Cancer Immunol Immunother (2018) 67:101-111
https://doi.org/10.1007/s00262-017-2067-y

CrossMark

@

ORIGINAL ARTICLE

Daunorubicin conjugated with alpha-fetoprotein selectively
eliminates myeloid-derived suppressor cells (MDSCs) and inhibits

experimental tumor growth

Nikolai N. Belyaev!

- Nurshat Abdolla'? - Yuliya V. Perfilyeva' -

Yekaterina O. Ostapchuk! - Vladimir K. Krasnoshtanov® - Aikyn Kali' -

Raikhan Tleulieva!

Received: 20 December 2016 / Accepted: 18 September 2017 / Published online: 27 September 2017

© Springer-Verlag GmbH Germany 2017

Abstract Failure of antitumor immunity in cancer was
shown to be mediated by myeloid-derived suppressor cells
(MDSCs), which are considered to be one of the key fac-
tors contributing to the development of malignant diseases.
Therefore, the development of pharmacological approaches
to effectively eliminate MDSCs in organisms carrying grow-
ing tumors is a promising pathway for potential treatment.
For this purpose we propose alpha-fetoprotein (AFP) con-
jugated with a cytotoxic agent as a vector molecule, spe-
cifically recognizing MDSCs. The present study was aimed
at examination of this suggestion using both in vitro and
in vivo approaches. MDSCs, obtained from the spleen of
Ehrlich carcinoma bearing mice, selectively bound AFP
labeled with fluorescein isothiocyanate. AFP conjugated
to daunorubicin (AFP-DR) and DR alone showed similar
in vitro cytotoxicity against the granulocytic MDSC subpop-
ulation. The monocytic MDSC subpopulation was resistant
to treatment with DR, whereas it was completely depleted in
the presence of AFP-DR. Treatment of mice bearing Ehrlich
carcinoma with AFP-DR resulted in reduced numbers of
splenic MDSCs, normalization of NK cell levels, and inhibi-
tion of tumor growth. The obtained results demonstrate that
cytotoxic conjugates based on AFP are promising anticancer
drugs, which, in addition to the direct effect on tumor cells
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expressing receptors to AFP, may contribute to elimination
of MDSCs.
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Abbreviations

AFP Alpha-fetoprotein

DR Daunorubicin

G-MDSCs  Granulocytic myeloid-derived suppressor
cells

Gr-1 Granulocytic receptor 1

M-MDSCs Monocytic myeloid-derived suppressor cells
SD Standard deviation
Tregs T regulatory cells

Introduction

It is well known that antitumor immunity, including natural
killer (NK) cells, macrophages, dendritic cells and cyto-
toxic T lymphocytes (CTL), ignores tumors at later stages
of development, which results in uncontrolled tumor growth
[1]. The primary cause of this phenomenon is the immuno-
suppressive activity of a growing tumor and its microenvi-
ronment, the major components of which are T regulatory
cells (Tregs) [2, 3] and myeloid-derived suppressor cells
(MDSCs) [4]. These cells cooperatively induce functional
anergy of cytolytic NK cells, CD8* CTL and conversion of
conventional CD4* T helper cells into suppressive Tregs.
Among suppressive cells that benefit tumor growth, MDSCs
surely occupy a special position due to their mandatory role
in the progression of malignant tumors, which has been
shown in the experiment [5] and the clinic [6].

@ Springer


http://orcid.org/0000-0001-5017-9748
http://crossmark.crossref.org/dialog/?doi=10.1007/s00262-017-2067-y&domain=pdf

102

Cancer Immunol Immunother (2018) 67:101-111

In mice, MDSCs express integrin CD11b and linear
differentiation antigen “granulocytic receptor 1”7 (Gr-
1). Antibodies to Gr-1 recognize both Ly-6G and Ly-6C
epitopes. Expression of Ly-6G and Ly-6C discriminates 2
main MDSC subsets: CD11b*Ly6GLy6C"" granulocytic
(G-MDSCs) and CD11b*Ly6G°""Ly6Ch#" monocytic
(M-MDSCs) [7, 8]. It has also been shown that G-MDSCs
have significantly higher expression of Gr-1 compared to
M-MDSCs [9].

It is believed that immunosuppressive activity of
MDSCs is one of the most important factors limiting the
beneficial effects of cancer immunotherapy. Therefore,
the development of pharmacological approaches that
could effectively eliminate the numbers and/or functions
of MDSCs in organisms carrying growing tumors show
promise [10—12]. This study proposes the use of alpha-
fetoprotein (AFP) conjugated with a cytotoxic agent as a
vector molecule that specifically recognizes MDSCs [13].
Although AFP-based cytotoxic conjugates are well known
and used for inhibiting growth of experimental tumors
expressing receptors to AFP [14-16], the possible use of
it for MDSC elimination has not been addressed so far.

AFP is an oncofetal protein with a molecular weight of
68-72 kDa that can be detected at a high concentration in
the blood of patients with liver cancer, germ cell cancer,
and embryonic carcinomas [17, 18], as well as during
pregnancy, where immunosuppressive AFP is involved in
maternal immune tolerance [19]. It has been demonstrated
that AFP exerts its effects through binding to multiple
cellular receptors [20]. Previously, we have shown that
AFP is a specific inducer of natural suppressor cells [21],
which are identical in its properties to MDSCs [22, 23].

In this study, we substantiated the possibility of MDSC
elimination with AFP-daunorubicin (AFP-DR) cytotoxic
conjugate. We showed that AFP-FITC binds selectively
with MDSCs. Treatment of mice bearing subcutaneous
Ehrlich carcinoma with AFP-DR conjugate resulted in
reduced numbers of splenic MDSCs, normalization of NK
cell levels, and suppression of tumor growth. In vitro,
both DR and AFP-DR showed similar cytotoxicity against
G-MDSCs. While the M-MDSC subpopulation displayed
resistance to treatment with DR, it was completely
depleted in the presence of AFP-DR. Furthermore, the
mortality rate in the untreated group and the group treated
with DR was around 40%, while all the animals in the
group treated with AFP-DR remained alive.

Thus, cytotoxic conjugates based on AFP molecule
display promise as anticancer drugs, which, in addition
to the direct effect on tumor expressing receptors to AFP,
may contribute to the elimination of MDSCs, one of the
most important tumor-induced immunosuppressive cells.
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Materials and methods
AFP obtaining and its evaluation

AFP was obtained from human umbilical cord, blood was
collected under standard conditions from healthy women fol-
lowing delivery. For AFP isolation, the previously described
method of two-stage affinity chromatography followed by
lyophilization was used [24]. The purity of isolated AFP
reached 99%, which was assessed by SDS-electrophoresis
and HPLC-chromatography.

Preparation of AFP conjugates

To conjugate AFP with FITC, 1 mg of lyophilized AFP was
dissolved in 2 ml of borate buffer (pH 9.0). 100 pl of FITC
solution (Sigma-Aldrich) in DMSO was then added at a con-
centration of 1 mg/ml, mixed and incubated for 90 min at
37 °C in the dark with constant rotation. Unreacted FITC
was separated from the conjugate by gel filtration on a
PD-10 column with Sephadex G-25 equilibrated in 0.005 M
PBS, containing 0.15 M NaCl (pH 7.4). The obtained con-
jugate was stored at — 20 °C.

For conjugation of AFP with DR, 3 mg AFP and 0.5 mg
DR (Sigma-Aldrich) were dissolved in 1 ml of PBS, and
then 4 pl of 25% glutaraldehyde solution (Sigma-Aldrich)
was added at 0.1% final concentration. Solution was incu-
bated at room temperature for 15 min with constant rotation.
Unreacted DR was separated from the conjugate by gel fil-
tration on a PD-10 column with Sephadex G-25 equilibrated
in PBS. Obtained conjugate was stored at — 20 °C. After
flushing PD-10 column, concentration of unreacted DR
was determined on a spectrophotometer at 482 nm (maxi-
mum absorbance) using a calibration curve (optical density
vs native DR concentration). Concentration of AFP in the
conjugate was determined by spectrophotometry at 280 nm.
The analysis showed that there were 17 molecules of DR per
each molecule of AFP in the obtained conjugate.

Murine model of Ehrlich carcinoma

All animals used in the study were males with body weights
of 31-38 g. Ehrlich carcinoma cells were collected from
ascitic fluid of the peritoneal cavity of mice 10 days after
tumor administration (5-10 x 10° cells/ml in sterile PBS).
The ascitic fluid was centrifuged (160g, 10 min) and the
cells were re-suspended in PBS. Cell viability was deter-
mined by trypan blue (Sigma-Aldrich) exclusion method.
Experimental and control mice received subcutaneous injec-
tion of Ehrlich tumor cells (5 x 10° cells in 0.5 ml sterile
PBS) [25] or PBS, respectively. Cervical dislocation of mice
and measurements of spleen and tumor weights were per-
formed in 1, 2, 3, 5 weeks after the start of the experiment.
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Isolation of spleen and bone marrow mononuclear cells

Suspension of splenocytes was obtained by homogeniza-
tion of the spleen in PBS with a tissue grinder, filtered
through 30 um pre-separation filters (Miltenyi Biotec)
and re-suspended in PBS. Mononuclear cell fraction
was obtained by centrifugation of splenocytes on Histo-
paque-1.083 (Sigma-Aldrich) gradient at 400g for 30 min
at 20 °C. Mononuclear cells were washed in RPMI-1640
medium (160g, 10 min) and re-suspended in PBS.

Suspension of bone marrow cells was obtained by flush-
ing femoral bone with PBS, filtered and washed twice in
RPMI-1640 medium (300g, 10 min).

Immunomagnetic separation of MDSCs

MDSCs from control and experimental mice were purified
by magnetic separation using Myeloid-derived suppressor
cell isolation kit (Miltenyi Biotech) according to the manu-
facturer’s protocol. Briefly, up to 10® mononuclear cells
with buoyant density 1.083 g/ml, obtained from the spleen
were re-suspended in 350 pl of PBS, containing 0.5% BSA
and 2 mM EDTA. FcR blocking reagent (50 pl) was added,
mixed well, and incubated for 10 min at 4 °C. After incu-
bation, 100 pl of biotin-conjugated anti-Ly6G antibody
was added, and the cells were incubated for further 15 min
at 4 °C. Thereafter, cells were washed, re-suspended in
800 pl of buffer; then 200 pl of anti-biotin microbeads was
added and incubated for 10 min at 4 °C. Gr-1MeLy6Ghigh
G-MDSCs were obtained by positive magnetic separation.
The negative fraction was re-suspended in 400 pl of buffer
with 100 pl of anti-Gr-1-biotin and incubated for 10 min,
and then cells were washed and incubated in 900 pl of
buffer with 100 pl of Streptavidin MicroBeads for 15 min
at 4 °C. Cells were washed and Gr-19"Ly-6G~ M-MDSCs
were purified by positive selection. Negative fraction con-
tained Ly-6G~Gr-1" cells (non-MDSCs). After separation,
cells were washed and re-suspended in PBS for further
analysis.

Flow cytometry

Phenotype of cells was evaluated by flow cytometry. Cells
were stained with fluorescently labeled monoclonal antibod-
ies [mouse anti-CD3-APC, anti-CD4-PE, anti-CD8a-PerCP,
anti-CD11c-PE, anti-CD49b-PE, human anti-CD4-PerCP,
anti-CD14-PerCP (BD Biosciences); mouse anti-CD11b-
APC, anti-Gr-1-PerCP (Milenyi Biotec); mouse anti-
CD45-APC (Biolegend)] according to the manufacturer’s
protocol. Samples were analyzed on a FACS Calibur (BD
Biosciences).

Tumor tissue dissociation

To obtain single cell suspension, tumors were cut into small
pieces and digested with 2 mg/ml collagenase type IV
(Gibco) at 37 °C for 1.5 h. The reaction was stopped with
RPMI, containing 10% of fetal calf serum. Cells were passed
through 30 pm filter and stained with fluorescently labeled
antibodies, then subjected to FACS analysis.

Evaluation of binding AFP-FITC conjugate
with MDSCs

AFP-FITC binding with different MDSC subpopulations
was assessed in tumor-bearing mice in 3 weeks after tumor
inoculation using two experimental approaches. First,
G-MDSC, M-MDSC and non-MDSC fractions, isolated by
immunomagnetic separation were incubated with AFP-FITC
at the final concentration 100 pg/ml for 30 min at 4 °C in
the dark. Cells were then washed, fixed in Cytofix Fixation
Buffer (BD Biosciences) and analyzed by flow cytometry.
Second, mononuclear cells were labeled with AFP-FITC and
fluorescently labeled antibodies to CD11b and Gr-1, fixed,
and analyzed by flow cytometry.

Evaluation of binding AFP-FITC, AFP-DR and DR
with Ehrlich carcinoma cells

Ehrlich ascites carcinoma cells were stained with AFP-
FITC (100 pg/ml), DR (13 pg/ml), or AFP-DR (13 pg/ml)
and mouse anti-CD45-APC for 30 min at 4 °C in the dark,
washed, fixed and subjected to FACS analysis. The percent-
age of FL1-positive (AFP-FITC binding) or FL2-positive
(DR binding) events were counted among CD45-negative
cells.

Evaluation of cytotoxicity of AFP-DR conjugate

MDSC subsets, as well as non-MDSCs, obtained from the
spleen and bone marrow were incubated in 96-well plates
(5 x 10* cells/well) in 200 pl RPMI-1640 medium contain-
ing 10% fetal calf serum, antibiotics, and different doses of
AFP-DR or DR in a CO, incubator. G-MDSCs were cultured
in the presence of recombinant murine GM-CSF (Biolegend)
(10 ng/ml final concentration) to support cell viability. In 48
or 24 h, cell viability was determined by trypan blue exclu-
sion method.

Statistical data processing

All experiments were performed in at least triplicates. Vari-
ables were analyzed by Student’s ¢ test (two-tailed) and a
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p < 0.05 was considered statistically significant. Values are
expressed as mean + SD. GraphPad Prism was used to create
and design data graphics.

Results

The prevalence of AFP-FITC binding cells
is significantly higher in MDSC population compared
to non-MDSC population

Taking into account that AFP can exert its effects on tar-
get cells only after complementary binding to its cellular
receptors, we determined an optimal concentration of AFP-
FITC that does not result in non-specific binding. Periph-
eral blood mononuclear cells obtained from a healthy donor
were labeled with different concentrations of AFP-FITC
(3.1-150.0 pg/ml), and binding to CD4"* cells and CD14*
cells (cell populations that do not express or express recep-
tors to AFP, respectively [26]) was evaluated. At 100 pg/ml
AFP-FITC concentration, we observed a slight background
staining of CD4" cells (6.3 + 3.4%), whereas 17.1 + 4.3%
of CD14% cells were positive for AFP-FITC, therefore, this
concentration was used for further experiments. Earlier, we
have shown that a concentration of 100 pg/ml of AFP-FITC
was able to stimulate bone marrow natural suppressor cells
[21], which are identical to MDSCs [22, 23].

To investigate the ability of MDSC to bind AFP,
G-MDSC and M-MDSC subpopulations were magnetically
separated from splenocytes of mice 3 weeks after tumor
inoculation and analyzed for binding AFP-FITC on a flow
cytometer. The analysis demonstrated that both subpopula-
tions were able to bind the protein at significantly higher
levels than non-MDSCs (Fig. 1a, ).

Cytofluorometric analysis of unseparated mononu-
clears also showed that the percentage of AFP-binding
cells was significantly higher in CD11b*Gr-1¥ M-MDSC
and CD11b*Gr-1"¢" G-MDSC subpopulations than in
non—-MDSC population (Fig. 1b, d). Moreover, the frequency
of AFP-binding cells was twofold higher in M-MDSC sub-
population, which comprised 2.6 + 0.6% of the total pool of
mononuclear cells, compared to G-MDSC subpopulation,
which comprised 10.1 + 3.2% of the total pool of mono-
nuclear cells (20.3 £ 15.2 and 7.9 £ 6.7%, respectively).
Together, these data show that MDSCs obtained from tumor
mice have an increased ability to bind AFP and, therefore,
represent a potential target for cytotoxic AFP-conjugate.

AFP-DR exerts a selective cytotoxic effect
towards M-MDSCs in vitro

To determine an optimal concentration of cytotoxic con-
jugate AFP-DR, bone marrow mononuclear cells obtained
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from intact mice were cultured with different concentrations
of conjugate for 48 h. Afterwards, cell viability was exam-
ined by the trypan blue exclusion method. AFP-DR concen-
tration of 1 pM was found to display the maximal cell death
and used for further experiments (Fig. 2a).

To study the cytotoxic effects of AFP-DR on MDSCs,
G-MDSC and M-MDSC subpopulations were obtained from
the spleen of tumor mice by magnetic separation and cul-
tured in the presence of 1 pM AFP-DR for 24 h. As shown
in Fig. 2b, M-MDSCs were more susceptible to the cytotoxic
effect of AFP-DR compared to DR. DR and AFP-DR had
similar effects on G-MDSC subpopulation, whereas neither
AFP-DR nor DR had effect on non-MDSCs. Moreover, AFP-
DR increased viability of non-MDSCs during cultivation
in vitro. Together, these data indicate that cytotoxic AFP-
conjugate has a selective cytotoxic effect towards MDSCs
and displays little to no effect on other cell populations.

AFP-DR treatment prevents an increase in MDSCs
and a decrease in NK levels in tumor-bearing mice

Next, we assessed the effect of AFP-DR on Ehrlich carci-
noma growth in vivo. For this, three groups of mice (10
mice in each group) received intraperitoneal injections of
AFP-DR or DR at a dose of 0.3 pg/g of body mass (DR
concentration) or PBS (control group) every day for 5 days
starting from the 3rd day after tumor inoculation. The treat-
ment was repeated at 7-day intervals.

In 3 weeks after tumor inoculation, we observed no dif-
ference in the tumor weight between all groups (Table 1). In
contrast, by the end of the fifth week after tumor inoculation,
both groups receiving AFP-DR and DR treatment showed
a significantly decreased tumor weight when compared to
the control animals. However, in the group treated with DR,
one out of five mice died during the first 3 weeks follow-
ing tumor inoculation and three more mice out of five died
during the following 2 weeks, indicating high toxicity of
DR treatment. The survival rate in the control group was
also considerably lower when compared to the group which
received AFP-DR, where all mice survived (Table 1).

Next, we tried to determine if the observed effect of AFP-
DR is mediated by a direct effect on tumor cells. Ehrlich
ascites carcinoma cells were stained with AFP-FITC, AFP-
DR, and DR and subjected to FACS analysis. As shown in
Fig. 3, the tumor cells did not bind AFP-FITC. The ability
of DR to emit fluorescence (585 filter) allowed us to assess
DR binding to tumor cells. The analysis demonstrated that
Ehrlich carcinoma cells bound native DR, whereas DR con-
jugated with AFP showed notably weaker binding (Fig. 3).

To assess AFP-DR effects on MDSC, NK and T cell
content, mice received only five intraperitoneal treatments
at the same doze daily for 5 days starting from the 3rd
day after tumor inoculation. By the end of the 3rd week
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Fig. 1 MDSCs from tumor- a
bearing mice bind AFP at
significantly higher levels than
non-MDSCs. Splenocytes

were obtained from CBA mice
bearing Ehrlich solid carcinoma
3 weeks after tumor inoculation.
G-MDSCs (Gr-1"e"Ly-6G™),
M-MDSCs (Gr-19"Ly-6G"),
and non-MDSCs were isolated
by immunomagnetic separation,
incubated with 100 pg/ml AFP-
FITC and assessed for AFP*
events by flow cytometry (a, c).
Mononuclear fraction isolated
from tumor-bearing mice

was labeled with anti-Gr-1,
anti-CD11b, AFP-FITC, and
the frequency of AFP* events
was analyzed in G-MDSC
(Gr-1"e"CD11b%), M-MDSC .
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after last AFP-DR injection all animals remained alive.
Additionally, AFP-DR-treated group had a significantly
decreased tumor mass (p = 0.031) compared to the con-
trol group (Fig. 4). MDSC content in the spleen of control
animals reached a peak at the week 2, while in the experi-
mental group MDSC content did not change compared to
intact mice throughout observation periods (Fig. 5a, b).
Differences between untreated and treated groups at the
2nd and 3rd weeks were statistically significant (p < 0.05).

XY
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09\\ 00"\ C

We observed no differences in the levels of splenic T cells
(defined as CD3*CD4" and CD3*CD8") between AFP-DR-
treated and control groups (data not shown). In contrast,
the percentage of NK-cells in the control group was signifi-
cantly decreased by the end of the 3rd week compared to
intact mice (p < 0.001), while in the AFP-DR-treated group
the percentage of NK cells increased dramatically during
the 1st week after tumor inoculation, than reached the con-
trol level at the week 2, and remained unchanged at the 3rd
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Fig.2 M-MDSC subpopulation is more susceptible to the toxic
effect of AFP-DR conjugate. To assess the optimal cytotoxic dose of
AFP-DR conjugate, bone marrow mononuclear cells obtained from
intact mice were cultured with different concentrations of conjugate,
then cell viability was examined by trypan blue exclusion method (a).
G-MDSCs (Gr-1""Ly-6G*), M-MDSCs (Gr-19"Ly-6G"), and non-
MDSCs were immunomagnetically isolated from the spleen of mice
bearing Ehrlich solid carcinoma 3 weeks after tumor inoculation,
incubated with 1 pM of AFP-DR conjugate or DR alone for 24 h.
Then cells were labeled with trypan blue and the percentage of dead
cells was analyzed (b). Each group included 5 mice. Significant dif-
ferences between columns assessed by Student’s ¢ test are indicated:
*p < 0.05, ¥*p < 0.01, ***p < 0.005

week (Fig. 5c, d). The data demonstrate the positive effect of
intraperitoneal administration of AFP-DR conjugate on the
dynamics of splenic MDSCs and NK cells with simultane-
ous inhibition of tumor growth.

Next, we tried to investigate the effect of AFP-DR on
tumor infiltrating lymphocytes. Tumor samples were col-
lected from untreated mice (n = 3) and mice exposed to five
intraperitoneal injections of AFP-DR (n = 3) or DR (n = 3)
daily for 5 days starting from the 3rd day after tumor inocu-
lation. Animals treated with AFP-DR showed a significantly
reduced tumor growth when compared to saline treated or
DR-treated mice (Fig. 6a). Surprisingly, we detected no sig-
nificant differences in the proportions of NK cells, CD4* and
CD8* T cell populations within the tumors between control
and AFP-DR-treated groups, while in the DR-treated group
intratumoral CD8* and CD4" T cells were significantly
up-regulated (Fig. 6b). In addition, the proportion of intra-
tumoral NK cells was decreased in the DR-treated group
when compared to the control group. The reasons for these
discrepancies are not evident. The majority of works dem-
onstrate that increased tumor-infiltration with lymphocytes
is associated with favorable prognosis in various types of
cancers [27]. However, other studies have shown that an
intense NK or CD8" infiltration is associated with advanced
disease and may even facilitate cancer development [28, 29].
In our study, an increased tumor-infiltration with CD8 or
CD4* in the DR-treated group did not result in a decreased
tumor growth, implying that infiltration of the tumor tissue
with these cell populations does not reflect the effective anti-
tumor response. It can be explained by a toxic effect of DR
on NK cells that play a critical role in the cytolytic activity
towards Ehrlich carcinoma cells which are characterized by
the absence of MHC-I expression.

Discussion

Suppression of the antitumor immune response induced
by a growing tumor and its microenvironment is now
recognized as a key factor contributing to the develop-
ment of malignant diseases. The role of MDSCs as a
source of immunosuppressive signals in cancer has been

Table 1 Effect of tenfold

S Weeks after tumor  Parameter Untreated mice Mice treated with DR Mice treated
administration of AFP-DR a.nd inoculation with AFP-
DR on tumor mass and survival DR
rate of mice bearing Ehrlich
carcinoma 3 weeks Tumor mass (g) 1.1+04 1.8+ 1.6 1.5+06

Survival rate 100% (5/5) 80% (4/5) 100% (5/5)
5 weeks Tumor mass (g) 72+12 1.6 £ 0.3% 1.8+ 1.1%
Survival rate 40% (2/5) 40% (2/5) 100% (5/5)

Significant differences between untreated mice and mice treated with AFP-DR or DR are indicated:

#p < 0.01
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Fig. 3 Ehrlich carcinoma cells bind both native DR and DR conju-
gated with AFP but not AFP-FITC. Ehrlich ascites carcinoma cells
were stained with anti-CD45-APC and AFP-FITC, AFP-DR, or DR,
washed, fixed, and analyzed by flow cytometry. Representative histo-
grams are shown. Grey histograms show cell autofluorescence, black
histograms show labeled samples

demonstrated by numerous studies. Consequently, there
has been considerable interest in developing approaches
directed at the suppression of MDSC activity, a promising
strategy for fighting cancerous diseases, which should be
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Fig. 4 AFP-DR conjugate delays tumor mass growth in vivo. Mice
were treated with PBS or AFP-DR daily for 5 days starting from
the 3rd day after tumor inoculation. Each group included 10 mice.
Effects of AFP-DR on tumor growth at the 1, 2, and 3 weeks after
beginning of the experiment are depicted. Significant differences
between columns assessed by Student’s ¢ test are indicated: *p < 0.05,
**p < 0.003

included into traditional regimens of chemo- and immuno-
therapy of cancer. Some of anti-cancer drugs (docetaxel,
doxorubicin, all-transretinoic acid) [30-32], as well as
antibodies to MDSC membrane markers [33] have been
suggested for pharmacological correction of MDSC activ-
ity. However, these anticancer drugs do not target MDSCs
with high selectivity and have toxic side effects. Addition-
ally, markers used for identification of animal and human
MDSCs are not unique and present on other cells of the
immune system; therefore, antibody therapy might result
in unpredictable consequences.

It has been shown that receptors to AFP are expressed
on tumor and embryonic cells, as well as monocytes/mac-
rophages. AFP functions as an autocrine growth factor for
tumor and embryonic cells [19, 34] while for monocytes it
is likely an activation factor, whose physiological role is not
clear. This may possibly be explained by participation of
AFP in the phenomenon of inflammation [35].

Currently, 30 AFP-binding proteins which belong to the
family of scavenger receptors have been identified. They
include several classes of integral transmembrane proteins
with a molecular weight of 18-250 kDa [20], which partici-
pate in the transfer of AFP molecules associated with vari-
ous ligands (bilirubin, fatty acids, retinoids, steroids, heavy
metals, flavonoids, phytoestrogens, dioxins, and others) into
tumor, fetal, and placental cells through clathrin-mediated
endocytosis.

High structural and functional similarities between
human and mouse AFP demonstrated previously [36, 37]
allowed us to study the effect of human AFP on mouse
cells both in vitro and in vivo. We showed that MDSCs iso-
lated from tumor-bearing mice bound AFP. Which mem-
brane receptor is responsible for AFP-binding and whether
the process is indeed receptor-mediated remains unclear.
Nevertheless, the procedure of labeling MDSC with AFP-
FITC at 4 °C excludes the possibility of phagocytosis,
and the fact that only a minor part of MDSC population is
able to bind AFP assumes involvement of specific recep-
tors on the surface of these cells. The frequency of AFP-
binding cells was two times higher in M-MDSC fraction
compared to G-MDSC fraction. Consequently, M-MDSC
subpopulation was more susceptible to cytotoxic effects of
AFP-DR conjugate compared to G-MDSC subpopulation.
Native DR exerted similar cytotoxic effects on G-MDSCs
while had no effect on M-MDSCs. Previously, it has been
reported that some anticancer drugs are able to eliminate
G-MDSCs, but not M-MDSCs [12]. Taking into account
the higher suppressor activity of M-MDSCs in cancer
compared to G-MDSCs [38], we can conclude that the
cytotoxic conjugates of AFP appear to be preferable to
traditional cytotoxic drugs.

An equal tumor reduction after tenfold treatment with
DR or AFP-DR raises the question whether the observed
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Fig. 5 AFP-DR treatment prevents an increase in splenic MDSCs
and a decrease in NK cells in tumor-bearing mice. Tumor mice
received five intraperitoneal treatments with AFP-DR (0.3 ug/g
mouse mass) or PBS daily for 5 days starting from the 3rd day after
tumor inoculation. In 3 weeks splenocytes were obtained, labeled
with anti-CD11b and anti-Gr-1, and anti-CD49b, and the frequency
of Gr-1¥CD11b* (a, b) and CD49b™ (c, d) cells was analyzed using

decrease in MDSC expansion in the AFP-DR-treated group
is a result of the direct cytolytic effect of the conjugate on
tumor cells and the subsequent decrease in tumor mass.
The analysis of obtained data allows us to exclude such an
assumption suggesting high dissimilarity of pharmacologi-
cal actions of AFP-DR and DR.

First, it should be noted that Ehrlich carcinoma cells did
not bind AFP in vitro, probably due to the absence of spe-
cific receptors. At the same time, Ehrlich carcinoma cells
were able to bind both native DR and DR conjugated with
AFP, but the latter one was significantly weaker.

@ Springer

flow cytometry. Each group included 10 mice (white square box-
intact mice, gray square box-tumor-bearing mice, treated with PBS,
black square box-tumor-bearing mice, treated with AFP-DR). Rep-
resentative flow cytometry and cumulative results for each group are
depicted. Significant differences between columns assessed by Stu-
dent’s ¢ test are indicated: *p < 0.05, **p < 0.01, ***p < 0.005

In addition, the reduction of the total dose of adminis-
tered DR (native or conjugated) by two times from tenfold
to fivefold treatment resulted in a decreased tumor weight
only in the AFP-DR-treated group, but not in the DR-treated
group. This fact implies that a fivefold administration of
DR is insufficient for inhibition of tumor growth in vivo. At
the same time, an equal dose of DR conjugated with AFP
efficiently inhibited tumor growth in two separate series of
experiments, what was accompanied by a decrease in MDSC
levels and an increase in NK cell levels.
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Fig. 6 AFP-DR treatment decreases tumor weight but does not»

increase intratumoral CD8", CD4% and NK cell infiltration. Tumor
mice received five intraperitoneal treatments with DR (0.3 pg/g
mouse mass), AFP-DR (0.3 pg/g mouse mass), or PBS daily for
5 days starting from the 3rd day after tumor inoculation. In 3 weeks
tumors were surgically removed, weighted, dissociated, labeled with
anti-CD3-APC, anti-CD8a-PerCP, anti-CD4-PE, anti-CD49b-PE, and
analyzed using flow cytometry. Representative and cumulative data of
tumor mass (a) and percentage of CD8*, CD4", CD3~CD49b* cells
(b) for each group are depicted. Each group included 3 mice. Sig-
nificant differences between columns assessed by Student’s ¢ test are
indicated: *p < 0.05, ** p< 0.01

In the consideration of obtained data, including specific
AFP-binding to M-MDSCs and the cytotoxic effect of AFP-
DR on the same subpopulation of MDSCs in vitro, we can
conclude with reasonable confidence that M-MDSCs are the
primary target of AFP-DR. Underlying this conclusion is the
assumption that M-MDSC elimination results in a decreased
immunosuppressive background within tumor tissue fol-
lowed by activation of NK cell cytolytic activity.

Thus, AFP-DR conjugate possesses several preferable
qualities over native DR. First, the dynamics of mortality
among both untreated and treated with DR (tenfold injec-
tion) animals were similar in spite of a significant inhibition
of tumor growth in both groups at the end of the 5th week. In
contrast, all animals treated with AFP-DR remained alive. In
addition, a substantial decline in NK cell levels with simul-
taneous raise in T lymphocytes within tumor tissue was
observed only in the animals treated with DR. Ehrlich car-
cinoma is known to be characterized by the absence of H-2
antigen expression [39], which makes it a specific target for
cytolytic activity of NK cells, but it is ignored by cytotoxic
T cells. Obviously, the eliminating effect of DR on NK cells
in the given tumor model contributes to its overall toxic-
ity which lowers its antitumor value. A separate possibility
for the increased level of tumor infiltrating CD4" T cells in
the DR-treated group may lie in the Treg expansion, which
negative effect on the antitumor immunity is well known
[2]. However, the assumption requires separate examination.

Thus, for the first time we explored the possibility of
modulating levels of circulating MDSCs in an experimen-
tal tumor model with the aid of AFP cytotoxic conjugate.
Resulting data demonstrated that AFP cytotoxic conjugates
are a perspective direction in immunotherapy that targets
MDSCs, one of the most important factors contributing to
the antitumor immunity failure.
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