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A B S T R A C T

Female and male mice of the BTBR TþItpr3tf/J (BTBR) strain have behaviors that resemble autism spectrum
disorder. In comparison to C57BL/6 (B6) mice, BTBR mice have elevated humoral immunity, in that they have
naturally high serum IgG levels and generate high levels of IgG antibodies, including autoantibodies to brain
antigens. This study focused on the specificities of autoantibodies and the immune cells and their transcription
factors that might be responsible for the autoantibodies. BTBR IgG autoantibodies bind to neurons better than
microglia and with highest titer to nuclear antigens. Two of the antigens identified were alpha-enolase (ENO1)
and dihydrolipoyllysine-residue succinyltransferase component of 2-oxoglutarate dehydrogenase complex,
mitochondrial (DLST). Surprisingly based on IgG levels, the blood and spleens of BTBR mice have more CD4þ and
CD8þ T cells, but fewer B cells than B6 mice. The high levels of autoantibodies in BTBR relates to their splenic T
follicular helper (Tfh) cell levels, which likely are responsible for the higher number of plasma cells in BTBR mice
than B6 mice. BTBR mice have increased gene expression of interleukin-21 receptor (Il-21r) and Paired Box 5
(Pax5), which are known to aid B cell differentiation to plasma cells, and an increased Lysine Demethylase 6B
(Kdm6b)/DNA Methyltransferase 1 (Dnmt1) ratio, which increases gene expression. Identification of gene
expression and immune activities of BTBR mice may aid understanding of mechanisms associated with autism
since neuroimmune network interactions have been posited and induction of autoantibodies may drive the
neuroinflammation associated with autism.
1. Introduction

Autism spectrum disorder (ASD) is a developmental disorder cate-
gorized by deficits in social communication and interaction, stereotypic
repetitive patterns of activities, and restricted interests and behaviors
(Healy et al., 2018; Sharma et al., 2018; Zwaigenbaum and Penner,
2018). A recent study estimated that 1 in 60 US children are diagnosed
with ASD (Baio et al., 2018). ASD prevalence is increasing throughout the
world, but the exact pathogenesis of ASD remains unclear. Several
environmental toxicants such as air pollutants, heavy metals, pesticides
and organic pollutants (Bolte et al., 2019) and mutation of genes such as
Foxp1, Grin2brin2brin, Scnia, Lamc3, Chd8 and several others have been
posited to contribute to the development of ASD (Bi et al., 2012; Cotney
et al., 2015; O’Roak et al., 2011). Most ASD associated genes are brain
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development related factors, including neuron and glia proliferation and
differentiation, cellular synapses, and connections and signal trans-
ductions between neuron-neuron and neuron-glia. However, many brain
functions and immune functions are centrally and peripherally inter-
connected; the peripheral associations have been termed the “Neuro-
immune Interactome” (Jain et al., 2020). Nervous system abnormalities
in ASD can be found in the frontal and temporal lobes of the cortex, re-
gions for body emotions, social behavior communication, and learning
language.

Many children with autism have immune dysfunction, including
microglial activation as well as elevated pro-inflammatory cytokine and
chemokine production (Ashwood et al., 2006), which might modulate
neuron-neuron and neuron-glia interactions. Immunological dispropor-
tions are considered a key etiological element in ASD based on the
marrow; Tfh, T follicular helper cell; Eno1, alpha-enolase; IL21R, interleukin-21
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Fig. 1. Total IgG and brain reactive IgG in mouse serum. BTBR mice have
significantly higher serum IgG levels (a) and serum anti-brain antibodies than
B6(C57BL/6) mice. Sera were obtained from 8-12 weeks old mice. To detect
anti-brain antibodies sera were added to wells coated with SCID whole brain
proteins (10 μg/well) and the level of brain-reactive IgG was measured by using
the HRP conjugated goat anti-mouse IgG. Data are representative of three (A)
and two (B) independent experiments with 3 or 4 pairs of mice in each exper-
iment. The p values were determined by unpaired two-tailed Student’s t-test,
and p < 0.05 is considered as significantly different. Error bar indicates mean �
SEM. * indicates a significant difference between the two strains.* ¼ p < 0.05,
** ¼ p < 0.01, *** ¼ p < 0.001.

Fig. 3. Serum autoAbs to subcellular protein fractions of brain tissue. Subcel-
lular protein fractions from whole BTBR (B6) and C57BL/6 (B6) brains were
used to detect brain-reactive IgG antibodies from BTBR mice by ELISA. ELISA
plates were coated with 10 μg of each protein fraction per well and 100 μl of
BTBR sera (n ¼ 3, mean � SD) diluted 1/100 were assayed as described. The *
indicates a significant difference between BTBR and B6 brain protein fractions.
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elevated proinflammatory cytokine levels observed in the postmortem
brain (Sweeten et al., 2003; Vargas et al., 2005). Immune system ab-
normalities have been suggested to play a major part in the development
and progression of ASD (Bock, 2002). Several studies have demonstrated
changes in the cytokine levels in the cerebrospinal fluid, blood, and brain
Fig. 2. Serum autoAbs to neuronal cell line. Neural cellular ELISA with BTBR and B
CATH.a (A), N1E-115 (B), MN9D (C), NE-GFP-4C (D), C8-B4 (E) and N9 (F) cell lines w
1/100 to 1/1000; sera were from 3-11 mice. The * indicates a significant difference
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of ASD patients (Ahmad et al., 2018; Xu et al., 2015). Pro-inflammatory
mediators such as cytokines, chemokines, and their receptors are asso-
ciated with the progression and development of autism (Garbett et al.,
2008). Furthermore, it has been recently demonstrated that the children
with autism displayed decreased level of Forkhead Box P3 (FOXP3)
6 sera demonstrating that BTBR have higher titers to neural cell lines than B6.
ere growth to confluency, fixed, and assayed with male BTBR or B6 sera diluted
at the indicated dilution.



Fig. 4. Serum autoAbs to subcellular protein fractions of neuronal cell line and human brain regions. Western blot analyses of BTBR and B6 IgG specificities. An equal
amount of protein from CATH.a (L1), MN9D (L2), NE-GFP-4C (L3) and N1E-115 (L4) cell homogenates were separated with 10–12% SDS-PAGE gel and blotted with
BTBR (A) or B6 (D) sera as primary antibodies. This experiment was done more than three times. For (B and E), equivalent amounts of protein from BTBR brain
subcellular fractions (Nuc-s,L1; Mito-s, L2; Mito-M; L-3) and B6 brain sub-cellular fractions (Nuc-s, L4; Mito-s, L5; Mito-m, L6) were loaded, separated by 10–12% SDS-
PAGE, and probed with diluted BTBR (B) or B6 (E) sera as primary antibody. This experiment was done more than six times. For C and F, equivalent amounts of protein
from different human brain sections (frontal cortex-L1, Parietal cortex-L2, Hippocampus-L3 and cerebellum-L4) were loaded, separated by 10–12% SDS-PAGE, and
blotted with diluted BTBR (C) or B6 (F) sera as a primary antibody. Data are representative of minimum three independent experiments with equivalent results.

Fig. 5. Serum autoAbs to ENO1 and DLST ELISA of BTBR and B6 serum Abs to
Eno1 (A) and Dlst (B). A 96-well plate was coated with 1 μg rabbit polyclonal Ab
to ENO1 or DLST, blocked and used to capture Ag from 10 μg SCID brain ho-
mogenate for assessment of anti-ENO1 or anti-DLST IgG Ab in BTBR or B6 sera,
which was diluted 1:10, and detected with HRP conjugated goat ant-mouse IgG
Fc. The * indicates a significant difference between BTBR and B6 Ab levels. * ¼
p < 0.05, ** ¼ p < 0.01, *** ¼ p < 0.001.
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expressing T regulatory (Treg) cells and increased level of helper T (Th)
cell subsets expressing Retinoic acid-related orphan receptor gamma t
(RORγt), Signal transducer and activator of transcription 3 (STAT-3),
T-box transcription factor (T-bet), or GATA binding protein 3 (GATA-3)
(Ahmad et al., 2017).

The BTBR mouse model has been considered a useful animal model
for autism studies with comparison to B6 mice, which have normal be-
haviors; this strain comparison has been increasingly used to study the
underlying mechanisms for ASD behaviors (Heo et al., 2011; McFarlane
et al., 2008; Silverman et al., 2010; Zhang et al., 2013). BTBR mice
exhibit several behavioral and immune abnormalities that are also
observed in children with autism (Li et al., 2009). BTBR mice showed
highly replicable impairments in social interactions, including high levels
of repetitive self-grooming and minimal vocalization in social settings
(McFarlane et al., 2008; Silverman et al., 2010). BTBR mice have been
shown to produce interleukin (IL)-6, IL-17, and tumor necrosis
factor-alpha (TNF-α) in greater amounts than B6 mice (Schwartzer et al.,
2013). Studies also have reported that a distinct immune profile with
higher levels of chemokine expression and alterations in Th type 1 (Th1),
type 2 (Th2), type 17 (Th17), and Treg cells, which preferentially express
transcription factor T-bet, GATA-3, RORγt and FOXP3 signaling,
respectively, in the BTBR mice (Bakheet et al., 2016, 2017).

In our previous studies, we examined the expression of many in-
flammatory mediators in the whole brain and multiple brain regions of
BTBR mice (Heo et al., 2011). BTBR mice had significantly higher levels



Fig. 6. CD3þ T and CD19þ B cell populations in BTBR and B6 mice. BTBR mice have significantly more T cells and fewer B cells than B6 mice. Representative flow
cytometric analysis of B cells and T cells are shown for blood (A) and spleen (D) of B6 and BTBR mice. Frequency and number of CD3þ T cells and CD19þ B cells in the
blood (B, C) and spleens (E, F) of B6 and BTBR mice (mean � SEM) are shown. Data are representative of three or four independent experiments with 4 pairs of mice in
each experiment; significant differences between the two strains are indicated by * ¼ p < 0.05, ** ¼ p < 0.01, *** ¼ p < 0.001.
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of serum IgG and anti-brain antibodies (Abs), elevated cytokines
expression, especially IL-33, IL-18 and IL-1β, and an increased percentage
of MHC class II-expressing microglia compared to B6 mice (Heo et al.,
2011). The BTBR’s maternal environment, which includes maternal
anti-brain autoantibodies (autoAbs) as well as other maternal conditions
4

are critical for the development of ASD-like behavior in offspring (Zhang
et al., 2013). The role of maternal environment was further suggested to
explain the impaired social behavior of B6 offspring that developed in
BTBR dams and the improved social behavior of BTBR offspring that
developed in B6 dams (Zhang et al., 2013).



Fig. 7. CD4þ and CD8þ T cells in BTBR and B6 mice. BTBR mice have significantly more CD4þ and CD8þ T cells than B6 mice. Representative flow cytometric
analyses are shown for CD4þ T cells and CD8þ T cells in the blood (A) and spleen (D) of B6 and BTBR mice. To observe the CD4þ and CD8þ populations the cells were
first gated on the CD3þ population; B cells were gated out based on CD19þ cells. Frequencies and numbers of CD3þCD8þ T cells and CD3þCD4þ cells and populations
in the blood (B &C) and spleens (E&F) of B6 and BTBR mice are shown. Data are representative of three or four independent experiments with 4 pairs of mice in each
experiment. P values determined by unpaired two-tailed Student’s t-test are indicated and p < 0.05 is considered as significantly different. Error bars indicate mean �
SEM. * indicates a significant difference between the two strains. * ¼ p < 0.05, ** ¼ p < 0.01, *** ¼ p < 0.001.
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Fig. 8. Splenic T follicular helper (Tfh) cells of BTBR and B6 mice. BTBR mice
have significantly higher Tfh cell population than B6 mice. Representative flow
cytometric analyses are shown for Tfh cells (CD4þPD1þCXCR5þ) in the spleens
of B6 and BTBR mice (A). The frequencies and numbers of splenic Tfh cells of B6
and BTBR mice are in (B). Tfh cell population were identified based on
PD1þCXCR5þ cell in CD3þCD4þ population. Data are representative of two
independent experiments with 4 pairs of mice in each experiment. * indicates a
significant difference between the two strains. * ¼ p < 0.05, ** ¼ p < 0.01, ***
¼ p < 0.001.
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Herein, we further assess the immune profile leading to high autoAb
production and the specificities of the autoAbs suggested to be contrib-
uting to the ASD development. An autoimmune profile with Tfh cells
promoting elevated production of plasma cells making autoAbs to brain
antigens is described for the aberrant behavior of BTBR mice (Ahmad
et al., 2020); our results confirm and extend this report with involvement
of specific gene expression.
6

2. Material and methods

2.1. Animals

BTBR Tþ Itpr3tf/J (BTBR) and C57BL/6J (B6) mice used in this study
were 8–12weeks old andwere purchased from Jackson Laboratories (Bar
Harbor, ME, USA). BTBR mice are an inbred strain with autism-like be-
haviors; they were not genetically modified for any factors known to
influence ASD. Male and female mice were used. Mice were housed in the
AAALAC-approved Wadsworth Center Animal Facility under standard
conditions of temperature and humidity in a 12h light-dark cycle (lights
on at 7AM). The study was approved by Wadsworth Center’s IACUC.

2.2. Cells

Spleens and bone marrow (BM) were harvested to make single cell
suspensions. Blood, spleens, and BM cells were used immediately after
collection for flow cytometry analyses and/or molecular analyses. Sera
were collected by centrifugation at 12,000�g for 10 min and frozen at
-20 �C until use.

2.3. IgG ELISA

The level of total IgG in serum was determined with a sandwich
ELISA. Easywash 96 well plates (ThermoFisher.com) were coated with
goat anti-mouse IgG (Fab Specific) (Sigma-Aldrich, St. Louis, MO) and
HRP-conjugated goat anti-mouse IgG Fc (Novex by Life Technologies)
was used as the detection Ab; 3,30,5,50-tetramethylbenzidine (TMB) was
used as substrate (Sigma). Plates were washed with a BioTek ELx405-
Select CW (Winooski, VT) and read at OD450 with an ELISA analyzer
(BioTek EL808). Sera were diluted 1/100,000 or 1/200,000. To detect
the brain-specific IgG Abs, sera were diluted 1/100 or 1/200 and
measured as previously described (Mondal et al., 2008; Heo et al., 2011).
Briefly, SCID mouse whole brain lysates (10 μg/well) were used to coat
the 96-well plate overnight at 4 �C with brain antigens (Ags), the plate
was blocked with 2.5% bovine serum albumin in phosphate buffer saline
Fig. 9. Plasma cells in the periphery and
lymphoid organs of BTBR and B6 mice. BTBR
mice have more plasma cells than
B6(C57BL/6) mice. Frequencies and
numbers of CD138þ plasma cells in the blood
(A), spleen (B) and bone marrow (C) are re-
ported for B6 and BTBR mice. Plasma cells
were identified based on CD138þ cell in
CD19-CD3- population. Data are representa-
tive of three or four independent experi-
ments with 4 pairs of mice in each
experiment. * indicates a significant differ-
ence between the two strains. * ¼ p < 0.05,
** ¼ p < 0.01, *** ¼ p < 0.001.

http://ThermoFisher.com


Table 1
B cell lineage phenotype (percentage).

Cell Stage
(surface immunophenotype)a

Spleen Bone marrow

B6 BTBR B6 BTBR

PrePro B cell
(B220lowCD24-CD43þIgM-IgD-)

1.77 �
0.98

2.01 �
1.23

1.83 �
0.24

1.84 �
0.29

Pro B cell
(B220lowCD19þCD24þCD43þCD249-

2.78 �
0.52

3.99 �
1.41

45.65
� 2.07

48.64
�
2.59b

PreB cell
(B220lowCD19þCD24þCD43lowCD249þ)

0.25 �
0.05

0.24 �
0.06

1.26 �
0.45

0.98 �
0.49

Immature B cell
(B220þCD19þCD24þCD43- IgMþIgD-)

1.2 �
0.47

0.41 �
0.16b

1.53 �
0.46

1.23 �
0.45

Transitional B cell
(B220þCD19þCD24þCD43-

IgMþIgDlow)

7.5 �
0.49

4.89 �
0.88b

3.07 �
0.46

2.75 �
0.91

Mature B cell
(B220þ CD19þCD24þCD43- IgMþ IgDþ)

45.8 �
2.05

37.24
�
3.23b

10.72
� 1.67

7.53 �
2.17b

Plasmablast
(B220lowCD138þCXCR4þ MHCIIþ)

0.41 �
0.06

1.18 �
1.92

0.13 �
0.04

0.21 �
0.03b

Plasma cell
(CD19-CD138þCXCR4þ)

0.26 �
0.06

0.47 �
0.18b

0.58 �
0.15

0.93 �
0.2b

Plasma cell -Short lived
(CD19-CD138þCXCR4þCD93þ)

0.005
�
0.004

0.030
�
0.057

0.06 �
0.04

0.06 �
0.04

Plasma cell-Long lived
(CD19-CD138þCXCR4þCD93-)

0.24 �
0.07

0.37 �
0.36

0.52 �
0.15

0.85 �
0.16b

a The immunophenotyping of B cell and plasma cell development was based on
references (Allman and Pillai, 2008; Shapiro-Shelef and Calame, 2005).

b Significant difference between B6 and BTBR.
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containing 0.05% Tween 20 (BSA-PBST) for 2 h. After 3X washes, sera
from B6 and BTBR mice were added into the wells and incubated for 2 h
at room temperature. After 6X washes, HRP-goat anti-mouse IgG detec-
tion Ab was added and incubated for another 2 h at room temperature.
The plates were washed 6X, and the TMB (T444, Sigma) substrate solu-
tion was added for color development. Absorbance was measured at 450
nm.
7

2.4. Cell ELISA

Six different mouse cell lines N1E-115 (ATCC® CRL-2263™ tyrosine
hydroxylase (TH) expressing neuroblastoma from A/J mouse), CATH.a
(ATCC® CRL-11179™ THþ expressing D2 brain neuronal tumor from B6
mouse), NE-GFP-4C (ATCC® CRL-2926™ neuroectodermal stem cell
from an embryonic day E9 (E9) B6/129Svp53�/� mouse), MN9D (dopa-
minergic mesencephalic tegmentum and neuroblastoma from an E14 B6
mouse), C8-B4 (ATCC® CRL-2540™ cerebellar macrophage/microglia
from a postnatal day 8 (PND8) B6 mouse), and N9 (microglia) were used.
Sera were diluted to 1:100-1/1000 from untreated adult BTBR and B6
mice. The IgG bound to the cells was quantified as described earlier.
MN9D cells were from Dr. Alfred Heller, Department of Pharmacological
and Physiological Sciences, University of Chicago; N9 cells were from Dr.
P. Ricciadi-Castagnoli, Department of Biotechnology and Bioscience,
University of Milano-Bicocca.

2.5. Isolation of brain fractions for ELISA and Western blot analysis

Whole brains were collected from BTBR (n ¼ 6) and B6 (n ¼ 6) mice
following intracardial perfusion with warm phosphate-buffered saline
(PBS; 50 ml/mouse). The subcellular protein fractions used as Ags were
isolated as previously described (Cox and Emili, 2006). Briefly, minced
tissue was dounced and centrifuged to obtain supernatant cyto-1 con-
taining mitochondria, cytosol and microsomes and the pellet (nuclei-I).
The nuclei-I was further homogenized and extracted to obtain Nuc-S,
which contains soluble proteins and proteins loosely bound to DNA,
and Nuc-T, which contains nuclear membrane proteins and other pro-
teins that are tightly bound to DNA, such as histones. Cyto-I and cyto-II
are combined to pellet out mitochondria, which is extracted and centri-
fuged to produce Mito-S, which is the supernatant fraction and Mito-M,
which contains mitochondrial membrane proteins. The supernatant is
Cyto-III, and it is centrifuged, and the pellet is extracted to give the
microsomal protein fraction. Six different fractions were used to coat a
96-well ELISA plate with 10 μg/well. Total protein concentration was
detected by BCA assay using bovine serum albumin (BSA; Sigma) as the
Fig. 10. Factors influencing differentiation and
proliferation of B cells and plasma cells. Six adult
B6 and BTBR mice spleen (3 male and 3 female
mice in each group) were used for gene detection.
Value in B6 group was set as 1 and value in BTBR
group were calculated by comparison with B6
group. Data are representative of three indepen-
dent experiments with 6 pairs of mice in each
experiment and expressed as Mean � S.E.M. P
values are determined by two-tailed Student’s t-
test. * indicates a significant difference between
the two strains. * ¼ p < 0.05, ** ¼ p < 0.01, ***
¼ p < 0.001.
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standard. The assay assessing IgG bound to each fraction was performed
as described in 2.2.
2.6. Western blot

Proteins from the neuronal cell lines (CATH.a, MN9D, NE-GFP-4C and
N1E-115), proteins from BTBR and B6 brain fractions as described in 2.4,
and protein from human brain regions (Bioreclamation, Hicksville, NY)
were used to assess IgG Ab activity in BTBR vs B6 sera by Western blot
analysis. Equivalent amounts of proteins were loaded into each lane
(approximately 10 μg/lane), separated by 10–12% sodium dodecyl
sulphate-polyacrylamide gel electrophoresis (SDS-PAGE), and trans-
ferred to polyvinylidene difluoride (PVDF) membranes. Membranes were
blocked with 20 mM Tris base, pH 7.6, 140 mM NaCl, 0.05% v/v Tween-
20 (TBST) containing 5% (v/v) fish gelatin (Sigma) and were incubated
on a rocker 2 h at room temperature to prevent nonspecific binding of
Abs. After blocking, the membranes were incubated with equivalent
amounts of diluted (1:100) sera (BTBR or B6). IgG was detected with
HRP conjugated goat anti-mouse IgG (H þ L) (Invitrogen). The blot was
developed by incubating with super signal/chemiluminescent substrate
(Pierce Biotechnology, Inc., Rockford, IL) for 5 min and was analyzed
with a LAS-1000plus (Fuji Film, USA).
2.7. Protein identification by mass spectrometry (MS)

Protein bands excised from a Coomassie stained SDS-PAGE gel were
identified by MS as previously described (https://www.ncbi.nlm.nih.
gov/pubmed/26871944). Briefly, the gel bands were manually excised
from the gel and cut into pieces. The gel pieces were dehydrated with
acetonitrile followed by reduction and alkylation using Tris (2-carbox-
yethyl) phosphine hydrochloride and iodoacetamide, respectively. In gel
digestion was performed using a sequencing grade modified trypsin
(12.5 ng/μl) (Promega, Madison, WI, USA) in 25 mM ammonium bi-
carbonate, pH 8.5, at 37 �C for overnight. Following the digestion, tryptic
peptides were extracted three times with 50% acetonitrile containing 5%
formic acid for 15 min each timewith moderate sonication. The extracted
solutions were pooled and evaporated to dryness under vacuum. LC-MS/
MS analysis was performed on an integrated QSTAR XL nanoLC-MS/MS
system (ABSCIEX, ON, Canada) comprising three micro pumps with an
autosampler, a stream select module configured for precolumn plus
analytical capillary column, and a QSTAR XL mass spectrometer fitted
with nano sprayer III, operated under both Analyst 1.1 and MassLynx 4.0
control with a contact closure. Injected samples were first trapped and
desalted isocratic ally on an Everest C18 precolumn (5 μm, 500 μm ID X
15 mm, Grace, Deerfield, IL) for 6 min with 0.1% formic acid delivered
by an auxillary pump at 40 μl/min. The peptides were eluted off the
precolumn and separated on an analytical C18 capillary column (15 cm
� 100 μm I.D. packed with 3 μm Jupitor C18 particles, Phenomenex,
Torrance, CA, USA) at 300 nl/min using a 50 min fast gradient of 5%–

60% acetonitrile in 0.1% formic acid and 0.0075%TFA. The eluted
peptides were electrosprayed into QSTAR XL mass spectrometer and the
three most intense peptide ions (þ2, þ3, or þ4) from each survey scan
(MS scan) were selected for fragmentation by collision-induced dissoci-
ation and detection (MS/MS scan). The peak lists of the MS/MS data
were generated using an Analyst “script” mascot.dll from Matrixscience.
Then the file was submitted to Mascot V2.5 (Matrix Science, London,
United Kingdom) for protein identification by searching against NCBI
non-redundant mouse database. The allowed mass search tolerances
were 0.3 Da for precursor m/z and 0.3 Da for MS/MS fragment m/z,
respectively. In addition, two missed cleavages were allowed. Variable
modifications considered were methionine oxidation, cysteine carbox-
yamidomethylation, and deamidation. The peptides identified at the
95% confidence level by Mascot were selected for a positive identifica-
tion. The protein name was inferred by a group of positively identified
peptides.
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2.8. Antibodies to alpha-enolase (ENO1) and dihydrolipoyllysine-residue
succinyltransferase component of 2-oxoglutarate dehydrogenase complex,
mitochondrial (DLST)

Rabbit polyclonal Abs anti-ENO1 and anti-DLST (ABclonal, Woburn,
MA) were used to coat wells (1 μg/well) to capture ENO1 or DLST in
BTBR brain homogenates (10 μg). BTBR and B6 serumwas diluted (1:10)
and assayed for Abs to these Ags with HRP-anti-IgG Fc, which was used at
1:1000 dilution.
2.9. Flow cytometry

Blood was collected with heart puncture and transferred into a Na
EDTA-containing tube. Single cell suspensions were prepared from
spleens and BM as described (Heo, 2005). Whole blood (50 μl) was
stained and erythrocytes were lysed with FACSlyse (BD Biosciences, San
Jose) before analysis. Splenocytes and BM cells were counted, and 1 �
106 cells were used for staining followed by FACSlyse and analysis by
six-color flow cytometry with a FACSCanto flow cytometer (BD Bio-
sciences), and the following fluorochrome conjugated Abs: PerCP
Cy5.5-CD45, APC Cy7-CD45, PerCP Cy5.5-CD4, PE-CD4, FITC-CD4,
FITC-CD8a, PE-CD8a, PerCP-CD8a, FITC-CD3, APC-CD3e, PerCP-CD3e,
PE Cy7-CD24, FITC-CD43, PerCP-CD249- APC Cy7-B220, PE -IgD,
APC-IgM, APC Cy7-CD3, PE Cy7-CD19, PerCP cy5.5-CD93, APC-CD138,
PE-CXCR4, FITC-MHC-II, PE-CD19, FITC-CD19, PE Cy7-CD19,
APC-CXCR5, PE Cy7-PD1, PerCP Cy5.5-CD138 and anti-CD16/32 (Fc
block). The Abs were purchased from BD Pharmingen (San Diego, CA),
Biolegend (San Diego, CA), or eBiosciences (Thermo Fisher Scientific,
MA, USA). Frequencies and numbers of populations in the blood and
spleens of B6 and BTBR mice were gated based on FSC-A and SSC-A,
followed by gating out the doublets and finally gated on CD45þ cell.
Data were analyzed by Flow Jo-V10.
2.10. RNA isolation and cDNA preparation

Fresh mouse spleen (100 mg) was added 700 μl QIAzol Lysis Reagent
(QIAGEN). After homogenization and incubation for 5 min at room
temperature (RT), 140 μl chloroform was added and centrifuged for 15
min at 12,000�g at 4 �C. Upper aqueous phase was transferred to a new
collection tube and washed with 100% ethanol, 700 μl RWT buffer and
500 μl RPE buffer twice. After RNA isolation, the absorbance measure-
ments OD260/OD280 and OD260/OD230 using a NanoDrop Spectro-
photometer, together with RNA electrophoresis were utilized to detect
the RNA purity. Collected RNA (1 μg) was used for cDNA reverse
transcription.
2.11. Real-time PCR for gene detections

Five μl of PowerUp SYBR Green Master Mix (Thermo Fisher Scientific)
was used for 10 μl Real-time PCR system, and 1 μl primer was used for
each gene detection. Relative expression data were calculated using 2-
ΔΔCt, andGapdhwas used as reference (Lech et al., 2012). The forward (F)
and reverse (R) gene sequences used were:

Il21r(F:CTCACGGTCACTTGCTTGTCT,R:CAAGTCCAGAATCAGGGG
AGTC);

Pax5(F:AGGCTGGATACCTAGGGAACTT,R:CATTCAGGGAGGCTCC
TTTCTT);

Xbp1(F:TAAGAACACGCTTGGGAATGGA,R:CTTGTCCAGAATGCCC
AAAAGG);

Irf4 (F:GGGACTTGGTTCTTAGGTCCAG,R:AGAAGAGGGAGCAAAC
AGGATG);

Kdm6b(F:ATGTCAGCCTCATAGCAGGACC,R:CCTTGTCTCCGCCTCA
GTAAA);

Gapdh(F:CATCACTGCCACCCAGAAGACTG,R:ATGCCAGTGAGCTT
CCCGC).

https://www.ncbi.nlm.nih.gov/pubmed/26871944
https://www.ncbi.nlm.nih.gov/pubmed/26871944
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2.12. Statistical analysis

Data reported as mean � SEM, and p values determined by unpaired
two-tailed Student’s t-test with p < 0.05 considered as significantly
different.

3. Results

3.1. Higher levels of serum IgG and anti-brain autoAbs in BTBR than B6
mice

The amounts of total serum IgG (Fig. 1A) and serum IgG to brain Ags
(Fig. 1B) from BTBR and B6 mice (10–12 weeks of age) were quantified.
Since we did not find any male and female differences in our measures,
results were combined across sex. The average value of total sera IgG
levels from BTBRmice was 3.5� 0.39mg/ml, which was six times higher
than that from B6 mice (0.56 � 0.36 mg/ml); the differences were sig-
nificant (p < 0.001). Whole brain homogenates from SCID mice were
used as Ags to detect the brain-reactive IgG. The sera levels of brain-
reactive Abs are presented as optical density (OD) values, and BTBR
sera had at least two times greater OD values than B6 sera (p < 0.001).

3.2. BTBR mice have higher amounts of serum IgG Abs reactive with
neural cell lines and brain fractions than B6 mice

Sera were diluted 1:100-1/1000 for the cellular ELISA with the
MN9D, CATH.a, NIE-115 and NE-GPA-4C neuronal cell lines. There was
more Ab to all four neuronal cell lines in the sera from BTBRmice than B6
mice. The titer was greatest with MN9D and CATH.a cells. At the 1/1000
dilution, there was significantly more binding with the BTBR sera
(Fig. 2). With two macrophage/microglial cell lines (C8-B4 and N9),
there were no differences with BTBR and B6 sera, and the binding was
lower than with the neuronal cells. At the 1/100 dilution, the ODs were
0.75 and < 0.5 for C8-B4 and N9 cells, respectively.

Whole brains were collected from BTBR and B6 mice for the isolation
of subcellular protein fractions. Six different protein fractions (cytosol,
Nuc-S, Nuc-T, Mito-S, Mito-M, and the microsomal protein fraction) were
produced as described earlier and were coated to wells at 10 μg/well.
Interestingly, the IgG from the BTBR mice bound significantly better to
Nuc-S, Nuc-T, and Mito-S fractions from BTBR brains than from B6
brains, which suggests either more Ag or different Ags and antigenic
epitopes (Fig. 3).

3.3. Western blot analyses of serum IgG from BTBR and B6 mice

We further investigated the IgG Abs from BTBR mice reactive to
different neuronal cell lysates, fractionated BTBR and B6 subcellular
brain proteins, and proteins isolated from different regions of human
brain were analyzed with Western blots. We used the four different
neuronal cell lines (CATH.a, MN9D, NE-GFP-4C and N1E-115). BTBR IgG
Abs reacted with the cell lysates from all neuronal cell lines (Fig. 4A), but
with different intensities to different Ags. The highest reactivity was with
a ~70 kDa band. For IgG binding to the fractions of mouse brains, the
proteins in the Mito-S and Mito-M fractions from both B6 and BTBR
brains strongly reacted with IgG in BTBR serum (Fig. 4 B). The IgG
reactive bands at ~65 and ~50 kDa were those with the greatest binding.
Interestingly, the higher titer of BTBR serum IgG to Nuc-S (Fig. 3) was
lost in the Western blot analysis suggesting that the SDS treatment de-
stroys the epitope(s). To examine the reactivity of BTBR IgG to human
brain proteins, we isolated protein from different regions (frontal cortex,
parietal cortex, hippocampus and cerebellum) of a deidentified cadaver
human brain. Western blot analysis indicated that serum IgG from BTBR
mice also bound to human brain Ags. All four homogenates of the human
brain regions strongly interacted with BTBR IgG; the intense protein band
observed at ~50 kDa in L3 (hippocampus homogenate) was extracted
from a Coomassie stained gel and was tentatively identified as alpha-
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enolase (Eno1) or dihydrolipoyllysine-residue succinyltransferase
component of 2-oxoglutarate dehydrogenase complex, mitochondrial
(Dlst) by mass spectrometry protein sequencing analysis. This ~50 kDa
band was reactive with rabbit polyconal Abs to ENO1 (A1033) and DLST
(A6901) from ABclonal (Woburn, MA). For theWestern analyses of BTBR
IgG of mouse brain Ags (Fig. 4B), and for all B6 IgG (Fig. 4D–F), the
contrast had to be increased to observe any hint of IgG binding, which
prevents quantitative comparisons of BTBR and B6 IgG specificities to
specific bands.

3.4. ELISA evaluation of Abs to ENO1 and DLST

Since the ~50 kDa band observed in the Western blot (Fig. 4C) was
suggested to be ENO1 or DLST with MS analysis, we assayed BTBR and
B6 sera for IgG to these Ags; BTBR sera had significantly more IgG anti-
Eno1 and IgG anti-Dlst than B6 sera (Fig. 5).

3.5. BTBR mice have more T cells but fewer B cells than B6 mice

Since some immune cell types have been linked with development of
neuroinflammatory disorders, including autism (Ashwood et al., 2006;
Bilbo and Schwarz, 2009; Vargas et al., 2005), we assessed the frequency
and numbers of key immune cell types in the blood, spleen and BM of
BTBR mice with comparison to B6 mice. Both the frequencies and
numbers of CD3þ T cells were higher in the blood of BTBR mice
compared to B6 mice, and the differences were statistically significant
(Fig. 6A and B; p < 0.001). Similarly, in spleens, the frequencies and
numbers of CD3þ T cells were significantly higher (Fig. 6D and E; p <

0.001) in BTBR mice compared to B6 mice. In contrast to T cells, blood
(Fig. 6C) and spleens (Fig. 6 F) had fewer B cells in BTBR than B6 mice.

3.6. Higher numbers of CD4þ and CD8þ T cells in peripheral blood and
spleens of BTBR mice than B6 mice

Since the numbers of T cells appeared higher in BTBR mice compared
to B6 mice, we assessed the frequencies and numbers of CD4þ and CD8þ

T cells in blood and spleens. Both the frequencies and numbers of CD4þ T
cell were significantly higher in the blood (Fig. 7A and B, p < 0.001) and
spleens (Fig. 7D and E, p < 0.001) of BTBR mice compared to B6 mice.
The frequencies of CD8þ T cells were lower in blood (Fig. 7A and C, p <

0.001) and spleens (Fig. 7D and F, p ¼ 0.008) of BTBR mice compared to
B6mice, but the numbers were significantly higher both in blood (Fig. 7A
and C, p < 0.001) and spleens (Fig. 7 D and F, p ¼ 0.019) of BTBR mice
compared to B6 mice.

3.7. Higher numbers of T follicular helper (Tfh) cells in BTBR mice than
B6 mice

To become an antibody-producing plasma cell, B cells require help
through interacting with a specialized CD4þ T cell population called
follicular T helper cell (Tfh). We quantified Tfh cells in the spleen by flow
cytometry, which were identified by PD1 and CXCR5 expression on CD4þ

T cells. The frequencies and numbers of Tfh cells were significantly
higher in BTBR mice than B6 mice (Fig. 8); the frequencies of Tfh cells
were significantly different (p ¼ 0.0025, Fig. 8B). When compare for the
total CD45þ population, the differences were even more significant (p <

0.001, Fig. 8B), because the total numbers of CD4þ T cells are higher in
BTBR mice. When we compared the total numbers of Tfh cells, BTBR
mice had 4-5 times more splenic Tfh cells compared to B6 mice.

3.8. BTBR mice have more plasma cells than B6 mice

Given our result showing relatively high levels of IgG in BTBR mice
and low numbers of B cells, we investigated the numbers of plasma cells
in the blood, spleen and BM using CD138 expression in the CD3-/CD19-

population by flow cytometry. The frequencies and numbers of plasma
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cells were higher in BTBR mice compared to B6 mice (Fig. 9). The fre-
quencies of plasma cells in blood were statistically significant (p¼ 0.025,
Fig. 9 A), and the number within the CD3-/CD19- population was also
significant (p¼ 0.035 Fig. 9A). In spleens, the frequencies of plasma cells
were higher in BTBRmice compared to B6mice based on CD138þ cells in
the CD45þ population, and the difference is statistically significant (p ¼
0.029 Fig. 9B). The numbers of plasma cells were also significantly (p ¼
0.023) higher in the spleens of BTBR mice compared to B6 mice. In BM,
both the frequencies and numbers were significantly higher in BTBRmice
compared to B6 mice (Fig. 9C, p ¼ 004 and p ¼ 0.04). The higher fre-
quencies of plasma cells are the suggested contributing factor for the
higher levels of IgG in the BTBR sera.

3.9. B cell lineage populations in spleen and bone marrow

We observed fewer B cells and higher numbers of plasma cells in
BTBR mice than in B6 mice. To determine a difference in the B cell
lineage between BTBR and B6 mice, we investigated different develop-
mental stages of the B cell population in spleen and BM. Higher fre-
quencies of Pro-B cells (B220lowCD19þCD24þCD43þCD249-) were
detected in spleen and BM (Table 1) of BTBR mice compared to B6 mice,
and at least in BM, the difference was statistically significant. Immature B
cells (B220þCD19þCD24þCD43-IgMþIgD-) and Transitional B cells
(B220þCD19þCD24þCD43-IgMþIgDlow) were significantly reduced in
spleen (Table 1). Both in spleen and BM, the frequencies of Mature B cells
(B220þ CD19þCD24þCD43-IgMþIgDþ) were significantly reduced
(Table 1). Increased numbers of Pro-B cells and lower numbers of
Immature and Transitional B cells do not adequately explain the reduced
numbers of Mature B cell (B220þ CD19þCD24þCD43-IgMþIgDþ) in the
spleens and BM of BTBR mice. However, the increased numbers of
plasma cells may explain the low numbers of B cells. In the spleen, Ab-
producing plasmablasts (B220lowCD138þCXCR4þMHCIIþ), plasma cells
(CD19-CD138þCXCR4þ) and long-lived plasma cells
(CD19-CD138þCXCR4þCD93-) were increased in BTBR mice compared
to B6 mice, and the differences in plasma cells were statistically signifi-
cant. Regarding BM plasmablasts, plasma cells and long lived-plasma
cells, all were significantly higher in BTBR mice compared to B6 mice.
The increased populations of these highly efficient Ab-producing cells
relate to the higher Ab levels in BTBR mice.

3.10. Factors influencing differentiation and proliferation of B cells and
plasma cells

Biomarkers known to affect gene expression and B cell proliferation
and differentiation into plasma cells were investigated. We selected for
analysis the transcription factors and receptors known to influence B cell
activities. As shown in Fig. 10, gene expression of Il-21r (A) and Pax5 (B)
in BTBRmice were significantly increased compared with B6 mice (set as
1), other transcriptional factors such as Xbp1 (C) and Irf4 (D), involved in
B cell activation and differentiation into plasma cells showed only a
modest increase. To better understand the up-regulation of these factors,
we assayed expression of factors associated with methylation processes.
Kdm6b (E), a lysine-specific demethylase, was found greatly increased in
BTBR spleens while Dnmt1 (F), which is a DNA methyltransferase, was
slightly decreased; the Kdm6b/Dnmt1 ratio of BTBR and B6 spleens were
2.6514 � 0.333 and 1.0 � 0.168 (p ¼ 0.0013), respectively. Thus, epi-
transcriptomic mechanisms may be responsible for the increased level of
plasma cells.

4. Discussion

This study investigated the immunological profile of the BTBR mice
regarding their autoAb specificities to brain Ags and associated immune
cell levels. BTBR mice have been described to have atypical behavior
including lack of sociability and restricted repetitive behavior that
resemble autism (McFarlane et al., 2008; Wohr et al., 2011). Several
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recent studies have demonstrated that there is a strong association be-
tween immune dysfunction observed in ASD and irregular behavior
(Masi et al., 2017; Onore et al., 2012). ASD patients have higher levels of
total IgG and brain Ag-specific autoAbs (Dalton et al., 2003; Wills et al.,
2007). The generation of autoAbs is one of the key features in many
autoimmune neurologic disorders with IgG specificity for various
neuronal Ags (Moscavitch et al., 2009; Steinman, 2004). Human serum
samples have been used for assessment of brain Ag-specific autoAbs, and
specific neuronal proteins were used as brain Ags (Croen et al., 2008;
Singer et al., 2008). Transferring Abs from mothers of ASD children
(Martin et al., 2008; Singer et al., 2009) or BTBR IgG (Zhang et al., 2013)
into animals with typical development induced ASD-like behavior, but
the responsible Ab specificities have not been fully delineated. BTBR
mice have higher levels of serum IgG and IgG anti-brain antibodies at
postnatal day 21 than B6 mice (Heo et al., 2011), and these early levels of
autoAbs are maintained throughout adulthood. The autoAbs of BTBR
mice were specifically reactive to brain fractions and neuronal cell lines
but had lower binding capacity to microglia cells, further demonstrating
the specificity to neuronal Ags. The Abs of BTBR mice also interacted
with human Ags from various brain parts and different fractions of brain
Ags. Interestingly, autoAbs to alpha-enolase, as reported herein, have
also been reported to be associated with other aberrant immune re-
sponses including Hashimoto’s encephalopathy (Yoneda et al., 2007;
Churilov et al., 2019) and asthma (Nahm et al., 2006). DLST poly-
morphism has been connected to Alzheimer’s disease (Sheu et al., 1999),
and the autoAb to DLST may disrupt its function. It is increasingly
becoming more apparent that autoAbs to brain Ags play an important
role in the development of autism, but like autoimmune diseases, the
etiology for the development and expansion of T and B cells with re-
ceptors for self-constituents and production of autoAbs remain unclear. A
key question is why mothers with normal behaviors develop Abs that
gestationally affect aberrant behaviors in offspring.

Like the multitude of genes that have been implicated in the develop-
ment of ASD (Ramaswami and Geschwind, 2018), the autoAb specificities
appear to be numerous. The BTBR IgG autoAbs bind to neuronal Ags with
highest interaction to nuclear antigens like the anti-nuclear Abs diagnostic
for lupus patients (Kavanaugh et al., 2000). As for many autoimmune
diseases, certain gene expression influences prevalence, but environmental
exposures also have an effect. There is a strong hereditary component in
the etiology of ASD, but its not 100% (Campisi et al., 2018; Tick et al.,
2016), which suggests a role for environmental factors. As a dynamic
epigenetic modification, DNA methylation plays a critical role in immune
development and activities. Myeloid and lymphoid cell differentiation and
function are controlled by DNA methylation with modulation of immune
cell types and stimulus transcriptional factors as well as affecting host
defense and organ homeostasis. Dysregulation of DNA methylation will
result in immune system related diseases such as infections, autoimmune
diseases, blood malignancies, and other solid tumors. Epitranscriptomics
(Siu and Weksberg, 2017) have been implicated in ASD, and high on the
list of factors affecting gene expression is DNA methylation and modula-
tion of histone structure. Herein, we have shown that BTBR mice have a
high gene expression ratio of Kdm6b to Dnmt1. As a lysine-specific deme-
thylase, KDM6B specifically demethylates di- or tri-methylated lysine 27 of
histone H3, whose trimethylation is a repressive epigenetic mark as
chromatin controlling and gene silencing (Wiles and Selker, 2017).
KDM6B plays a critical role in cellular proliferation, differentiation and
body development, inflammatory diseases including cancers, and neuro-
degeneration (Nakamura et al., 2010; Wei et al., 2018). KDM6B (or
JMJD3) is known to affect activation of germinal center B cells and their
differentiation into plasma cells (Barwick et al., 2018), which was shown
to occur in this study. This demethylase activity has also been reported for
development of rheumatoid arthritis and lupus (Jia et al., 2018; Yin et al.,
2017). In contrast, DNMT1 promotes DNA methylation by transferring
methyl groups to DNA specific CpG structures and is important for T-cell
homeostasis (Lee et al., 2001) and regulating B-cell activation (Lai et al.,
2013). Plasma cells are the source of the majority of the autoAbs.
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During B lymphocyte activation, some transcription factors, such as
PAX5, and receptors, such as IL-21R, play a critical role for transition.
After activation, B cells undergo immunoglobulin class-switch recombi-
nation (CSR) and then differentiated into immature plasma cells.
Immature B cells are regulated and proliferated into antibody-secreting
plasma cells by expression of numerous factors. The expressions of
Pax5 and Il-21r, which were significantly increased in BTBR spleens, are
potentially connected with the differential activities of KDM6B and
DMNT1. PAX5 is a transcription factor that belongs to the paired box
(PAX) family. It encodes the B-cell lineage specific activator protein
(BSAP) in early B-cell activation, differentiation, proliferation and
maturation (Thevenin et al., 1998). Pax5 has been identified as one of 64
genes reported to influence autism (O’Roak et al., 2014). PAX5 is
necessary for GABAergic neurons affecting normal lateral ventricular
development (Ohtsuka et al., 2013). Herein, Pax5 is increased in BTBR
spleens; its gene regulation linkage with more immune and nervous
system functions is needed for future investigation. IL-21R is the receptor
of IL21, which is critical for the activation, differentiation, proliferation
andmaturation of B cells (Konforte et al., 2009). IL21 ligand and receptor
lead to the activation of downstream signaling molecules, such as JAK1,
JAK3, STAT1, and STAT3 (Berglund et al., 2013). Xbp1 and Irf4were also
were slightly increased. XBP1 aids B cells becoming plasmablasts and
colonization of BM with plasma cells that have sustained Ab production
(Hu et al., 2009). As a transcription factor, IRF4 is essential for Th2 cells,
Th17 cells, and Th9 cells development (Staudt et al., 2010). IRF4 is also
required for the plasma cell generation (Klein et al., 2006). Conditional
deletion of Irf4 in germinal center B cells causes a reduction of
post-germinal center plasma cells development as well as memory B cells
failing to differentiate into plasma cells (Willis et al., 2014).

IL-21 enhances germinal center activities by enhancing B cell and Tfh
cell effects needed for plasma cell differentiation (Alinikula and Lassila,
2011). Tfh cells are increased in BTBR mice. Tfh cells are linked with a
wide range of autoimmune diseases, and activated Tfh cells are observed
in children with current onset of type 1 diabetes (T1D) or at danger of
T1D (Crotty, 2019; Viisanen et al., 2017). In systemic lupus erythema-
tosus (SLE), there is a clear correlation between Tfh cells and an
autoAb-mediated autoimmune disease. Tfh cells have also been involved
in a number of autoimmune diseases of mice (Gensous et al., 2018;
Linterman et al., 2009; Quinn et al., 2018). The higher number of
Ab-secreting plasma cells in BTBR mice corresponds to the combination
of more Tfh cells, IL-21, and transcriptional factors, such as PAX5, which
enhance the generation of plasma cells.

Surprisingly, the population of B lymphocytes was reduced in the
blood, spleens and BM of BTBR mice. In contrast, the numbers of plasma
cells are increased in blood, spleens and BM; however, the increase does
not seem to account for the lower numbers of B cells. This suggests that
there may be more sites not measured such as brain, meninges or peri-
toneal fluid. The Increased production of plasma cells has been reported
to be involved in some autoimmune diseases (Nutt et al., 2015).

We suggest this is the first report of the types of immune cells and
their characteristics that are implicated in the higher level of IgG and
brain-specific autoAbs of BTBR mice, which lead to their aberrant
behavior. The molecular mechanisms for the spontaneously higher
amounts of IgG and autoAbs in BTBR mice need further investigation
along with the Ags and their role in brain functions and behavior. The
elevated numbers of T cells, especially Tfh cells, and their influences on
the B cell lineage are partially described regarding the epitranscriptomic
influences on autoAb production; however, the dominant initiating in-
fluences have not been identified.
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