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Abstract

Up to 30% of stroke patients experience cognitive decline within one year of their stroke. There
are currently no FDA-approved drugs that can prevent post-stroke cognitive decline, in part due to
a poor understanding of the mechanisms involved. We have previously demonstrated that a B-
lymphocyte response to stroke, marked by IgA + cells, can cause delayed cognitive dysfunction in
mice and that a similar adaptive immune response occurs in the brains of some human stroke
patients that suffer from vascular dementia. The stimuli which trigger B-lymphocyte activation
following stroke, and their target antigens, are still unknown. Therefore, to learn more about the
mechanisms by which B-lymphocytes become activated following stroke we first characterized the
temporal kinetics of the B-lymphocyte, T-lymphocyte, and plasma cell (PC) response to stroke in
the brain by immunohistochemistry (IHC). We discovered that B-lymphocyte, T-lymphocyte, and
plasma cell infiltration within the infarct progressively increases between 2 and 7 weeks after
stroke. We then compared the B-lymphocyte response to stroke in WT, MHCII~/~, CD4~/~, and
MyD88~/~ mice to determine if B-lymphocytes mature into IgA + PCs through a T-lymphocyte
and MyD88 dependent mechanism. Our data from a combination of IHC and flow cytometry
indicate that following stroke, a population of IgA + PCs develops independently of CD4 + helper
T-lymphocytes and MyD88 signaling. Subsequent sequencing of immunoglobulin genes of
individual IgA + PCs present within the infarct identified a novel population of natural antibodies
with few somatic mutations in complementarity-determining regions. These findings indicate that
a population of IgA + PCs develops in the infarct following stroke by B-lymphocytes interacting
with one or more thymus independent type 2 (T1-2) antigens, and that they produce IgA natural
antibodies.
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1. Introduction

Every year, nearly 800,000 people suffer an ischemic stroke in the United States alone
(Waldman et al., 2020). Of these patients, approximately one third develop a delayed and
progressive form of cognitive decline (Prencipe et al., 1997). Recently, using an
experimental model of stroke, we demonstrated that B-lymphocytes play a role in the
development of a similar cognitive decline in mice (Doyle et al., 2015). Ortega et al. have
concomitantly discovered that stroke induces a rapid and sustained B-lymphocyte response
to both neuronal and myelin peptide antigens (Ortega et al., 2015). However, the
mechanisms by which B-lymphocytes are activated following stroke and the full repertoire
of antigens that cause their maturation into plasma cells (PCs) are still not fully defined. To
further our understanding of the role of B-lymphocytes following stroke, our goal in this
study was to examine the mechanisms by which B-lymphocytes become activated, focusing
specifically on the IgA component of the B-lymphocyte response to stroke.

We have previously shown that IgA + PCs are present within the infarct at 7 weeks
following experimental stroke in mice (Doyle et al., 2015). IgA is an antibody isotype
produced and secreted in large amounts in the intestinal mucosa, where it aids in the
homeostasis of the microbiome (Donaldson et al., 2018; Mishima et al., 2019). Within the
intestinal mucosa, IgA + PCs develop by both T-lymphocyte dependent and T-lymphocyte
independent mechanisms (Bunker et al., 2017). Antibodies formed through the T-
lymphocyte independent mechanism, called natural antibodies, have weaker binding
capabilities, due to the lack of affinity maturation, than antibodies formed through the T-
lymphocyte dependent mechanism (Palma et al., 2018). However, individual natural IgA
antibodies are often polyreactive, endowed with the ability to bind to a wide array of
antigens with diverse structures, including DNA, oxidized phospholipids, insulin,
cardiolipin, lipopolysaccharide (LPS), and flagellin (Bunker et al., 2017; Quan et al., 1997;
Wijburg et al., 2006).

Furthermore, IgA can be produced as a monomeric as well as a dimeric form, with the
dimeric form the most prevalent (Snoeck et al., 2006). This means that despite their low
affinity, polyreactive 1gA natural antibodies are strongly polyvalent. This gives them the
ability to agglutinate their targets, thereby enhancing phagocytic clearance, and, in the case
of bacteria, preventing adherence to host cells (Randal Bollinger et al., 2003). This
combination of polyreactivity and polyvalency provides natural antibodies with the capacity
to bind and neutralize the multitude of different bacteria in the gut to help maintain the
healthy relationship between commensal microbiota and host (Bunker et al., 2017).
However, it also has potential significance for the B-lymphocyte response to stroke as at
least one of the antigens that IgA natural antibodies are known to recognize are components
of the cellular debris present within chronic stroke infarcts. This is because enzymatic and
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non-enymatic lipid peroxidation is common after brain injury, leading to the generation of
oxidized phoshoplipids (Anthonymuthu et al., 2018). Additionally, we recently
demonstrated that chronic stroke infarcts contain foamy macrophages which form in
response to the excessive uptake of oxidized phospholipids on particles of low-density
lipoprotein (Ahotupa, 2017; Chung et al., 2018), and which express oxidized phospholipids
on their surface when they become apoptotic (Binder et al., 2005).

Therefore, the goal of this study was to learn more about the IgA response to stroke. To
achieve this goal, we evaluated the kinetics of the appearance of B-lymphocytes, T-
lymphocytes, and IgA + PCs within the infarct after stroke and determined if the IgA + PCs
mature by a T-lymphocyte dependent or independent mechanism. We discovered that IgA +
PCs, and the majority of the T- and B-lymphocytes that respond to stroke, do not appear
within the infarct until several weeks after stroke. We discovered that the delayed infiltration
of B-lymphocytes and IgA + PCs into the infarct following stroke can occur independently
of CD4 T-lymphocyte help, and that IgA + PC maturation following stroke does not require
MyD88 signaling. MyD88 signaling is a hallmark of a response to a thymus independent
type 1 (TI-1) antigen (Boes, 2000; Hanihara-Tatsuzawa et al., 2014), which indicates that a
population of IgA + PCs develop following stroke in response to a TI-2 antigen.
Furthermore, sequencing the mRNA from single IgA + PCs present within the infarct
revealed the presence of somatic hypermutation but not in the antigen-binding
complementarity determining regions that typically indicate affinity maturation. These data
provide additional evidence that a population of IgA + PCs develops in response to one or
more TI-2 antigens (Adderson et al., 1998; Scheeren et al., 2008). These findings reveal that
the production of IgA natural antibodies is part of the B-lymphocyte response to stroke.

2. Methods

2.1. Mice

Adult 3-4 month old male wildtype (WT) C57BL/6J, MHCII™~ (B6.129S2- H2dIAb1-Eal)
Stock No: 003584), CD4~/~ (B6.129S2- Cd4tm1Maki) Stock No: 002663), and MyD88~/~
(originally generated by Adachi et al. (Adachi et al., 1998)) mice were used for the study.
Mice were purchased from Jackson Laboratory, with the exception of the MyD88~/~ mice
which were bred at the University of Arizona and genotyped by tail biopsy. The lack of CD4
and MHCII expression in CD4~/~ and MHCI1~~ mice were confirmed through flow
cytometric analysis. Mice were given food and water ad /ibitum while housed under a 12-
hour light/dark schedule. All experiments were approved by the University of Arizona
Institutional Animal Care and Use Committee and in accordance with the guidelines set by
the National Institute of Health. Mice were euthanized at each time point through the use of
isoflurane (JD Medical) anesthesia, exsanguination, and intracardial perfusion with 0.9%
saline. Whole brains were then removed and placed in a 4% paraformaldehyde (PFA)
solution for 24 h before being transferred into a 30% sucrose solution for immunostaining or
were dissected immediately for flow cytometry analysis.
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2.2. Stroke surgeries

2.3.

2.4,

Distal middle cerebral artery occlusion (DMCAO) plus hypoxia (DH stroke) was performed
on all mice, as previously described (Doyle et al., 2012; Nguyen et al., 2016). Mice were
anesthetized by isoflurane inhalation and an incision was made to expose the temporalis
muscle. A pocket was created in the muscle to expose the skull and the right middle cerebral
artery (MCA) was identified. A microdrill was then used to expose the underlying blood
vessel. The meninges were cut and the vessel was cauterized using a small vessel cauterizer.
The wound was then closed using surgical glue. Immediately following surgery, mice were
placed in a hypoxia chamber containing 9% oxygen and 91% nitrogen for 45 min. Core
body temperature was maintained at 37 °C throughout surgery, using a temperature
controlled heating pad, and throughout hypoxia, using a heater within the chamber. Mice
were given buprenorphine 0.1 mg/kg subcutaneously immediately following surgery and
were given slow-release buprenorphine 1 mg/kg 24 h later. The animals also received
cefazolin 25 mg/kg subcutaneously immediately following surgery. The mortality of the
surgery was less than 5% and 0% mortality was observed up to 7 weeks following stroke.
The DH stroke model creates a large infarct comprising approximately 25% of the ipsilateral
hemisphere, has little variability, and has exceptional long-term survivability (Doyle et al.,
2012). Hypoxia is necessary in this model because C57BL/6J mice that undergo DH stroke
without hypoxia have significantly smaller infarcts (Doyle et al., 2012).

Immunostaining

A freezing sliding microtome (Microm HM 450, Thermo Fisher Scientific) was used to
generate coronal sections (40 um) spanning the infarct (Bregma 0.74 mm — 2.54 mm).
Immunostaining was performed on free-floating brain sections using standard techniques
(Doyle et al., 2015; Nguyen et al., 2016; Zbesko et al., 2018). The following primary
antibodies were used: B220/CD45R (BD Biosciences, Cat. No. 553085, RRID: AB394615),
CD3e (BD Biosciences, Cat. No. 550277, RRID: AB393573), immunoglobulin A (1gA;
BioLegend, Cat. No. 407004, RRID: AB315079), and CD138 (Syndecan-1;BioLegend, Cat.
No. 142514, RRID: AB2562198). Sections were then labeled with the appropriate secondary
antibody in conjunction with ABC Vector Elite and 3,3”-diaminobenzidine Kits (Vector
Laboratories) for visualization. For fluorescence imaging, sections were incubated in
appropriate Alexa Fluor secondary antibodies (Thermo Fisher Scientific). Sections were
imaged using a digital Keyence BZ-X700 light and fluorescent microscope or a Leica SP5-I1
laser scanning confocal microscope.

Image analysis

The number of cells and total percent area stained were analyzed using ImageJ analysis
software (National Institutes of Health). For both methods, the area of the infarct was first
measured by outlining the infarct for each section. For counting of total number of positive
cells, the number of cells stained was divided by area of the infarct to obtain the final value.
For total percent area stained, images were converted into 8-bit before utilizing the threshold
function to obtain the final values. A minimum of three different sections were scored for
each mouse and averaged.
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2.5. Flow cytometry

Infarcts were visually identified and extracted from mice at 7 weeks post-stroke and
processed to a single cell suspension by manual dissociation between the frosted ends of two
microscope slides. Infarcts can be visually identified at 7 weeks due to a clear difference in
color and visual texture compared to the rest of the brain as show in (Chung et al., 2018).
Flow cytometry was performed as previously reported (Stokes et al., 2016). To minimize
non-specific staining, cells were incubated with anti-mouse CD16/32 (BD Biosciences) for
15 min. Following this, cells were incubated with Live/Dead dye (Thermo Fisher Scientific,
L-23105) and then antibodies against CD45 (BD Biosciences, Cat. No. 565478, RRID:
AB2739257), MHCII (BioLegend, Cat. No.107611, RRID: AB313326), B220 (BioLegend,
Cat. No. 103248, RRID: AB2650679), CD138 (BioLegend, Cat. N0.142514, RRID:
AB2562198), and CD3e (BD Biosciences, Cat. No. 562286, RRID: AB11153307) for 30
min. Fluorescence data was collected using an LSRFortessa cell analyzer (BD Biosciences).
Data were analyzed using FlowJo 2 (Tree Star) and all gating was based on fluorescence
minus one (FMO) controls.

2.6. IgA mRNA sequencing

IgA + CD138 + PCs were single cell sorted from the infarct at 7 weeks post-stroke using the
methodology described above with the addition of an antibody against IgA (Thermo Fisher
Scientific, Cat. No. 11-4204-81, RRID: AB465220). Cells were isolated from WT mice
using a FACSAria I11 (BD Biosciences) into a 96-well plate containing catch buffer and
were then stored at =80 °C. Catch buffer contained 0.1 M Tris pH 8.0 and RNase inhibitor
(Promega N2515). cDNA was then generated for each PC and the V(D)J regions were
amplified by two rounds of nested PCR using primers and standard techniques (Table 1) (Ho
et al., 2016; Tiller et al., 2009). The amplified regions were sequenced (Eton Biosciences).
Sequences were visualized in SnapGene (GSL Biotech LLC) and compared to reference
sequences for C57BL/6 mice using IgBLAST (NCBI). Specific VV(D)J gene segments were
analyzed for mutations if they had at least a 98% similarity with reference sequences.
Mutations in the complementarity-determining regions (CDRs), as well as total mutations
were calculated.

2.7. Statistical analysis

IHC and flow cytometric analysis were performed with blinding to experimental group and
time point. Statistical analyses were performed using Prism 6.0 software (GraphPad)
assuming all data was normally distributed. Data are expressed as mean with error bars
indicating standard error of the mean (SEM). Each individual statistical test performed is
indicated in the figure legend. A p-value of < 0.05 was considered significant. Sample size
was determined using a priori power analysis using effect sizes based on previous
experiments in the lab. Animals were excluded from analysis if there was no visible stroke
infarct at the time of harvest, indicating a failed stroke surgery. Animals were randomized
before surgery into set time points for harvest. Each independent experiment had its own
WT control group.
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3. Results

3.1. The appearance of B-lymphocytes, T-lymphocytes, and IgA + PCs within the infarct
following stroke is delayed

We previously demonstrated that there is a B-lymphocyte response within the infarct at 7
weeks following stroke that contributes to delayed cognitive impairment (Chung et al., 2018;
Doyle et al., 2015; Zbesko et al., 2018). However, the temporal kinetics of B-lymphocyte
infiltration into the brain were still unknown. Therefore, to map the arrival and accumulation
of B-lymphocytes in the brain following stroke, we evaluated B220 immunoreactivity in the
brains of naive mice and mice sacrificed at 24 hours, 1 week, 2 weeks, 4 weeks, and 7 weeks
following stroke (Fig. 1A). B-lymphocytes first appeared within the infarct at 2 weeks
following stroke. Their numbers were significantly increased at 4 weeks and continued to
climb between 4 weeks and 7 weeks following stroke (Fig. 1B). To determine if T-
lymphocytes follow a similar infiltration pattern, we also stained the naive mice, as well as
the mice sacrificed at 24 hours, 1 week, 2 weeks, 4 weeks, and 7 weeks following stroke for
CD3e (Fig. 1C). T-lymphocytes were significantly increased in the infarct at 2 weeks
following stroke, and their infiltration was also progressively increased at 4 weeks and 7
weeks following stroke (Fig. 1D).

We also previously demonstrated that IgA + cells are present within the infarct at 7 weeks
following stroke (Doyle et al., 2015). To confirm that these IgA + cells are antibody-
producing PCs, we performed immunofluorescent (IF) staining for IgA and CD138, a
marker of immunoglobulin-synthesizing PCs (Fig. 2). The IgA + cells within the infarct at 4
and 7 weeks following stroke co-localized with CD138. This confirms that the IgA + cells
are antibody-producing PCs (Fig. 2B&C). To determine the temporal kinetics of IgA + PC
appearance within the infarct, immunohistochemistry (IHC) was performed on brain tissue
from naive mice and mice sacrificed at 24 hours, 1 week, 2 weeks, 4 weeks, and 7 weeks
post-stroke (Fig. 2D). IgA + PCs were significantly increased in number at 4 weeks and 7
weeks post-stroke compared to naive controls (Fig. 2E).

Together, these data demonstrate that the appearance of B-lymphocytes and IgA + PCs in the
infarct following stroke is delayed, with B-lymphocyte and IgA + PC numbers not peaking
until several weeks after stroke.

3.2. A population of B-lymphocytes mature into IgA + PCs through a T-lymphocyte
independent mechanism

Isotype switching is a critical step in the maturation of B-lymphocytes into IgA + PCs, and
the ability to isotype switch into IgA can occur through either a CD4 T-lymphocyte
dependent or a CD4 T-lymphocyte independent mechanism (Fagarasan et al., 2010). To
determine which of these mechanisms results in the maturation of B-lymphocytes into IgA +
PCs following stroke, we performed stroke surgery on WT, CD4~/~, and MHCII~/~ mice.
IHC at 7 weeks following stroke revealed no decrease in the number of B220 + B-
lymphocytes within the infarct of the CD4~/~ and MHCII~/~ mice (Fig. 3A). Rather, there
was an increase in the number of B220 + B-lymphocytes in both strains of transgenic mice

Brain Behav Immun. Author manuscript; available in PMC 2021 July 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zbesko et al.

Page 7

compared to WT controls (Fig. 3B). This demonstrates that a B-lymphocyte response to
stroke still occurs in CD4~/~ and MHCII/~ mice.

To further investigate the contribution of CD4 T-lymphocytes to the B-lymphocyte response
to stroke, WT and MHCI1™~ mice underwent experimental stroke and, at 7 weeks following
stroke, the abundance of CD138 + PCs in the infarct was quantified by flow cytometry and
immunofluorescent staining. Following the flow cytometry gating scheme shown in Fig. 4A,
we observed an increased percentage of B220 + cells in the infarcts of the MHCII/~ mice
(Fig. 4B&C), consistent with our finding in Fig. 3B. We observed no difference in the
percentage of PCs in the infarcts from the WT and MHCII~/~ mice at 7 weeks following
stroke (Fig. 4AD&E). Additionally, we observed no difference in the number of CD138 + PCs
in the infarct at 7 weeks following stroke by immunofluorescence (Fig. 4F&G). These data
demonstrate that following stroke, there is a population of PCs within the infarct that
develops through a CD4 T-lymphocyte independent mechanism.

We next sought to determine if the population of PCs that develops through a CD4 T-
lymphocyte independent mechanism includes IgA + PCs. WT, CD4™/~, and MHCI1™~ mice
underwent experimental stroke and the number of IgA + PCs present in the infarct at 7
weeks following stroke was quantified by IHC (Fig. 5A). There was no significant difference
in the number of IgA + cells within the infarcts of the CD4~/~ and MHCI1~~ mice compared
to WT mice (Fig. 5B). These data indicate that the IgA + PC response to stroke is CD4 T-
lymphocyte independent.

3.3. A population of B-lymphocytes mature into IgA + PCs following an interaction with a

TI-2 antigen

The activation of B-lymphocytes in the absence of help from CD4 + T-lymphocytes can only
occur in response to a thymus-independent type 1 (T1-1) antigen or a thymus-independent
type 2 (TI-2) antigen (Parker, 1993). A TI-1 antigen is able to directly induce the
proliferation and differentiation of B-lymphocytes through high levels of myeloid
differentiation primary response 88 (MyD88) signaling, normally through the toll like
receptors (TLRs) expressed by the B-lymphocyte, thus not requiring the B-cell receptor
(BCR) on the B-lymphocyte to have specificity to the antigen (Boes, 2000; Hanihara-
Tatsuzawa et al., 2014). TI-2 antigens, on the other hand, require specificity towards the
BCR of the B-lymphocyte, as they are molecules containing long, repeating epitopes that
crosslink multiple BCRs on the surface of the cell (Allman et al., 2019; Haas and Estes,
2000). To determine if the IgA + PC response to stroke is in response to a TI-1 or a TI-2
antigen, we performed stroke surgery on WT and MyD88™/~ mice.

B220 immunoreactivity was measured in the infarct at 7 weeks following stroke in the two
strains of mice (Fig. 6A). There was a significant decrease in the total percent area stained in
the MyD88~/~ mice, but B-lymphocytes were still present (Fig. 6B). To investigate which
type of antigen is responsible for the maturation of B-lymphocytes into IgA + PCs after
stroke, we then performed IHC using an anti-IgA antibody (Fig. 6C). This revealed no
significant difference in the number of IgA + PCs within the infarcts of the WT and
MyD88~/~ mice, indicating that following stroke, a population of IgA + PCs develops
following activation by a TI-2 antigen (Fig. 6D).
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To investigate B-lymphocyte maturation into IgA + PCs following stroke in response to a
TI-2 antigen further, we sequenced the antibody variable region from IgA + PCs isolated
from the infarct at 7 weeks post-stroke (Table 2). We identified somatic hypermutation,
indicated by the total number of mutations, but minimal affinity maturation, indicated by the
low number of mutations in the CDRs, in 9 out of the 10 PCs sequenced. The presence of
somatic hypermutation and lack of affinity maturation are characteristics of T-lymphocyte
independent activation in response to a TI-2 antigen (Adderson et al., 1998; Scheeren et al.,
2008).

4. Discussion

IgA + PCs are typically located within the gut of animals, where they help maintain the
delicate balance between the host and its microbiome by producing either antigen-specific or
natural polyreactive antibodies (Benckert et al., 2011; Bunker et al., 2017; Hoces et al.,
2020). However, we recently published that IgA + cells are present within stroke infarcts at 7
weeks following stroke (Doyle et al., 2015). As these cells are typically not found in the
brain, we focused our study on IgA + PCs to determine how these PCs develop following
stroke and to learn more about their role in stroke recovery.

Our first objective was to determine when B-lymphocytes appear within the stroke infarct. In
other models of stroke, B-lymphocytes have been observed to play a beneficial role as early
as 24 hours post-stroke, although other studies report that B-lymphocytes do not influence
stroke outcome in the acute phase (Ren et al., 2011; Schuhmann et al., 2017). Our study
indicates that a more extensive B-lymphocyte response to stroke occurs within the infarct at
a much later time point, beginning 2—4 weeks after stroke and peaking 7 weeks after stroke.
This is in agreement with data from Vindegaard et al. in which they showed peak
lymphocyte infiltration occurring 4 weeks after stroke, which was the final time point they
investigated (Vindegaard et al., 2017). Our T-lymphocyte time course demonstrates that peak
T-lymphocyte infiltration into the brain following stroke is also delayed, with numbers only
significantly above naive mice in our study at 2 weeks post-stroke, and progressively
increasing until at least 7 weeks post-stroke.

The finding that adaptive immune cell infiltration does not peak until at least 4 weeks after
stroke is further supported by the delayed appearance of IgA + PCs in the infarct. IgA + PCs
begin to populate the infarct at 2 weeks following stroke, and their numbers are even higher
at 4 weeks and 7 weeks after stroke. These data suggest that in addition to the early anti-
inflammatory role that B-lymphocytes play in the acute phase of stroke, there is a second B-
lymphocyte response to unidentified antigens during the chronic phase that features the
maturation of activated B-lymphocytes into IgA + PCs.

Our data does not indicate whether the IgA + PCs present in the infarct at 4- and 7-weeks
following stroke are developing in the infarct or are migrating from the periphery. However,
Rojas et al have shown that in EAE, IgA + PCs translocate from the gut into the brain. These
cells produce IL-10, which limits neuroinflammation and mitigates disease severity (Rojas et
al., 2019). Thus, the IgA + PCs we observe may be migrating from the gut to perform an
IL-10 dependent anti-inflammatory function, which would be in accordance with the
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findings of Rojas et al (Rojas et al., 2019). However, we have previously shown no
difference in levels of IL-10 within the infarct at 7 weeks following stroke between WT and
MuMT mice (Doyle et al., 2015). This makes it unlikely that IgA + PCs are contributing
significantly to the pool of IL-10 in the stroke infarct at this chronic time point.

To increase our understanding of the IgA + PC response to stroke, we sought to determine
the extent to which it is CD4 T-lymphocyte dependent and discovered that IgA + PCs appear
in the infarct independently of CD4 T-lymphocyte help. Surprisingly, this experiment also
revealed that the infiltration of B-lymphocytes within the infarct at 7 weeks post-stroke is
significantly increased in MHCII™~ and CD4~/~ mice compared to WT mice. This
demonstrates that the delayed infiltration of B-lymphocytes into the infarct following stroke
can also occur independently of CD4 T-lymphocyte help. These data indicate that a sizable
fraction of the B-lymphocyte response to stroke is T-lymphocyte independent. However,
they do not exclude that a T-lymphocyte dependent B-lymphocyte response occurs
simultaneously in wildtype mice, which is in fact supported by Weitbrecht et al’s finding in
this special issue that CD4 T cells also promote B cell responses after stroke (Weitbrecht et
al., 2020). Notably, although we see an increase in B-lymphocytes in MHCII~/~ and CD4~/~
mice compared to WT mice, we do not see a corresponding increase in PCs in these mice,
indicating that a smaller percentage of the B-lymphocytes present are maturing into PCs.
This could be attributed to the altered cytokine milieu due to the lack of activated T-
lymphocytes or the specificity of the additional B-lymphocytes to the activating antigen(s).
While this is an area that needs more investigation, it does not detract from our finding that a
population of IgA + PCs develops independently of T-lymphocytes following stroke.

Having determined that IgA + PCs mature through a T-lymphocyte independent mechanism
following stroke, we next sought to determine whether the activating antigen was a TI-1 or
TI-2 antigen. Using MyD88~/~ mice, which lack the ability to undergo TI-1-mediated T-
lymphocyte independent B-lymphocyte activation, we observed that there was still a
population of IgA + PCs within the infarct of the MyD88™~/~ mice at 7 weeks following
stroke. This demonstrates that a population of IgA + PCs develops following stroke in
response to one or more TI-2 antigens. As a caveat, there was a downward trend in the
number of IgA + PCs present in the infarcts of the MyD88~/~ mice. However, this may be
due to the fact that the lack of MyD88 signaling also resulted in substantially fewer B-
lymphocytes being present in the infarcts of the MyD88~/~ mice.

In further support of our finding that the maturation of a population of IgA + PCs following
stroke is in response to, at least in part, one or more TI-2 antigens, we observed the presence
of somatic hypermutation but a lack of affinity maturation within the mRNA sequenced from
IgA + PCs directly isolated from the infarct. These characteristics are hallmarks of B-cell
activation following stimulation with a TI-2 antigen (Adderson et al., 1998; Scheeren et al.,
2008).

The role of IgA natural antibodies in stroke recovery is unknown. Natural antibodies have
broad reactivity against self-antigens, many of which display molecular mimicry with
foreign antigens. The most well-characterized self-antigen epitopes include oxidized
phospholipids, oxidized low-density lipoprotein particles, glycolipids, and glycoproteins
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(Holodick et al., 2017), and the most common foreign epitopes include bacterial
phosphorylcholine, LPS, and flagellin (Bunker et al., 2017; Holodick et al., 2017).
Significantly, oxidized low-density lipoprotein mediates the transformation of macrophages
to cholesterol-rich foam cells and we have previously demonstrated that chronic stroke
infarcts contain foamy macrophages (Chung et al., 2018). A number of /n vitro studies have
provided evidence that natural antibodies block the uptake of oxidized low-density
lipoprotein by macrophages and thus prevent foam cell formation (Binder et al., 2005, 2003;
Horkko et al., 1999). Therefore, the production of natural antibodies following stroke may
be a mechanism for counteracting the formation of foam cells within chronic stroke infarcts.

Additionally, apoptotic cell membranes contain oxidized phospholipids due to enhanced
oxidative stress as a result of the loss of mitochondrial membrane integrity and the release of
redox-active cytochrome c. These oxidation-specific epitopes are immunodominant epitopes
on apoptotic cells and the binding of natural antibodies to oxidized phospholipids neutralizes
their pro-inflammatory properties (Binder et al., 2005). Chronic stroke infarcts almost
certainly contain foamy macrophages undergoing apoptosis, because at 4 weeks and 8 weeks
following stroke these cells are laden with cholesterol crystals, which are potent inducers of
programmed cell death via inflammasome signaling (Chung et al., 2018). Therefore, the
production of natural antibodies following stroke may also be a mechanism for
counteracting the pro-inflammatory properties of apoptotic cells within chronic stroke
infarcts.

In summary, the data presented here demonstrate that IgA + PCs first begin to appear within
stroke infarcts between 2- and 4-weeks following stroke and continue to accumulate for at
least 3 more weeks. A population of these cells develops through a T-lymphocyte
independent mechanism, likely through an interaction with one or more TI-2 antigens, and
they secrete natural antibodies. However, future studies are required to determine if one of
the functions of these natural antibodies is to assist in the clearance of myelin debris and
neutralization of apoptotic foamy macrophages.
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Fig. 1. B- and T-Lymphocyte infiltration into the infarct following stroke is delayed.
A.) Representative images of anti-B220 immunostaining of brains sections from naive mice

and mice 24 hours, 1 week, 2 weeks, 4 weeks, and 7 weeks following DH stroke. Images are
taken at 10x and insets are 40x. Scale bar, 500 pm 10x and 150 um 40x. B.) Percent area
stained by B220 within the stroke infarct at 24 hours, 1 week, 2 weeks, 4 weeks, and 7
weeks following DH stroke. B-lymphocytes first appear within the infarct at 2 weeks post-
stroke, and their numbers are significantly increased at 4 weeks and 7 weeks. C.)
Representative images of anti-CD3e immunostaining of brains sections from naive mice and
mice 24 hours, 1 week, 2 weeks, 4 weeks, and 7 weeks following DH stroke. Images are
taken at 10x and insets are 40x. Scale bar, 500 pm 10x and 150 um 40x. D.) Percent area
stained by CD3e within the stroke infarct at 24 hours, 1 week, 2 weeks, 4 weeks, and 7
weeks following DH stroke. T-lymphocytes are significantly increased at 2 weeks, 4 weeks,
and 7 weeks following stroke. n = 5-7 per group. Data represent mean £ SEM. *p < 0.05,
**p < 0.01, ***p < 0.001, ****p < 0.0001 by one-way ANOVA with comparisons against
all other groups, with post-hoc Tukey’s multiple comparisons test.
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Fig. 2. PCs take multiple weeks to appear within the stroke infarct.
A.) A schematic representation of the infarcted brain, with gray indicating the area of

damage and, thus, the area of quantification B&C.) Representative images of
immunofluorescent staining with anti-IgA (green), anti-CD138 (purple), and DAPI (blue)
showing colocalization of CD138, a plasma cell marker, with IgA at 4 (B) and 7 weeks post-
stroke (C). Scale bar, 25 pm. n = 3. D.) Representative images of anti-IgA immunostaining
of brains sections from naive mice and mice 24 hours/, 1 week, 2 weeks, 4 weeks, and 7
weeks following DH stroke. Images are taken at 10x and insets are 40x. Scale bar, 500 pm
10x and 25 pm 40x. E.) Quantification of the number of IgA + cells per mm? of stroke
infarct at each time point post-stroke. IgA + plasma cells enter the stroke infarct between 2
and 4 weeks post-stroke and persist for at least 7 weeks post-stroke. Data represent mean +
S.E.M. *p < 0.05, ****p < 0.0001 by one-way ANOVA with comparisons against all other
groups, with post-hoc Tukey’s multiple comparisons test. n = 5-7.
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Fig. 3. A B-lymphocyte response to stroke still occurs in cD4™~ and MHCI1™/~ mice.
A.) Representative images of anti-B220 immunostaining within the infarct of brain sections

from WT, MHCI1™~, and CD4~/~ mice at 7 weeks post-DH stroke. Images are taken at 10x
and insets are 40x. Scale bar, 500 um 10x and 100 um 40x. B.) Quantification of the percent
area stained reveals there are significantly more B-lymphocytes within the infarct of MHCII
I~ and CD4~/~ mice compared to WT mice at 7 weeks post-DH stroke. Data represent mean
+ SEM. *p < 0.05 by one-way ANOVA. n = 5-7 mice per group.
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Fig. 4. PCs are present within the infarcts of MHCI 1/~ mice.
A.) Flow cytometry was performed on the infarcts of mice 7 weeks post-stroke. PCs were

gated first by forward (FSC) and side (SSC) scatter to eliminate debris and then SSC area
and SSC height to exclude doublets. Live/dead staining was then used to exclude dead cells.
CD45 + staining was used to identify lymphocytes. CD3e + cells (T-lymphocytes) were then
excluded. B220 + or CD138 + was then used to determine the percentage of B-lymphocytes
or PCs, respectively, in the remaining population. B.) Representative flow cytometry plots
from the two mouse strains reveal an increased percentage of B-lymphocytes present within
the CD45 + CD3e-population in the infarct at 7 weeks post-DH stroke in MHCII ™/~ mice.
C.) Quantification of the flow cytometry analysis of the percent B220 + cells out of the total
CD45 + CD3e- population. D.) Representative flow cytometry plots from the two mouse
strains reveal a similar percentage of PCs present within the CD45 + CD3e- population in
the infarct of both WT and MHCII~/~ mice at 7 weeks post-DH stroke. E.) Quantification of
the flow cytometry analysis of the percent CD138 + cells out of the total CD45 + CD3e-
population. F.) Representative images of anti-CD138 immunostaining of brains sections
from WT and MHCI17/~ mice at 7 weeks post-DH stroke. Images are taken at 40x. Scale bar
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100 pm. G.) Quantification of the number of CD138 + cells per mm? in each of the strains
revealed no difference between them in the number of PCs present within the infarct. n =4
mice per group (flow cytometry), n = 7 mice per group (immunofluorescence). Data
represent mean £ SEM. *p < 0.05 by Student’s ftest.
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Fig. 5. IgA + PCs appear in the infarct independently of T-lymphocytes.
A.) Representative images of anti-lgA immunostaining of brains sections from WT, MHCII

~I= and CD4~/~ mice at 7 weeks post-DH stroke. Images are taken at 10x and insets are 40x.
Scale bar, 500 um 10x and 150 pum 40x. B.) Quantification of the number of IgA + cells per
mm? in each of the three strains of mice indicates that the number of PCs present within the
infarct of each strain is similar. Data represent mean = SEM. Not significant by one-way
ANOVA. n = 5-7 mice per group.
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A.) Representative images of anti-B220 immunostaining of brains sections from WT and
MyD88~/~ mice at 7 weeks post-DH stroke. Images are taken at 10x and insets are 40x.
Scale bar, 500 um 10x and 150 um 40x. B.) B220 percent area stained indicates that there
are more B-lymphocytes in WT mice than MyD88~/~ mice. Data represent mean + SEM.
****p < 0.0001 by Student’s T-test. n = 5—7 mice per group. C.) Representative images of
anti-IgA immunostaining of brains sections from WT and MyD88~/~ mice at 7 weeks post-
DH stroke. Images are taken at 10x and insets are 40x. Scale bar, 500 pm 10x and 100 pm
40x. D.) Quantification of the number of IgA + cells per mm? shows there is no difference in
the number of IgA + plasma cells between WT and MyD88~/~ mice. Data represent mean +

SEM. NS by Student’s T-test. n = 5-7 mice per group.
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