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Abstract

In this study we examined Thl and Th17 immune responses to rat myelin basic protein (MBP),
bovine MBP, human MBP, MBP 68-86, MBP 63-81 and ovalbumin in Lewis rats to determine
which MBP antigen is recognized following ischemic brain injury. Responses were compared to
animals immunized to rat MBP. Data show that immune responses following immunization with
rat MBP are promiscuous with cross reaction to MBP from other species. After stroke, few
animals develop Th1 or Th17 responses to MBP, but when those responses occur, especially Thl
responses to rat MBP in brain, they are predictive of worse stroke outcome.
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Th1 type responses to myelin basic protein (MBP) after experimental stroke are associated
with, and seem to mediate, worse functional outcome (Becker et al., 2005; Zierath et al.,
2013; Zierath et al., 2010b). The exact mechanisms by which Th1 immune responses to
MBP worsen stroke outcome are unclear, but there is evidence of enhanced CD8+
infiltration and increased brain atrophy at one month after middle cerebral artery occlusion
(MCADO) in animals with Th1(+) responses (Becker et al, 2005). And while animals with
Th1(+) responses to MBP perform worse on behavioral tests after stroke, they do not
manifest overt signs of experimental allergic encephalomyelitis (EAE) (Becker et al., 2005;
Gee et al., 2008; Gee et al., 2009; Zierath et al., 2010b). It is also true that the phenotype and
pathology of EAE differs depending upon the antigen used to initiate EAE, the species from
which the antigen is derived, the portion of antigen to which the immune response is
directed, and the type of cells mediating the immune response (Domingues et al., 2010;
Jager et al., 2009; Mannie et al., 2009; Stromnes et al., 2008).

Following stroke there is necrosis of brain tissue and antigens from dying cells are presented
to the immune system, either within the brain or in the periphery (Becker et al., 2005; Planas
etal., 2012; van Zwam et al., 2009). Given the degree of necrosis that accompanies severe
brain injury, these neural antigens have undoubtedly been transformed from their native
state. It is thus unclear which antigens drive the post-ischemic immune response and
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whether the outcomes differ depending upon the target epitope. In prior studies we assessed
the immune response to MBP after stroke using commercially available bovine MBP and
human MBP and found that the immune responses to both of these heterologous proteins
were predictive of functional outcome (Becker et al., 2005; Zierath et al., 2013). In this
study we aimed to determine whether the immune response to MBP after stroke was more
robust to whole MBP or one its encephalitogenic peptides and whether there were
differences in the responses to autologous rat MBP and heterologous (bovine, human) MBP.
Further, the immune responses were assessed in spleen, lymph node and brain to evaluate
whether the responses differed based on the compartment (spleen, lymph node, brain) tested.
Finally, we aimed to determine if the responses to a particular antigen were more predictive
of outcome than responses to other antigens in animals subjected to stroke. As an
immunologic control, a subset of animals was immunized to rat MBP and immune responses
to the same set of antigens assessed.

Male Lewis rats (275-325 grams) were purchased from Taconic Farms. All experiments
were approved by the Institutional Animal Care and Use Committee (IACUC).

Immunization to MBP

Male Lewis rats were immunized with either recombinant rat MBP (prepared by Neo
BioScience™) or OVA (Sigma). Antigens were mixed in complete Freund’s adjuvant and
injected into the hind foot pad. Two doses of MBP were used, 50ug (n=16) and 100 pug
(N=14). Control animals were immunized with OVA 50ug (N=18). Twelve days after
immunization, animals were sacrificed and lymphocytes isolated from the brain, spleen, and
cervical lymph nodes for ELISPOT assay.

Middle Cerebral Artery Occlusion (MCAQ)

Anesthesia was induced with 5% and maintained with 1.5% isoflurane. After midline neck
incision, the right common carotid, internal carotid and pterygopalantine arteries were
ligated. A silicone rubber-coated monofilament suture (4-0, Doccol, Sharon MA) was
inserted into the common carotid artery and advanced into the internal carotid artery (Longa
et al., 1989). Animals were maintained at normothermia during surgery and reperfused 2
hours after MCAO. In sham-operated animals, the suture was inserted into the carotid artery
but not advanced. Rectal temperature and body weight were assessed at set time intervals.
Animals were sacrificed one month after surgery.

ELISPOT Assays

At the time of sacrifice, lymphocytes were isolated from the spleen, cervical lymph nodes
and brain as previously described (Becker et al., 2005). (Note: for a subset of animals
[N=15], brains were frozen and lymphocytes from this organ were not available for
analysis.) ELISPOT assays were done to detect the MBP specific secretion of IFN-vy, IL-17
and TGF-B1 (R&D Systems) by lymphocytes. Rat MBP (rMBP) was manufactured by
NeoBioSci™. Bovine MBP (bMBP), human MBP (hMBP), ovalbumin (OVA) and
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lipopolysaccharide (LPS) were purchased from Sigma. Encephalitogenic peptides of MBP
(MBP 68-86 and MBP 63-81) were purchased from AnaSpec. All antigens/mitogens were
used at a concentration of 50 pg/mL; responses were assessed in triplicate.

Briefly, cells were cultured in media alone or in media supplemented with MBP (or an MBP
peptide), OVA or LPS for 48 hours in 96 well plates (Multiscreen®-IP, Millipore). Plates
were developed using standard protocols (R & D Systems). After plate development, spots
were counted with the aid of a semi-automated system (AID iSPOT®) and expressed as the
ratio of the relative increase in the number of MBP specific IFN-y secreting cells to the
relative increase in the number of MBP specific TGF-B1 secreting cells (Th1 response) or as
the ratio of the relative increase in the number of MBP specific IL-17 secreting cells to the
relative increase in the number of MBP specific TGF-p1 secreting cells (Th17 response).

The ratios of the number of MBP specific IFN-y and MBP specific IL-17 secreting cells to
that of MBP specific TGF-B1 secreting cells (Thl and Th17 responses, respectively) were
used to reflect the overall immunologic phenotype of the response to MBP and OVA. For
the purposes of this study, animals were considered to be Th1(+) or Th17(+) if the Thl or
Th17 response to MBP was greater than the median value for that antigen in the organ of
interest when compared to animals immunized with rat MBP.

Behavioral Outcomes

Statistics

Results

The neurological score of animals undergoing MCAO was determined at routine intervals
up to 1 month after MCAO (Bederson et al., 1986). Animals were trained on the rotarod
prior to MCAO. After MCAO, rotarod performance was assessed weekly until one month
after stroke. Performance of the foot fault test was assessed at these time points and the
results expressed as a percentage of foot faults per total number of steps taken (Lubics et al.,
2005).

Non-parametric data are displayed as median (interquartile range) and compared using the
Mann-Whitney U test or Kruskal-Wallis H test, as appropriate. Categorical data are
evaluated using the y2-test statistic. Significance was set at P<0.05.

Immunization with MBP

Immunization with rat MBP, using either the 50 pg or 100 g dose, did not lead to overt
signs of EAE. The percentage of animals with weight loss at 12 days did not differ between
MBP or OVA immunized animals. Given the lack of clinical difference between the 2 doses
of rat MBP, all rat MBP immunized animals were considered together for immunologic
analyses. The Thl and Th17 responses to whole MBP, MBP peptides and OVA are
displayed in Table 1. The responses to whole MBP and MBP peptides were not as robust in
spleen as in other organs. For instance, among MBP immunized animals, Th1 responses to
hMBP were most robust in the lymph node (P=0.04), while Th17 responses to rMBP,
(P<0.001), bMBP (P=0.008) and hMBP (P=0.002) were most robust in the brain.
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Nonetheless, animals immunized with rat MBP had increased Th17 responses to rat and
bovine MBP in spleen, as well as to MBP 68-86, when compared to OVA immunized
animals. In the cervical lymph nodes, both Thl and Th17 responses to rat and human MBP
were more robust in rat MBP immunized animals than OVA immunized animals. And in
brain, Thl and Th17 responses to rat, bovine and human MBP were greater in rat MBP
immunized animals. The data for animals subjected to MCAO are also presented in Table 1.
Overall, the immune responses to MBP and MBP peptides among animals subjected to
cerebral ischemia did not differ from that of OVA immunized (control) animals with the
exception of more robust Th17 responses to rat MBP and bovine MBP in the spleen. In
animals subjected to MCAO, the numbers of cells secreting cytokines (IFN-v, IL-17, TGF-
1) to LPS (ie. in an antigen independent fashion) were greater among splenocytes (Table
2).

Table 3 shows the percentage of animals that were deemed to be Th1(+) or Th17(+) based
on the immune responses in each organ compared to animals immunized with rat MBP
(Th1l+ or Th17+ defined as a value greater than the median for that organ in rMBP
immunized animals). There were no differences in the neurological scores or the percentage
of foot faults at one month in animals that were Th1(+) or Th17(+) and those that were
Th1(-) or Th17(-), respectively. The difference in rotarod performance at 1 month among
animals with a Th1(+) or Th1(-) response to the tested antigens is displayed in Figure 1.
Worse outcome was seen with Th1(+) responses to rat MBP in both the ischemic and non-
ischemic hemisphere of brain and Th1(+) responses to MBP 68-86 in the cervical lymph
nodes. Th17(+) responses to MBP 63-81 and bovine MBP in the non-infarcted hemisphere
were also associated with worse outcome. Surprisingly, Th17(+) responses to MBP 63-81 in
the lymph node were associated with better rotarod performance.

Among the 37 rats in the study, 17 (46%) demonstrated worse performance on the rotarod at
one month when compared to earlier time points after stroke. The decline in performance
was highly associated with Th1(+) responses to rat MBP in brain, both in the ischemic and
non-ischemic hemisphere (Table 4). In addition, Th1(+) responses to bovine MBP in brain
were associated with a decline in rotarod performance, as were Th1(+) responses to MBP
68-86 in the lymph node. Th17(+) responses to human MBP in the non-ischemic hemisphere
of the brain were also associated with worsening rotarod performance at one month after
MCAO.

Discussion

Not surprisingly, immunization of rats with autologous rat MBP leads to Th1 and Th17
immune responses to rat MBP that can be detected reliably within the brain and cervical
lymph nodes, and less readily so in the spleen. Despite immunization with rMBP, the
immune response shows abundant cross reaction to bovine and human MBP in the brain and
lymph nodes of immunized animals. Of note, detection of an immune response to rMBP,
bMBP or hMBP in the brains and lymph nodes of rat MBP immunized animals, these
animals did not show classical signs of EAE.
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If one considers the antigens to which an immune response was detected following
immunization with rat MBP (rat MBP, human MBP and bovine MBP), very few animals
would be considered to be Th1(+) or Th17(+) after stroke; on average, only 1/4 to 1/3 of
animals had immune responses greater than the median of that seen in rat MBP immunized
animals. These proportions are similar to what we have seen previously among animals
subjected to MCAO (although the likelihood of developing a Th1 response can be increased
by exposing animals to an inflammatory stimulus at the time of MCAOQ) (Becker et al.,
2005; Gee et al., 2009; Zierath et al., 2010a; Zierath et al., 2013). In the previous studies, we
also showed that Thl (and Th17) immune responses to either bovine or human MBP were
associated with worse outcome. Given that bovine and human proteins are heterologous for
rat, we wanted to determine if there would also be a response to rat MBP after stroke and
whether such a response would be associated with worse outcome. Indeed, our data show
that Th1(+) responses to rat MBP in brain (both in the ischemic and non-ischemic
hemispheres) were associated with a higher rate of neurological decline and worse outcome,
based on rotarod performance, at one month after MCAO. In keeping with the lack of
specificity of the immune response to rat MBP in rat MBP immunized animals, Th1(+) and
Th17(+) responses to bovine MBP in brain were also associated with neurologic decline
after stroke. Of note, Th17(+) responses to bovine MBP in the non-ischemic hemisphere
were more predictive of worse outcome/neurological decline than those in the ischemic
hemisphere.

MBP 68-86 is an encephalitogenic epitope of MBP and induces EAE in Lewis rats while
MBP 63-81 does not (Stepaniak et al., 1997). Among the cohort of animals in our study,
immune responses to the encephalitogenic portions of MBP were not reliably seen in
animals immunized with rat MBP. Further, the associations between the immune responses
to the encephalitogenic portions of MBP and outcome after stroke were quite variable. For
instance, a Th1(+) response to MBP 68-86 in the lymph node was associated with worse
outcome while a Th17(+) response to MBP 63-81 in the lymph node was associated with
better outcome. And a Th17(+) response to MBP 63-81 in the non-ischemic brain was
associated with neurological decline.

We assessed the immune response to MBP and MBP peptides in the blood, lymph nodes and
spleen as there is a growing literature that shows the immune response is highly regulated
and the nature of the response differs from compartment to compartment. For instance, in
actively induced EAE, the detected immune response is highly dependent upon the stage of
the disease; MBP specific responses can vary dramatically among the draining lymph nodes,
peripheral blood, spleen and central nervous system (Hofstetter et al., 2005). And while both
Thl and Th17 cells can induce EAE, the phenotype and pathology of this EAE differs
(Domingues et al., 2010; Jager et al., 2009; Stromnes et al., 2008). Following stroke, few
animals had Th1(+) or Th17(+) responses to MBP in brain, but for those that did, these
responses tended to be associated with neurological decline and worse outcome. As might
be expected, we found that Th1 responses to rat MBP in brain correlated best to outcome
after stroke. And perhaps unexpectedly for the Th17 response to bovine MBP, it was the
response in the non-ischemic hemisphere that was most predictive of a poor outcome after
stroke. It is important to stress that for the data presented here, we analyzed the immune
response at 1 month after MCAO. It is unclear whether these responses would persiste

J Neuroimmunol. Author manuscript; available in PMC 2016 August 15.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zierath et al.

Page 6

indefinitely, resolve, or transform into something completely different. It has been
recognized that the Treg and Th17 phenotypes are inherently unstable, with Th17 cells
becoming Treg cells and Treg cells becoming Th17 cells over the course of time (Gagliani et
al., 2015, Koenen et al., 2008). Future studies will have to evaluate the time course of the
immune response in each organ following stroke.

It is important to appreciate that the immune responses to MBP are likely just a reflection of
the overall immune response to brain antigens. That an immune response to MBP mediates
worse outcome may be true, but it is quite likely that the animals have immune responses to
a multiplicity of other antigens, and the one(s) that are most responsible for mediating worse
outcome are unclear. For instance, in patients with stroke, humoral responses to
neurofilaments, portions of the N-methyl-D-aspartate (NMDA) receptor and neuronal
potassium channels have been detected, as have cellular responses to MBP and brain
homogenate (Bornstein et al., 2001; Dambinova et al., 2003; Kalev-Zylinska et al., 2013;
Kallen et al., 1977; Rocklin et al., 1971; Simal et al., 2012; Wang et al., 1992;
Youngchaiyud et al., 1974). It is likely that these responses are just the tip of the iceberg,
and that the immune response to neural antigens after brain injury are as individual as the
patients who experience the injury. And the data from our study suggest that the pathologic
significance of these responses likely depends on the robustness of the response and the
immunological compartment in which it was detected.

Also notable in this study is the fact that the the responses to LPS were markedly different in
spleen, lymph node and brain. Here we show that even when removed from the brain and
washed in phosphate buffered saline, the lymphocytes isolated from the brain are still
limited in their ability to respond to LPS relative to the lymphocytes removed from the
spleen and lymph nodes. This finding highlights the fact that the brain’s microenvironment
is generally thought to limit the immune response, and despite this relative inhibition of the
immune response in brain, robust responses to MBP were seen. Undoubtedly this
modulation of lymphocyte function in the brain is important in limiting the post-ischemic
immune response.

The findings outlined in this study are important as they show the immune responses to
whole MBP are not species specific, whether they induced by immunization with rat MBP
or by stroke. Additionally, immunization with whole rat MBP does not elicit EAE or
immune responses to the encephalitogenic portions of MBP. And despite not causing EAE,
immune responses to MBP, especially Th1 responses to autologous rat MBP, are associated
with neurological decline and worse outcome after stroke, particularly when these self-
reactive cells are found in brain, as opposed to peripheral lymphoid organs.
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Figure 1.

Rotarod performance (as a function of baseline performance) 1 month after MCAO. Panel a
shows the Th1(+) responses and panel b the Th17(+) responses. Shaded bars depict animals
with a Th1(+) or Th17(+) response; open bars depict animals without such responses.

Statistics are by Mann-Whitney U test. *P<0.05.
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Table 3

Percentage of Th1(+) and Th17(+) animals 1 month after MCAO.

Th1 response in: spleen lymph node | ischemic hemisphere | non-ischemic hemisphere
rMBP 17/37 (46%) | 15/36 (42%) 7122 (32%) 7121 (33%)

MBP 68-86 16/37 (43%) | 11/37 (30%) 12/22 (54%) 12/22 (54%)

MBP 63-81 14/37 (38%) | 19/37 (51%) 6/22 (27%) 13/22 (59%)
bMBP 17/36 (47%) | 13/34 (38%) 9/21 (43%) 12/21 (57%)
hMBP 19/37 (51%) | 9/37 (24%) 4122 (18%) 7122 (32%)

OVA 16/37 (43%) | 8/30 (27%) 10/22 (45%) 13/22 (59%)
Th17 response in: spleen lymph node | ischemic hemisphere | non-ischemic hemisphere
rMBP 19/37 (51%) | 10/35 (29%) 6/22 (27%) 5/22 (23%)

MBP 68-86 11/37 (30%) | 8/35 (23%) 7122 (32%) 8/22 (36%)

MBP 63-81 14/37 (38%) | 17/36 (47%) 8/22 (36%) 5/22 (23%)
bMBP 18/36 (50%) | 12/33 (36%) 8/21 (38%) 9/21 (43%)
hMBP 19/37 (51%) | 12/35 (34%) 7122 (32%) 7122 (32%)

OVA 10/37 (27%) | 7/28 (25%) 11/22 (50%) 11/22 (50%)

Note: In a subset of animals undergoing MCAO (N=15), brains were removed and frozen. Lymphocytes were thus not available from these brains.
rMBP=rat MBP, bMBP=bovine MBP, hMBP=human MBP, OVA=ovalbumin, MCAO=middle cerebral artery occlusion
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