were also Gr-1/CD11b*/MHI-
148" (Figure 4B). As a proof of
principle, Gr-1'/CD11b* cells
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Figure 3. MHI-148-responsive cells are immature myeloid cells. MHI-148-responsive white blood cells from chronic
myelomonocytic leukemia (CML) patients were sorted by PE for propidium iodide and APC for MHI-148 (A). Positively
sorted cells for MHI-148 were incubated with CD11b and CD33 antibodies and gated (B). Blood cells from CML pa-
tients were also incubated with MHI-148 at a final concentration of up to 5 uM and demonstrated by SSC/FSC (C).
Response of MHI-148 was shown to either granulocytic fraction (upper) or lymphocytic fraction (lower). Color bars
indicate various concentration of MHI-148. FSC, forward scatter; SSC, side scatter; CD, cluster of differentiation.

were purified from splenocytes, and their
responsiveness to MHI-148 was observed.
Over 99% of Gr-1'/CD11b* cells were reactive
to MHI-148 (Figure 5A, 5B). Conversely, MHI-
148-responsive cells were isolated using a fluo-
rescence-activated cell sorter. Purified MHI-
148-responsive cells were stained with anti-
Gr-1 and anti-CD11b antibodies. Over 97% of
these MHI-148-responsive cells were reactive
to these two markers of mouse MDSCs (Figure
5C). These results suggested that MHI-148-
responsive mouse splenocytes show pheno-
types of Gr-1*CD11b* MDSCs.

MHI-148-reactive cells function as MDSCs

MDSCs exert strong suppressive effects on T
cell proliferation. Nitric oxide and arginase are
two key molecules that are involved in mediat-
ing the immunosuppressive functions of MD-
SCs [21, 24, 25]. To evaluate whether MHI-148
responsive cells retain their immunosuppres-
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sive functions as MDSCs, we first performed T
cell proliferation assays. CD8" T cells were puri-
fied from the spleens of normal mice and were
cultured in anti-CD3 and anti-CD28 antibody-
coated plates. Followed by co-culture of either
MHI-148 positive cells or MDSCs, CD8* T cells
were stained with EdU and analyzed by flow
cytometry. Gr-1'/CD11b* cells isolated from
4T1 tumor-bearing mice demonstrated signifi-
cantly reduced T cell proliferation. Similarly, T
cell proliferation was also significantly inhibited
by MHI-148* cells (Figure 6A). We measured
the production of urea to evaluate the arginase
activity of MHI-148" cells, along with MDSCs
and splenocytes from naive mice. Nitrite pro-
duction was also measured in these cells using
a standard Griess reaction. MHI-148* cells and
MDSCs showed markedly higher arginase activ-
ity (Figure 6B) and nitric oxide production
(Figure 6C) than those of splenocytes from
naive mice. Our findings demonstrated that
MHI-148* cells possess immunosuppressive

Am J Cancer Res 2021;11(6):2853-2866
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Figure 4. The markers Gr-1 and CD11b are reactive to MHI-148. Splenocytes from 4T1 mammary tumor cells-
bearing mice were prepared as described in the Materials and Methods. A population of cells (SSC-H vs. FSC-H)
were sub-gated for CD11b and Gr-1, followed by the exclusion of MHI-148-reactive cells. Gr-1*CD11b* cells were
reactive to the MHI-148 dye. Splenocytes were isolated from 4T1-bearing mice at 21 days after injection (A) or from
tumor-free mice (B). Cells were stained with anti-Gr-1-FITC, anti-CD11b-PE antibodies in the presence or absence of
MHI-148 (0.5 pyM). The cells were then washed and analyzed using the FACSCalibur instrument. FSC, forward scat-
ter; SSC, side scatter; CD, cluster of differentiation.
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tumor origins were obtained.
Using flow cytometry, PBMCs
from renal cancer patients
were presented as 3 scat-
tered groups: lymphocytes
(blue), monocytes (green), and
granulocytes (red) (Figure 7A).
Lymphocytes did not respond
to MHI-148 (upper panel of
Figure 7A). In addition, CD11b*
CD33"* CD14 granulocytes
showed moderate responses
to MHI-148 (middle panel),
while CD11b* CD33* CD14*
monocytes did not show any
responses to MHI-148 (lower
panel). CD11b* CD33* CD14
granulocytes from cancer pa-
tients suffering from various
types of cancers showed simi-
lar responses to MHI-148
(Figure 7B, hepatocellular car-
cinoma; Figure 7C, rectal can-
cer). Out of the 10 cancer
patients’ samples, 7 samples
showed notable numbers of
granulocytic PBMCs, and sev-
eral of these were MHI-148*
(data not shown). Although
more defined studies are
needed to clarify similarities
between MHI-148-responsive
cells and MDSCs via testing
for a variety of MDSC pheno-
typic markers such as HLA-
DR, CD15, and CD66b, our

functions of MDSCs, suggesting that MHI-148
specifically stains immunosuppressive MDSCs.
We then evaluated cellular distribution of MHI-
148. Splenocytes from 4T1 tumor-bearing
mice. Mouse MDSCs were isolated by sorting
for Gr-1*CD11b* cells. Confocal analysis of
MDSC detected homogenous staining of MHI-
148 in both nuclear and cytoplasmic compart-
ments with majority stained in the cytoplasm
(Figure 6D).

MHI-148 is responsive to human CD11b*/
CD33* PBMCs

To determine whether MHI-148 can be used to

detect human MDSCs from cancer patients,
blood samples from patients with different
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study demonstrates that MHI-

148 has a specific affinity to
the human granulocytic lineage of immature
myeloid progenitor cells.

Discussion

Myeloid-derived suppressor cells (MDSCs) are
a group of heterogeneous cells that are patho-
logically differentiated from immature myeloid
progenitor cells, including immature DCs,
immature macrophages, and immature granu-
locytes [14, 26, 27]. Myeloid cells normally dif-
ferentiate from hematopoietic multipotent pro-
genitor cells, resulting in terminally differenti-
ated macrophages, DCs, and granulocytes.
These processes are crucial for the normal
innate and adaptive immune reactions. Under
pathological conditions, however, the tumor
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microenvironment alters the physiological dif-
ferentiation process of immature myeloid pro-
genitor cells, resulting in the accumulation of
highly immunosuppressive and immature
myeloid cells [15, 16]. Therefore, the popula-
tion of MDSCs is maintained at extremely low
levels under physiological conditions, whereas
the accumulation of MDSCs has been shown to
be promoted in cancers [14]. A major role of
MDSCs is the suppression of T cell responses
[14]. Several mechanisms by which MDSCs
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Splenocyte  MHI-148" MDSC

Figure 6. MHI-148-positive cells
have the immunosuppressive func-
tion of MDSCs. T cell proliferation
was measured by changes in fluo-
rescence intensity using EdU (A).
Arginase activity was evaluated by
measuring urea production in cells
(B), and the levels of nitric oxide
were measured in the supernatant
using the Griess reagent (C). Sub-
cellular localization of MHI-148
was made in Gr-1*CD11b* mouse
splenocytes (1,600x) (D). The error
bars represent the SEM. Statistics:
(B and C), P < 0.01 by 1-way ANOVA
post-hoc Scheffe test. ** indicates
P < 0.01, compared to splenocytes
from naive mice. CD, cluster of dif-
ferentiation.

suppress T cell responses have been investi-
gated. One of these mechanisms is the upregu-
lation of arginase 1 (ARG1) and nitric oxide syn-
thase 2 (NOS2) activities by MDSCs [28, 29].
L-arginine (L-Arg) is an essential amino acid for
T lymphocyte function; it is converted to urea
and L-ornithine by ARG1 or to nitric oxide by
NOS2. In addition, MDSCs may also elicit T cell
dysfunction via the production of reactive oxy-
gen species [30]. During the process of L-Arg
depletion, H,O, is produced, which inhibits the
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Figure 7. MHI-148 cells were CD11b* CD33* CD14 PBMCs from cancer patients. Response of MHI-148 (0.5 uM) to
PBMCs from cancer patients was tested. Representative flow cytometry and analysis strategy for PBMCs from renal
cancer patients (A). Upper panel, whole cytometric plot demonstrated by SSC/FSC with response of lymphocytic
fraction to MHI-148; middle panel, response of granulocytic fraction to MHI-148; lower panel, response of mono-
cytic fraction to MHI-148. Representative flow cytometry and analysis strategy for PBMCs from hepatocellular car-
cinoma with response of granulocytic fraction to MHI-148 (B). Representative flow cytometry and analysis strategy
for PBMCs from rectal cancer with response of granulocytic fraction to MHI-148 (C). lymphocytes (blue); monocytes
(red); granulocytes (green); CD, cluster of differentiation; FSC, forward scatter; SSC, side scatter.

expression of T-cell receptors, leading to the
GO-G1 phase arrest of T cells.

In this study, we demonstrated that the hepta-
methine cyanine infrared dye MHI-148 was
highly reactive to CD11b*Gr-1* splenocytes
from tumor-bearing mice. At the same time,
MHI-148-responsive cells were found to mani-
fest MDSC-like functions such as suppression
of T cell proliferation, stimulation of arginase
activity, and increased nitric oxide production.
Peripheral blood from cancer patients fre-
quently manifests abnormal accumulation of
MDSCs, defined as lymphoid lineage negative,
CD11b*, HLA-DR”"* and CD33* [31]. These lin-
eage cells are considered to be equivalent to
mouse MDSCs [32]. Among these cells, human
MDSC were mainly divided two subsets charac-
terized by mutually exclusive co-expression of
CD14 or CD15: monocytic (M-MDSCs) as CD14*
CD15, and granulocytic (PMN-MDSCs) as
CD14- CD15* [32]. A study showed that the
CD33*" and CD11b* subsets of MDSCs are both
HLA-DR"“" and lineage  [33]. In these subsets,
the expression of the macrophage marker
CD68 and the granulocyte marker CD66b was
low or absent. Therefore, we simplified our gat-
ing criteria using CD33 and CD11b, along with
CD14 expression. In PBMCs from selected can-
cer patients, only CD11b* CD33* CD14 cells
were reactive to MHI-148, whereas CD11b*
CD33* CD14* cells were not. MHI-148 did not
respond to lymphocytes. It is possible that our
gating strategy may include unwanted cells and
mature neutrophils aside from PMN-MDSCs.
Separation of neutrophils from PMN-MDSCs
was done using Ficoll-based gradient centrifu-
gation to isolate mononuclear cells. While
PMN-MDSCs are enriched in the low-density
(mononuclear cell) fraction, neutrophils are
high-density cells [34]. Through accidental con-
tamination, the low-density fraction may also
contain high-density mature neutrophils in
addition to PMN-MDSCs. Therefore, neutro-
phils may also partly contribute to the fraction
of MHI-148-responsive cells isolated from a
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pool of CD11b* CD33* CD14  cells. To rule out
this possibility, more extensive studies are
needed to examine specific responses of MHI-
148 to various subsets of MDSCs, with the
analysis of more comprehensive MDSC pheno-
type makers, namely, Lin (CD3/14/15/19/56),
HLA-DR, CD33, CD11b, CD14, CD15, and
CD66b [21, 32]. In addition, tighter control of
patients’ blood specimens are needed in future
studies to avoid contamination from other
blood cells. These studies should also include
blood from healthy donors as controls. Never-
theless, our study using tumor-bearing mice
showed that CD11b*/Gr-1" splenocytes, gener-
ally considered to be MDSCs, were predomi-
nantly MHI-148-positive cells. Since one of our
most pressing needs is to identify MDSC mark-
ers that would allow the detection of amplified
MDSCs from the normal blood cell population
in cancer patients, it is worth the challenge to
pursue more extensive studies on the MHI-
148-specific response of MDSCs from mature
myeloid cell populations for future studies.

Despite of NIR dyes having been used as con-
trast agents in a variety of clinical imaging mod-
els [35], their application has been very limited
due to their poor stability and lack of targeting
specificity [36]. Heptamethine cyanines, includ-
ing IR-783, MHI-148, and PC-1001, are prefer-
entially accumulated within malignant cells [4,
37, 38]. Subcellular compartments where
IR-783 is retained are primarily within the mito-
chondria and lysosomes, as well as some other
cytoplasmic and nuclear compartments [9].
These dyes are thought to be imported into the
cells by organic anion transporting polypep-
tides (OATPs). OATPs are cell membrane-bound
transporters involved in the uptake and dispo-
sition of a wide array of structurally divergent
endogenous and exogenous substrates, includ-
ing steroid hormones, bile acids, and common-
ly used drugs [39]. OATPs may play a key role in
determining the specific uptake of heptame-
thine cyanine dyes by cancer cells [9, 40]. The
human OATP subfamily OATP5A1 was expressed
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in the epithelium of many tissues, including
breast cancers, prostate cancers, small cell
lung cancers, liver cancers, and colon cancers
[41-44]. OATP5A1 is more highly expressed in
PBMCs, monocytes, immature dendritic cells,
and mature dendritic cells than in macrophages
[45]. Furthermore, OATP5A1 expression corre-
lates with the differentiation status of primary
blood cells. Therefore, it would be interesting to
explore whether MHI-148’s responses to
MDSCs are attributed to OATPs.

Taken together, this study demonstrated that
CD11b*Gr-1* mouse MDSCs concomitantly
respond to the NIR dye MHI-148, which also
functions as a T cell growth suppressor. In pre-
liminary studies using human PBMCs from can-
cer patients, MHI-148 was able to distinguish
CD11b* CD33* CD14 cells that were of granu-
locytic myeloid cell lineages. Considering the
complexity associated with the identification of
human MDSCs, further studies are required to
explore MHI-148 as a useful tool to detect the
incumbent amplification of MDSCs in cancer
patients.
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