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Abstract

Myasthenia gravis (MG) is an autoimmune disorder characterized by weakness and fatigability of skeletal
muscles. Erythropoietin (EPO) is a cytokine required to maintain erythroid cells. Recombinant human EPO
(rHuEPO) was found to act also on immune cells. Beneficial effects of rHuEPO therapy have been demonstrated in
several experimental autoimmune models.

We have tested the effect of rHuEPO on the course of experimental autoimmune MG (EAMG) when treatment
was initiated either at the acute or at the chronic phase of the disease. A significant ameliorating effect on the course
of EAMG was achieved when the treatment started at the acute phase of EAMG, which was accompanied by
elevated numbers of Treg. In addition, rHuEPO reduced the levels of anti-acetylcholine receptor (AChR) antibodies.

Our findings suggest that rHuEPO interferes in the course and progression of EAMG and may thus open new
clinical opportunities for its use for immunomodulation of MG.
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Introduction
Myasthenia gravis (MG) is an autoimmune disease characterized by

muscle weakness and fatigue, in which autoantibodies are generated
against the nicotinic acetylcholine receptor (AChR) at the
neuromuscular junction (NMJ) [1-3] and as a consequence, impair the
transmission of signals from nerve to muscle. Experimental
autoimmune MG (EAMG), induced by immunization of animals with
Torpedo AChR, serves as a reliable model for the human disease and is
suitable for investigating mechanism(s) underlying the clinical and
immunopathological manifestations of myasthenia [4-6], as well as for
examining new therapeutic strategies.

CD4+ T helper cells play a key role in MG and EAMG and assist
autoreactive B cells to produce anti-AChR antibodies [7,8]. AChR-
specific T cells and autoantibody-producing plasma cells have been
found in hyperplastic MG thymus [9]. Upon antigenic stimulation
naïve CD4+ T cells can proliferate and shift towards T helper type 1
(Th1), Th2, Th17 and regulatory T cell subsets. Th1 and Th17 cells are
characterized by a production of pro-inflammatory cytokines; these
subsets of Th cells participate in the development of autoimmune
disorders. Th17 cells are a unique subset of CD4+ Th cells and may play
an important pathogenic role in T cell mediated autoimmune diseases
and tissue inflammation [10]. Another distinct T cell population,
regulatory T cells (CD4+ CD25+ Foxp3+), termed Tregs, play a central
role in maintaining peripheral tolerance and controlling the
destructive self-reactive T cells found in autoimmune animal models of

arthritis, multiple sclerosis, diabetes, and inflammatory bowel disease
[11]. We have shown a defective function and number of Tregs that are
associated with disease severity [12] and disequilibrium between T
effector (Th1, Th2 and Th17) and Treg cells in EAMG [13]. One of the
main goals in treatment of autoimmune diseases is to prevent damage
to tissues by employing immunomodulatory therapeutic strategies that
simultaneously target the pathogenic immune response while restoring
immune tolerance.

The hormone erythropoietin (EPO), produced by the adult kidney,
is an essential regulator of red blood cell production through EPO
receptors (EPO-R) expressed on the surface of erythropoietic
progenitor cells. It is widely applied to treat the anemia of various
origins, mainly which associated with chronic kidney disease [14].
However, EPO-Rs were also found to be expressed in a variety of non-
erythroid tissues [15,16]. EPO signaling was thus found to contribute
to wound healing [17], angiogenesis [18] cardio- [19] and neuro-
protective effects [20].

EPO was also found to have anti-inflammatory and immuno-
modulatory effects [21], possibly via EPO-Rs expressed on cells of the
immune system [22]. Such modulatory effects were exerted by EPO on
dendritic cells [23] and on CD4+ T lymphocytes [24]. As a result, EPO
treatment may be beneficial for a range of disorders including
Alzheimer's disease, autoimmune diseases such as inflammatory bowel
disease or autoimmune encephalomyelitis [21,25,26].

In the present study we questioned whether EPO could ameliorate
the course of MG. In order to asses this issue we utilized an
experimental model of myasthenia gravis EAMG in rats. Our results
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show that rHuEPO therapy exerts a protective effect on disease course
in EAMG rats. The ameliorating effects were associated with elevated
hematological parameters, reduced autoantibodies, increased Treg cell
population and reduced pro-inflammatory cytokines. The observed
mechanisms suggest a therapeutic potential of rHuEPO in suppressing
EAMG.

Materials and Methods

Animals
Female Lewis rats 6–7 week of age were obtained from the Animal

Breeding Center of the Weizmann Institute of Science (Rehovot, Israel)
and were maintained in the institute’s animal facilities. All experiments
were performed according to the institutional guidelines for animal
care.

Induction and clinical evaluation of EAMG
EAMG was induced in rats by injection of rats with Torpedo AChR,

purified from the electric organ of Torpedo californica by affinity
chromatography, as described [27]. Rats were immunized once in both
hind footpads by s.c. injections of Torpedo AChR (40 µg/rat),
emulsified in complete Freund's adjuvant (CFA) (Sigma-Aldrich,
Rehovot, Israel) and supplemented with additional nonviable
Mycobacterium tuberculosis H37RA 0.5 mg/rat (Difco Laboratories,
Detroit, MI). Rats were monitored on alternate days for weight changes
and the clinical score was recorded by double-blind evaluation and
graded 0–4 as previously described [28]. All experimental groups
consisted of 8 rats each, unless otherwise specified, and all experiments
were repeated twice.

rHuEPO treatment regimens
Immediately after EAMG induction, rats were randomly divided

into three groups (n=8 each): Group 1, Acute phase treatment:
rHuEPO (Eprex 40,000 IU/ml, Janssen-Ortho Inc, Canada) treatment
started one day after disease induction with 720 units injected i.p on
alternate days for 2 weeks and then with 360 units on alternate days,
until the end of the experiment. Group 2, Chronic phase treatment:
rHuEPO treatment started 4 weeks after disease induction with 720
units injected i.p on alternate days for 2 weeks and then with 360 units
on alternate days until the end of the experiment. Group 3, Control
group: Rats were injected i.p with PBS on alternate days until the end
of the experiment (see Figures 1C and 1D for a schematic outline of
rHuEPO injections).

Anti-AChR antibodies measurement
Sera of treated rats were collected by retro-orbital bleeding 3 weeks

following disease induction. Anti-rat AChR antibodies were
determined by standard ELISA as follows:

96 well microtiter plates were coated with Rα1-205 [29] a
recombinant fragment corresponding to the extracellular portion
(amino acid residues 1-205) of the rat AChR α-subunit (10 mg/100 ml
in Tris-Cl pH 8.0), and reacted with 100 µl of rat sera at a dilution of
1:1000 for total IgG. Rabbit anti-Rat alkaline phosphatase antibody
(Jackson immunoresearch laboratories, Inc. West Grove, PA, 1:10,000
dilution in 1.5% BSA in PBS) was added and antibody levels were
evaluated by measuring the optical density at 405 nm.

Hb, HCT and RBC detection
The hematological parameters –Hb, HCT and RBC, were measured

on automated hematological analyzer by A.M.L (American Medical
Laboratories, Israel LTD).

T regulatory cell characterization by flow cytometry
Rat splenocytes were depleted of red blood cells using ACK lysis

buffer (Sigma) and resuspended in PBS. Surface markers on
splenocytes (3 × 106 cells) were analyzed by binding to anti-CD4-APC
(Biolegend, San Diego, CA), and anti-CD25-PE (eBioscience) mAbs.
To evaluate intracellular Foxp3 expression, lymphocytes were stained
with anti-CD4 and anti-CD25 mAbs, fixed and permeabilized
according to the manufacturer’s instructions (Foxp3 detection kit, BD
Biosciences). Lymphocyte staining with anti-Foxp3-PerCP-Cy5.5
(eBioscience) was determined by flow cytometry and data acquisition
was performed with FlowJo software (TreeStar Inc., Ashland, OR,
USA).

RNA isolation and quantitative real-time PCR
Total RNA was extracted from rat splenocytes at the end of the

experiment (8 weeks following immunization with AChR). Extraction
was performed using the high pure RNA Isolation Kit (Roche,
Mannheim, Germany) according to the manufacturer's instructions.
The concentration of total RNA was measured by NanoDrop ND-1000
Spectrophotometer (Thermo Scientific, Wilmington, DE).
Complementary DNA was prepared and quantitative real-time reverse
transcription (PCR) was performed using the LightCycler system
(Roche) according to the manufacturer’s instructions. Primer
sequences (forward and reverse, respectively) were: Rat IL-18 5′-
ACAAACCCTCCCCACTAAC - 3′, 5′-
ACGTGTTCCAGGACACAACA-3′, TNF-α 5′-
CACGTCGTAGCAAACC-3′, 5′-GGTGAGGAGCACATAGT-3′, TGF-
β 5′-CAAGGGCTACCATGCCAACT-3′, 5′-
CCGGGTTGTGTTGGTTGTAGA-3′ and β-actin 5′-
TACTGCCCTGGCTCCTAGCA-3′, 5′-
GTAGTGTCCGTAAGTCCT-3′. The levels of β-actin were used to
normalize gene expression levels.

Statistical analysis
Differences in mean values between experimental groups were

assessed with the Student’s t test. P values lower than 0.05 were
considered significant.

Results

EPO treatment ameliorates EAMG in rats
We evaluated the potential of rHuEPO to ameliorate the severity of

EAMG in rats. EPO was administered, starting either one day after
EAMG induction (acute phase), or starting 4 weeks after primary
immunization (chronic phase of disease), as schematically depicted in
Figures 1C and 1D). A control, non-treated group, consisted of rats in
which EAMG has been induced, as in other groups, and were
administered with PBS, instead of with rHuEPO.

Control rats, receiving only PBS following immunization, developed
a typical two-phase EAMG, with an early short phase of mild muscular
weakness around 8 days post disease induction (p.i.) and a later phase
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of progressive muscular weakness from day 25 p.i., which has been
aggravated during the observation period of 8 weeks. A delay in
disease onset was observed in both acute and chronic phase treatment
groups (Figure 1A).

A marked reduction in the severity of EAMG, as measured by mean
clinical scores, was observed in the acute phase rHuEPO-treated rats.
Thus, for example, the disease severity of rats in the acute phase-
treated group, at day 46 p.i. (mean clinical score=0.6 ± 0.5) was
significantly lower from that of the control, non-treated rats (mean
clinical score=2.70 ± 0.6, p ≤ 0.009). However, only a minor
ameliorating effect was observed in the chronic phase rHuEPO-treated
group (Figure 1A).

Figure 1: Treatment with EPO ameliorates the clinical course of
EAMG. EAMG was induced in female Lewis rats by immunization
with Torpedo AChR emulsified in CFA. Rats were treated on
alternate days with EPO starting one day after disease induction
(acute phase) (n=8), 4 weeks after disease induction (chronic phase)
(n=8) or control treated with PBS (n=8). A. Mean clinical score. B.
Mean body weight measurements. Data represent one out of two
independent experiments, Error bars indicate SEM values, *p<0.05,
**p<0.005. A schematic description of EPO treatment protocols.
Treatment with rHuEPO was initiated one day after disease
induction at the "acute phase" (C), or 4 weeks after disease
induction (D) beginning of the "chronic phase". Grey and black
arrows indicate i.p injections of 720 and 360 units of rHuEPO,
respectively.

Loss of body weight can be an additional indicator for disease
severity. The results of body weight measurements (Figure 1B)
corroborated the results obtained by mean clinical score
determinations. There has been a marked improving effect on body
weight values in the acute phase rHuEPO-treated rats, when compared
with body weight values in the control, PBS-treated rats.

As shown in Figure 1B, in control rats, body weight peaked at day
25 p.i. and then decreased progressively, as myasthenic disease
progressed in both the control and chronic phase rHuEPO-treated
groups. No decrease in body weight was determined from day 25 up to
day 55 p.i. in acute phase rHuEPO-treated rats. For instance, on day 41
p.i., the body weight in the acute phase rHuEPO-treated rats was
significantly higher (mean body weight=153.1 ± 7.2 gr) as compared
with the control PBS-treated rats (mean body weight=122.6 ± 7.2 gr, p
≤ 0.005). In agreement with the mean clinical score data, there has
been only a minor effect on body weight values in the chronic phase
rHuEPO-treated rats.

To further determine the ability of rHuEPO treatment to alter the
level of anti-AChR antibodies, we determined the levels of these
antibodies by ELISA. AChR-specific antibodies in serum samples
obtained 3 weeks following disease induction from EAMG rats
receiving rHuEPO treatment at the acute phase. This assay
demonstrated a significant decrease in the levels of total anti-AChR
antibodies in the rHuEPO-treated group (0.49 ± 0.025 p ≤ 0.01) as
compared to control-treated rats (0.58 ± 0.025) (Figure 2).

Figure 2: Reduced Anti-AChR antibodies in EPO-treated EAMG
rats. Serum samples were obtained 3 weeks following disease
induction from EAMG rats in which EPO treatment started at the
acute phase of EAMG. Anti-AChR IgG was analyzed by ELISA as
described in the Materials and Methods section. Bars represent the
mean value of each group, *p<0.01.

Effect of rHuEPO on hemoglobin, hematocrit and red blood
cell count
The effect of rHuEPO treatment on hemoglobin (Hb), hematocrit

(HCT) and red blood cell (RBC) counts in the whole blood of the
experimental rats was analyzed. Figure 3, top panel, shows a
significant, expected, rise in Hb levels in acute phase rHuEPO-treated
rats (18.1 ± 0.2; p<0.001), 3 weeks following from disease induction, as
compared to Hb levels measured in chronic phase rHuEPO-treated
(13.7 ± 0.1) and control-treated rats (13.2 ± 0.2). Six weeks after
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disease induction both rHuEPO treatment regimens led to significant
increase in Hb levels (20.9 ± 0.8, p<0.01 and 19.4 ± 0.7; p<0.01,
respectively), as compared to the control-treated rats (14.1 ± 0.3). HCT
levels (Figure 3, middle panel) essentially mirrored the rise in Hb: they
were significantly elevated in acute phase rHuEPO-treated rats (65.5 ±
1.5; p<0.001) 3 weeks following disease induction, as compared to
chronic phase rHuEPO-treated (41.9 ± 0.5) and control rats (39.9 ±
0.2). Six weeks following disease induction, both rHuEPO regimens led
to a significant increase in HCT (79 ± 2.7, p<0.01 and 72.8 ± 3.1,
respectively), as compared to the control rats (45.2 ± 1.3). Similarly
(Figure 3, bottom panel), following 3 weeks from disease induction,
RBC counts were significantly elevated in the acute phase of rHuEPO-
treated rats (10.8 ± 0.3, p<0.001), as compared to chronic phase
rHuEPO-treated (7.6 ± 0.1) and control rats (7.3 ± 0.1). Six weeks
following disease induction, both rHuEPO regimens led to increased
RBC counts (13.6 ± 0.6, p<0.001 and 12.6 ± 0.6, p<0.001, respectively),
as compared to the control rats (8.5 ± 0.3).

Figure 3: EPO treatment elevated blood tests parameters. Peripheral
blood was drawn from EPO-treated and control rats 3 weeks after
disease induction. Levels of (A) hemoglobin (Hb), (B) hematocrit
(HCT) and (C) red blood cell (RBC) counts are shown. Results are
presented as mean ± SEM, *p<0.01.

Effect of rHuEPO on inflammatory response
At the end of the experiment, the effect of rHuEPO treatment

(initiated at the acute phase of disease) on pro- and anti- inflammatory
cytokines’ mRNA expression levels, was analyzed. As shown in Figure
4. EAMG rats, treated with rHuEPO, displayed a significant reduction
in splenic TNF-α and IL-18 mRNA transcripts (0.46 ± 0.15, p<0.02 and
0.04 ± 0.01, p<0.02, respectively), as compared to control rats (2.18 ±
0.7 and 0.16 ± 0.05, respectively). In contrast, no significant changes
were determined for the expression levels of TGF-β in rHuEPO-
treated, as compared to control rats.

Figure 4: EPO treatment down-regulates splenic mRNA expression
of pro-inflammatory cytokines. mRNA expression levels of
cytokines in spleens from EAMG rats, treated or not with EPO
starting at the acute phase of EAMG were determined by
quantitative RT-PCR 7 weeks after disease induction. β-actin was
used to normalize cytokine expression levels. Results are presented
as mean ± SEM of each group, *p<0.05.

Induction of T regulatory cells by rHuEPO treatment
We then asked whether rHuEPO treatment in EAMG rats was

associated with production of regulatory T-cells. Flow cytometry
analyses were performed on splenocytes from acute phase rHuEPO-
treated group and controls. As depicted in Figure 5, a significant up-
regulation in the percentage of CD4+CD25+FoxP3+ Treg subset of cells
was apparent in the spleens of rHuEPO-treated EAMG rats (6 ± 0.32,
p<0.004), as compared to their control counterparts (4.8 ± 0.1).

Figure 5: Up-regulation of CD4+CD25+Foxp3+ T-cell frequency in
spleens of EPO- treated EAMG rats. Spleens were obtained from
EAMG rats 7 weeks following disease induction in which treatment
with EPO started at the acute phase of EAMG. Numbers represent
the percentage of CD4+ T cells co-expressing CD25 and Foxp3.
Results are presented as the mean ± SEM of each group, *p<0.005.
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Discussion
In this study we have shown that treatment with EPO in an

experimental rat model of myasthenia could suppress the disease. EPO
treatments were administered after disease induction, initiated one day
after disease induction (acute phase), or 4 weeks after disease
induction (chronic phase). The beneficial effects of EPO treatment
were reflected by improved clinical score, attenuated body weight loss
and elevated blood parameters (Hb, HCT and RBC counts). These
were accompanied by decreased antibodies to AChR in the sera of the
EPO-treated rats. Down-regulated mRNA expression levels of pro-
inflammatory cytokines and up-regulation of Treg subset in the EPO-
treated rats may shed light on the underlying mechanisms.

EPO was administered in two regimens as indicated above, yet the
therapeutic potential of EPO was significantly greater when treatment
was initiated at the acute phase (starting at day one post disease
induction). However, different doses and route of administrations may
still be required to optimize EPO suppression of EAMG.

Treatment of EAMG with rHuEPO augmented the baseline levels of
the blood parameters (Hb, HCT and RBC), when rats were treated at
the acute phase. This effect was reflected as well, when measured after
the chronic phase treatment (Figure 3). It was shown that rHuEPO
treatment in equivalent doses and schedule of administration, in rats
that were kept in hypoxic conditions, could modify the main
haematological parameters tested [30]. Moreover, pretreatment with
EPO exerts anti-inflammatory effects in hepatic ischemia/reperfusion-
injured rats via decrease in TNF-α, IL-1β, IL-6 and TLR2 [31].

The EPO response in hematopoietic cells relies not only on the EPO
concentration but also on EPO-R expression on the relevant target
cells. EPO-R is expressed on CD4+ T lymphocytes and its levels may be
modulated during lymphocyte activation [22,32].

We observed that the EPO therapeutic effects were mediated by
Treg up-regulation in the spleen of the treated rats. However, it
remains to be clarified whether modulation of the Treg also occurs in
other immune compartments and in the disease target organ, the
muscle itself. In addition, future studies are needed to determine the
proportions of T cells, exerting an anti- and pro- inflammatory effects
in those tissues.

It was shown that EPO might possess several immunomodulatory
properties, in chronic renal failure patients treatment with rHuEPO
normalizes activation parameters of CD4+ T lymphocytes and their
proliferative capacity, which could explain its immune-modulatory
effects [24]. Positive effects of EPO treatment on the suppression of
other autoimmune diseases have been shown. EPO treatment in
experimental autoimmune neuritis inhibited Th17 and Th1 cells
(secreting IFN-γ and TNF-α), whereas it promoted the increase of
CD4+Foxp3+ regulatory T cells and Th2 cells. In macrophages, EPO
reduced cytotoxicity and facilitated their protective effects [33].

Systemic administration of rHuEPO in a rodent model of
experimental autoimmune encephalomyelitis (EAE) improved the
neurological functional recovery and markedly reduced the pathogenic
cytokines TNF-α and IL-6 [34-36]. In addition, in this model EPO
treatment modulated the Treg/Th17 balance in both the periphery and
the inflamed spinal cord by promoting a large expansion in Treg and
inhibiting Th17 cells [37,38]. The immunomodulatory role of EPO was
shown also in a collagen–induced arthritis model [37,38] and in
chemically induced colitis in mice [39].

Of note, ARA290, is a non-erythropoietic 11 amino acids analog of
EPO which possesses the anti-inflammatory and neuro-protective
effects of EPO, without stimulating hematopoiesis. This peptide has
been reported to alter T cell function to suppress inflammation and to
ameliorate EAE [40] and protect from experimental autoimmune
neuritis [41].

Sarcoidosis is an immune-mediated, inflammatory orphan disease
of unclear etiology that can affect many organs associated with small-
fiber neuropathy (SFN) that leads to autonomic dysfunction [42]. In a
clinical trial, ARA 290 was shown to improve symptoms in patients
with sarcoidosis-associated small nerve fiber loss and to increase
corneal nerve fiber density [43]. The efficacy of this peptide could be
further tested in other autoimmune models to assess its potential to
shift the unbalanced immune response.

In parallel to several other neuro-immonmodulatory diseases in
which EPO has been shown to play a protective role, we have
attempted in the present study to test the protective potential of EPO
on myasthenia gravis, an autoimmune neuromuscular disorder.

Conclusion
We report here on the potential of EPO to attenuate EAMG in vivo.

The protective effect of EPO is mainly mediated by inhibited cellular
immune response, including up-regulation of Tregs and down
regulation of inflammatory cytokines expression. Our results suggest
that EPO could ameliorate EAMG by regulating the immune response,
thus providing new insights into therapeutic approaches for
myasthenia gravis and other autoimmune diseases.
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