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Abstract. In antibody-mediated rejection (ABMR), the graft
endothelium is at the forefront of the kidney transplant against
the assault from the recipient's humoral immune system, and
is a target of the latter. The present study investigated the
effect of antibodies against human leukocyte antigen (HLA)
class I (anti-HLAT) on the immunological properties of human
glomerular endothelial cells. Additionally, the effect of the
mammalian target of rapamycin (mTOR) complex 1 (mTORC1)
inhibitor (everolimus), or the general control nonderepress-
ible 2 kinase (GCN2K) activator (halofuginone) on anti-HLAI
antibody-mediated alterations was assessed. Cell integrity
was examined, an lactate dehydrogenase (LDH) release assay
was performed and cleaved caspase-3 levels were determined.
Furthermore, cell proliferation was analyzed by performing a
bromodeoxyuridine assay and the cellular proteins involved
in signal transduction or immune effector mechanisms were
assessed via western blotting. IL-8, monocyte chemoattrac-
tive protein-1 (MCP-1), von Willebrand factor (vWF) and
transforming growth factor-beta 1 (TGF-f1) were assayed
via ELISA. The results revealed that anti-HLAI triggered
integrin signaling, activated mTOR and GCN2K, preserved
cell integrity and promoted cell proliferation. Additionally,
by increasing intercellular adhesion molecule 1 (ICAM-1),
HLA-DR, IL-8 and MCP-1 levels, anti-HLAI enhanced the
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ability of immune cells to interact with endothelial cells thus
facilitating graft rejection. Contrarily, by upregulating CD46
and CD59, anti-HLAI rendered the endothelium less vulner-
able to complement-mediated injury. Finally, by enhancing
vWF and TGF-f1, anti-HLAI may render the endothelium
prothrombotic and facilitate fibrosis and graft failure, respec-
tively. According to our results, mMTORCI inhibition and
GCN2K activation may prove useful pharmaceutical targets,
as they prevent cell proliferation and downregulate ICAM-1,
IL-8, MCP-1 and TGF-f1. mTORC]1 inhibition also decreases
vWF.

Introduction

Kidney transplantation is the best therapeutic option for
end-stage renal disease. Current available immunosuppressive
regimens have significantly improved the short-term graft
survival, yet graft survival after the first post-transplant year
has not been considerably prolonged. The leading cause of graft
loss after the first post-transplant year is antibody-mediated
rejection (ABMR), a condition without an available effective
treatment (1,2). Thus, delineating the molecular mechanisms
involved in ABMR, as well as possible therapeutic maneuvers,
is of paramount importance.

ABMR results from the de novo donor-specific anti-
bodies (DSA), which are specific mainly, but not exclusively,
against the human leukocyte antigens class I (HLAI) and/or
class II (HLAII) of the graft (3). Renal endothelial cells display
HLALI on their surface, and upon activation, also upregulate
HLAII expression (4). The graft endothelium is at the forefront
of the kidney transplant against the assault from the recipient's
adaptive humoral immune system and not surprisingly a target
of the latter. The effector mechanisms of DSA-mediated graft
injury include activation of the classical complement pathway,
antibody-dependent natural killer (NK) cell cytotoxicity,
monocyte cytotoxicity facilitated by antibody-FcyR binding,
and not uncommonly T-cells are also implicated, resulting
in mixed antibody- and cell-mediated rejection (5,6). In the
case of active humoral rejection, which has a worse prognosis
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than acute cellular rejection, the presence of neutrophils is a
significant finding in the graft biopsies, and intra-capillary
thrombosis is also common (5,6).

The mammalian target of rapamycin (mTOR) complex I
(mTORC1) inhibitors rapamycin and everolimus are
used as immunosuppressants for kidney transplantation.
Studies have shown that these inhibitors may interfere with
anti-HLA-induced endothelial cell alterations, modifying the
graft to be less vulnerable to antibody-mediated injury (7-9).
In a model of heart ABMR, an immunosuppressive regimen
containing everolimus proved superior to an immunosup-
pressive regimen containing mycophenolate (10). mTORCI is
activated when there is a sufficient quantity of nutrients, such
as certain amino acids, and trophic factors, promoting protein
translation and cell proliferation (11,12).

Another sensor of nutrients is the general control nonde-
repressible 2 kinase (GCN2K). In case of shortage of an
amino-acid, its specific tRNA remains unloaded. Unloaded
tRNA induces a conformation change in GCN2K, which is
autophosphorylated and activated. Then, GCN2K phosphory-
lates the eukaryotic initiator factor 2a (eIF2a), suppressing
the general translational program of the cell and selectively
enhancing the translation of proteins for adaptation to
stress (13). Although activation of GCN2K suppresses adaptive
immunity (14-16), activators of this kinase are not still widely
used as immunosuppressants. Halofuginone, a veterinary
drug against coccidioidomycosis, which activates GCN2K by
inhibiting prolyl-tRNA synthetase, has been approved as an
orphan drug for the treatment of scleroderma (17-19). However,
the drug has not yet gained proper recognition as a general
immunosuppressant.

This study aimed to evaluate the effect of anti-HLAI anti-
bodies on the integrity and immunological relevant parameters
in primary human glomerular endothelial cells, and whether
mTOR inhibition or GCN2K activation may modify any
anti-HLAI-induced alterations.

Materials and methods

Cell culture conditions. Primary human glomerular endothe-
lial cells were purchased from Sciencell Research Laboratories.
The culture medium was Dulbecco's modified Eagle's
medium (DMEM) low glucose (5.55 mM) (Thermo Fisher
Scientific, Inc.) supplemented with 20% fetal bovine serum
(Sigma-Aldrich; Merck Millipore) and antibiotic-antimycotic
solution (Sigma-Aldrich; Merck Millipore). The above
primary cells are differentiated, well-characterized passage
one glomerular endothelial cells. We expanded them in 75 cm?
flasks, and passage two cells were used for the experiments.
The cells were cultured at 37°C in a humidified atmosphere
with 5% CO, and cells were seeded in 6-well plates (3x10° cells
per well), 24-well plates (1x10° cells per well), or 96-well plates
(1x10* cells per well).

Cells remained untreated or treated with anti-HLAI
antibodies (Ultra-LEAF™ Purified anti-human HLA-A,B,C
Antibody, cat. no 311428, Biolegend) at a concentration of
1 pg/ml. Anti-HLAI-treated cells were cultured in the pres-
ence or not of 10 ng/ml of the mTORCI inhibitor everolimus
(Selleck Chemicals) or 20 nM of the GCN2K activator
halofuginone (Cayman Chemical) or their combination.

The concentration of 1 pg/ml anti-HLAI was based on
the concentration administered in previous studies (7-9,20).
However, since some studies also used the concentration of
10 pg/ml (20-22), we performed preliminary experiments to
evaluate which concentration affects mTOR and GCN2K.
Western blotting detection of phosphorylated activated mTOR
and GCN2K and their substrates' phosphorylation revealed
that both concentrations strongly activate both pathways.
Thus, we continued the experiments with a concentration
of 1 ug/ml. The 10 ng/ml concentration of everolimus was
selected because it falls within this drug's therapeutic
levels (23). We also performed preliminary experiments. In
brief, glomerular endothelial cells were cultured for 48 h in
96-well plates at a number of 10,000 cells per well with or
without 10 ng/ml everolimus. Lactate dehydrogenase (LDH)
release assay revealed that the above concentration of evero-
limus is not toxic for glomerular endothelial cells (Fig. 1A).
Finally, since there was no available clinical data for halofugi-
none, we performed preliminary experiments culturing
glomerular endothelial cells for 48 h in 96-well plates
at a number of 10,000 cells per well with or without 5, 10,
20, or 40 nM halofuginone. LDH release assay showed that the
concentration of 20 nM was the higher nontoxic concentration
for glomerular endothelial cells (Fig. 1B).

The assessment of cellular proteins involved in the evalu-
ated signal transduction pathways or immunological processes
was performed after 12 h of cell culture. Cytotoxicity of the
reagents, cell proliferation, and measurement of certain factors
secreted in cell culture supernatants were carried out after
48 h of culture.

Assessment of cell necrosis and proliferation. For evalu-
ating the cytotoxicity of the reagents and cell proliferation,
glomerular endothelial cells were cultured in 96-well plates
for 48 h under the aforementioned conditions. Six independent
experiments were performed, each one in triplicates.

The cytotoxicity of the reagents was assessed by evalu-
ating cell necrosis with the LDH release assay (Cytotox
Non-Radioactive Cytotoxic Assay kit, Promega Corporation).
Cytotoxicity was calculated according to the equation
Cytotoxicity (%) = (LDH in the supernatant: Total LDH) x100.

Bromodeoxyuridine (BrdU) labeling and immunoenzy-
matic detection were used to evaluate cell proliferation (Cell
Proliferation ELISA, Roche Diagnostics). The proliferation
index was calculated according to the equation Proliferation
index = optical density of the treated cells: Optical density of
the control cells.

Assessment of cellular proteins of interest. For assessing the
level of various cellular proteins, glomerular endothelial cells
were cultured in 6-well plates for 12 h under the aforementioned
experimental conditions. Three independent experiments were
performed.

Cell proteins were extracted with the T-PER tissue
protein extraction reagent (Thermo Fisher Scientific, Inc.)
supplemented with protease and phosphatase inhibitors
(Sigma-Aldrich; Merck Millipore) and measured with Bradford
Assay (Sigma-Aldrich; Merck Millipore). For the western
blotting, 10 ug from each sample were electrophoresed in
sodium dodecyl sulfate (SDS) polyacrylamide (4-12% Bis-Tris
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Figure 1. Toxicity of everolimus or halofuginone in glomerular endothelial cells. (A) Everolimus administered at 10 ng/ml was not toxic. (B) Halofuginone
administered at up to 20 nM was not toxic. Data are presented as the mean + SEM. “P<0.05 vs. control, “P<0.05 vs. halofunginone 5 nM, "P<0.05 vs.
Halofunginone 10 nM, *P<0.05 vs. halofumginone 20 nM and $P<0.05 vs. halofunginone 40 nM. HLAI, human leukocyte antigen class I; Hal, halofuginone;

Ever, everolimus; Ctrl, control.

gels, Thermo Fisher Scientific, Inc.) and transferred on
polyvinylidene fluoride (PVDF) membranes (Thermo Fisher
Scientific, Inc.).

Blots were incubated at 4°C for 16 h with the primary
antibodies specific against activated cleaved caspase-3
(cleaved caspase-3, 1:1,000, cat. no ab13847, Abcam), focal
adhesion kinase (FAK, 1:100, cat. no sc-271126, Santa
Cruz Biotechnology, Inc.), phosphorylated at Tyr397 FAK
(p-FAK, 1:1,000, cat. no 8556, Cell Signaling Technology,
Inc.), mTOR (1:100, cat. no sc-517464, Santa Cruz
Biotechnology, Inc.), phosphorylated at Ser2448 mTOR
(p-mTOR, 1:100, cat. no sc-293133, Santa Cruz Biotechnology,
Inc.), p70S6 kinase (p70S6K, 1:100, cat. no sc-8418, Santa
Cruz Biotechnology, Inc.), phosphorylated at Thr389
p70S6K (p-p70S6K, 1:1,000, cat. no 9234, Cell Signaling
Technology), protein kinase B (Akt, 1:100, cat. no sc-5298,
Santa Cruz Biotechnology, Inc.), phosphorylated at Ser474
Akt (p-Akt, 1:1,000, cat. no 4060, Cell Signaling Technology,
Inc.), GCN2 kinase (GCN2K, 1:100, cat. no sc-374609,
Santa Cruz Biotechnology, Inc.), phosphorylated at Thr899
GCN2K (p-GCN2K, 1:1,000, cat. no ab75836; Abcam),
elF2a (1:100, cat. no sc-133132, Cell Signaling Technology,
Inc.), phosphorylated at Ser51 elF2a (p-elF2a, 1:1,000,
cat. no 9721, Cell Signaling Technology, Inc.), intercellular
adhesion molecule 1 (ICAM-1, 1:1,000, cat. no 4915; Cell
Signaling Technology), HLA-DR (Ultra-LEAF™ Purified
anti-human HLA-DR Antibody, cat. no 307648, Biolegend),
CD46 (1:1,000, cat. no CSB-PA923298, Cusabio), CD59
(1:1,000, cat. no CSB-PA004947YAO1HU, Cusabio), and
B-actin (1:5,000, cat no. 4967, Cell Signaling Technology,
Inc.). Anti-rabbit IgG, HRP-linked (1:1,000; cat. no. 7074; Cell
Signaling Technology, Inc.) or anti-mouse IgG, HRP-linked
(1:1,000; cat. no. 7076; Cell Signaling Technology, Inc.)
antibodies were used as secondary antibodies and applied
for 30 min at room temperature. The Restore Western Blot
Stripping Buffer (Thermo Fisher Scientific, Inc.) was used for
reprobing the PVDF blots.

Bands were visualized with the LumiSensor Plus
Chemiluminescent HRP substrate kit (GenScript Corporation),

and the ImageJ 1.51t software (National Institute of Health)
was used for the optical density (OD) measurement of the
bands.

Assessment of IL-8, MCP-1, TGF-{31, and vWF. Interleukin-8
(IL-8), monocyte chemoattractant protein 1 (MCP-1), trans-
forming growth factor-beta 1 (TGF-f1), and von Willebrand
factor (VWF) concentrations were measured in cell culture
supernatants of glomerular endothelial cells cultured in
24-well plates for 48 h under the aforementioned experimental
conditions. Six independent experiments were performed.

The measurements were obtained through enzyme-linked
immunosorbent assay (ELISA) using the Interleukin-8 Human
ELISA kit (Bender Medsystems), the 1/MCAF ELISA kit
for MCP-1 (Cusabio), the Human TGF-betal ELISA kit
(AssayPro), and the Human von Willebrand Factor ELISA kit
(Cusabio).

Statistical analysis. Statistical analysis was performed with
the IMB SPSS Statistics v.20 (IBM Corp.). For comparison
of means, one-way analysis of variance (ANOVA) and
Bonferroni's correction test were used. Results were presented
as mean = standard error of mean (SEM), and statistical
significance was set at a P<0.05. Except for the western blot-
ting that evaluated phosphorylated protein OD to total protein
OD ratio, for readers' convenience, all the other western blot-
ting results were depicted after normalization of means for the
control group.

Results

The effect of anti-HLAI antibodies on cell necrosis,
apoptosis and proliferation and the impact of halofugi-
none or everolimus. Neither anti-HLAI antibodies nor
their combination with halofuginone or everolimus was
cytotoxic. Cytotoxicity was 11.33+£0.11, 12.17+0.38,
10.67+0.64, 11.50+0.37, and 12.17+0.21% in control,
anti-HLAI-treated cells, anti-HLAI-treated cells with
halofuginone, anti-HLAI-treated cells with everolimus, and
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Figure 2. Effect of anti-HLAI on cell necrosis, apoptosis and proliferation, and the impact of halofuginone or everolimus treatment. (A) Neither anti-HLAI
antibodies nor their combination with halofuginone or everolimus alone or in combination induced cell necrosis. The same was confirmed for apoptosis
assessed by the level of activated cleaved caspase-3. (B) Panel B depicts a representative experiment, while the (C) cumulative results are presented in panel C.
(D) Anti-HLAI antibodies promoted cell proliferation, while halofuginone or everolimus inhibited anti-HLAI-induced cell proliferation. Data are presented
as the mean = SEM. "P<0.05 vs. control cells, "P<0.05 vs. anti-HLAI-treated cells, “P<0.05 vs. anti-HLAI-treated cells administered halofuginone, “P<0.05 vs.
anti-HLAI-treated cells administered everolimus and $P<0.05 vs. anti-HLAI-treated cells with halofuginone and everolimus. HLAI, human leukocyte antigen
class I; Hal, halofuginone; Ever, everolimus; Ctrl, control; CC3, cleaved caspase-3.

anti-HLAI-treated cells with halofuginone and everolimus,
respectively (p n.s.) (Fig. 2A).

Neither anti-HLAI antibodies nor their combination
with halofuginone or everolimus induced apoptosis, as it
was assessed by the level of activated cleaved caspase-3.
In anti-HLAI-treated cells, anti-HLAI-treated cells with
halofuginone, anti-HLAI-treated cells with everolimus, and
anti-HLAI-treated cells with halofuginone and everolimus
cleaved caspase-3 level was 1.07+0.03, 1.03+0.07, 1.06+0.11,
and 0.97+0.10 fold as found in control cells, respectively
(p n.s.) (Fig. 2B and C).

Anti-HLAI antibodies promoted cell proliferation, whereas
both halofuginone and everolimus inhibited anti-HLAI-induced
cell proliferation. In the anti-HLAI-treated cells prolifera-
tion index was 1.68+0.02 (P<0.001, compared to the control).
Halofuginone decreased proliferation index to 1.15+0.01
(P<0.001, compared to anti-HLAI-treated cells). Everolimus
reduced proliferation index to 1.14+0.01 (P<0.001, compared to
anti-HLAI-treated cells). The combination of halofuginone and
everolimus had an even greater effect on anti-HLAI-induced
cell proliferation since, in this case, the proliferation
index was 0.80+0.01 (P<0.001 compared to control cells,

anti-HLAI-treated cells, anti-HLAI-treated cells with halofugi-
none, and anti-HLAI-treated cells with everolimus (Fig. 2D).

The effect of anti-HLAI antibodies on integrin, mTOR, and
GCN2K signal transduction and the impact of halofuginone
or everolimus. The integrin, mMTOR, and GCN2K signal trans-
duction pathways were assessed by the level of phosphorylation
of proteins that are phosphorylated once the above pathways
are activated. For this purpose, the ratio of phosphorylated to
total protein was assessed.

Anti-HLAI antibodies trigger integrin signaling as it was
assessed by the p-FAK to total FAK ratio. Compared to the
control cells,anti-HLAT antibodies increased p-FAK (P<0.001).
Halofuginone did not affect anti-HLAI-induced FAK phos-
phorylation (p n.s. compared to the anti-HLAI-treated cells).
On the contrary, everolimus prevented anti-HLAI-induced
FAK phosphorylation (p n.s. compared to the control, and
P<0.001 compared to the anti-HLAI-treated cells). The
combination of everolimus with halofuginone did not alter
the p-FAK level more than everolimus alone (p n.s. compared
to the control and anti-HLAI-treated cells with everolimus)
(Fig. 3A and B).
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Figure 3. Effect of anti-HLAI on integrins, mTOR and GCN2K signal transduction and the impact of halofuginone or everolimus. (A) Representative experi-
ment for the expression of total and phosphorylated FAK, GCN2K, eIlF2a, mTOR, p70S6K and AKT. (B) Cumulative results depict the phosphorylated to total
protein ratio and revealed that anti-HLAIT antibodies increased p-FAK, p-GCN2K, p-eIF2a, p-mTOR, p-p70S6K and p-AKT levels. Halofuginone increased
p-GCN2K and p-elF2a. Everolimus treatment decreased the anti-HLAI antibody-induced upregulation of p-FAK, p-mTOR and p-p70S6K. Data are presented
as the mean = SEM. "P<0.05 vs. control cells, “P<0.05 vs. anti-HLAI-treated cells, "P<0.05 vs. anti-HLAI-treated cells administered halofuginone, "P<0.05 vs.
anti-HLAI-treated cells administered everolimus and SP<0.05 vs. anti-HLAI-treated cells with halofuginone and everolimus. HLAI, human leukocyte antigen
class I; mTOR, mammalian target of rapamycin; GCN2K, general control nonderepressible 2 kinase; FAK, focal adhesion kinase; eIF2a, eukaryotic initiator

factor 2a; p, phosphorylated; Hal, halofuginone; Ever, everolimus; Ctrl, control;

Anti-HLAT antibodies induced GCN2K activation assessed
by the ratio of p-GCN2K to total GCN2K ratio. Compared to
the control cells, anti-HLAI antibodies increased p-GCN2K
(P<0.001). Halofuginone increased anti-HLAI-induced
GCN2K phosphorylation (P<0.001 compared to the
anti-HLAI-treated cells). On the contrary, everolimus did
not affect anti-HLAI-induced GCN2K phosphorylation
(P<0.001 compared to the control, and p n.s. compared to the
anti-HLAI-treated cells). The combination of halofuginone
with everolimus did not alter the p-GCN2K level more than
halofuginone alone (P<0.001 compared to the control, and
p n.s. compared to anti-HLAI-treated cells, and compared to
anti-HLAI-treated cells with halofuginone) (Fig. 3A and B).

The anti-HLAI-induced activation of GCK2K was also
confirmed by the ratio of p-elF2a to total eIF2a. Compared
to the control cells, anti-HL AT antibodies increased p-elF2a
(P<0.001). Halofuginone increased anti-HLAI-induced
elF2a phosphorylation even higher (P<0.001 compared to
the anti-HLAI-treated cells). On the contrary, everolimus
did not affect anti-HLAI-induced elF2a phosphorylation
(P<0.001 compared to the control, and p n.s. compared to
the anti-HLAI-treated cells). The combination of halofugi-
none with everolimus did not alter the p-elF2a level

OD, optical density.

more than halofuginone alone (P<0.001 compared to the
control, and anti-HLAI-treated cells, and p n.s. compared to
anti-HLAI-treated cells with halofuginone) (Fig. 3A and B).
Anti-HLAI antibodies induced mTOR activation assessed
by the ratio of p-mTOR to total mTOR. Compared to the control
cells, anti-HLAT antibodies increased p-mTOR (P<0.001).
Halofuginone did not affect anti-HLAI-induced mTOR phos-
phorylation (p n.s. compared to the anti-HLAI-treated cells).
On the contrary, everolimus prevented anti-HLAI-induced
mTOR phosphorylation (p n.s. compared to the control,
and P<0.001 compared to the anti-HLAI-treated cells). The
combination of everolimus with halofuginone did not alter the
p-mTOR level more than everolimus alone (p n.s. compared to
the control and anti-HLAI-treated cells with everolimus, and
P<0.001 compared to anti-HLAI-treated cells) (Fig. 3A and B).
Anti-HLAI-induced mTORCI1 activation was also
confirmed by the p-p70S6K to total p70S6K ratio.
Compared to the control cells, anti-HLAI antibodies
increased p-p70S6K (P<0.001). Halofuginone did not affect
anti-HLAI-induced p70S6K phosphorylation (p n.s. compared
to the anti-HLAI-treated cells). On the contrary, everolimus
reduced anti-HLAI-induced p70S6K phosphorylation
(P<0.001 compared to the control, and P<0.001 compared to
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Figure 4. Effect of anti-HLAI on ICAM-1, HLA-DR, CD46 and CD59, and the impact of halofuginone or everolimus treatment. (A) Representative experiment
for each of the evaluated factors. (B) Cumulative results are presented. Anti-HLAI antibodies upregulated ICAM-1, HLA-DR, CD46 and CD59. Halofuginone
or everolimus treatment decreased ICAM-1. Data are presented as the mean + SEM. "P<0.05 vs. control cells, “P<0.05 vs. anti-HLAI-treated cells, "P<0.05 vs.
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halofuginone and everolimus. HLAI, human leukocyte antigen class I; ICAM-1, intracellular adhesion molecule-1; Hal, halofuginone; Ever, everolimus; Ctrl, control.

the anti-HLAI-treated cells). The combination of everolimus
with halofuginone did not alter the p-p70S6K level more
than everolimus alone (P<0.001 compared to the control,
P<0.001 compared to anti-HLAI-treated cells and p n.s. or
anti-HLAI-treated cells with everolimus) (Fig. 3A and B).

Anti-HLAI antibodies activated mTORC2 assessed
by the p-Akt to total Akt ratio. Compared to the control
cells, anti-HLAI antibodies increased p-Akt (P<0.001).
Halofuginone, everolimus, or their combination did not affect
anti-HLAI-induced Akt phosphorylation since (p n.s compared
to anti-HLAI-treated in all cases) (Fig. 3A and B).

The effect of anti-HLAI antibodies on ICAM-1, HLA-DR,
CD46, and CD59 and the impact of halofuginone or everolimus.
Anti-HLAI antibodies upregulated the expression of [CAM-1
to 2.91+0.13 times the control (P<0.001). Both halofuginone
and everolimus, as well as their combination, inhibited

anti-HLAI-induced ICAM-1 overexpression equally. The
ICAM-1 level was 1.55+0.18, 1.66+0.05, and 1.85+0.21 times
the control in anti-HLAI-treated cells with halofuginone,
anti-HLAI-treated cells with everolimus, and anti-HLAI-treated
cells with halofuginone and everolimus, respectively (P<0.001
compared to the control cells and also P<0.001 compared to
anti-HLAI-treated cells in all cases) (Fig. 4A and B).
Anti-HLAT antibodies elevated HLA-DR expression to
3.58+0.11 times the control (P<0.001). Halofuginone, evero-
limus, or their combination did not affect anti-HLAI-induced
upregulation of HLA-DR since the HLA-DR level was
3.08+0.21, 3.13+0.31, and 3.19+0.18 times the control, respec-
tively (P<0.001 compared to the control cells, and p n.s.
compared to anti-HLAI-treated cells) (Fig. 4A and B).
Anti-HLAI antibodies increased CD46 expression to
2.50+0.39 times the control (P<0.001). Halofuginone, evero-
limus, or their combination did not alter anti-HLAI-induced
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Figure 5. Effect of anti-HLAI on IL-8, MCP-1, vWF and anti-TGF-1, and the impact of halofuginone or everolimus treatment. (A) Anti-HLAI antibodies
increased IL-8. Halofuginone or everolimus decreased anti-HLAlI-induced IL-8 upregulation. (B) Anti-HLAI antibodies enhanced MCP-1. Halofuginone or
everolimus reduced anti-HLAI-induced MCP-1 production. (C) Anti-HLAI antibodies increased vWF. Halofuginone did not affect vWF, while everolimus
prevented anti-HLAI-induced vVWF upregulation. (D) Anti-HLAI antibodies raised the TGF-f1 level. Halofuginone or everolimus suppressed anti-HLAI-induced
TGF-B1 production. Data are presented as the mean + SEM. The superscripts “P<0.05 vs. control cells, “P<0.05 vs. anti-HLAI-treated cells, "P<0.05 vs.
anti-HLAI-treated cells administered halofuginone, *P<0.05 vs. anti-HLAI-treated cells administered everolimus and *P<0.05 vs. anti-HLAI-treated cells
with halofuginone and everolimus. HLAI, human leukocyte antigen class I; MCP-1, monocyte chemoattractive protein-1; vVWF, von Willebrand factor; Hal,

halofuginone; Ever, everolimus; Ctrl, control.

CD46 overexpression since the CD46 level was 2.35+0.51,
2.27+0.43, and 2.15+0.55 times the control, respectively
(P<0.001 compared to the control cells, and p n.s. compared to
anti-HLAI-treated cells) (Fig. 4A and B).

Anti-HLAI antibodies enhanced CD59 expression to
2.96+0.37 times the control (P<0.001). Halofuginone, evero-
limus, or their combination did not change anti-HLAI-induced
CD59 overexpression since CD59 level was 3.05+0.41,
3.70+0.42, and 3.49+0.30 times to the control, respectively
(P<0.001 compared to the control cells, and p n.s. compared to
anti-HLAI-treated cells) (Fig. 4A and B).

The effect of anti-HLAI antibodies on IL-8, MCP-I,
TGF-B1, and vWF and the impact of halofuginone or
everolimus. Anti-HLAI antibodies raised IL-8 concen-
tration from 13.3+0.4 to 536.0+37.6 pg/ml (P<0.001).
Halofuginone decreased anti-HLAI-induced IL-8 increase to
291.3+17.8 pg/ml (P<0.001 compared to the control, P<0.001
comparedtoanti-HLAI-treated cells). Everolimus proved amore
potent inhibitor of IL-8 production than halofuginone since, in
this case, IL-8 was 187.4+13.1 pg/ml (P<0.001 compared to the

control, and anti-HLAI-treated cells, and P<0.05 compared to
anti-HLAlI-treated cells with halofuginone). The combination
of halofuginone and everolimus decreased IL-8 concentration
further to 76.3+9.7 pg/ml (P<0.05 compared to the control and
P<0.001 compared to anti-HLAI-treated cells with halofugi-
none and P<0.05 compared to anti-HLAI-treated cells with
everolimus) (Fig. 5A).

Anti-HLAI antibodies enhanced MCP-1 concentration
from 40.4+0.6 to 101.2+1.6 pg/ml (P<0.001). Halofuginone
reduced anti-HLAI-induced MCP-1 augmentation to
77.5+1.3 pg/ml (P<0.001 compared to the control, and P<0.001
compared to anti-HLAI-treated cells). Everolimus decreased
the MCP-1 level further. In this case, MCP-1 concentration was
30.3£1.5 pg/ml (P<0.05 compared to the control, and P<0.001
compared to anti-HLAI-treated cells with halofuginone). The
combination of halofuginone and everolimus also decreased
MCP-1 concentration to 30.2+2.9 pg/ml, that is no more than
the inhibition induced by everolimus alone (P<0.05 compared
to the control, P<0.001 compared to anti-HLAI-treated cells
with halofuginone and p n.s compared to anti-HLAI-treated
cells with everolimus) (Fig. 5B).
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Anti-HLAI antibodies increased vWF concentration in
the cell culture supernatant from 11.4+0.7 to 39.7+3.5 ng/ml
(P<0.001). Halofuginone did not affect anti-HLAI-induced
VWF production since, in this case, the vVWF concentration
was 35.3+3.2 ng/ml (P<0.001 compared to the control and
p n.s. compared to anti-HLAI-treated cells). Everolimus inhib-
ited anti-HLAI-induced vWF enhancement to 13.2+0.8 ng/ml
(p n.s. compared to the control and P<0.001 compared to
anti-HLAI-treated cells). The combination of halofuginone
and everolimus also reduced vVWF concentration, but no more
than everolimus alone. In this case, the level of vVWF in cell
culture supernatants was 13.0+1.0 ng/ml (p n.s. compared to
the control, P<0.001 compared to anti-HLAI-treated cells,
P<0.001 compared to anti-HLAI-treated cells with halofugi-
none, and p n.s compared to anti-HLAI-treated cells with
everolimus) (Fig. 5C).

Anti-HLAT antibodies upregulated TGF-f§1 concen-
tration from 59.7+6.8 to 1016.3+11.2 pg/ml (P<0.001).
Halofuginone reduced anti-HLAI-induced TGF-f1 increase to
500.7+23.9 pg/ml (P<0.001 compared to the control and P<0.001
compared to anti-HLAI-treated cells). Everolimus decreased
the TGF-P1 level to the same extent as halofuginone did. In this
case, the TGF-p1 concentration was 545.0+31.6 pg/ml (P<0.001
compared to the control, P<0.001 compared to anti-HLAI-treated
cells, and p n.s. compared to anti-HLAI-treated cells with
halofuginone). The combination of halofuginone and evero-
limus also decreased TGF-f1 concentration further to
383.0+15.6 pg/ml (P<0.001 compared to the control, P<0.001
compared to anti-HLAI-treated cells, P<0.05 compared to
anti-HLAI-treated cells with halofuginone, and P<0.001
compared to anti-HLAI-treated cells with everolimus) (Fig. 5D).

Discussion

Graft endothelial cells are at the forefront of the kidney trans-
plant against the attack from the recipient's immune system.
This study evaluated the effect of anti-HLAI antibodies on
immunological relevant properties of human glomerular endo-
thelial cells, as well as their modification by mTOR inhibition
or GCN2 kinase activation.

First, we examined whether the anti-HLAI antibodies
alone or in combination with the mTORCI inhibitor evero-
limus or the GCN2K activator halofuginone are cytotoxic
or may affect cell proliferation. None of the above reagents
induced cell necrosis or cell apoptosis as assessed by LDH
release assay or by the level of activated cleaved caspase-3, in
which all the apoptotic pathways converge (24), respectively.
The aim of our study was not to evaluate the effect of halofugi-
none or everolimus on resting glomerular endothelial cells, but
whether they can modify the anti-HLAI-induced alterations.
Thus, any impact of the above substances on unstimulated cells
was not assessed. Moreover, no changes in cellular integrity
were monitored when these substances were co-administered
with anti-HLAI antibodies, allowing us to continue on our
experimental approach. In accordance with previous studies,
anti-HLAT antibodies induce cell proliferation (7,8,22,25).
Everolimus, halofuginone, or their combination prevented
anti-HLAI-induced cell proliferation. The latter is expected
since activated mTORC1 and inactivated GCN2K promote the
necessary for cell proliferation protein synthesis (11-13).

Next, we evaluated whether the above reagents exert the
expected signal transduction effects in glomerular endothelial
cells. Anti-HLAT antibodies induce integrin clustering and
autophosphorylation of FAK at Tyr397. Besides FAK activation,
the above phosphorylation turns FAK into a docking site for
sarcoma (Src) family kinases, and eventually to mMTORCI activa-
tion and cell proliferation (7,22,25). Our experiments confirmed
the anti-HLAI-induced FAK phosphorylation. Halofuginone did
not affect FAK phosphorylation, while everolimus decreased it
significantly, indicating that inhibition of mTORCI suppresses
the anti-HLAI-derived signal transduction at a very early point;
and consequently, may have a considerable therapeutic poten-
tial. Albeit in different experimental concepts, previous studies
also detected that both everolimus and rapamycin downregulate
phosphorylation of FAK at Tyr397 (26-28). Upon integrin acti-
vation and F-actin polymerization, activated mTOR is recruited
to the F-actin polymers and induce further phosphorylation
of FAK Tyr residues (29). The latter should be accomplished
indirectly through mTOR-mediated Src kinase activation
since mTOR is a serine/threonine and not a tyrosine protein
kinase (11,12). Thus, in our experiments, everolimus seems to
break a positive feedback loop consisting of anti-HLAI-induced
integrin activation, FAK phosphorylation, mTOR activation,
and further mTOR-mediated FAK phosphorylation.

Anti-HLAI antibodies induce mTORCI activation in
endothelial cells (7-9). In its turn, activated phosphorylated at
Ser2448 mTORCI phosphorylates other targets such as p70S6K
and 4E-BP1, and promotes the necessary for cell proliferation
protein synthesis (11,12). In our experiments, anti-HLAI anti-
bodies induced mTORCI activation assessed by the level of
its phosphorylation and by the level of phosphorylation of the
mTORCI1 target p70S6K. As expected, everolimus prevented
anti-HLAI-induced mTORCI1 phosphorylation, as well as
the phosphorylation of the mTORCI target p70S6K. On the
contrary, halofuginone did not affect the mTORCI1 pathway.

According to previous studies, in endothelial cells, besides
mTORCI, anti-HLAI antibodies activate mTORC2, too (7,8).
Interestingly, although Akt activation is upstream of mTORC1
activation, it is also downstream of mTORC?2 activation (12).
Activated mTORC?2 phosphorylates Akt at Ser473, activating
it, and promoting cell survival (30,31). We also found that
anti-HLAT antibodies activate mTORC?2, assessed by the
level of phosphorylated at Ser473 Akt. However, everolimus
did not affect the anti-HLAI-induced mTORC?2 activation
in glomerular endothelial cells. The latter contradicts the
results of a previous study, which has shown inhibition of
anti-HLAI-induced mTORC2 activation by everolimus (8).
This discrepancy may result from different cell types, reagent
concentrations, or time-points. Halofuginone did not affect
anti-HLAI-induced mTORC?2 activation as well.

We evaluated for the first time the effect of anti-HLAI
antibodies on GCN2K activation status, and we showed that
anti-HLAIT antibodies induce GCK2K activation assessed both
by the level of its activated phosphorylated at Thr899 form, as
well as by the level of phosphorylation of the GCN2K target
e-IF2a at Ser51 (13). We did not evaluate the molecular mecha-
nisms that govern the anti-HLAI-induced GCN2K activation,
and the related literature is scarce. Interestingly, one study has
shown that perturbation of F-actin dynamics activates GCN2K,
and as already noted, integrin clustering induces F-actin
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polymerization (32). Whether such a mechanism is implicated
in our model remains to be elucidated. Everolimus did not
affect the GCN2K pathway in glomerular endothelial cells.

During ABMR, many immune cells infiltrate and injure
the graft. Monocytes, NK-cells, B-cells, and especially in the
mixed type of rejection T-cells are present, while in the case
of early active humoral rejection, neutrophils may predomi-
nate (5,6). ICAM-1 plays a significant role in the interaction
between endothelial cells and the aforementioned immune cell
types (9,33-38). In accordance with a previous study (21), we
found anti-HLAI antibodies to increase ICAM-1 expression
in glomerular endothelial cells, a fact that may render the
graft more vulnerable to injury from the entire above immune
cell types. We also found that mTORCI inhibition decreases
anti-HLAI-induced ICAM-1 upregulation, marking mTORC1
a promising pharmaceutical target for amelioration of humoral
rejection. A previous study has shown that mTORCI inhibi-
tors decrease ICAM-1 signal transduction and the interaction
between monocytes and endothelial cells (9). Interestingly,
halofuginone also decreased anti-HLAI-induced ICAM-1
overexpression, indicating that the GCN2K pathway may also
serve as a therapeutic strategy against humoral rejection.

As noted, especially in the case of mixed cellular and
humoral rejection, T-cells play a significant role in graft
injury (6). We found that glomerular endothelial cells express
the HLAII HLA-DR and that anti-HLAI antibodies enhance
the HLA-DR level significantly. The latter has never been
evaluated before and indicates that anti-HLAI antibodies
may render graft endothelial cells more vulnerable to CD4*
T-cell-mediated injury (39). Also, by increasing HLA-DR,
anti-HLAI antibodies facilitate anti-HLAII antibodies-medi-
ated injury. Interestingly, in the clinic, kidney graft survival is
worse in the presence of late anti-HLAII instead of anti-HLAI
DSA (40). Finally, by upregulating HLA-DR, anti-HLAI
antibodies may turn glomerular endothelial cells into effective
antigen-presenting cells, enhancing both cellular and humoral
alloimmune response (39). Unfortunately, neither everolimus
nor halofuginone affected anti-HLAI-induced HLA-DR over-
expression in glomerular endothelial cells. The latter indicates
that anti-HLAI antibodies upregulate HLADR independently
of the mMTORCI or the GCN2K pathways.

At first glance, it was surprising that HLA-DR expression
was observed in cultured endothelial cells in the absence of inter-
feron (IFN)-vy treatment. However, unlike rats and mice, human
endothelial cells, especially those that cover the microvascu-
lature, express HLA-DR in vivo constantly (4,41-45). Primary
human microvasculature endothelial cells retain HLA-DR
expression in culture for several days before losing it unless
treated with IFN-y (4,46). We used primary human microvascu-
lature endothelial cells at passage two, i.e., after a short culture
period, a fact that explains the observed HLA-DR expression.
The molecular mechanisms involved in anti-HLAI-induced
HLA-DR upregulation remain to be investigated.

In the clinic, from the various anti-HLA antibodies, the
most harmful are those that activate the complement (47,48).
For the first time, we evaluated the effect of anti-HLAI anti-
bodies on two membrane complement regulatory proteins, the
CD46 and the CD59 (49). We found that anti-HLAI antibodies
increase the expression of both CD46 and CD59 in glomerular
endothelial cells, possibly creating a negative feedback loop

that partially protects the cells from the anti-HLAI-mediated
complement activation. Neither everolimus nor halofuginone
affected the anti-HLAI-induced upregulation of CD46 and
CD59. Thus, neither the mTORCI1 nor the GCN2K pathway is
responsible for anti-HLAI-induced CD46 and CD59 overex-
pression in glomerular endothelial cells.

Next, we evaluated the effect of anti-HLAI antibodies on the
levels of IL-8 and MCP-1. IL-8 attracts neutrophils (50), whereas
MCP-1 attracts monocytes, NK-cells, and T-cells (51). A previous
study detected higher IL-8 production by endothelial cells treated
with anti-HLAI antibodies (21). Our research confirmed that
anti-HLAI antibodies increase IL-8 in glomerular endothelial
cells. Everolimus and halofuginone decreased the production of
IL-8, with their combination inducing an even greater decrease.
Also, we found anti-HLAI antibodies to enhance MCP-1
concentration in the supernatants of glomerular endothelial
cells culture. Halofuginone reduced anti-HLAI-induced MCP-1
production, and everolimus exerted the same effect to an even
greater extent. Consequently, anti-HLAI antibodies may facili-
tate the recruitment of immune cells into the graft and rejection.
Regarding IL-8 and MCP-1 chemokine production, both mTOR
inhibition and GCN2K activation may prove useful therapeutic
maneuvers against humoral rejection.

According to many (20,38), but not all researchers (52),
anti-HLAI antibodies induce exocytosis of Weibel-Palade
bodies in endothelial cells. Weibel-Palade bodies contain the
vWF, which, when released, facilitates thrombus formation (53).
Interestingly, intra-capillary thrombi are not uncommon in
severe active humoral rejection (6). We found anti-HLAI
antibodies to increase VWF in the supernatants of glomerular
endothelial cell cultures, indicating that anti-HLAI antibodies
may render endothelial cell prothrombotic. Between the two
tested pharmaceutical compounds, only the mTORCI inhibitor
everolimus prevented the anti-HLAl-induced vVWF upregulation.

Similarly to many kidney diseases, the ending remark of
chronic graft failure due to ABMR is fibrosis (6). Thus, we
evaluated the effect of anti-HLAI antibodies on the production
of the archetype profibrotic cytokine TGF-f1 (54). Anti-HLAI
antibodies significantly increased TGF-p1 production by
glomerular endothelial cells. Both everolimus and halofuginone
reduced TGF-f1 and their combination to an even higher degree.
Therefore, both mTOR inhibition and GCN2K activation may
help in preventing chronic and irreversible fibrosis of the graft.

Our study has many levels of novelty. The effects of
anti-HLAI antibodies on human glomerular endothelial was
evaluated for the first time. Also, some of the parameters
being assessed, such as the effect of anti-HLAI antibodies
on HLA-DR, CD46, and CD59, have never been consid-
ered before. In addition, our study showed for the first time
that the GCN2K activator halofuginone makes the human
glomerular endothelium less vulnerable to anti-HLAI-induced
injury. Finally, although mTOR inhibitors were introduced
in the kidney transplantation immunosuppressive regimen
many years ago, they are administered only in a minority
of kidney transplant recipients (55). However, recently, the
TRANSFORM study showed an immunosuppressive regimen
consisting of everolimus, low dose tacrolimus, and prednisone
is not inferior to the classic immunosuppressive regimen
tacrolimus-mycophenolate-prednisone. Also, the incidence of
de novo DSA was lower in the everolimus group, as well as the
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incidence of CMV and BK-virus infection (56). Thus, although
mTOR inhibitors are available for many years, there is still
significant debate and investigation about their final place in
kidney transplantation. Clinical data about the effect of mMTOR
inhibitors on the glomerular endothelium in the context of
ABMR are not available. Our study confirms previous experi-
mental data and evaluates new parameters on the latter topic.

The in vitro nature of our study is a limitation since drawing
direct conclusions from in vitro studies to the in vivo model is
not always safe. However, under the strictly controlled in vitro
conditions, we were able for the first time to detect certain
anti-HLAI-induced changes in the immunological proper-
ties of human glomerular endothelial cells and the impact of
mTOR inhibition or GCN2K activation. Thus, our study could
be considered as a starting point for further investigation of the
ABMR pathophysiology in vivo, always keeping in mind the
interspecies differences.

In conclusion, anti-HLAI antibodies trigger integrin signal
transduction, activate mTOR and GCN2K, do not affect cell
integrity, and promote cell proliferation. Also, by increasing
ICAM-1, HLA-DR, IL-8, and MCP-1, anti-HLAI antibodies
enhance the ability of various immune cells to reach and
interact with glomerular endothelial cells facilitating graft
rejection. On the contrary, by upregulating CD46 and CD59,
anti-HLAI antibodies may render glomerular endothelial cells
less vulnerable to complement-mediated injury. Finally, by
enhancing vVWF and TGF-f1 production, anti-HLAT antibodies
may render endothelium prothrombotic, and facilitate fibrosis
and graft failure, respectively. Both mTORCI inhibition and
GCN2K activation may prove useful pharmaceutical targets
since they prevent cell proliferation, downregulate ICAM-1,
IL-8, MCP-1, and TGF-p1 induced by anti-HLAI antibodies.
Finally, mTORCI inhibition decreases VWF.
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