
Identification of a 2nd Mimicry Epitope from A. castellanii that Induces CNS Autoimmunity in SJL Mice	  735

Endothelial cells in the blood-brain barrier, however, express

receptors for IL-17 and IL-22, and both cytokines can pro-
mote CD4 T-cell recruitment in MS lesions (42). On the con-
trary, IL-22 mediates protection in T-cell-mediated hepatitis 
and autoimmune myocarditis (40, 43, 44). The finding that 
IL-22 is a T-cell-derived cytokine, the receptors for which are 
abundantly expressed in the non-lymphoid tissues, suggests 
that IL-22 can modulate inflammatory responses in the local 
milieu (36). Alternatively, multiple cytokines might coopera-
tively regulate CNS inflammation.

We recently reported that the TCR vb usage of cross-reac-
tive cells for PLP 139–151 induced with ACA 83–95 differs 
from those induced with PLP 139–151, suggesting a possibil-
ity that cognate and mimicry epitopes sensitize distinct T-cell 
clones (20). One possibility could be that skewed expansion 
of T-cell clones expressing particular TCR vβs influences the 
disease outcome, depending on the clones’ disease-inducing 
abilities. Alternatively, exposure to mimicry epitopes might 
lead to the expansion of hidden clones not usually respon-
sive to cognate peptides. To address these possibilities, we 

follow the same pattern as above, the IL-22-secreting cells 
dominated Th17 responses. While IL-17 and IL-22 participate 
in innate immune responses (35, 36), IL-22 can exert both 
pro- and anti-inflammatory effects, but the role of IL-22 in 
organ-specific autoimmune diseases is controversial. For ex-
ample, IL-22 potentiates chronic inflammatory diseases such 
as arthritis, inflammatory bowel disease and psoriasis but 
not CNS inflammation in the mouse model of EAE (37–41). 

Figure 4. MBP 89–101 and NAD 108–120 induce cross-reactive T-
cell responses. (A) First-round stimulation. Groups of mice were 
immunized with MBP 89–101 or NAD 108–120 and 10 days later, 
animals were killed and the draining LN were collected. LNC were 
stimulated with the indicated peptides for 2 days followed by puls-
ing with 3[H]thymidine, the incorporation of which was measured 
as c.p.m. 16 h later. TMEV 70–86, control. Mean ± SEM values for a 
group of mice are shown each involving up to five mice per group 
(MBP 89–101, n =7; NAD 108–120, n = 4). (B) Second-round stimula-
tion. LNC obtained from MBP 89–101 or NAD 108–120 immunized 
mice were stimulated with the respective peptides twice with an 
interval of approximately 10–14 days as described in the Methods 
and the proliferative responses were measured as above. Mean ± 
SEM values for a group of mice each involving two to three mice are 
shown (MBP 89–101, n =3; NAD 108–120, n =4).

Figure 3. Histological evaluation of CNS inflammation induced 
with MBP 89–101 or NAD 108–120. (A) EAE induction by active 
immunization. Brains and spinal cords harvested on day 16 and 
day 30 from mice immunized with MBP 89–101 or NAD 108–120 
show perivascular lymphocytic infiltrations (arrows) as evaluated 
by hematoxylin and eosin staining. (B) EAE induction by adoptive 
transfer. Hematoxylin and eosin sections show mixed perivascular 
cuffing (arrows) in the brains and spinal cords of mice that received 
lymphocytes generated from mice immunized with MBP 89–101 or 
NAD 108–120. Original magnification, 3400 (bar = 20 μm).
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TCR vβ4, vβ2, vβ17a, vβ6, vβ14 and vβ3 were dominant in 
the cultures stimulated with either peptide, and these pro-
files were similar to those observed in PLP 139–151-sen-
sitized cells (20, 45, 46). The data suggest that autoreactive 
T-cell responses generated in a given mouse strain tend to 
follow a similar pattern of TCR vβ usage regardless of the 
immunogens used.

MS is a complex disease and no known etiological agents 
have been identified. Two major factors have been impli-
cated in the initiation of the disease: genetic susceptibility 
and exposure to environmental factors (2). In support of the 
latter, exacerbations of MS attacks or temporal alterations in 
the disease course have been linked to exposure primarily 
to virus infections such as EBV and HHV-6, but the clini-
cal evidence remains elusive (12–14). The current dogma is 
that MS does not appear to follow Koch’s postulates in that 
no single organism appears to trigger MS; rather, exposure 
to multiple organisms might be critical for MS predisposi-
tion (2). We recently reported that ACA contains a mimicry 
epitope, ACA 83–95, for PLP 139–151, which induces a typi-
cal relapsing and remitting type of paralysis in SJL mice by 
generating PLP-specific T cells (19). In this report, we present 
evidence that ACA also contains a mimicry epitope, NAD 
108–120, but this peptide induces EAE through the genera-
tion of T cells that cross-react with yet another myelin an-
tigen, MBP 89–101. While ACA 83–95 is a derivative of 

evaluated TCR vβ usage of CD4 cells sensitized with MBP 
89–101 or NAD 108–120, but we did not observe any striking 
differences between the two. Nonetheless, T cells expressing 

Figure 6. MBP 89–101 and NAD 108–120 sensitized T cells show sim-
ilar TCR vβ usage. Ten days after immunization with MBP 89–101 
or NAD 108–120, the mice were killed and the draining LN were 
collected. LNC were stimulated with the corresponding peptides 
for 2 days and maintained in IL-2 medium. Cells were harvested on 
day 4 post-stimulation and stained with a panel of anti-TCR vβ and 
anti-CD4 and 7-AAD. After acquiring the cells by FC, percentages of 
TCR vβ+CD4+ cells were determined in the live (7-AAD) population. 
Each bar represents mean ± SEM values obtained from three to four 
experiments each involving one to two mice per group.

Figure 5. MBP 89–101 and NAD 108–120 induce similar cytokine profiles. (A) Intracellular cytokine staining. LNC obtained from mice immu-
nized with MBP 89–101 and NAD 108–120 were stimulated with the corresponding peptides for 2 days and the cultures were maintained in 
IL-2 medium for additional 2 days. Viable lymphoblasts were harvested and stimulated for ~4.5 h with PMA and Ionomycin in the presence 
of GolgiStop and the cells were stained with anti-CD4 and 7-AAD. After fixation and permeabilization, the cells were incubated with cytokine 
antibodies and the frequencies of cytokine-secreting cells were determined by FC in the live (7-AAD-) CD4 subset. (B) Comparison between Th1, 
Th 2 and Th17 cytokine-secreting cells. Frequencies of CD4 cells producing IFN-γ, IL-4 and IL-10 and IL-17A, IL-17F and IL-22 corresponding to 
the indicated Th subsets were added together and compared between groups. (C) Cytokine ELISA. Supernatants harvested on day 2 poststimu-
lation prior to the addition of IL-2 medium from the above cultures were analyzed for cytokines by ELISA. Each bar in the above represents 
mean ± SEM values for a group of mice.
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rhodanese-related sulfur transferase of Acanthamoeba, NAD 
108–120 represents NAD, which has been recognized as one 
of the virulent factors of ACA (47, 48). Presently, it is not 
known whether these amoebic proteins are processed and 
present ACA 83–95 and NAD 108–120 in animals infected 
with Acanthamoeba. Proving that mice infected with Acan-
thamoeba show ACA 83–95 or NAD 108–120/NAD 104–118 
reactive T cells implies that the amoebic peptides are pro-
cessed and presented naturally by the APCs. There is an in-
dication that mice infected with ACA show the generation 
of myelin-and ACA-reactive T cells (Massilamany, et al, 
unpublished results). However, it has been shown that the 
brains of mice infected with Acanthamoeba culbertsoni show 
increased expression of amoebic NAD mRNA (47), and the 
abundant availability of this amoebic protein can potentially 
generate cross-reactive immune responses for MBP locally. 
ACA is a natural CNS pathogen of humans, and while most 
individuals are exposed to Acanthamoeba as indicated by the 
presence of amoeba-reactive antibodies, they can remain 
asymptomatic, but the amoebae can induce granulomatous 
encephalitis in immunocompromised individuals. Whether 
such exposures can lead to CNS autoimmunity in genetically 
susceptible individuals remains to be tested. Based on our 
homology model, we predict that MS patients showing T cell 
and antibody reactivity to MBP could also react to mimicry 
epitope by cross reactivity. Experiments are underway to an-
alyze cerebrospinal fluid samples obtained from MS patients 
to determine the presence of Acanthamoeba-specific genomic 
material or antibodies.

In conclusion, we show that ACA, in addition to possessing 
a mimicry epitope for PLP 139–151 (19), also contains NAD 
108–120 as the mimicry epitope for MBP 89–101. The fact 
that ACA contains two mimicry epitopes for two different 
myelin antigens suggests that ACA infection can potentially 
lead to the generation of multiple myelin-reactive T cells. 
MS is a multifactorial disease characterized by a plethora of 
symptoms in the affected individuals, and the proposal that 
exposure to multiple microbes is a requirement for MS pre-
disposition is gaining importance (2). It is tempting to specu-
late whether microbes similar to Acanthamoeba bearing the 
mimicry sequences for multiple myelin antigens are likely 
to be the candidates of disease initiation. To our knowledge, 
this is the first report to demonstrate that a solitary microbe 
contains mimicry sequences for more than one autoantigen 
in the target organs of their natural predilection in the in-
fected individuals. Acanthamoebae are free-living organisms 
and are ubiquitous in the environment, leading to constant 
exposure. It is possible that such a co-existence can help mi-
crobes acquire some of the genetic elements of their hosts as 
an evasive mechanism for survival. Alternatively, exposure 
to such organisms could lead to a break in self-tolerance as 
a result of antigenic mimicry in genetically susceptible indi-
viduals who potentially carry pathogenic autoreactive T-cell 
and B-cell repertoires.
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