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Summary

Glycodelin is an immunomodulator, indispensable for the maintenance of
Science, Bengaluru, Karnataka, India pregnancy in humans. The glycoprotein induces apoptosis in activated
CD4" T cells, monocytes and natural killer (NK) cells, and suppresses the
activity of cytotoxic T cells, macrophages and dendritic cells. This study
explores the immunosuppressive property of glycodelin for its possible use
in preventing graft rejection. Because glycodelin is found only in certain
primates, the hypothesis was investigated in an allograft nude mouse model.
It is demonstrated that treatment of alloactivated mononuclear cells with
glycodelin thwarts graft rejection. Glycodelin decreases the number of
activated CD4" and CD8" cells and down-regulates the expression of key
proteins known to be involved in graft demise such as granzyme-B,
eomesodermin (EOMES), interleukin (IL)-2 and proinflammatory cytokines
[tumour necrosis factor (TNF)-a and IL-6], resulting in a weakened cell-
mediated immune response. Immunosuppressive drugs for treating allograft
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Introduction the activity of cytotoxic T lymphocyte cells (CTLs) [13].
The immunosuppressive property is regulated by differen-
tial glycosylation and, other than GdA, only the GdF glyco-
form harbours this activity [14]. The immunomodulatory

activity of Gd lies in its protein backbone; however, the gly-

The fetus is a semi-allograft and would be rejected if there
were to be no modulation of the maternal immune
response during pregnancy [1]. Of the various known fac-

tors/biomolecules that are involved in the protection of the cans appear to regulate the activity by masking/unmasking

the functional domain [15,16].

Although not very well understood, immunological
pathways leading to fetal rejection appear to be similar to
those seen in allograft rejection. Transplantation of incom-

fetus from the onslaught of the mother’s immune system,
one is the progesterone-induced endometrial protein,
glycodelin-A (GdA) [2]. GdA is secreted by the decidual-
ized endometrium and accumulates in the amniotic fluid
[3]. GdA levels peak during the 12th to 16th weeks of preg-
nancy, decrease subsequently to lower levels but remain
higher than the circulatory levels present during the luteal
phase of the menstrual cycle [3]. Clinical studies that have

patible grafts results in the donor tissue being attacked by
the recipient’s immune system [17]. T cells are the key
mediators of allograft rejection. The donor alloantigens
processed by the antigen-presenting cells are presented to

correlated recurring spontaneous abortions to low levels of
circulatory GdA [4] lend support to the importance of gly-
codelin in prevention of fetal rejection.

GdA induces apoptosis in CD4" T lymphocytes [5-7],
monocytes [8,9] and natural killer (NK) cells [10], inhibits
the proliferation of B cells [10,11], inhibits the phagocytic
activity in monocytic cells [8], skews the T helper type 1
(Th-1)/Th-2 balance [7] and induces tolerogenic pheno-
type in dendritic cells [12]. Importantly, GdA suppresses

naive CD4™ or CD8™" T cells. Once activated, on one hand,
CD4" T cells secrete cytokines activating other CD8" T
cells and B cells and on the other hand, CD8™" T cells differ-
entiate into CTLs that kill their target graft cells via secre-
tion of granzyme-B and perforin [18,19]. Moreover, CD8 ™"
T cells can also be activated by engaging directly with the
major histocompatibility complex (MHC) class I molecules
presented on the graft cells [18,20]. Secretion of proinflam-
matory cytokines such as interferon (IFN)-y, tumour
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necrosis factor (TNF)-a and interleukin (IL)-6 by the T
cells stimulates and recruits more immune cells to the site
of transplantation [17,19], leading eventually to the obliter-
ation of the donor tissue.

Taking together all the above prompted us to explore the
possibility of using GdA to prevent graft rejection. Because
glycodelin is a human/some primates-specific protein
[3,21-23], we developed a xenograft nude mouse model,
which will be referred to as ‘allograft, because both the tar-
get cells and adoptively transferred immune cells are of
human origin. We observed that glycodelin inhibits graft
rejection by down-regulating IL-2, eomesodermin
(EOMES), granzyme-B, IL-6 and tumour necrosis factor
(TNF)-a, resulting in a suppressed cell-mediated immune

response against the graft.

Materials and methods

Cells and cell lines

Human hepatocellular carcinoma (HepG2) cells were cul-
tured in Dulbecco’s modified Eagle’s medium (DMEM;
Sigma-Aldrich, Carlsbad, CA, USA) supplemented with
10% fetal bovine serum (FBS), 1 mM Glutamax (Gisco,
Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA)
and antibiotics (50 pg/ml gentamycin and 5 U/ml nysta-
tin). Cells (107 cells per mouse) were injected subcutane-
ously into the flanks of nude mice. Tumours were observed
in 50% of mice after 45-60 days. Tumours were excised,
treated with 1% collagenase to acquire a single-cell suspen-
sion and cultured as above. These cells, named HepG2e
(HepG2 explant), established palpable tumours in 100% of
mice in ~6-8 days.

Jurkat cells (human T lymphocyte cell line) were main-
tained in Rosewell Park Memorial Medium-1640 (RPMI-
1640; Sigma-Aldrich) supplemented with 10% FBS, 1 mM
glutamax, 50 pM B-mercaptoethanol and antibiotics.

Peripheral blood mononuclear cells (PBMCs) were iso-
lated from the blood of healthy donors using Histopaque-
1077 (Sigma-Aldrich) density gradient centrifugation and
were cultured in RPMI-1640 supplemented with 10% FBS,
1 mM glutamax and 50 pM B-mercaptoethanol and antibi-
otics. All cells were maintained at 37°C in 5% CO,. The
protocol for the isolation was approved by the Institutional
Human Ethics Committee, Indian Institute of Science,
India (IHEC no: 2-15032017).

Expression and purification of recombinant Gd

The plasmid pASK75 containing the mutated Gd gene
(N28E/G77E/F162G) was received as a gift from Professor
Skerra, whose group was the first to express and purify
soluble Gd from Escherichia coli. Recombinant Gd (rGd)
was expressed in the periplasm of the E. coli C43 strain, as
described by Schiefner et al. [21]. Briefly, cells were

transformed with the plasmid and induced with 0-2 mg/l
of anhydrotetracycline for 4 h when the optical density of
the culture reached 1-6. Cells were pelleted and resus-
pended in periplasmic extraction buffer containing lyso-
zyme for 30 min. rGd was purified by Ni-NTA column
chromatography and analysed for its apoptotic activity.

Apoptotic activity of rGd

To determine whether the rGd harbours the apoptotic
activity described earlier for the native GdA, Jurkat cells
were incubated with rGd for 24 h at 37°C, followed by
staining with annexin-V fluorescein isothiocyanate (FITC)
and propidium iodide (PI), according to the manufac-
turer’s protocol (BD Biosciences, San Jose, CA, USA). Cells
were analysed by flow cytometry.

Alloactivation

The protocol to generate cytotoxic cells was modified from
that reported earlier in our laboratory [13]. PBMCs were
cultured with HepG2e cells at a ratio of 20 : 1 for 96 h in
Iscove’s modified Dulbecco’s medium (IMDM; Sigma-
Aldrich) supplemented with 15% FBS, 1 mM glutamax;
5 U/ml of interleukin-2 (IL-2; Sigma-Aldrich) was added
to the culture at 0 and 48 h.

Staining for activation marker

Alloactivation of PBMCs was carried out for different time
intervals. Cells were harvested, washed with phosphate-
buffered saline (PBS) (50 mM phosphate buffer, pH 7-2
containing 150 mM NaCl) and stained with 1-5 pg/ml of
anti-CD69 antibody-phycoerythrin (PE) conjugate on ice
for 1 h in the dark. Cells were washed with PBS and fixed
with 2% paraformaldehyde before flow cytometry analysis.

Proliferation of alloactivated PBMCs

Proliferation of PBMCs was assessed using MTT [3-(4,5-
dimethylthiazol-2-YI)-2,5-diphenyltetrazolium  bromide]
assay; 2 X 10° unactivated or activated with anti-CD3 anti-
body or alloactivated PBMCs were plated. Twenty pl of
MTT (4 mg/ml in PBS) was added to each well and incu-
bated for 4 h. The formazan crystals were dissolved in
200 pl of dimethyl sulphoxide (DMSO) and absorbance
was estimated at A540 nm in an enzyme-linked immuno-
sorbent assay (ELISA) microplate reader (VersaMax,
Molecular Devices, Sunnyvale, CA, USA).

Cytotoxicity of alloactivated PBMCs

Carboxyfluorescein succinimidyl ester (CFSE)/PI assay was
used to examine the cytotoxicity of the alloactivated
PBMCs. Target cells (HepG2e) were labelled with 2-5 pM
CFSE for 15 min. The reaction was stopped with 5% FBS
in PBS followed by two washes with PBS. The CFSE-
labelled target cells were then incubated with the effector
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Table 1. List of primers used for real-time polymerase chain reaction (PCR)

Glycodelin in prevention of graft rejection

Gene Forward primer Reverse primer

18s rRNA CGACCATAAACGATGCCGAC GGTGGTGCCCTTCCGTCAAT

CD4 GTCCCTTTTAGGCACTTGCTTCT TCTTTCCCTGAGTGGCTGCT

CD8a TCTCCCAAAACAAGCCCAAGG GTTGCTCAGGGCCGAGCAG

CD14 ACTTATCGACCATGGAGCGC AGCTCACAAGGTTCTGGCGT
CD20 GGGCTGTCCAGATTATGAATG GAGTTTTTCTCCGTTGCTGC
CD56 TCTGGATGGGCACATGGTG TGCTCTTCAGGGTCAGCGA

IL-2 CCCAAGAAGGCCACAGAACTG CTTAAGTGAAAGTTTTTGCTTTGAG
IL-6 GATTCAATGAGGAGACTTGCC TGTTCTGGAGGTACTCTAGGTA
EOMES GGGGAGGTCGAGGTTCTTACCAGA CTTGAACACAGTGGGGCTTGTTCT
Granzyme-B GACAGCTGCTCACTGTTGGGG AGCTCTGGTCCGCTTGGCCT
TNF-o AGCCTGTAGCCCATGTTGTAG CTCTCAGCTCCACGCCATTG

IL = interleukin; EOMES = eomesodermin; TNF = tumour necrosis factor.

cells (alloactivated PBMCs) at different ratios for 4 h at a
cell density of 5 X 10”/ml. After incubation, cells were har-
vested, washed and stained with PI for 15 min. Samples
were subjected to flow cytometric analysis. The percentage
of specific lysis was calculated as [100X (sample lysis-basal
lysis)/(100-basal lysis)], where basal lysis is the % lysis seen
in the absence of effector cells. Alloactivated PBMCs were
incubated with rGd for 24 h at the indicated concentrations
prior to their addition to the labelled target cells for CFSE/
PI assay to determine the effect of rGd.

Mice

Six to eight-week-old nude male mice weighing 20-25 g
were procured from the Central Animal Facility, Indian
Institute of Science, Bangalore, India. Mice were housed in
a clean air facility and exposed to 12 h day/night cycle,
with food and water ad libitum. The animal experiments
were conducted in accordance with the institute guidelines
and the experimental protocols were approved by the Insti-
tutional Animal Ethics Committee (Project no. CAF/
Ethics/198/2010). At the end of the experiments mice were
euthanized by CO, exposure.

In-vivo effect of rGd

Mice were divided into three groups, each consisting of six
mice and injected subcutaneously in the flanks with
1 X 10° HepG2e cells mixed with 1 X 107 viable unacti-
vated or alloactivated PBMCs or rGd-treated alloactivated
PBMCs in 100 ul IMDM. Mice were monitored for 30
days. The tumour diameter was measured periodically
using Vernier callipers. Tumour volume was calculated as
ab?/2, where ‘@’ is the length and ‘b’ is the width.

For examining the effect of rGd on tumour (graft) rejec-
tion, 2 X 10° HepG2e cells were injected subcutaneously
into the flanks of 24 mice. After palpable tumours (10—
100 mm?®) were observed, mice were injected subcutane-
ously with 1 X 10’ viable unactivated /alloactivated
PBMCs/rGd-treated alloactivated PBMCs near the tumour
in 50 pl IMDM. Tumour growth was measured periodically

for 15 days. Three mice from the AP and APG groups were
euthanized on days 3 and 15. Excised tumours were snap-
frozen in liquid nitrogen and stored at —80°C.

For the rGd-treated group, the alloactivated PBMCs
were first incubated with 1 uM rGd for 24 h and then
mixed with 1 pM rGd before transfer to mice. All the ani-
mal experiments were replicated at least thrice.

Measurement of mRNA levels of marker proteins

Frozen tumours were thawed, total RNA was isolated using
TRI reagent (Sigma-Aldrich) and reverse-transcribed to
cDNA using oligo-dT (Thermo Fisher Scientific) and
reverse transcriptase (Thermo Fisher Scientific). Real-time
polymerase chain reaction (PCR) using SYBR green (Bio-
Rad, Hercules, CA, USA) was performed in a Bio-Rad
cycler iQ5 (Bio-Rad). The primers used for the amplifica-
tion of the mRNA corresponding to the marker genes are
listed in Table 1. The amplification conditions were: initial
denaturation at 95°C for 5 min followed by 40 cycles of
denaturation at 94°C for 30 s, primer annealing at 60°C for
30 s and extension at 72°C for 30 s. The final extension was
carried out at 72°C for 5 min. The fold change in the
expression of test genes was calculated relative to their lev-
els in day 3 alloactivated PBMCs.

Analysis of expression of marker proteins on cells

Frozen tumours were thawed in PBS containing 10% FBS
at 37°C and the tissues were disaggregated mechanically to
form a single-cell suspension [24]. Cells were stained with
CD8-fluorescein isothiocyanate (FITC) (BioLegend, San
Diego, CA, USA), granzyme-B (Cusabio, College Park,
MD, USA), IL-2 (Cusabio) and EOMES-alexa 647 (eBio-
sciences, Thermo Fisher Scientific) according to the manu-
facturer’s instructions and analysed by flow cytometry.

Flow cytometric analysis

BD FACSVerse™ (Becton Dickinson, Franklin Lakes, NJ,
USA) was used for flow cytometry. At least 10 000 events
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per sample were acquired in all the cases. Data were ana-
lysed using the software FACSuite™ or Cyflogic.

Statistical analysis

All data were evaluated using GraphPad Prism version 5.0.
Unpaired Student’s t-test and one-way analysis of variance
(aNova) was performed and P < 0-05 was considered to be
statistically significant.

Results

Apoptotic effect of recombinant Gd on Jurkat cells

GdA is known to induce apoptosis in activated T cells
[5,7]. To ascertain whether the E. coli-expressed Gd (rGd;
non-glycosylated) exhibits the same activity, Jurkat cells
cultured with varying concentrations of rGd for 24 h were
stained with annexin V-FITC/PI prior to their analysis by
flow cytometry. A concentration-dependent increase in
apoptosis was observed, with 200 nM rGd causing more
than 50% apoptosis (P < 0-0005) (Fig. 1a). This is the first
report, to our knowledge, on the E. coli-produced Gd har-
bouring apoptotic activity. Earlier attempts to obtain active
Gd had failed because of inappropriate folding of the pro-
tein [15]. Skerra et al. introduced mutations in the Gd gene
which permitted the expression of soluble and crystallizable
Gd [21].
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Fig. 1. Activity of Escherichia coli produced recombinant glycodelin
(rGd). (a) Jurkat cells were treated with the indicated concentration
of rGd for 24 h. Cells were then stained with annexin V-fluorescein
isothiocyanate (FITC) and propidium iodide (PI) and the apoptotic
population was measured by flow cytometry (Student’s t-test

P < 0-0005). (b) The alloactivated PBMCs were pretreated with
0-67 uM and 1 pM rGd for 24 h, then added to (CFSE)-labelled
human hepatocellular carcinoma expansion media (HepG2e) cells at
a ratio of 10 : 1 and incubated for 4 h. After incubation, cells were
harvested, stained with PI and analysed by flow cytometry (Student’s
t-test, P < 0-012). Data are representative of three independent
experiments.

Alloactivation of PBMCs

The surface expression of CD69, an early T cell activation
marker, was examined on PBMCs that were co-cultured
with HepG2e cells for 96 h using flow cytometry. As seen in
Supporting information, Fig. Sla, cells expressing CD69
increased from 22 to 34% by 16 h and declined to basal lev-
els after 36 h. PBMCs isolated from healthy donors were
activated either by incubating with anti-CD3 antibody (as
positive control) or by co-culturing with HepG2e cells. The
extent of proliferation of the alloactivated PBMCs (over
96 h) was found to be comparable to that of PBMCs acti-
vated (over 48 h) by anti-CD3 antibody (Supporting infor-
mation, Fig. S1b,c). Both assays showed that the PBMCs
were activated as a result of co-culturing them with
HepG2e cells.

Effect of rGd on the cytotoxicity of alloactivated
PBMCs

To determine whether the alloactivation resulted in the
generation of cytotoxic PBMCs, the alloactivated cells
(effectors) were incubated for 4 h with their target HepG2e
cells and their lysis was measured. With increasing numbers
of effector cells there was an increase in the percentage of
specific lysis of the target cells (Supporting information,
Fig. S1d). Lysis of ~50% of HepG2e cells was observed at
an effector : target ratio of 1 : 10 and this ratio was used for
all further studies.

Subsequently, the effect of rGd on the in-vitro-generated
cytotoxic cells was studied. Alloactivated PBMCs were
treated with rGd for 24 h prior to the cytotoxicity assay. As
shown in Fig. 1b, rGd decreased the cytotoxicity of alloacti-
vated PBMCs four-fold at 1 pM concentration (P < 0-012),
which is in concordance with those reported earlier [13].

Effect of rGd on the cytotoxic activity of
PBMCs in vivo

Nude mice were injected with HepG2e cells to establish a
palpable tumour and the effect of the cytotoxic cells in the
presence and absence of rGd on the establishment of the
tumour, and its growth was monitored for a month. As
shown in Fig. 2a, when mixed with unactivated PBMCs
(UP), HepG2e cells formed tumours in all the injected
mice within a week, while no tumour formation was
observed for at least 2 weeks when they were injected along
with alloactivated PBMCs (AP; P < 0-0001). Moreover,
50% of the mice did not develop any tumours even up to
30 days after injection of the cells. Of interest was the group
that received rGd-treated cytotoxic cells (APG), along with
the HepG2e cells, for which AP were treated with 1 pM
rGd for 24 h and mixed again with rGd prior to their injec-
tion in mice. As can be seen in Fig. 2a, although there was a
2-day delay in tumour development in this group com-
pared to the UP group, all the mice developed tumours by
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Fig. 2. Effect of recombinant 0'5\ 0‘5\ Qf$\
glycodelin (rGd) on the in-vivo
cytotoxicity of alloactivated
peripheral blood mononuclear (b)
cells (PBMCs). Nude mice 500-
were injected subcutaneously
with HepG2e cells mixed with
UP, AP or APG at a ratio of e 4004
1: 10 and the tumour growth £
. E
was monitored for 4 weeks. (a) ‘;‘ 300
Number of mice with tumour £ 1
[one-way analysis of variance %
(aNova), P < 0-0001]. (b) The > 200-
L
kinetics of tumour growth g
(one-way ANOVA, P < 0-048). s
UP = unactivated PBMCs; - 100
AP = alloactivated PBMCs;
APG = alloactivated PBMCs
treated with rGd. Data 0;

presented is cumulative of
three independent experiments.

day 14. By the end of the 30-day observation period, all the
mice receiving HepG2e cells mixed with either UP or APG
had developed tumours. A significant increase (P < 0-048)
was seen in the tumour growth in the group that received
APG compared to the mice that received AP (Fig. 2b).
Thus, these observations suggest that rGd inhibits the cyto-
lytic activity of the alloactivated PBMCs, thereby allowing
the establishment of HepG2e tumours.

Suppression of tumour rejection by rGd

To determine whether alloactivated PBMCs could bring
about tumour rejection, UP or AP were transferred to mice
after the HepG2e tumours were established and the tumour
volumes were measured for 15 days. In the group injected
with UP there was an exponential increase in the tumour
volume. However, there was very little increase in the
tumour size in the group that received the AP (P < 0-001).
When mice were injected with APG, a dose-dependent
increase in the tumour volume was seen (Fig. 3b). Those

© 2017 British Society for Immunology, Clinical and Experimental Immunology, 192: 213-223

that received APG treated with a higher concentration of
rGd exhibited accelerated tumour growth (P < 0-05).

Mechanistic insights into the suppression of tumour
rejection by rGd

To elucidate the mechanism of the effect of rGd on the cyto-
toxic cells, the mRNA levels of the T cell markers, CD4 and
CD8, and key molecules involved in cytotoxicity, namely IL-
2, granzyme-B and EOMES, were measured. AP or APG
were injected at the HepG2e tumour site. Tumours were
excised on days 3 and 15, RNA was isolated and real-time
PCR was performed. Amplification of CD4, CD8, CD56,
CD20 and CD14 markers confirmed the infiltration of
human PBMCs in the tumour by day 3 (Fig. 4). Analysis of
the AP population before and after administration in mice
revealed that CD4 and CD8 mRNA levels were augmented
by 15-fold and 3-fold, respectively, while CD14, CD20 and
CD56 mRNA levels were decreased (Fig. 4). Apart from day
3, when maximum infiltration of the immune cells could be

217



A. Dixit et al.

(@)

Day 0 7(0) 3

15

v v v

v

Animal sacrifice and excision of

the tumors on day 3 and 15 post
administration

Tumor formation and
administration of unactivated
PBMCs, alloactivated PBMCs
and rGd treated alloactivated

PBMCs

HepG2e
injection

(b)
600+

IS
=)
bt

Tumor volume (mm?®)
N
o
L

-e- UP
& AP
=+~ APG (0.7uM)
=+ APG (1 uM)

Fig. 3. Effect of recombinant glycodelin
(rGd) on the inhibition of tumour
growth by alloactivated peripheral blood
mononuclear cells (PBMCs). (a) Pictorial
representation of the injection regimen
followed for the experiment. (b)
Unactivated PBMCs/alloactivated PBMCs/
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different concentrations of rGd were
injected at the site of tumours and the
tumour growth was measured for 15
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expected in the tumour, mRNA levels of the interested genes
were also assessed on day 15 to determine their correlation
with respect to the tumour growth in the AP and APG
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Relative fold expression

rGd. Data presented is cumulative of
three independent experiments. [Colour
figure can be viewed at wileyonlinelibrary.
com]|

groups. The mRNA levels of CD4 and CDS8, along with IL-2
and EOMES, were found to increase in the tumours excised
on day 15 from the AP-injected group of mice. Tumours

3 AP in vitro

AP Day 3 in vivo Cell markers  Fold change
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CD8 12.77

CD14 11.91
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Fig. 4. Immune cell population in alloactivated peripheral blood mononuclear cells (PBMCs) before and after administration in mice. RNA was
isolated from AP and tumours injected with AP (day 3). Real-time polymerase chain reaction (PCR) was performed to amplify the cDNA of
CD4, CD8, CD14, CD20 and CD56. The inset table tabulates the fold change in mRNA levels of each cell marker in tumour injected with AP on
day 3 in comparison to AP. Data are represented as the fold expression relative to AP (before injection in mice) for each protein.

AP = alloactivated PBMCs.
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Fig. 5. Down-regulation of genes associated with cytotoxic activity of alloactivated peripheral blood mononuclear cells (PBMCs) by recombinant
glycodelin (rGd). RNA was isolated from the tumours after injection of AP or APG. Real-time polymerase chain reaction (PCR) was performed
to detect the mRNA levels of human (a) CD4, (b) CD8, (c) interleukin (IL)-2, (d) granzyme-B, (e) eomesodermin (EOMES), (f) tumour
necrosis factor (TNF)-a and (g) IL-6. The inset table tabulates the fold change in mRNA levels of each protein in APG in comparison to AP on
day 3. Data are represented as the fold expression relative to the day 3 AP for each protein (Student’s t-test; *P < 0-05; **P < 0-01;

P < 0-001). AP = alloactivated PBMCs; APG = alloactivated PBMCs treated with rGd.

from the APG group had lower levels of all the markers on
day 3 compared to the AP group (CD4, 89-fold; CD8, four-
fold; IL-2, 41-fold; granzyme-B, 45-fold; EOMES, fivefold;
Fig. 5a—e). Similarly, day 15 APG tumours also showed
reduced mRNA levels of all the genes; however, the differ-
ence was less profound except for CD8.

Additionally, the relative fold expression of the proin-
flammatory cytokines, TNF-a and IL-6, were down-
regulated significantly by rGd treatment on both days 3
and 15 (Fig. 5f,g).

In order to determine whether the decrease in the RNA
levels of the different markers corresponded to the expres-
sion of the proteins, cells were isolated from the tumours
and stained with antibodies to human CD8, granzyme-B,
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IL-2 and EOMES. For flow cytometric analysis of the pro-
tein expression, the HepG2e cells were gated out by using
forward-scatter (FSC)-H versus FSC-A scatter-plots. The
small size of the tumours on day 3 posed tissue processing
constraints and the immune cells recovered were statisti-
cally inadequate for flow cytometric analysis. Therefore,
day 3 was excluded from the data to assess changes in pro-
tein expression. As seen in Fig. 6, there was a decrease in
the expression of CD8 (70%), IL-2 (55%), granzyme-B
(81%) and EOMES (96%) in the immune cells isolated
from the APG tumours compared to the AP tumours.

Consolidating all the data, it was concluded that rGd
decreases the T cell population as well as abrogating the
cytotoxic activity of alloactivated PBMCs in vivo.
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Fig. 6. Down-regulation of proteins associated with cytotoxic activity
of alloactivated peripheral blood mononuclear cells (PBMCs) by
recombinant glycodelin (rGd). Cells isolated from the tumours
excised on day 15 after injection of AP or APG were stained with
human antibodies specific to CD8, interleukin (IL)-2, eomesodermin
(EOMES) and granzyme-B. Protein expression was analysed using
flow cytometry. Decrease in the protein expression in APG in
comparison to AP is represented as the % inhibition.

AP = alloactivated PBMCs; APG = alloactivated PBMCs treated
with rGd.

Discussion

Results presented in the paper suggest that the immuno-
modulatory role of glycodelin, which is indispensable for
the maintenance of pregnancy, could possibly be explored
for the prevention of rejection of donor grafts. Allograft
rejection is the major drawback associated with incompati-
ble organ transplantation [17]. Use of immunosuppres-
sants is the choice of treatment in most cases to bring
respite [25]; however, they concomitantly make the recipi-
ent susceptible to infections [19], hence the need for a
treatment which provides a specific and localized immuno-
suppression at the site of transplantation, something simi-
lar to what is seen during pregnancy. Being a semi-
allograft, the fetus presents the same challenges to the
maternal immune system, which needs to be modulated to
prevent fetal rejection and yet protect it from pathogenic
assault at the same time [1]. Therefore, the idea of investi-
gating the potential of natural immunomodulators relevant
during pregnancy in preventing graft rejection is reasona-
ble. Indeed, treatment with galectin-1 in a mouse model
following an allogenic bone marrow transplantation was
shown to inhibit the graft-versus-host response [26].
Another such immunomodulator which is essential in
abrogating fetal rejection is glycodelin A. In this context,
several studies have demonstrated the immunomodulatory
activity of GdA on almost all the immune cells at the feto—
maternal interface [27,28], and of relevance to this study is
the inhibitory effect of GdA on the activity of CTLs
[13,29]. In case of incompatible organ transplantation,
CTL-mediated killing of graft cells is one of the major

processes that leads to the destruction of the donor graft
[18].

We proposed to utilize the immunomodulatory property
of glycodelin for acceptance of grafts. Towards this, human
cytotoxic T cells were generated first in vitro to a human
cell line, HepG2e (to represent the donor tissue) and dem-
onstrated that the cytotoxic T cells effectively killed their
targets. Exposure to glycodelin inhibited the cytotoxic
activity of the cells. The studies were then extended to an
animal model.

As glycodelin is found to be present only in human and
certain primates [21], there is no small animal model to
test the activity in vivo. We therefore established a graft
rejection model using nude mice. HepG2e tumours were
generated in mice which served as the allograft and the
human AP generated in vitro against the HepG2e cells
served as the rejection machinery consisting primarily of
CTLs. It is important to mention here that Gd does not
induce apoptosis in either the non-immune cells such as
HepG2e cells or the mouse immune cells (Supporting
information, Fig. S2). First, it was determined whether the
effect of rGd on the cytotoxic cells could be translated to
in-vivo conditions. HepG2e tumours were established in
nude mice in the absence (UP) or presence of human cyto-
toxic cells, untreated (AP) or treated with rGd (APG). No
tumours developed in 70% of the mice receiving AP. All
the mice that received APG exhibited tumour development
comparable to that of the control group. These results
showed that the cytotoxic cells retain their activity when
injected in vivo in mice and, most importantly, that the
rGd inhibited the activity of these cytotoxic cells.

After having demonstrated that AP can inhibit the estab-
lishment of HepG2e tumours and that rGd could abrogate
this activity efficiently, we initiated the second set of experi-
ments. Seven days after the tumours of HepG2e were estab-
lished in mice, they were injected with UP or AP or APG
and the tumour growth was measured. The growth of
tumours in AP-injected mice was retarded compared to
those in animals injected with UP. These results are in
agreement with studies showing limitation of tumour
growth by adoptively transferred CTLs in xenograft models
[30,31]. In the case of the APG-injected group, the inhibi-
tion of tumour growth mediated by the cytotoxic cells was
observed to be rescued. Thus, rGd was able to suppress the
cytotoxicity of the alloactivated cells and thereby prevent
the regression in the observed tumour growth.

A dynamic immune response exists at the site of trans-
plantation against the graft which needs to be weakened if
allograft should survive [25]. Infiltration of the activated
CTLs to the site of the graft followed by the release of cyto-
toxic components, perforin and granzyme or FasL-induced
programmed cell death and also release of soluble media-
tors such as TNF-a are the key events leading to the rejec-
tion or demise of the graft [18,32]. We proposed to
investigate the mechanism of the role played by rGd in the
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prevention of graft rejection at the molecular level. Towards
this, we first confirmed the homing of the injected AP to
the established tumour (graft) by amplifying the CD
markers associated with the human mononuclear cells on
day 3. Equal numbers of viable AP or APG were injected in
mice, which negated any discrepancies in analysis due to
cell death as a result of pretreatment with rGd. As would be
expected, injection of AP in mice led to HepG2e-mediated
reactivation and proliferation of both CD4" and CD8™ T
cells, while there was a reduction in the other immune cell
populations. This was indicative of an active and adaptive
cellular immune response at the tumour site. When com-
pared to the AP group, the APG group tumours showed a
decrease in the CD4 and CD8 mRNA levels, the difference
being most pronounced on day 3 (CD4, 88-72-fold; CDS,
3-79-fold). These findings are consistent with earlier
reports demonstrating that activated CD8" T cells are
more resistant to GdA-mediated apoptosis compared to
CD4" T cells [13]. Upon activation, CD4" and CD8* T
cells secrete IL-2 which is required for T cell proliferation
and survival [33]. A 40-84-fold reduction in IL-2 mRNA
levels was observed on day 3 upon rGd treatment. GdA-
mediated decrease in the IL-2 secretion by both CD4 " and
CD8" T cells has been shown earlier [29,34] which sup-
ports our observations. Moreover, a decrease in IL-2 can
result in a weakened survival signal for CD8" T cells lead-
ing to their death over a period of time, probably explain-
ing the 10-fold decline in their numbers by day 15.

IL-2 up-regulates the expression of perforin and
granzyme-B in the activated CD8™ T cells via the transcrip-
tion factor, EOMES [35]. When CTLs come into contact
with their target cells, release of the serine protease
granzyme-B is triggered which, with the help of the pore-
forming protein, perforin, enters the target cells leading to
induction of apoptosis [36]. Overall, IL-2, EOMES and
granzyme-B regulate the cytotoxicity of CTLs. On day 3,
the mRNA levels of granzyme-B were found to decline by
44.56-fold upon rGd treatment, which is much greater
than the levels of CD8, suggesting that the effect is not only
dependent upon loss of cell viability but also on the
decrease in IL-2 levels. Treatment with rGd brought about
a decrease in EOMES seen in the tumours on both days 3
and 15. The expression of these molecules was also studied
at the protein level. CD8, EOMES, IL-2 and granzyme-B-
positive infiltrating cells of the tumours were found to be
highly reduced in case of the APG group compared to the
AP group. These observations are in concurrence with ear-
lier work conducted in our laboratory, where GdA was
shown to impede the cytolytic activity of CTLs not only by
inhibiting EOMES, granzyme-B and perforin transcription
[13], but also by weakening the IL-2 signalling [29].

Several studies suggest the importance of the inflammatory
cytokines, TNF-a and IL-6, as they exhibit a major role in
activating T cells leading eventually to the pathogenesis of
graft rejection [19,37]. Serum concentrations of IL-6 were
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found to be high in patients with acute graft-versus-host dis-
ease [38]. Therefore, in the present study, we measured the
TNF-« and IL-6 mRNA levels and observed a decrease upon
rGd treatment, confirming its anti-inflammatory role. Intri-
guingly, maximum reduction in the levels of IL-6 was seen on
day 3 (29-fold) as seen with IL-2 and granzyme B, whereas
for TNF-a it was on day 15 (21-fold). Most probably, TNF-«
is not involved directly in the mechanism by which rGd ren-
ders its effect, and thus the differences in its levels between AP
and APG group could be attributed to the differential tumour
growth seen in the mice from both groups.

We have used CD4 and CD8 mRNA levels as a measure
of the corresponding T cell population, but the same does
not hold true for the other effector molecules. Different
trends in their mRNA levels in the tumours isolated from
AP mice on days 3 and 15 demonstrate that their levels are
not relative to either CD4" or CD8" T cells. Similarly,
upon rGd treatment, the down-regulation of IL-2, gran-
zyme-B and EOMES cannot be solely because of decrease
in cell viability.

In summary, we generated cytotoxic cells from normal
healthy human PBMCs on co-culturing with the target
HepG2e cells, which effectively decreased their growth in
mice. Exposure of the cytotoxic cells to rGd suppressed
graft rejection mediated by them by decreasing the levels of
IL-2, EOMES and granzyme-B. These observations, in
addition to rGd-mediated induction of apoptosis in CD4 ™"
T cells, which are the key mediators of both arms of the
acquired immune response, lead to the interesting possibil-
ity of utilizing glycodelin in the management of graft rejec-
tion. A similar suggestion of treatment with Gd in case of
lung transplantation to avoid allograft rejection was made
recently by Schneider et al [39]. They proposed suppressing
the immune system of the recipient before lung transplan-
tation by administering Gd in the form of solution/vapours
or by ex-vivo gene delivery and an additional dose of
vaporized Gd after transplantation. This is the first report
highlighting the immunomodulatory activity of glycodelin
in vivo. However, glycodelin is found only in some orders
of primates, therefore our observations need to be validated
in a primate model.
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Supporting information

Additional Supporting information may be found in the
online version of this article at the publisher’s web-site:

Fig. S1. Generation of cytotoxic peripheral blood mono-
nuclear cells (PBMCs). (a) PBMC (responders) were co-
cultured with human hepatocellular carcinoma expansion
media (HepG2e) (stimulators) at the ratio of 20 : 1 for
48 h. Cells were harvested at the indicated time-intervals
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and stained for surface CD69 marker with anti-CD69
antibody phycoerythrin (PE) conjugate and analysed by
flow cytometry. (b,c) Cells were analysed for their prolif-
erative ability by MTT assay after activation by anti-CD3
antibody for 48 h (b) or by culturing with HepG2e for
96h (c). (d) CFSE-labelled HepG2e cells (targets) were
incubated with alloactivated PBMCs (effectors) for 4 h in
the varying ratios and then stained with PI. The lysis of
the target cells was analysed by flow cytometry. Data
show mean = standard error of the mean (s.e.m.) of three
experiments.

Fig. S2. Recombinant glycodelin (rGd) does not induce
apoptosis in human hepatocellular carcinoma expansion
media (HepG2e) and mouse immune cells. HepG2e,
Jurkat (human T cell leukaemia), Sp2/O (murine B cell
myeloma) and RAW (murine macrophage) cells were
treated with 1 pM, 150 nM, 800 nM and 800 nM rGd,
respectively, for 24 h. Cells were then stained with
annexin V-fluorescein isothiocyanate (FITC) and propi-
dium iodide (PI) and the apoptotic population was meas-
ured by flow cytometry.
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