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Abstract

Antibodies to brain antigens are present in stroke survivors. In this study, we assessed
autoantibody responses to white matter antigens, their correlation to white matter disease and
stroke outcome. Antibody titers (immunoglobulin G [igG]) to myelin basic protein (MBP),
proteolipid protein (PLP) and tetanus toxoid (TT) were available at one or more time points for
112 subjects with ischemic stroke. In comparison to the control subjects (N=40), there was a
global decrease in 1gG titers to TT early after stroke. Patients with white matter disease on
magnetic resonance imaging had elevated titers of antibodies to both MBP and PLP at 30 days
after stroke, and anti-MBP antibodies were associated with worse outcome. The potential
pathologic consequences of antibodies to white matter, especially MBP, is deserving of further
investigation.
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The presence of autoimmune responses to central nervous system (CNS) antigens in patients
with stroke has been appreciated since the early 1970’s. In fact, early studies showed that the
T cell response to myelin associated proteins was more robust in stroke survivors than in
patients with multiple sclerosis (Kallen et al., 1977; Youngchaiyud et al., 1974). We recently
showed that Twl type cellular immune responses to brain antigens occur following stroke
and the likelihood such responses is enhanced by the occurrence of systemic infection
(Becker et al., 2011). Further, we found that the Tx1 response to myelin basic protein (MBP)
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was an independent predictor of stroke outcome — more robust cellular responses to MBP
were associated with a decreased likelihood of good outcome at 90 days after stroke onset.

Recent studies have identified antibodies to neurofilament and portions of the N-methyl- D-
aspartate (NMDA) receptor in patients with stroke (Bornstein et al., 2001; Dambinova et al.,
2003). The relevance of these autoantibodies to stroke outcome is unknown. Using the same
cohort of patients with ischemic stroke in which we assessed the cellular immune response
to brain antigens, we now characterize the humoral immune response to brain antigens by
measuring the titers of antibodies to MBP and proteolipid protein (PLP).

Materials and Methods

Research Subjects

We prospectively enrolled patients with ischemic stroke admitted to Harborview Medical
Center from 9/2005 through 5/2009 who were at least 18 years of age, could be enrolled
within 72 hours of symptom onset and were felt not likely to die from their stroke. Patients
with ongoing therapy for malignancy, known history of HIV, Hepatitis B or C, history of
brain tumor, anemia (hematocrit<35 on admission), and those taking immunomodulatory
drugs were excluded. Blood was drawn as soon as possible after stroke onset and at 3, 7, 30,
90, 180 and 365 days after stroke onset. Plasma and serum were frozen at —80°until use. The
study was approved by the Institutional Review Board and all patients or their surrogates
provided informed consent.

Clinical and Infection Data

Demographic and clinical data were collected on all patients. Stroke severity was
determined by the National Institutes of Health Stroke Scale (NIHSS) score and outcome by
the stroke impact scale (SIS) (Duncan et al., 2003). In hospital infection was defined as
clinical symptoms of an infection (fever and/or pyuria for urinary tract infection [UTI] and
fever and/or productive cough and radiographic evidence of consolidation for pneumonia
[PNA]) and positive culture data (for both PNA and UTI). Total infarct volume on initial
diffusion weighted MRI imaging was calculated by the ABC/2 method (Sims et al., 2009).
Assessment was also made for chronic infarcts. The degree of white matter disease on the
axial FLAIR images was graded using the Fazekas scale by an independent
neuroradiologist; the periventricular and deep white matter scores were summed for analysis
(Fazekas et al., 1987).

Laboratory Studies

Serum antibody titers (immunoglobulin G [IgG]) to tetanus toxoid (TT) were determined
using a commercially available enzyme-linked immunosorbent assay (ELISA) kit (IBL
International) and results presented as IU/mL. To determine relative antibody titers to MBP
and PLP, 96 well plates (NUNC MaxiSorp™) were coated with either human MBP (Sigma;
0.10 pg/well) or PLP (Biogenesis; 0.10 pg/well) and incubated overnight at 4°C. Following
extensive washing, the plates were incubated overnight at 4°C with serum (diluted 1:10)
samples (100 pl/well). After washing, antigen bound human 1gG was detected with
peroxidase conjugated goat anti-human IgG antibodies (Pierce) and the plates developed
with tetramethyl benzidine (TMB; Pierce). The absorbance was assessed at 450 nm
(BioTek®). Results are presented as relative absorbance. All experiments were performed in
duplicate. Control wells included (1) those with serum but no secondary antibody, (2) those
without serum but with secondary antibody and (3) and those without serum or secondary
antibody. Serum samples were additionally screened for the presence of anti-phospholipid
antibodies (anticardiolipin IgM [MPL] and 1gG [GPL] and p2glycoprotein-1 1gG SGU]) by
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the hospital clinical laboratory using ELISA; titers <15 for MPL, GPL or SGU were
assigned a value of 0 for analyses.

Leukocyte counts and differential were performed by the clinical hematology laboratory.
The concentration of interleukin (IL)-10 was determined (along with a panel of additional
cytokines) using a cytometric bead-based system (Luminex). For the purpose of analysis,
concentrations below the limit of detection (0.30 pg/mL) were assigned a value of 0.30 pg/
mL. Plasma cortisol was determined by the hospital laboratory using standard methods.

Lymphocyte Responses

Statistics

Results

Lymphocytes were isolated over a ficoll gradient and frozen in liquid nitrogen until use.
Enzyme linked immunoSPOT (ELISPOT) assays were done to detect the antigen specific
secretion of interferon (IFN)-y and transforming growth factor (TGF)-p1 (R&D Systems).
Cells were cultured for 24 hours in 96-well plates (MultiScreen®-IP; Millipore) at a
concentration of 1x10% per mL in media alone or with human MBP (25 pg/mL; Sigma-
Aldrich), human PLP (5 ug/mL; ABD Serotec), or TT (5 pg/mL; Sigma- Aldrich) and
incubated for 24 hours. Experiments were performed in triplicate; spots were counted using
a semi-automated system (MetaMorph®). The ratio of the relative increase in the number of
cells secreting IFN-vy to the relative increase in the number of cells secreting TGF-f to a
given antigen is used to represent the degree of Tul response to each antigen.

Descriptive data are presented as the median and interquartile range (IQR) for continuous
variables and percents for categorical variables. Group comparisons were performed using
the Mann-Whitney U test or the XZ test statistic as appropriate. Logistic regression was used
to test the association between serum antibody titers and outcome (using the SIS) at days 30,
90, 180, and 365 after stroke onset. To test the correlations between serum antibody titers
and clinical/laboratory variables, data were log transformed and either unadjusted or
adjusted for stroke severity (using the NIHSS); data are presented as Pearson’s rho.
Significance was set at £<0.05. No formal adjustments were made to P values to account for
multiple comparisons; results should therefore be interpreted cautiously.

The parent study enrolled 114 patients with acute ischemic stroke from 9/2005 through
5/2009; antibody titers were available for 112 of these patients at one or more time points.
The characteristics of this study population have been described elsewhere (Becker et al.,
2011; Tanzi et al., 2011; Zierath et al., 2011). Consistent with these previous papers, patients
were categorized according to baseline stroke severity (mild = NIHSS <5, moderate =
NIHSS 6-16, severe = NIHSS=17). Figure 1 shows the changes in the titer of antibody to
MBP, PLP and TT over the course of time following stroke as a function of stroke severity.
Anti-MBP antibody titers were decreased among patients with more severe strokes at day 7
after stroke onset; the titers of anti-MBP antibodies among stroke patients, however, did not
differ from that of controls. Patients with more severe stroke had lower titers of anti-PLP
antibodies than patients with less severe stroke from day 3 to 30 after stroke while patients
with mild stroke (NIHSS<5) had higher titers of anti-PLP antibodies than control subjects at
day 7 and 30 after stroke. In comparison to controls, patients with stroke, irrespective of
stroke severity, had markedly lower titers of anti-TT antibodies until day 30 after stroke
onset; there were, however, no differences in the titers of anti-TT antibodies among patients
with mild, moderate and severe stroke.
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Serum antibody titers to MBP, PLP and TT at all time points after stroke were similar
among patients who developed early post-stroke infection (by day 15) and those who did not
(data not shown). Based on an a priori hypothesis that antibodies to MBP and PLP might be
associated with white matter disease, initial MRI scans (available for 110 patients) were
graded using the Fazekas Score (Fazekas et al., 1987). Scores for deep white matter
hyperintensities and periventricular white matter hyperintensities were summed; the
distribution of scores is seen in Table 1. The median score was 2; patients were thus
considered to have white matter disease if the Fazekas score was greater than 2 (/e. =3).
Representative MRI scans are seen in Figure 2. The characteristics of these patients are
presented in Table 2. Patients with Fazekas scores =3 were older, were more likely to be
hypertensive, more likely to have an old stroke on imaging and more likely to have a lacunar
stroke at presentation than patients with scores <3. Both stroke severity (NIHSS score) and
infarct volume were similar among patients with and without white matter disease.

The differences in antibody titers to MBP, PLP and TT among patients with (combined
Fazekas score =3) and without (combined Fazekas score <3) white matter disease are
displayed in Figure 3. Because stroke severity is inversely related to the antibody response
(Figure 1c and Table 4), data are adjusted for the NIHSS score. In comparison to the control
population, patients with a combined Fazekas score >3 had higher titers of antibodies to both
MBP and PLP by 30 days after stroke onset while the titers of antibodies to TT were lower
than that seen in the control population. Patients with white matter disease also had higher
anti-MBP antibody titers than patients without white matter disease at days 7 and 30 after
stroke onset (Figure 3a). Patients who experienced a hemorrhagic transformation of their
infarct had lower antibody titers to MBP and PLP at days 3, 7 and 30 after stroke (data not
shown). Patients with hemorrhagic transformation also had more severe strokes than those
without (NIHSS scores 21 [15, 28] versus 8 [3, 18], A<0.001). Serum samples were
additionally screened for the presence of anti-phospholipid antibodies (anticardiolipin IgM
and 1gG and p2glycoprotein-1 IgG) at these same time points and no differences in antibody
titers or in the proportion of patients with detectable anti-phospholipid antibodies were seen
between patients with and without white matter disease (data not shown).

Table 3 shows the effects of white matter disease (combined Fazekas score =3) as well
antibody titers to MBP, PLP and TT on stroke outcome. At 365 days after stroke, the median
SIS for patients in whom antibody titers were available was 92 (70, 100). For the purpose of
these analyses, a poor outcome was considered to be an SIS less than or equal to the 25th
percentile of the entire cohort (/e. <70). There was a trend towards worse outcome in
patients with white matter disease. Patients who had anti-MBP antibody titers greater than
the 75t percentile of that seen in the entire cohort of stroke patients at 365 days after stroke
onset were 5-6 times more likely to have poor outcome than those with lower antibody
titers. There was also a trend towards worse outcome with elevated anti-MBP titers at earlier
time points. (Because anti-TT antibody titers were decreased after stroke, analyses were also
controlled for the titer of anti-TT antibodies.) High titers of anti-PLP and anti-TT antibodies
were not associated with worse outcome from stroke.

Finally, correlates of the humoral immune response to MBP, PLP and TT were explored and
presented in Table 4. Early after stroke onset (within the first week), the titer of anti-MBP
and anti-PLP antibodies were inversely correlated to stroke severity and infarct volume.
Plasma IL-10 was also independently associated with decreased titers of antibodies to MBP
and PLP. In general, there was little correlation between plasma cortisol and antibody titers.
Of note, there was also little relationship between the titers of antibodies to MBP, PLP, or
TT and the cellular response to the same antigens; when a relationship was seen, higher
titers of antibodies were associated with less robust cellular responses.
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Discussion

To our knowledge, this study is the first to systematically and longitudinally evaluate
immunoglobulin titers in patients after ischemic stroke, and there are several novel and
noteworthy observations. Firstly, stroke is associated with a rapid decrease in the titer of
anti-TT 1gG antibodies. Secondly, patients with white matter disease have higher titers of
IgG antibodies to MBP and PLP than patients without. Thirdly, elevated antibody titers to
MBP are associated with worse long term outcome from stroke. These observations are of
potential clinical importance and warrant further consideration.

The antibody titer to TT was assessed as a control response to an “irrelevant” antigen;
specifically, we wanted to be certain that any potential increase in the antibody titer to MBP
and PLP did not merely reflect a non-specific acute phase response with increased
immunoglobulin synthesis. Implicit in this choice of a control response was the presumption
that most individuals would have been vaccinated to TT at some point in their life.
Following immunization with an antigen like TT, the serum titer of antibodies is maintained
by a pool of long-lived plasma cells (Amanna et al., 2007; Gatto et al., 2007; Manz et al.,
1998). That stroke should lead to an immediate decrease in the titer of these antibodies is
thus difficult to explain, especially when considering the fact that complete eradication of
memory B cells does not affect antibody titers for some period of time (Ahuja et al., 2008;
Amanna et al., 2007; DiLillo et al., 2008; Manz et al., 1998). Further, the half-life of 1gG in
circulation is approximately 21 days (Morell et al., 1970). Review of the literature, however,
shows that a similar rapid decrease in immunoglobulin concentrations is seen in patients
with a variety of traumatic injuries, especially burns (Kagan et al., 1989; Kohn and Cort,
1969; Munster et al., 1970; Pileri et al., 2009). In animals studies, the response to antigens
following burn injury appears to be intact ex vivo, although these ex vivo response are not
reflected by antibody titers /n vivo (Gadd et al., 1988; Molloy et al., 1994). Experimental
studies actually show that there is a decrease in the total amount of IgG in circulation
following burn injury and that this decrement in IgG may be as much as 30% in comparison
to control animals and lasts up to 3 weeks (Gadd et al., 1988; Molloy et al., 1994). The
global decrease in immunoglobulins is attributed, at least in part, to increased catabolism/
clearance of proteins from the circulation (Davies et al., 1971; Gadd et al., 1988).

Given that the overall concentration of immunoglobulin in circulation is decreased in the
current study (at least as reflected by the concentration of anti-TT IgG), the elevation of
anti-MBP and anti-PLP 1gG antibodies in patients with white matter disease is especially
noteworthy. The pathogenesis of white matter disease in the elderly is assumed to be chronic
microvascular ischemia, and progression of white matter disease is more common in patients
with a higher baseline lesion load (Gouw et al., 2008; Sachdev et al., 2007). The
contribution of traditional vascular risk factors to the progression of white matter injury,
however, is more debatable, with some studies showing an association (Gouw et al., 2008;
van Dijk et al., 2008) and others showing no association (Sachdev et al., 2007). Alternative
risk factors for progression of white matter disease include the apolipoprotein (APO)E4
genotype (Godin et al., 2009). APOE has a potent role in modulating the immune response,
and the APOE4 genotype is associated with increased inflammation and worse outcome
from a variety of neurological insults, including stroke (Gromadzka et al., 2007; Ost et al.,
2008; Vitek et al., 2009). The association of APOE4 with progression of white matter
disease, as well as the observation that neuroinflammation contributes to white matter
damage in experimental stroke, suggest that immune mechanisms might contribute to the
pathogenesis of white matter disease (Jalal et al., 2012). That white matter disease is
associated with an active immune response is suggested by the observation that among
patients with lung cancer, those white matter disease appear to be somewhat protected
against the development of brain metastases (Mazzone et al., 2009).
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The presence of autoantibodies in patients with stroke was initially demonstrated years ago
(Bornstein et al., 2001; Dambinova et al., 2003). Specific association of antibodies to heat
shock protein (HSP)60 and white matter disease was shown in a recent study (Kimura et al.,
2012). Whether antibodies to HSP60, MBP or PLP are an epiphenomenon of white matter
injury or contribute is not known. For antibodies to contribute to CNS pathology, they must
first gain access to the CNS. This access could occur during discrete and obvious episodes
of blood brain barrier (BBB) dysfunction (/e. recurrent stroke) or at other times when the
impairment of the BBB is less obvious, like with episodes of extreme hypertension or in
patients with lacunar stroke. For instance, recent data show that patients with lacunar stroke
and white matter disease have mild diffuse impairment of the BBB (Taheri et al., 2011;
Wardlaw et al., 2009). And while quite speculative, it is possible to imagine that chronic or
even intermittent leakage of antibodies into the brain could lead to an inflammatory response
and myelin damage contributing to the progression of white matter disease. The association
between elevated titers of anti-MBP antibodies and poor long term outcome from stroke in
our study suggests the possibility that some autoantibodies may have pathological
consequences. A major limitation of this study, however, is that antibody titers were only
assessed to three antigens, and there is a wide array of proteins to which an antibody
response could be generated after stroke. Future studies should incorporate new technologies
that allow for autoantibody screening to a wide array of antigens simultaneously.

In a previous study we found that patients who developed infection in the post-stroke period
were more likely to develop a Tul response to brain antigens, presumably through the
phenomenon known as bystander activation (Becker et al., 2011). In this study we did not
find a relationship between post-stroke infection and serum antibody titers to MBP, PLP or
TT at later time points — that is, low titers of antibodies early after stroke onset did not
appear to predispose to infection, and infection did not seem to predispose to higher titers of
antibodies at later time points. Further, we did not find a robust or persistent correlation
between the cellular immune response (/e. the Tul response) and humoral immune responses
(7e. the antibody titer) to MBP, PLP or TT. The type of immune response that develops to a
particular antigen is dependent upon the microenvironment at the site of antigen encounter.
A Trl type response is favored by an inflammatory microenvironment where IFN-y is
present, such as might occur during a systemic infection; a T2 response, which is classically
associated with humoral immunity and the secretion of antibodies, is favored by the
presence of cytokines such as IL-4 (Weaver et al., 2006; Zhou et al., 2009). The lack of
correlation between the Tw1 response and the antibody titer to a specific antigen is thus not
surprising.

In the first week after stroke onset there is an inverse relationship between stroke severity
and titers of anti-MBP and anti-PLP antibodies. Both plasma IL-10 and cortisol are elevated
after stroke, and the degree of elevation is related to stroke severity (Chang et al., 2010;
Christensen et al., 2004; Tanzi et al., 2011). Further, both IL-10 and cortisol are known to
modulate the immune response and are felt to be markers of post-stroke immunodepression
(Urra et al., 2009). Importantly, the inverse relationship between IL-10 and antibody titers in
the week after stroke onset persists after controlling for stroke severity, while the
relationship between cortisol and anti-MBP and anti-PLP antibody titers does not. And the
fact that IL-10 is associated with decreased anti-TT antibody titers at only one time point
after stroke (day 2) suggests that this cytokine is not responsible for the global and persistent
decrease in anti-TT titers. IL-10, however, does appear to play an important role in the
systemic immunodepression seen in many critically ill patients, including stroke (Albaiceta
etal., 2007; Miller et al., 2007). An important implication of these findings pertains to the
mandate from Center for Medicare and Medicaid Services that all hospitalized patients over
the age of 65 be immunized to influenza and pneumococcus. While the current study did not
assess the response to immunization in the immediate aftermath of stroke, the growing body
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of literature documenting the presence of post-stroke “immunodepression” should raise
concern about routine immunizations in these patients. The decrease in anti-TT
immunoglobulins after stroke in this study further suggest that there should be an informed
conversation about the wisdom of immunizing patients in the immediate poststroke period.

The strengths of this study include the wide array of patients included, including those with
mild and severe strokes and those with and those without white matter disease. Further, each
patient was extensively characterized from a clinical, radiological and immunological point
of view. One of the key finding of this study is the fact that patients with MRI defined white
matter disease at admission had elevated titers of antibodies to both MBP and PLP at 30
days after stroke while there was a general decline in CNS non-specific (TT)
immunoglobulins in most patients after stroke. The elevated titers of 1gG antibodies to white
matter antigens in patients with white matter disease thus suggests, but does not prove, that
these immune responses form as a result of white matter injury and/or contribute to white
matter injury. It is important to note, however, that no formal adjustments were made to P
values to account for multiple comparisons; results should therefore be interpreted
cautiously.

In summary, this study shows that there is an immediate decrease in anti-TT 1gG following
stroke, which likely reflects an increase in catabolism/clearance of these antibodies. On the
other hand, patients with white matter disease have elevated titers of anti-MBP and anti-PLP
antibodies, and elevated titers of anti-MBP antibodies are associated worse long-term
outcome. Future studies should address the possibility that CNS autoimmune responses seen
in conjunction with ischemic brain injury contribute to ongoing pathology and affect long
term outcome.
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Comparison of antibody titers to MBP (a), PLP (b) and TT (c) over the course of 365 days
after stroke onset based on initial stroke severity. Differences (£<0.05) between patients are
indicated by the solid line above the box plots at the given time point (Kruskal-Wallis H
test). The solid horizontal gray line indicates the median value of the control population and
the dotted lines the interquartile range. Differences between each tertile of stroke severity
and the control population are indicated by */<0.05 or **/<0.001 (Mann-Whitney U test).
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Figure 2.

E)?ample MRIs (5mm axial FLAIR) showing the typical range of white matter disease in this
study. The scan on the left (a) shows minimal white matter disease corresponding to a
combined Fazekas score of 1 and the scan on the right (b) shows a moderate amount of
white matter disease corresponding to a combined score of 3.
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days since stroke
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Comparison of antibody titers to MBP (a), PLP (b) and TT (c) over the course of 180 days
after stroke onset based on the degree of white matter disease on the initial MRI. Differences
(P<0.05) between patients are indicated by the solid line above the box plots at the given
time point and are adjusted for initial stroke severity. The solid horizontal gray line indicates

the median value of the control population and the dotted lines the interquartile range.

Differences between patients with and without white matter disease and the control
population are indicated by */<0.05 or **/<0.001 (Mann- Whitney U test).
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Table 2

Characteristics of patients with and without white matter disease. Data are presented at the proportion or the
median (interquartile range). Statistics are by Mann-Whitney U test or XZ as appropriate.

Fazekas <2 Fazekas =3 P
N=88 N=22
demographics

age 52 (42, 64) 68 (61-73) | <0.001

female 31/88 (35%) 6/22 (27%) NS

Caucasian 78/88 (89%) 21/22 (95%) NS

atrial fibrillation 11/88 (12%) 4/22 (18%) NS
hypertension 42/88 (48%) 16/22 (73%) | 0.036
smoker 38/88 (43%) 5/22 (23%) 0.079

coronary heart disease 19/88 (22%) 6/22 (27%) NS

diabetes 21/88 (24%) 6/22 (27%) NS

characteristics of presenting stroke

NIHSS 10 (3, 19) 10 (4, 18) NS

total infarct volume (cc) 15.2(1.5,94.8) | 5.2(0.5,55.5) NS

hemorrhagic conversion (any) 18/88 (20%) 4/22 (18%) NS

prior infarct on imaging® | 16/88 (18%) | 10122 (45%) | 0.007

treatment
endovascular intervention 13/88 (15%) 1/22 (4%) 0.198
IV tPA 19/88 (22%) 7122 (32%) NS
hemicraniectomy 7/88 (8%) 1/22 (4%) NS

stroke etiology

lacunar 6/88 (7%) 5/22 (23%) | 0.026
cardioembolic 23/88 (26%) 6/22 (27%) NS
large vessel disease 15/88 (17%) 2/22 (9%) NS
dissection 6/88 (7%) 0/22 NS
other 25/88 (28%) 4/22 (18%) NS
unknown 19/88 (22%) 5/22 (23%) NS

stroke related complications

infection by day 15 20/87 (23%) 6/22 (27%) NS

pneumonia by day 15 8/87 (9%) 3/22 (14%) NS

NIHSS = National Institutes of Health Stroke Scale Score, IV tPA = intravenous tissue plasminogen activator,

*
signifies a radiological infarct, NS= not significant and signifies P=0.200.
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