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Abstract
Combinations of new medications or existing therapies are gaining momentum over monotherapy
to treat central nervous system (CNS) demyelinating diseases including multiple sclerosis (MS).
Recent studies established that statins (HMG-CoA reductase inhibitors) are effective in experimental
autoimmune encephalomyelitis (EAE), an MS model and are promising candidates for future MS
medication. Another drug, rolipram (phosphodiesterase-4 inhibitor) ameliorates the clinical severity
of EAE via induction of various anti-inflammatory and neuroprotective activities. In this study, we
tested whether combining the suboptimal doses of these drugs can suppress the severity of EAE.
Prophylactic studies revealed that combined treatment with suboptimal doses of statins perform better
than their individually administered optimal doses in EAE as evidenced by delayed clinical scores,
reduced disease severity, and rapid recovery. Importantly, combination therapy suppressed the
progression of disease in an established EAE case via attenuation of inflammation, axonal loss and
demyelination. Combination treatment attenuated inflammatory TH1 and TH17 immune responses
and induced TH2-biased immunity in the peripheral and CNS as revealed by serological, quantitative,
and immunosorbant assay-based analyses. Moreover, the expansion of T regulatory (CD25+/
Foxp3+) cells and self-immune tolerance was apparent in the CNS. These effects of combined drugs
were reduced or minimal with either drug alone in this setting. In conclusion, our findings
demonstrate that the combination of these drugs suppresses EAE severity and provides
neuroprotection thereby suggesting that this pharmacological approach could be a better future
therapeutic strategy to treat MS patients.
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INTRODUCTION
Experimental autoimmune encephalomyelitis (EAE) is an experimentally induced
inflammatory CNS demyelinating disease that mimics many aspects of multiple sclerosis (MS)
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(Lublin, 1985). Pathophysiology of the disease includes breaching of the blood-brain barrier
(BBB), infiltration of inflammatory cells (i.e., myelin reactive CD4+ and CD8+ T cells, and
monocytes) into the CNS which perpetuate inflammatory response via activation of resident
glial cells and secretion of inflammatory mediators (Hafler, 2004). These events subsequently
lead to axonal loss and demyelination through multiple effector mechanisms leading to
neurological deficits in MS patients.

Various immunomodulatory agents attenuate EAE with different mechanisms of action are
being tested for MS treatment because presently approved MS therapies are only partially
effective and are associated with side effects and potential toxicities. For instance, interferon
beta (IFN-β) and glatiramer acetate (GA) were promising in some patients, but many
individuals experienced poor responses or adverse effects (Arbizu, et al., 2000, Dhib-Jalbut,
et al., 2002). Because of the inherent complexity of MS and the involvement of multiple cell
types such as brain, endothelial, and vascular immune cells, the challenge of monotherapy with
either pre-existing or new MS drugs is limiting the chronic progressive disability observed in
affected individuals. One approach to improve treatment is to develop more efficacious agents
and another, more plausible, approach is to investigate possible combinations of existing or
novel agents that together synergistically or additively attenuate the disease process in different
cell types.

In addition to their cholesterol-lowering effects, statins (HMG-CoA reductase inhibitors) are
reported to have immunomodulatory effects that can be exploited in the treatment of CNS
demyelinating diseases including MS (Paintlia, et al., 2004, Youssef, et al., 2002). Promising
results were obtained in an initial clinical trial of simvastatin in MS (Vollmer, et al., 2004) and
rheumatoid arthritis (Leung, et al., 2003) patients. The immnomodulatory effect of statins
include preservation of BBB integrity (Stanislaus, et al., 2001), inhibition of inflammatory cell
infiltration into the CNS (Stanislaus, et al., 2001) and skewing of TH1 to TH2 immune responses
(Paintlia, et al., 2004, Youssef, et al., 2002). Recent observations of statin-mediated protection
of neuroprogenitor cells from inflammatory insult and resulting enhanced myelin repair in
ameliorating EAE animals suggest that, in addition to immunomodulatory activity, statins
mediate neuroprotection and possibly neuroregeneration (Paintlia, et al., 2005). Similarly, the
selective inhibition of phosphodiesterase (PDE)-4 with rolipram, which increases intracellular
cAMP, is reported to halt the induction of EAE (Genain, et al., 1995, Sommer, et al., 1995)
via immunomodulation of the TH1 to TH2 immune responses (Bielekova, et al., 2000). Because
the cellular targets of both statins and rolipram differ with respect to their immunomodulatory
activities, we hypothesized that combination therapy with suboptimal doses of these drugs
could be used to attenuate EAE severity. Thus, in this study, we documented the testing of the
therapeutic efficacy of suboptimal doses of these drugs in combination in an EAE model.

MATERIALS AND METHODS
Reagents

Myelin basic protein (MBP) ~50% pure from guinea pig brain, complete Freund’s adjuvant
(CFA), HRP-tagged anti-mouse IgG antibodies, pertussis toxin, and other chemicals were
purchased from Sigma (St. Louis, MO). Lovastatin, rolipram (±; racemate), and PDE-4
inhibitor [PDI-4; 3, 5-Dimethyl-1-(3-nitrophenyl)-1H-pyrazole-4-carboxylic acid ethyl ester]
were purchased from Calbiochem (San Diego, CA). ‘TRIZOL’ reagent was purchased from
Invitrogen (Carlsbad, CA). Anti- Indole-amine-2, 3-dioxygenase (IDO), -CD25 and -IgG
Texas Red antibodies were purchased from Abcam Inc. (Cambridge, MA). Anti-iNOS
polyclonal antibodies were purchased from Upstate (Charlottesville, VA).
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Animals
Female Lewis rats (Harlan Laboratory, Harlan, IN) weighing 225–250 g were housed in the
animal care facility of the Medical University of South Carolina (MUSC), throughout the
experiment and provided with food and water ad libitum. All experiments were performed
according to the National Institutes of Health Guidelines for the Care and Use of Laboratory
Animals (NIH publication number 80-23, revised 1985) and were approved by the MUSC
Animal Care and Use Committee.

EAE Induction and clinical evaluation
The procedure used for the induction of EAE has been described previously (Paintlia, et al.,
2004). In brief, female rats received a subcutaneous injection in the hind limb of MBP (50
μg) in 0.1 ml of phosphate-buffered saline (PBS; pH 7.4) emulsified in an equal volume of
CFA supplemented with 2 mg/ml of mycobacterium tuberculosis H37Ra (Difco, Detroit, MI)
on days 0 and 7. Immediately thereafter and again 24 h later, rats received pertussis toxin (200
ng, intraperitoneally, ip) in 0.1 ml of PBS. Individual rats were observed daily and clinical
scores were assessed by an experimentally blinded investigator using a 0 to 5 scale: 0, no
clinical score; 1, piloerection; 2, loss in tail tonicity; 3, hind leg paralysis; 4, paraplegia, and
5, moribund or dead.

Lovastatin and rolipram treatments
Lovastatin (4 mg/ml) was dissolved in 0.8% of ethanol/0.6 N NaOH and adjusted to pH 7.4
and rolipram (2 mg/ml) was dissolved initially in 100 μl of DMSO and finally suspended in
PBS (pH 7.4). Different doses of lovastatin (2 and 5 mg/kg, ip) and rolipram (2, 5, and 7.5 mg/
kg, sc) were administered daily starting from the day of immunization in separate groups to
determine their protective optimal doses to blunt EAE. For combination treatments, suboptimal
doses of both drugs i.e., lovastatin (1 mg/kg) and rolipram (1 mg/kg) were administrated daily
and every other day, respectively. Control EAE rats received an injection of vehicle (placebo,
0.8% ethanol in PBS, ip), daily. Drug treatment with suboptimal doses of lovastatin and
rolipram in combination or separately was started either on the day of immunization or 10th

days of postimmunization (dpi; animal with clinical score [CS] ≥2.0) and continued throughout
the study. Corresponding control rats received an emulsion of CFA/PBS into their hind limb
foot pads and a daily injection of vehicle (ip) or lovastatin (1 mg/kg) and rolipram (1 mg/kg)
as described above as a drug control. Rats were sacrificed on the peak day of the disease
(15th day post immunization, dpi) to collect sera and spinal cords (SC, lumbar region). Rats
that developed severe EAE (CS; >4.5) in drug- or placebo-treated groups were euthanized on
the same day as per the animal protocol approved by the animal care and use committee. Nine
rats per treatment group were used in each experiment for analysis.

Neuropathological Evaluations
Because the most significant histopathological changes in animals with EAE are detected in
the lumbar region of the SC (Eng, et al., 1989), this portion of the SC was removed for analysis.
At the time of sacrifice, the rats were anesthetized with pentobarbital (65 mg/kg, ip) and
perfused transcardially with 4% ice-cold paraformaldehyde in 0.1 M phosphate buffer (pH
7.2). The SC was removed from the column, cut to collect the lumbar region and then paraffin-
embedded. Transverse sections (5 μm) were cut and four consecutive slices were placed on
the same glass slide. A series of sections was stained with hematoxylin and eosin (H&E), Luxol
Fast Blue (LFB) and Bielschowsky silver to detect inflammatory infiltrates, demyelination,
and axonal loss, respectively. Neuropathological data were quantified on 6–8 sections per rat.
Sections were mounted with Vectashield, a aqueous mounting media (Vector Labs,
Burlingame, CA), examined under a light microscope (Olympus BX-60, Goleta, CA) and
images were captured with an Olympus digital video camera (Optronics; Goleta, CA) using a
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dual band pass filter using Adobe Photoshop 7 software. The number of perivascular
inflammatory infiltrates was calculated and expressed as the number of inflammatory infiltrates
per section. Histological scores of the degree of demyelination and axonal loss of each rat were
evaluated by two investigators blinded to the treatment, using a semi-quantitative system
described in the literature (Giuliani, et al., 2005). Briefly, a score of zero indicates no disease;
grade 1 refers to foci of demyelination/axonal loss, which is superficial and involves less than
25% of the lateral columns; grade 2 denotes deep foci that involve over 25% of the lateral
columns; and grade 3 denotes diffuse and widespread demyelination/axonal loss.

Immunohistochemistry
For the immunohistochemistry analysis, sections were blocked with a serum-PBS solution and
incubated with overnight at 4 °C with the primary antibody at the optimized working dilution
prepared in PBS 0.1 M (pH 7.4) with triton (0.3%) and bovine serum albumin (BSA, 5 mg/
ml). On the second day, the sections were incubated for 1 h with the secondary antibody (anti-
IgG conjugated with Texas red) prepared in PBS 0.1 M plus BSA (1 mg/ml). Sections were
also incubated with Texas red-conjugated IgM without primary antibody as negative controls
and an appropriate mouse IgG and rabbit polyclonal IgG were used as isotype controls. After
thorough washings, slides were mounted with aqueous mounting media and analyzed by
immunofluorescence microscopy and images were captured by using Olympus digital camera
as described above.

RNA extraction, cDNA synthesis and quantitative real time-PCR (QRT-PCR) analysis
Lumbar SC tissues were carefully processed for RNA isolation using ‘TRIZOL’ reagent
according to the manufacturer’s protocol as described previously (Paintlia, et al., 2004). Single-
stranded cDNA was synthesized from SC tissue RNA from each group of animals using a
superscript pre-amplification system for first-strand cDNA synthesis (BIO-RAD Laboratories,
Hercules CA). QRT-PCR was performed using the BIO-RAD Laboratories iCycler iQ Real-
Time PCR Detection System. Primers for target genes (Table 1) were designed using Primer
quest software available free at website www.idtdna.com and synthesized from integrated
DNA technologies (IDT, Coralville, IA). For ORT-PCR reaction supermix (IQ™ SYBR Green)
was purchased from BIO-RAD (BIO-RAD Laboratories, Hercules CA). Thermal cycling
conditions were as follows: activation of iTaq™ DNA polymerase at 95 °C for 10 min, followed
by 40 cycles of amplification at 95 °C for 30 s and 58–60 °C for 1 min. The detection threshold
was set above the mean baseline fluorescence determined by the first 20 cycles. Amplification
reactions in which the fluorescence increased above the threshold were defined as positive. A
standard curve for each template was generated using a serial dilution of the template (cDNA).
Specificity of assay was determined by melting-curve analysis in each experimental run of
QRT-PCR. The quantities of target gene expression were normalized to the corresponding
GAPDH or 18S rRNA expression in test samples and data is presented as arbitrary units (au)
in Tables 2 and 3)

Enzyme–linked immunosorbant assay (ELISA)
Anti-MBP specific IgG isotypes were detected in serum samples by solid phase ELISA.
Briefly, plates were coated with MBP (2 μg/ml) diluted in PBS overnight in a humidified
chamber followed by washing with PBS containing 0.05% Tween 20 and blocking for 1 h with
1% BSA in PBS before the addition of serum samples. Samples were diluted 1:100 in PBS
following 2 h incubation at RT and then plates were washed with PBS containing 0.05% Tween
20 to remove any unbound primary antibody. Bound antibody was detected by incubation with
alkaline phosphatase-labeled rat anti-mouse IgG1, anti-mouse IgG2a and anti-mouse IgG2b
(1:2,000) from Serotec (Raleigh, NC) using p-nitrophenyl phosphate (Sigma-Aldrich, St.
Louis, MO) in 0.1 M glycine buffer as a substrate. Absorbance was read at 405 nm in a
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microplate spectrophotometer (Bio-Tek Instruments, Winooski, VT). SC tissue homogenates
were prepared in PBS with a tissue homogenizer, Ultra-Turbax (JK Lab, Germany) and
centrifuged at 12,000 × g for 15 min at 4 °C to collect supernatants. Interleukin (IL)-4 and
IL-10 OptEIA, ELISA kits (BD Biosciences, San Jose, CA) were used with a sandwich ELISA
method (using the manufacturer’s protocol) to detect their levels in SC supernatants. Similarly,
IL-17, interferon (IFN)-γ and tumor growth factor (TGF)-β1 were detected in the supernatant
of SC homogenate using ELISA kits purchased from Rapidbio (Rapidbio sales, West Hills,
CA). Data are computed as concentration of cytokine protein/mg of SC tissue protein or serum.

Immunoblotting
SC tissues were homogenized in ice-cold lysis buffer (50 mm Tris-HCl, pH 7.4, containing 50
mM NaCl, 1 mM EDTA, 0.5 mM EGTA, 10% glycerol, and protease inhibitor mixture) and
sample protein concentration was determined with Bradford reagent (Bio-Rad, Hercules, CA).
SDS-PAGE, Western blotting and immunoblotting were performed as described previously
(Paintlia, et al., 2004). Autoradiographs of immunoblots were generated using enhanced
chemiluminescence detection kits (Amersham Biosciences, Piscataway, NJ).

Statistical analysis
Using a student’s unpaired t-test for two data points and one-way ANOVA (student-Newman-
Keuls to compare all pairs of columns) for multiple data points, p-values were determined for
clinical scores, neuropathological scores, QRT-PCR analysis and ELISA in triplicate from three
independent experiments using GraphPad software (GraphPad Software Inc. San Diego, CA).
The criterion for statistical significance was p <0.05.

RESULTS
Combination therapy with suboptimal doses of lovastatin and rolipram are complementary
in EAE

We first evaluated the therapeutic efficacy of both drugs i.e., lovastatin and rolipram to
determine their optimal doses for blunting the progression of EAE. Clinical signs of EAE were
evident in MBP-immunized and vehicle-treated rats from the 8–9th dpi onwards, followed by
acute disease resulting in 80–90% mortality (clinical score (CS) ≥4.5) by the 13–15th dpi (Fig.
1A). Remaining rats in a vehicle-treated group had CS ≥4.0 till 20th dpi (Fig. 1A) and
euthanized per animal protocol guidelines. Consistent with previous reports, individually
administered optimal doses of lovastatin and rolipram were ≥ 2 mg/kg (Paintlia, et al., 2004)
and ≥5 mg/kg (Genain, et al., 1995), respectively, to attenuate the progression of EAE (Fig.
1A–B). Of note, the 2 mg/kg dose of rolipram, however, attenuated the progression of EAE
(Fig. 1B), but a complete return to normal was delayed until the 30th dpi. Results of suboptimal
doses of lovastatin (1 mg/kg) and rolipram (1 mg/kg) in combination were impressive when
compared with their individual performances at optimal doses (Fig. 1A–C). Interestingly,
combination treatment delayed the onset and limited the severity of EAE (CS; ≤3.0) when
started from the day of immunization (0th dpi, Fig. 1C), and disease improvement was sooner
(17th dpi) than with individually administered optimal doses (19th dpi) (Fig. 1A–C). Of note,
the suboptimal dose of lovastatin was more effective than rolipram (mortality, 70%), when
administered individually from 0th dpi (Fig. 1C). Similar to the combination of lovastatin with
rolipram, another inhibitor of PDE-4 (PDI-4, 1 mg/kg) also behaved similarly when used in
combination with lovastatin (1 mg/kg) in this setting (Fig. 1C), thus substantiating the
significance of combining of these drugs for CNS demyelinating diseases. Similar to rolipram,
PDI-4 is the potent inhibitor phosphodiesterase IV and metabolites of this compound are not
toxic as mentioned in product safety data sheet. Rolipram reported to have shorter half life 1–
2 hrs in vivo (Krause, et al., 1989), but no such information for PDI-4 is currently available.
Corresponding with clinical symptoms, disease-mediated weight loss in EAE rats was inhibited

Paintlia et al. Page 5

Exp Neurol. Author manuscript; available in PMC 2009 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



by the combination of lovastatin and rolipram (data not shown). We observed no antagonism
between rolipram and lovastatin, although reports in literature suggest that certain
immunomodulatory agents act antagonistically (Brod, et al., 2000).

Therapeutic treatment with combination of lovastatin and rolipram improves histological
outcomes and impedes neurodegeneration

Generally, MS treatment is initiated after patients have developed clinical signs or brain lesions.
Therefore, it is imperative to test a therapeutic regimen which can prevent EAE induction and
effectively attenuate an established case of EAE. Next, we evaluated whether combination
therapy of these drugs could inhibit established EAE. Drug treatment was initiated after the
onset of EAE on 10th dpi when individual rat developed a CS ≥2.0. Combination therapy
drastically inhibited EAE development, whereas no such inhibition of EAE was observed in
rats treated with lovastatin or rolipram separately with the same dose (Fig. 2A).

Blinded analysis revealed that the number of infiltrates per section in rats on peak clinical day
(15th dpi) was significantly reduced in rats treated with lovastatin and rolipram combination,
compared to the vehicle-treated EAE rats (Fig. 2B). This reduction in the number of infiltrating
inflammatory cells was also significant with lovastatin, but not with rolipram alone, compared
to vehicle-treated EAE rats (Fig. 2B). The infiltration of inflammatory cells was specifically
apparent in the white matter of the lateral and dorsal funiculi of the SC of EAE rats (Fig. 2C).
Next, the presence of neuroinflammation and neurodegeneration was evaluated by LFB
staining. Corresponding with cellular infiltration, combination therapy with lovastatin and
rolipram significantly inhibited demyelination in the white matter of the SC of EAE rats,
compared with vehicle-treated ones (Fig. 2B). Corresponding with cellular infiltration, there
was a significant decrease in demyelination in the SC of EAE rats treated with lovastatin, but
not with rolipram alone (Fig. 2B), compared to vehicle, but these effects were not as profound
as those resulting from their combination. Representative sections depicting the reduction of
cellular infiltration and demyelination in the lateral funiculi of the SC by combination therapy
of lovastatin and rolipram in EAE rats compared with vehicle are displayed in Fig. 2D.
Demyelination observed in the SC of EAE rats was further supported by immunoblotting for
myelin protein i.e., MBP. Combination treatment with lovastatin and rolipram attenuated the
inflammation-mediated breakdown of the myelin sheath in the SC of EAE rats (Fig. 3A). But
this reduction of myelin breakdown was partial in the SC of EAE rats treated with lovastatin
or rolipram alone (Fig. 3A). Likewise, axonal loss was markedly reduced by combination
treatment with lovastatin and rolipram in the SC of EAE rats, compared with vehicle (Fig. 3B).
The axonal loss was however, significantly attenuated by lovastatin and rolipram alone in EAE
rats, compared with vehicle, but this reduction was not as impressive as that was resulting from
their combination (Fig. 3B). In addition to the quantification of axonal loss, silver impregnation
of axons also revealed the improved integrity of white matter in the affected lateral funiculi of
SC sections of EAE rats (Fig. 3C). Taken together these data provide evidence that combination
therapy with lovastatin and rolipram attenuates CNS invasion and subsequently impedes
neurodegeneration in the EAE rats.

Combination treatment of lovastatin and rolipram attenuates infiltration of mononuclear cells
and improves endothelial functions

Because the observed histological changes and neurodegeneration in the MS brain are
associated with the invasion of the CNS by invading cells including myelin-reactive T cells
(CD4+ and CD8+) and monocytes (CD11b+) (Hafler, 2004), we next examined SC tissues for
the presence of these cells using QRT-PCR. As expected, the transcripts for CD4, CD8, and
CD11b proteins were elevated in the SC of vehicle-treated EAE rats, suggestive of CNS
invasion by autoreactive T cells and monocytes (Fig. 4A–B). Conversely, combination therapy
with lovastatin and rolipram significantly attenuated this invasion of CNS by autoreactive T
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cells and monocytes as compared to vehicle (Fig. 4A–B). Of note, the observed effect of
combination treatment with suboptimal dose of lovastatin and rolipram to attenuate the CNS
invasion was better than their same doses when used separately (Fig. 4A–B).

CNS invasion is considered to be facilitated via interaction between adhesion molecules
(ICAM-1 and VCAM-1) on endothelial cells and LFA-1 on leukocytes including the release
of chemokines (MCP-1) and expression of their receptors (CCR2) on invading leukocytes
(Dopp, et al., 1994). Therefore, we next examined the expression of these mediators in the SC
involved in the CNS invasion and endothelial dysfunction. Corresponding with cellular
infiltration, the increased level of transcripts for ICAM-1, VCAM-1, MCP-1, and CCR2 were
significantly attenuated by combination treatment with lovastatin and rolipram in the SC of
EAE rats compared to vehicle (Fig. 4C–D). Of note, an increased level of MCP-1 and CCR2
transcripts in vehicle-treated EAE rats is comparable to their previously documented mRNA
levels and immunohistochemistry staining data in the SC of EAE rats as reported earlier
(Paintlia, et al., 2004). It is noteworthy that the reduction of these mediators in the SC of EAE
rats was reduced to 50% and 20% by individually administered lovastatin and rolipram,
respectively, compared with vehicle, but it was not as profound as that observed with their
combination (Fig. 4A–D). Together, these data suggest that the combination therapy of
lovastatin and rolipram reverses EAE pathogenesis via attenuation of cellular infiltration and
improvement of endothelial function in the CNS.

The combination of lovastatin and rolipram promotes a bias towards TH2 immunity
Previously, we had documented that transcripts of immune cells associated with TH1 immune
responses were elevated in the SC of EAE rats (Paintlia, et al., 2004). Recent studies revealed
that an IL-23-induced subset of T cells producing IL-17 (TH17) is involved in EAE progression
(Kleinschek, et al., 2007). Interestingly, combination treatment with lovastatin and rolipram
significantly reduced transcripts for pro-inflammatory cytokines associated with EAE
development i.e., IL-23, IL-17, IFN-γ, TNF-α, and IL-1β in the SC of EAE animals compared
with vehicle (Fig. 5A–B). In addition, the level of transcription factor, retinoic acid orphan
receptor gamma t (RORγt), involved in the expression of IL-17 by TH17 cells was also reduced
significantly by combination therapy compared to vehicle (Fig. 5B). ELISA-based assays
further supported these observations and showed the significant reduction of IFN-γ (Fig. 6A)
and IL-17 (Fig. 6B) proteins in the SC of EAE rats by combination therapy compared with
vehicle. Likewise, iNOS transcripts (Fig. 5A) and protein (Fig. 6C–D) were reduced
significantly in the SC of EAE rats by drug combination therapy compared to vehicle. Of note,
no significant reduction of these mediators was observed in the SC of EAE rats treated with
rolipram alone when compared with vehicle (Fig. 5A–B and Fig. 6A–D). Although expression
of these mediators in the SC of EAE rats treated with lovastatin alone was significantly reduced
when compared with vehicle, this reduction was not as profound as that observed when
lovastatin was combined with rolipram (Fig. 5A–B and Fig. 6A–D).

Because TH2 immunity play an important role in the suppression of autoimmune disease i.e.,
EAE (O’Garra, et al., 1997), we next measured TH2 cytokines i.e., IL-4 and IL-10 in the SC.
Combination treatment with lovastatin and rolipram significantly increased IL-4 and IL-10
transcripts (Fig. 5C) and protein (Fig. 6E–F) in the SC of EAE rats compared to vehicle. These
cytokines, however, were elevated significantly in the SC of lovastatin-treated EAE rats,
especially IL-10 when compared with vehicle, but this was not as profound as that observed
with its combination with rolipram (Fig. 5C and Fig. 6E–F). No significant change in these
cytokines was observed in the SC of rolipram-treated EAE rats compared to vehicle (Fig. 5C
and Fig. 6E–F).

The above data imply that combination therapy may additively modulate T-cell function in
vivo. The reduction in SC inflammation is suggestive of its potential for selective reduction in
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the TH1 cell reactivity that primarily mediates the immune response in the periphery generally
associated with EAE progression. If this is the case, a consequence of combination therapy
may be a bias toward TH2 immunity. Because the TH1 immunity predominantly elicits IgG2a,
whereas TH2 immunity produces higher levels of IgG1 in mice (Hooper, et al., 1998), we next
assessed whether combination therapy influences humoral immune response to MBP in the
peripheral immune system in EAE rats. Anti-MBP antibodies of the IgG2a subclass that were
elevated in the sera of vehicle-treated EAE rats were significantly reduced by combination
therapy of these drugs (Fig. 5E). Conversely, anti-MBP antibodies of IgG2b and IgG1
subclasses were significantly elevated in the sera of EAE rats treated with these drugs in
combination, compared with vehicle (Fig. 5E). No such change was observed in the level of
IgG2a in the sera of EAE rats treated with lovastatin or rolipram alone when compared with
vehicle (Fig. 5E). IgG1 and IgG2b were significantly elevated in EAE rats treated with
lovastatin but not in those treated with rolipram alone, compared with vehicle (Fig. 5E).
Altogether, these data suggest that combination therapy of lovastatin and rolipram attenuates
inflammatory TH1 and TH17 immune responses and causes a bias towards TH2 immunity in
the peripheral and CNS.

The combination of lovastatin and rolipram promotes expansion of T regulatory (Treg) cells
and immune tolerance in the CNS

Since T regulatory (Treg) cells play an important role in the suppression and reversal of EAE
(Yu, et al., 2005), we next measured the level of transcripts for CD25 and its transcription
factor, Forkhead box P3 (Foxp3) proteins as a marker of Treg (CD25+/Foxp3+) cells in the
CNS. Combination treatment with lovastatin and rolipram markedly increased CD25 transcript
(Fig. 5B) and protein (Fig. 7A) including Foxp3 transcript (Fig. 5D) in the SC of EAE rats
compared to vehicle. Furthermore, TGF-β1 transcripts (Fig. 5C) and protein (Fig. 7B) were
also increased significantly in the SC of EAE rats by combination therapy compared to vehicle.
No change in the expression of these mediators was observed upon treatment with rolipram in
the SC of EAE rats compared to vehicle except CD25 (Fig. 5B–D and Fig. 7A–B). Although,
the expression of these mediators in the SC of EAE rats treated with lovastatin was significantly
elevated when compared with vehicle, this change was not as dramatic as that observed when
lovastatin was combined with rolipram (Fig. 5B–D and Fig. 7A–B).

The increased expression of indole-amine-2, 3-dioxygenase (IDO) in dendritic cells is
important for the suppression of EAE (Kwidzinski, et al., 2005) via suppression of T-cell
responses and induction of immune tolerance (Mellor and Munn, 2004); thus, we next
determined the status of IDO (transcript and protein) in the CNS. Combination treatment with
lovastatin and rolipram significantly increased IDO transcripts in the SC of EAE rats compared
with vehicle (Fig. 5D). These results were further supported by immunoblotting of IDO protein
(Fig. 7A) and immunohistochemistry of transverse SC sections (Fig. 7C). IDO immunostaining
was evident in the dorsal funiculi of the SC of EAE rats treated with lovastatin and rolipram
in combination (Fig. 7C). The level of IDO transcripts (Fig. 5D) and protein (Fig. 7A and C)
in the SC of EAE rats treated with lovastatin was significantly elevated when compared with
vehicle, but it was not as impressive as that observed with the drug combination. No significant
change in IDO transcripts (Fig. 5D) and protein (Fig. 7A and C) was observed in the SC of
EAE rats treated with rolipram alone when compared with vehicle. Together, these data imply
that combined therapy of lovastatin and rolipram also promotes Treg expansion and immune
tolerance in the CNS as mechanism of protection to suppress EAE.

DISCUSSION
Several reports suggest that combination therapy with existing or novel MS therapeutics in the
treatment of MS have better clinical outcomes than with monotherapy. Combination therapy
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is considered to be advantageous if both drugs (a) have different mechanisms of action, (b)
have excellent safety profiles, and (c) have no additional toxicities when used in combination
for additive or synergistic effects (Stuve, et al., 2006). In this regard, statins (Paintlia, et al.,
2004, Youssef, et al., 2002) and rolipram (Bielekova, et al., 2000, Sommer, et al., 1995) meet
these criteria and both characteristically prevent/ameliorate EAE. Also, both statins (Johnson-
Anuna, et al., 2005) and rolipram cross the BBB (Krause and Kuhne, 1988) to interfere in the
neurodegenerative process in the CNS. In this study, we show that combined treatment with
lovastatin and rolipram, compared to individual drug treatment, was associated with significant
suppression of EAE severity via inhibition of cellular infiltration and improved endothelial
function in the CNS. The attenuation of inflammatory TH1 and TH17 immune responses and
induction of biased TH2 immunity was apparent in the peripheral and CNS including the
expansion of Treg cells and immune tolerance. Subsequently, it was associated with profound
reduction of demyelination and axonal loss in the CNS.

The EAE model is useful for initial testing of potential combination therapies for MS.
Combination therapies are tested in animals (Brod, et al., 2000, Soos, et al., 2002) and humans
(Dhib-Jalbut, et al., 2002, Ytterberg, et al., 2007), including phase-I clinical trials (Jeffery, et
al., 2005, Rudick, et al., 2006) with major FDA-approved immunomodulators including IFN-
β and GA in the MS regimen. Moreover, other combination therapies are also being
investigated in MS and EAE with FDA-approved therapies and other novel therapeutics for
MS including statins and minocycline (Giuliani, et al., 2005, Luccarini, et al., 2008, Stuve, et
al., 2006). Results of a recently conducted phase 1 trial of IFN-β and atorvastatin combined
therapy in MS patients are quite impressive and provide a rationale for conducting phase II/III
trials (Paul, et al., 2008). In vitro studies revealed that immunomodulatory actions of statins
are comparable to IFN-β (Neuhaus, et al., 2005). Considering statins to be future MS
therapeutics, we previously demonstrated an immunomodulatory synergy with lovastatin and
another novel therapeutic drug, 5-aminoimidazole-4-carboxamide-1-beta-D-ribofuranoside in
EAE (Paintlia, et al., 2006). Overall, these studies support the notion that immunomodulatory
agents with different mechanisms of action can be combined for the treatment of MS and
provide a rationale for testing the combination of lovastatin plus rolipram. The present study
establishes that the combining of suboptimal doses of lovastatin and rolipram provides better
outcomes by impeding EAE severity and neurodegeneration than their individually
administered doses. In particular, despite significant reduction of the some of the inflammatory
mediators by an individually administered dose of these drugs especially lovastatin, the disease
severity was not attenuated thereby suggestive of the potential benefits of combination therapy
over monotherapy for treating CNS demyelinating diseases. Of note, the combined therapy
with suboptimal doses of these drugs was better than their optimal individually administered
doses. The observed effects of these drugs in combination are complementary to their
immunomodulatory and neuroprotective activities as discussed below.

In organ-specific autoimmunity, the balance of cytokines is a key determinant of resistance or
susceptibility. In EAE, disease susceptibility is thought to correlate with the expression of
proinflammatory cytokines such as IL-23, IFN-γ, TNF-α, IL-6, and IL-1β including iNOS.
Conversely, TH2 cytokines such as IL-4, IL-10 and IL-13 are important for preventing or
ameliorating EAE (O’Garra, et al., 1997). IFN-γ producing cells can induce EAE, and their
presence within the CNS likely contributes to acute inflammation, whereas the IL-17 immune
pathway is suggested to play an important role in the disease process (Kleinschek, et al.,
2007). Inflammation is considered to be the cause of tissue damage as a result of CNS invasion
by inflammatory infiltrates. Combined treatment with lovastatin and rolipram significantly
attenuated the infiltration of inflammatory cells and induced a biased anti-inflammatory TH2
immunity which attenuates peripheral and central inflammation through bystander
suppression. Consistent with these findings, statins were previously shown to attenuate EAE
development by promoting a TH1 to TH2-biased immune responses (Paintlia, et al., 2004,
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Youssef, et al., 2002). Moreover, a recent study demonstrated that statins can inhibit IL-17
transcription and secretion by human CD4+ T cells (Zhang, et al., 2008). Similar to statins,
rolipram has been reported to attenuate the induction of chronic EAE (Bielekova, et al.,
2000, Genain, et al., 1995) via immunomodulation of TH1 to TH2 immune responses (Abbas,
et al., 2000, Bielekova, et al., 2000). It is worth mentioning that statins act on multiple targets
in EAE modulation. Statins, by inhibiting HMG-CoA reductase, play a critical role in the
mevalonate pathway that regulates the synthesis of cholesterol, and they interact with
isoprenoids which mediate the membrane association of many GTPases (Zhang and Casey,
1996). Depletion of isoprenoid intermediates in vivo by statins, promotes a TH2 bias by
reducing the membrane association of Ras and RhoA, which have an important role in
extracellular signal-regulated kinases and p38 kinases (Dunn, et al., 2006).

An invasion of the CNS by autoreactive T cells and monocytes is facilitated by the breaching
of the BBB and the expression of adhesion molecules in endothelial cells during EAE
progression (Eralinna, et al., 1996). We and others previously documented that statins inhibit
the infiltration of inflammatory cells into the CNS (Stanislaus, et al., 2001, Walters, et al.,
2002, Youssef, et al., 2002). Detailed studies revealed that the inhibitory effects of statins on
the preservation of the BBB are mediated by attenuation of isoprenylation of endothelial cell
proteins such as Rho GTPAses (Walters, et al., 2002). In agreement with these findings,
combination therapy significantly reduced transcripts for T cells, monocytes, and adhesion
molecules in the SC, suggesting improved endothelial functions and attenuation of CNS
invasion (please see Fig. 4). The additional mechanism by which statins inhibit inflammatory
cell transmigration through the BBB is by reducing the activity of matrix metalloproteinase
(MMP) such as MMP-9. Statins are reported to attenuate the expression MMP-9 in endothelial
cells by the RhoA/ROCK pathway through an isoprenoid-dependent mechanism (Turner, et
al., 2005). Likewise, rolipram treatment has been shown to stabilize the BBB in EAE animals
(Folcik, et al., 1999). In addition, rolipram has been shown to inhibit NF-κB and MMP-9
activities in activated T cells (Sanchez, et al., 2005).

Recent studies revealed that Tregs (CD25+Foxp3+ T regulatory) are important in maintaining
self tolerance to inhibit the function of effector T cells especially during TH17 immune
responses (Yu, et al., 2005). TGF-β1 is key cytokine in the generation of Treg cells and a recent
study revealed that its secretion by neurons is important for enhancing Treg cell expansion in
the CNS to suppress EAE progression (Liu, et al., 2006). Consistent with our previous
documentation, combination therapy of lovastatin and rolipram showed increased expression
of TGF-β1 in the CNS (Paintlia, et al., 2004). A very recent study demonstrated that statin
treatment promotes the generation of Treg cells in treated peripheral naïve CD4+ T cells
(Mausner-Fainberg, et al., 2008). Phosphodiesterase inhibitors are also reported to upregulate
Treg cells in experimental autoimmune myasthenia gravis (Aricha, et al., 2006). Another
important candidate, IDO (tryptophan metabolizing enzyme), in the dendritic cells is also
reported to involved in the suppression of EAE progression (Kwidzinski, et al., 2005) via
suppression of the proliferation of effector T cells and an induction of immune tolerance
(Mellor and Munn, 2004). Combined treatment with lovastatin and rolipram significantly
increased these mediators (transcripts and proteins) in the CNS of an established EAE case
(Table 3, and Fig. 5). These observed effects of these drugs in combination whether resulting
from the reduced inflammation by an effect on immune cells in the periphery or due to the
modulation of immune cells in the CNS is needed to be ascertained. Overall, these findings
suggest that the observed immunomodulatory activities of these drugs in combination are
attributed in part to the induction of TH2 biased immunity and generation of Treg cells and
immune tolerance.

Local antigen presentation is a critical requirement for the initiation and perpetuation of the
chronic inflammatory response within the CNS. While the CNS is devoid of professional
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antigen presenting cells, MHC class II antigens and costimulatory CD80 and CD86 molecules
are upregulated in microglia and macrophages in response to local cytokine production
(Youssef, et al., 2002). CNS resident astrocytes can also upregulate MHC class II after
activation by IFN-γ (Cornet, et al., 2000). Current studies revealed that peripherally-derived
myeloid dendritic cells (mDCs) accumulate in the CNS during relapsing EAE (Bailey, et al.,
2007), and mDCs localize in the central parts of the active lesions and induce IL-17 production
by CD4 cells. This effect of T-cell differentiation mediated by mDCs in the CNS plays
important role in the chronic inflammatory response. Lovastatin has been reported to inhibit
the expression of TNF-α and IL-1β in microglia and astrocytes (Pahan, et al., 1997). Treatment
of microglia with a statin attenuated IFN-γ inducible transcription of MHC class II expression
(Kwak, et al., 2001). Likewise, rolipram has been reported to inhibit the secretion of TNF-α
by macrophages and monocytes via blocking the degradation of cAMP (Torphy and Undem,
1991). In addition, rolipram has been shown to downregulate the expression of pro-
inflammatory cytokine but upregulate the expression of anti-inflammatory cytokines in the
CNS (Yoshikawa, et al., 1999). These effects of statins and rolipram on modulation of the
inflammatory response in brain cells are critical for their neuroprotective activities in the CNS.
In addition, statins and rolipram are reported to inhibit NMDA-induced neuronal cell death
(Zacco, et al., 2003, Zou and Crews, 2006). Recent studies provide evidence that statins protect
neuroprogenitor cells from inflammatory insult and enhance myelin repair in ameliorating EAE
animals thereby suggesting that lovastatin may promote neurorepair in EAE (Lee, et al.,
2004, Paintlia, et al., 2005, Paintlia, et al., 2008, Sim, et al., 2008). Likewise, PDE-4 inhibitor-
mediated preservation of cAMP has been shown to protect neurons against β-amyloid-induced
neurotoxicity (Echeverria, et al., 2005). In addition, cAMP has been implicated in the survival
of hippocampal neurons in vitro under conditions of reduced energy availability during glucose
deprivation and glutamate excitotoxicity (Culmsee, et al., 2001).

In conclusion, our study demonstrated for the first time that combination of lovastatin and
rolipram provide better protection in EAE than either drug when used individually at
suboptimal doses. The partial reduction of myelin breakdown and axonal degeneration in EAE
animals treated with these drugs separately may be attributed to their partial inhibition of
inflammatory response in the CNS. In addition, the consistently observed weaker effects of
rolipram as a single therapy than lovastatin are in agreement with a previous report
demonstrating rolipram induced strong preventive effects with limited therapeutic efficacy in
EAE Lewis rats (Jung, et al., 1996). The major drawback of rolipram administration in humans
could be its tendency to induce vomiting as observed in ferrets (Robichaud, et al., 2001).
Importantly, it could be subjugated by an intramuscular injection of ondansetron hydrochloride
dehydrate (0.3 mg/kg) 20 min prior to rolipram administration as reported earlier (Genain, et
al., 1995). It is noteworthy that administration of ondansteron hydrochloride in EAE rats neither
aggravates nor attenuates EAE disease associated symptoms (data not shown). Although other
mechanisms may contribute to the additive/synergistic immunomodulatory activities of
combined therapy of lovastatin and rolipram, as mentioned above, the observed effects of these
drugs in combination are complementary. At this time, the precise mechanism and contribution
of these drugs in combination in the attenuation of EAE pathogenesis is not fully understood.
Overall, the combined therapy of lovastatin and rolipram is an excellent therapeutic approach
for the treatment of MS. Future clinical trials are warranted to investigate the effect of these
drugs in combination therapy in MS.
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Abbreviations
EAE  

Experimental autoimmune encephalomyelitis

MS  
Multiple sclerosis

SC  
spinal cord

CNS  
central nervous system

dpi  
Days of post-immunization

QRT-PCR  
Quantitative real-time-polymerase chain reaction

LOV  
Lovastatin

RLP  
Rolipram

PDE-4  
Phosphodiesterase-4

CS  
Clinical score

LFB  
Luxol fast blue

H & E  
Hematoxlin and Eosin

IFN  
Interferon

IL  
Interleukin, TGF, Tumor growth factor

ICAM  
Intracellular adhesion molecule

VCAM  
Vascular adhesion molecule

Foxp3  
Forkhead box P3

RORγt  
retinoic acid orphan receptor gamma t

IDO  
Indole-amine-2,3-dioxygenase
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BBB  
Blood brain barrier
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Figure 1. Combination therapy with suboptimal doses of lovastatin and rolipram are
complementary in EAE
EAE was induced in female Lewis rats using guinea pig MBP antigen emulsified in CFA and
treatment with lovastatin (LOV) and rolipram (RLP) in combination or individually was
performed as described under Materials and Methods. Drug treatments were started from the
day of immunization of rats with MBP and continued until the end of the study. (A) Plot depicts
clinical score associated with EAE in treated/untreated rats with different doses of LOV. (B)
Plot depicts clinical score associated with EAE in treated/untreated rats with different doses
of RLP. (C) Plot depicts clinical score associated with EAE in treated/untreated rats with
suboptimal doses of LOV and RLP in combination and individually including PDEI-4 (another
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inhibitor of phosphodiesterase-4). Vehicle (VEH)- and LOV plus RLP-treated rats immunized
with CFA emulsion without MBP were referred to as CON (VEH) and CON (LOV + RLP),
respectively. Data in plots are presented as Mean ± SD of 9 rats treated similarly in a group.
Statistical significance indicated as ** p<0.01 and *** p<0.001 versus EAE (VEH).
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Figure 2. Combined treatment of lovastatin and rolipram attenuates cellular infiltration and
demyelination in the SC of EAE rats
Treatment with lovastatin (LOV; 1 mg/kg) and rolipram (RLP; 1 mg/kg) in combination or
individually was commenced in rats after the establishment of EAE (clinical score ≥2.0) as
described under methods. Plot depicts clinical score in EAE animals treated with LOV and
RLP in combination or individually (A). Plot depicts cellular infiltration and demyelination in
the SC of EAE rats treated with LOV and RLP in combination or individually (B).
Representative photograph of the lateral funiculus of SC stained with H&E (C) and both H&E
and LFB (D) from each group of rats i.e., a) CON (VEH), b) CON (LOV + RLP), c) EAE
(VEH), d) EAE (RLP), e) EAE (LOV) and f) EAE (LOV + RLP) demonstrates existing cellular
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infiltration and demyelination. Yellow arrowhead depicts cellular infiltration in the white mater
and V indicates ‘vessel’ (C). Data in plots are expressed as Mean ± SD from three independent
experiments (A) and histological images of SC (n = 9)/group (B). Statistical significance *
p<0.05, ** p<0.01 and *** p<0.001 versus EAE (VEH).
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Figure 3. Attenuation of axonal loss and demyelination in the SC of EAE rats by combination
therapy of lovastatin and rolipram
Treatment with lovastatin (LOV; 1 mg/kg)) and rolipram (RLP; 1 mg/kg) in combination or
individually was commenced in rats after the establishment of EAE (clinical score ≥2.0) as
described under Methods. Autoradiograph of immunoblotting depicts level of MBP isoforms
in the SC of treated/untreated control and EAE animals (A). Plot depicts histological score of
axonal loss in the white matter of lateral funiculi of SC of EAE rats treated with drugs in
combination or individually or with vehicle (VEH) only (B). Representative photograph of the
lateral funiculus of SC demonstrate impregnation of axons by Beilschowsky’s silver staining
(C). Labeling of micrographs indicates a) CON (VEH), b) CON (LOV + RLP), c) EAE (VEH),
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d) EAE (RLP), e) EAE (LOV) and f) EAE (LOV + RLP) in both B and D. Data in plot is
presented as Mean ± SD from three independent experiments with 9 rats/group and histological
images of SC (n = 9)/group. Statistical significance * p<0.05, ** p<0.01 and *** p<0.001
versus EAE (VEH).
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Figure 4. Expression of transcripts for inflammatory infiltrates, adhesion molecules and
chemokines including receptors in the SC of EAE rats treated with lovastatin and rolipram in
combination or individually
Plots depict the level of transcripts A; CD4 and CD8 T cells, B; CD11b monocytes, C; ICAM-1
and VCAM-1, and D; MCP-1 and CCR-2 in the SC of EAE (n = 9) and control (n = 6) rats
treated with lovastatin (LOV) and rolipram (RLP) in combination or individually as determined
by QRT-PCR as described under methods. Data in plots are expressed as Mean ± SD from
three independent experiments. Statistical significance * p<0.05, ** p<0.01, *** p<0.001 and
‘NS’ (not-significant) versus EAE (VEH).
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Figure 5. Level of transcripts for pro-inflammatory and anti-inflammatory mediators in the SC
and anti-MBP immunoglobulin isotypes in the serum of EAE rats treated with lovastatin and
rolipram in combination or individually
Plots depict the level of transcripts A; IFN-γ, TNF-α, IL-1β and iNOS, B; IL-23, IL-17,
RORγt and CD25, C; IL-4, IL-10 and TGF-β1, and D; Foxp3 and IDO in the SC of EAE (n =
9) and control (n = 6) rats treated with lovastatin (LOV) and rolipram (RLP) in combination
or individually as determined by QRT-PCR as described under methods. Plot depicts the level
of ant-MBP immunoglobulin isotypes in the serum of EAE (n = 9) and control (n = 6) rats
treated with LOV and RLP in combination or individually as determined by ELISA-based
assay described under methods (E). Data in plots are expressed as Mean ± SD from three
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independent experiments. Statistical significance * p<0.05, ** p<0.01, *** p<0.001 and
‘NS’ (not-significant) versus EAE (VEH).
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Figure 6. Protein level of pro-inflammatory and anti-inflammatory mediators in the SC of EAE
rats following treatment with lovastatin and rolipram in combination or individually
Plots depict the level of IFN-γ (A), IL-17 (B), IL-4 (E) and IL-10 (F) in the SC homogenate
of EAE (n = 9) and control (n = 6) rats treated with lovastatin (LOV) and rolipram (RLP) in
combination or individually as determined by ELISA-based assay described under methods.
Autoradiograph (C) and plot (D) depict immunoblotting of iNOS protein in the SC of EAE
rats in each group. Data in plots are expressed as Mean ± SD from three independent
experiments. Statistical significance * p<0.05, ** p<0.01 and ‘NS’ (not-significant) versus
EAE (VEH).
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Figure 7. Level of proteins associated with Treg cells and immunotolerance in the SC of EAE rats
Immunoblot depicts CD25, IDO, and β-actin in the SC of EAE animals treated/untreated with
LOV and RLP in combination or individually (A). Plot depicts TGF-β1 level in the SC
homogenate of EAE (n = 9) and control (n = 6) animals treated with lovastatin (LOV) and
rolipram (RLP) in combination or individually as determined by ELISA-based assay described
under methods (B). Representative photograph of the lateral funiculus of SC of EAE animals
treated with LOV and RLP i.e., a) CON (VEH), b) CON (LOV + RLP), c) EAE (VEH), d)
EAE (RLP), e) EAE (LOV) and f) EAE (LOV + RLP) demonstrating the expression of IDO
in the SC (C). Data in plot is expressed as Mean ± SD from three independent experiments.
Statistical significance * p<0.05, ** p<0.01 and ‘NS’ (not-significant) versus EAE (VEH).
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Table 1
Genes and DNA sequences of primers i.e., forward primer (FP) and reverse primer (RP) used for QRT-PCR
amplification

Gene Name Primers

GAPDH FP: 5′-cctacccccaatgtatccgttgtg-3′; RP: 5′-ggaggaatgggagttgctgttgaa-3′

18S rRNA FP: 5′-ccagagcgaaagcatttgccaaga-3′; RP: 5′-tcggcatcgtttatggtcggaact-3′

IL-23 FP: 5′-atcaccactgggagactcaacaga-3′; RP: 5′-tgcgaaggatcttggaacggagaa-3′

IL-17 FP: 5′-actcagctgaaaacgctgaggaaa-3′; RP: 5′-tgtgcacaccttactgagagacct-3′

IFN-γ FP: 5′-atttccctccccactccattag-3′; RP: 5′-ctggtgacagctggtgaatca-3′

IL-1β FP: 5′-gagagacaagcaacgacaaaatcc-3′; RP: 5′-ttcccatcttcttctttgggtattg-3′

TNF-α FP: 5′-cttctgtctactgaacttcggggt-3′; RP: 5′-tggaactgatgagagggagcc-3′

iNOS FP: 5′-ggaagaggaacaactactgctggt-3′; RP: 5′-gaactgagggtacatgctggagc-3′

IL-4 FP: 5′-ggtatccacggatgtaacgacagc-3′; RP: 5′-ccgtggtgttccttgttgccgtaa-3′

IL-10 FP: 5′-ctgtcatcgatttctccctgtgag-3′; RP: 5′-tgagtgtcgcgtaggcttctatgc-3′

TGF-β1 FP: 5′-tgatacgcctgagtggctgtcttt-3′; RP: 5′-aagcgaaagccctgtattccgtct-3′

CD4 FP: 5′-aggtctcccttcagtttgctggtt-3′; RP: 5′-tcaccaccaggttcacttcctgat-3′

CD8 FP: 5′-aaagcaagacctggaccaacgaga-3′; RP: 5′-taacgtgcctgaccattcacagga-3′

CD25 FP: 5′-ccaaacgcaagccaaaccaaacag-3′; RP: 5′-acacgaggctgacggtcaacataa-3′

Foxp3 FP: 5′-agagtttctcaagcactgccaagc-3′; RP: 5′-tgcatagctcccagcttctccttt-3′

IDO FP: 5′-aagcactggagaaggcactgtgta-3′; RP: 5′-atccacgaagtcacgcatcctctt-3′

ICAM-1 FP: 5′-gtccaattcacactgaatgccagc-3′; RP: 5′-ttaaacaggaactttcccgccacc-3′

VCAM-1 FP: 5′-gacaccgtcattatctcctgcact-3′; RP: 5′-gtgtacgagccatccacagacttt-3′

MCP-1 FP: 5′-gaccagaaccaagtgagatca-3′; RP: 5′-gcttcagatttatgggtcaagt-3′

CCR-2 FP: 5′-tctacttcttctggactccataca-3′; RP: 5′-ctaagtgcatgtcaaccacac-3′
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