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Abstract

Common variable immunodeficiency (CVID) is a late-onset humoral deficiency characterized by
B lymphocyte dysfunction or loss, decreased immunoglobulin production, and recurrent bacterial
infections. CVID is the most frequent human primary immunodeficiency but still presents
challenges in the understanding of its etiology and treatment. CVID in equine patients manifests
with a natural impairment of B lymphocyte differentiation, and is a unique model to identify
genetic and epigenetic mechanisms of disease. Bone marrow transcriptome analyses revealed
decreased expression of genes indicative of the pro-B cell differentiation stage, importantly PAX5
(p=<0.023). We hypothesized that aberrant epigenetic regulation caused PAX5 gene silencing,
resulting in the late-onset and non-familial manifestation of CVID. A significant increase in PAX5
enhancer region methylation was identified in equine CVID patients by genome-wide reduced-
representation bisulfite sequencing and bisulfite PCR sequencing (p=0.000). Thus, we demonstrate
that integrating transcriptomics and epigenetics in CVID enlightens potential mechanisms of
dysfunctional B lymphopoiesis or function.
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INTRODUCTION

Common variable immunodeficiency (CVID) is characterized by late-onset impaired
immunoglobulin production and, consequently, recurrent bacterial infections. Although
CVID is the most common human primary immunodeficiency, variability in phenotype,
genetic background, and age of onset have precluded rapid definitive diagnosis and
understanding of its etiology [1, 2]. Most patients are diagnosed between the ages of 20 and
40 years, some of them presenting with B lymphopenia, whereas others with normal B
lymphocyte numbers fail to produce immunoglobulins [2]. The heterogeneity of CVID cases
has complicated classification into categories, though attempts have been made based on
clinical phenotypes and flow cytometric B lymphocyte population analysis [3-5]. Genetic
and genome-wide association analyses have revealed novel susceptibility loci significantly
associated with CVID (nucleotide polymorphisms and copy number variants), and identified
variants shared among CVID patients as well as other variants unique to individual patients
[6-18]. At this point in time, CVID is considered a complex disease that can be caused by a
variety of underlying defects.

The index equine CVID case was published in 2002, and over 30 cases have been diagnosed
by our laboratory since then [19-21]. The common elements of presentation in these equine
CVID patients consisted of late-onset recurrent bacterial infections, severe
hypogammaglobulinemia, marked B cell lymphopenia, and failure to mount humoral
immune responses to protein vaccination [19-21]. Equine CVID patients sustain production
of T lymphocyte, monocyte, phagocyte, eosinophil, basophil, and platelet populations, as
well as functional phagocytosis, oxidative burst, and T cell proliferation capacity.
Immunohistochemical analyses of lymphoid tissues collected from equine CVID patients
reveal the presence of large amounts of T lymphocytes, with absence of germinal centers
and few scattered B lymphocytes [19, 21, 22]. Our previous studies indicated that mMRNA
expression of E2A, PAX5, and CD19 was significantly reduced in the bone marrow of
equine CVID patients when compared to healthy horses, supported by the lack of PAX5/
BSAP and CD19 protein expression in the bone marrow of affected horses [22].

B lymphocytes are continuously generated over an individual’s lifetime from hematopoietic
stem cells (HSCs) in the bone marrow. B lymphocyte differentiation has been studied
intensively in humans and mice, and it follows a tightly-regulated and ordered progression,
with the essential transcription factors functioning in a complex network of auto-regulation,
cross-regulation, and positive and negative feedback loops [23-25]. Differentiation
progresses from HSCs to multipotent progenitors (MPPs), to lymphoid-primed multipotent
progenitors (LMPPs), and then common lymphoid progenitors (CLPs); after this point, B
lineage specification and commitment take place [26].

The prominent role of epigenetic mechanisms in regulation of B lymphopoiesis has become
appreciated recently. B lymphocyte transcription factors E2A, EBF1, and PAX5 interact
with chromatin remodeling factors to promote H3 acetylation marks on activated genes, and
increase methylation on H3K4 to poise target genes for expression at later stages of
differentiation [23, 27-29]. E2A also remodels chromatin of the immunoglobulin locus to
enable recombination, along with IKAROS [30, 31]. EBF1 also facilitates DNA
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demethylation and initiates nucleosome remodeling of target genes in association with the
SWI/SNF complex [32, 33]. Progressive histone remodeling and DNA demethylation during
B lymphopoiesis has been demonstrated for PAX5, CD19, and CD79A genes [27, 32, 34].
PAXS5 represses a set of non-B lineage genes by associating with histone deacetylases and
chromatin remodeling factors [35, 36]. Demethylation near B lymphocyte transcription

factor binding sites becomes prevalent as multipotent progenitors commit to the B lineage

[37].

The goal of this study was to apply transcriptome and epigenome analyses to gain a
comprehensive and unbiased profile of gene expression and regulation in the bone marrow
of equine CVID patients. This approach facilitates assessment of gene expression over the
spectrum of B lymphocyte differentiation, bone marrow stromal cell gene expression, non-
coding RNAs, and expressed genes of viral origin. We hypothesize that equine CVID
patients studied here share a common gene expression profile of the critical B lymphocyte
genes in the bone marrow involved in the etiology of this form of CVID, and epigenetic
mechanisms may explain the non-familial and late-onset characteristics of this condition.

2. MATERIALS AND METHODS

2.1. Tissue samples

These experiments were approved by the Cornell University Center for Animal Resources
and Education and Institutional Animal Care and Use Committee for the use of vertebrates
in research. Bone marrow from equine CVID patients (n = 7) were collected during
necropsy through the Cornell University Veterinary Pathology service or forwarded
overnight on dry ice to our laboratory by attending veterinarians, and stored at —80°C. The
equine CVID patients sampled for this study were clinical cases from the United States
(California, Florida, lllinois, Kentucky, Maryland, Pennsylvania) and differed in sex (3
males, 4 females), breed (4 Thoroughbred, 3 Quarter Horse), age (2—-19 years), and none
were related. The common elements of CVID presentation in these 7 horses consisted of
recurrent bacterial infections, hypogammaglobulinemia, and B cell lymphopenia measured
by flow cytometry. The clinical and immunological parameters of most equine CVID
patients included in this study have been described previously, including horses of other
breeds than the ones used in this study [20]. Healthy control adult Thoroughbred horse bone
marrow control samples (n = 3) were collected within 1 hour of euthanasia, snap frozen in
liquid nitrogen, and stored at —80°C until use; these were archived from research
investigations performed by us and other investigators over the years at Cornell University
College of Veterinary Medicine.

2.2. RNA isolation and RNA-Seq library preparation and sequencing

RNA was isolated from snap-frozen tissues following homogenization by QlAshredder
(Qiagen, Valencia, CA) as directed by the RNeasy kit (Qiagen) including on-column
digestion of contaminating genomic DNA. RNA was quantified with a Nanodrop (Thermo
Fisher Scientific, Inc., Waltham, MA). RNA purity and integrity was assessed using a
BioAnalyzer 2100 (Agilent, Santa Clara, CA), and all RNA samples had RNA integrity
number values = 8.0. RNA-Seq library preparations were performed according to Illumina’s
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standard mMRNA-seq kit protocol, and sequences of about 100 bases in length were obtained
on an Illumina HiSeq2000 by the Cornell University Institute of Biotechnology Genomics
Facility, Ithaca, NY. The RNA-Seq dataset is available in GenBank as BioProject
PRINA266428.

2.3. RNA-Seq alignment, gene expression analysis, and statistical tests

Quality of the raw sequence reads was assessed with FastQC (Version 0.9.0, Babraham
Bioinformatics), and low quality bases were gradually trimmed from the 3’ end until length
of 40 nucleotides with seqtk’s trimfq tool (https://github.com/lIh3/seqtk). Trimmed reads
were aligned to the Equine reference genome sequence, EquCab2.0, with TopHat version
2.0.8 [38] using Ensembl gene model 75 as the annotation reference for alignment and all
downstream analysis. Cufflinks version 2.1.1 software was used to quantify genes and
transcripts according to the gene model, and conduct reference-guided transcript assembly
[39]. The read counts per gene were extracted from cufflinks outputs using in-house perl
script and used for count-based analysis with edgeR package [40]. Genes with very low
expression were filtered out unless the count per million reads = 0.1 in at least 3 samples,
leaving 15,508 out of 26,991 genes. The gene expression pattern among samples was
inspected by multidimensional scaling (MDS) in edgeR. Differential expression analysis
was conducted with 2-group test between the control group and each of the 2 CVID groups
by fitting a negative binomial generalized log-linear model (GLM) to the read counts for
each gene. False discovery rate of 0.05 was chosen as the threshold for significant
differences in expression after adjusting p-values for multiple tests with the Benjamini and
Hochberg method.

Single nucleotide polymorphism (SNP) variants were called from RNA-Seq data with
Novoalign (Novocraft Technologies, Selangor, Malaysia) and GATK [41].

Gene ontology was analyzed with the highest stringency parameters of the Database for
Annotation, Visualization and Integrated Discovery (DAVID) Bioinformatics Resources 6.7
[42, 43].

Equine endogenous retroviruses were identified from the horse genome sequence in silico
and assessed by RNA-Seq data previously [44-46].

Complete equine herpes virus (EHV) strain sequences were obtained from GenBank as
follows: EHV1 NC_001491; EHV2 NC_001650; EHV4 NC_001844; EHV8 NC_017826.1;
and EHV9 NC_011644.1. For EHV strains without published genome sequences, all
available gene sequences were used: EHV3 AF081188, AF514778, and AF514779; EHV5
AF050671.1, AF141886.1, AF495531.1, DQ471427.1, DQ471428.1, DQ471429.1,
DQ471430.1, DQ471431.1, DQ471432.1, DQ471433.1, DQ471434.1, DQ471435.1,
DQ504440.1, EF182710.1, EF182711.1, EF182712.1, EF515178.1, GQ154073.1,
GQ154074.1, GQ325592.1, GQ325593.1, GQ325594.1, GQ325595.1, GQ325596.1,
GQ325597.1, GQ325598.1, GQ325599.1, GU065283.1, GU065284.1, GU065285.1,
HM234087.1, HM234088.1, HM234089.1, HM234090.1, JN982959.1, JN982960.1,
JN982961.1, JX125459.1, L01473.1; and EHV7 EU165547.
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2.4. Reduced representation bisulfite sequencing and analysis

Genomic DNA was isolated from equine CVID patients (h = 2) and healthy control horse (n
= 1) core bone marrow samples with Qiagen DNeasy Blood and Tissue Kit and
unmethylated lambda DNA was obtained (Promega, Madison, WI). Reduced representation
bisulfite sequence (RRBS) libraries were prepared by the Cornell Epigenetics Core Facility,
Weill Cornell Medical College, New York, NY per lllumina protocol. Libraries were
sequenced on the Hi-Seq 2000 at Cornell Institute of Biotechnology, Ithaca, NY. After
removal of adapter and primer sequences used in RRBS library construction, sequence reads
went through an adaptive quality trimming of low quality trailing bases from the 3’ end.
Such adaptive quality trimming (also adaptor trimming) was performed with cutadapt
(http://code.google.com/p/cutadapt/). For bisulfite mapping, reads were converted into a C-
to-T and a G-to-A version and then aligned to equivalently converted versions of the
reference genome, and the methylation state of positions involving cytosines was inferred by
comparing the read sequence with the corresponding genomic sequence. Sequence reads that
produce a unique best alignment from the four alignment processes against the bisulfite
genomes were then compared to the normal genomic sequence, and the methylation state of
all cytosine positions in the read was inferred using Bismark (v0.6.0) [47]. The CpGs with
read depth = 5 were kept as informative CpGs. To score CpG island (CGI) methylation, we
required that the methylation level was determined for >10% of their total CpGs and a CGlI
must have = 5 informative CpGs. Then CGls with an average methylation level 275% and
<25% were called methylated and unmethylated, respectively. The horse CGI list was
created by Wu et al. [48] using the model-based method. The RRBS sequence dataset is
available in GenBank as BioProject PRINA266432.

2.5. Amplification and cloning of bisulfite-treated genomic DNA and analysis

Genomic DNA was isolated from equine CVID patients (n = 7) and healthy control horse (n
= 6) frozen bone marrow core samples as directed by the DNeasy Blood & Tissue Kit
(Qiagen). Bisulfite treatment of genomic DNA was performed as directed by the
MethylEasy Xceed kit (Genetic Signatures, Randwick, Australia). Primers to amplify
bisulfite-treated genomic DNA were designed with MethPrimer [49]. The PAXS5 enhancer
region was amplified with a nested PCR strategy entailing first round primers 5’
TTTTTGGTAAAGTAGAGGATTTGAG 3’ and 5
AAATAAAATAAAAAAACCTTCAATAAC 3, followed by amplification with nested
primers 5 TTGAGGTTAGGTGATTAATTTTAGG 3 and &/
AATAAAATAAAAAAACCTTCAATAAC 3/, which generated a 182 base pair product
and encompassed 6 CpG sites. The CD19 promoter region was amplified with primers 5
GGGGAATAGAAAGTGATTTAATAGA 3 and &/
AACCTAATAAACACTAAACCATAAATATCT 3/, which generated a 218 base pair
product and encompassed 5 CpG sites. Amplification of 20 ng bisulfite-treated genomic
DNA was performed with TaKaRa Ex Taq DNA polymerase (Clontech, Mountain View,
CA) with the following cycling program: 98°C for 3 minutes; 40 cycles of 98°C for 10
seconds, 50°C for 30 seconds, 72°C for 30 seconds; and a final extension of 72°C for 10
minutes. Amplicons were excised from the agarose gel and purified with the GeneJET Gel
Extraction and DNA Cleanup Micro Kit (Thermo Fisher Scientific, Inc.). Purified amplicons
were then cloned with the CloneJET PCR Cloning Kit (Thermo Fisher Scientific, Inc.) and
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transformed into NEB 5-alpha Competent E. coli (New England BioLabs, Inc., Ipswich,
MA). Single colonies were expanded in Luria broth with ampicillin and plasmid DNA was
isolated with the GeneJET Plasmid Miniprep Kit (Thermo Fisher Scientific, Inc.). One
microgram of plasmid DNA was submitted for sequencing at the Cornell University Institute
of Biotechnology, Ithaca, NY. Initial sequence analysis was performed with Geneious
software version 6.1.6 (Biomatters, Ltd., Auckland, New Zealand, available from http://
www.geneious.com/) [50]. Analysis of bisulfite conversion efficiency, methylation level,
and identification of identical bisulfite sequences was performed with QUMA
Quantification tool for Methylation Analysis [51]. Statistical comparison of methylation
levels between healthy control and equine CVID groups was performed with Fisher’s exact
test. To control for multiple measurements from each horse and test for effects of disease
status, CpG site, and the interaction of status*site on methylation, a GEE logistic model with
an exchangeable working correlation structure. Statistical analyses were performed in SPSS
v.22 (IBM SPSS Inc., IBM Corporation, Somers, NY).

3. RESULTS and DISCUSSION

Transcriptome sequencing (RNA-Seq) was undertaken to obtain an unbiased and
comprehensive insight to differential gene expression in the bone marrow of equine CVID
patients. Core bone marrow samples were utilized rather than isolated cells to investigate
comprehensive expression of B cell genes, genes indicative of multiple hematopoietic
lineages, and bone marrow stromal cell genes without the need for individual gene assays.

3.1. RNA-Seq gene quantification and validation

RNA-Seq libraries were generated from bone marrow RNA isolated from equine CVID
patients (n = 7) and healthy control horses (n = 3). Approximately 19 million sequence reads
were obtained from each library, which were then mapped to the EquCab2.0 genome,
resulting in quantification of 15,508 known Ensembl (v75) genes. RNA-Seq transcript
quantification was validated with quantitative RT-PCR of 12 genes (supplemental figure 1).
Overall, the fold changes in gene expression between healthy control and CVID horse bone
marrow were similar with RNA-Seq and gRT-PCR methods, with Spearman correlation r >
0.79 and p < 0.003.

3.2. Functional annotation of differentially expressed genes in CVID horse bone marrow

The bone marrow transcriptome profiles of equine CVID patients and healthy control horses
were studied with multidimensional scaling and three distinct groups became apparent: one
group comprised of healthy control samples and two CVID subgroups (Figure 1). CVID
group 1 consisted of patients 1-4 and CVID group 2 consisted of patients 5-7. This
segregation coincided with patient breed: patients in group 1 are Thoroughbreds and patients
in group 2 are Quarter Horses. We used this segregation strategically in order to subtract
genes that would have been differentially expressed due to breed or polymorphisms, and
only considered differences between healthy control and CVID samples, rather than
differences between CVID groups. This result supported RNA-Seq as a tool for
classification of CVID patients, providing sensitive and unbiased data.
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Gene expression analysis of bone marrow transcriptomes revealed that 103 genes were
differentially expressed between healthy controls and all CVID patients. To appreciate the
biological importance of the 103 differentially expressed genes, the lists of significantly
down-regulated or up-regulated genes were analyzed with the Database for Annotation,
Visualization and Integrated Discovery (DAVID). ‘Immunoglobulin’ was the most over-
represented gene term of the 48 down-regulated genes (Table 1). In the list of 55 up-
regulated genes, the terms ‘chemokine activity’ and ‘complement activation’ were over-
represented (Table 1). This analysis indicated that the dominant signatures of the CVID
horse bone marrow transcriptome were loss of g gene expression and increased expression
of genes involved in inflammatory responses.

Further, 139 additional genes were differentially expressed in the bone marrow of CVID
group 1 versus healthy controls and 2,001 other genes were differentially expressed in bone
marrow of CVID group 2 versus healthy controls (Figure 2). To gain insight to the
differences between the subgroups of CVID patients, we then applied the same enrichment
analysis to these groups of genes (Table 1). In the 139 genes that were only differentially
expressed in the bone marrow of CVID group 1, 71 were down-regulated, with enrichment
of genes involved in blood coagulation. Of the 68 up-regulated genes in the bone marrow of
CVID group 1, no enrichment terms were significant at the FDR-corrected level, but when
considering raw p-values, enrichment of genes involved in ectodermal dysplasia was
indicated based on the predominance of keratin gene expression. Recently, a role for
keratins in cell differentiation, growth, and adhesion of non-epithelial cell lineages has been
described, which is applicable to the bone marrow context [52].

In the 2,001 genes that were only differentially expressed in the bone marrow of CVID
group 2, 918 were down-regulated, with enrichment of genes involved mitosis, kinesin
motors, and heme biosynthetic process. In the set of 1,083 up-regulated genes, over-
represented biological terms included laminin EGF-like domain. Together, these genes
regulate cell adhesion, migration, and differentiation. The expression differences of these
genes may be due to both CVID and breed differences.

3.3. Differentiation of hematopoietic lineages in CVID horse bone marrow

Next, we utilized the bone marrow transcriptome dataset to investigate the mMRNA
expression of transcription factors, surface markers, and cytokines indicative of HSCs, bone
marrow stromal cells, and 9 mature lineages that differentiate from HSCs (Figure 3A).
Expression levels of a set of genes known to be expressed in the undifferentiated HSC stage
were compared plotted for equine CVID patients and healthy control horses (BCL11A,
CREBBP, GATA2, IRF8, MYB, RUNX1, TAL1, CD10/MME, CD34, SCAL/ATXNL,
FLT3, KIT, and FLT3LG) [64]. Down-regulation was observed for BCL11A, TAL1, FLT3,
and KIT in one of the CVID groups (FDR < 0.028, Figure 3B). Loss of these genes may
impair many aspects of hematopoiesis (long-term HSCs, CLPs, early B cells, T and NK
lineages, erythroid differentiation, and myeloid progenitors) [53—-60]. Because these genes
were only down-regulated in one sub-group of CVID patients and the effect of deficiency of
these genes are not restricted to B lymphopoiesis, they were not considered further.
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KITLG, IL6, IL7, and IL11 are cytokines expressed in the bone marrow milieu, which we
have attributed to the bone marrow stroma compartment (Figure 3C) [61, 62]. Up-regulated
expression of IL6 and IL11 was only detected in the bone marrow of CVID group 2 patients
(FDR < 0.001).

Megakaryocyte differentiation is derived from the megakaryocyte and erythroid progenitor
(MEP), a precursor of the common myeloid progenitor (CMP, Figure 3A) [63].
Megakaryocyte markers (NF-E2, THPO, ITGB3/CD61, and CD36) were either equivalent
between healthy control horses and CVID samples or decreased in only one group (Figure
3D) [64].

Megakaryocyte and erythroid progenitors also propagate the erythroid lineage. Erythroid
transcription factors FLI11, FOG/ZNF408, and erythropoietin (EPO) were expressed at
equivalent levels among all equine CVID patients and healthy control horses (Figure 3E)
[65]. However, expression of hemogen (HEMGN/EDAG), beta and epsilon globin chains
(HBB, HBEL), and mature lineage markers erythropoietin receptor (EPOR), glycophorin A
(CD235A/GYPA), and transferrin receptor (TFRC) were down-regulated in CVID group 2
horses compared to healthy control horses and CVID group 1 (FDR < 0.003, Figure 3E)
[65]. Accordingly, clinical anemia, perhaps inflammatory in origin due to recurrent bacterial
infections, was documented in the CVID group 2 patient (#5) with the most drastic down-
regulation of these genes.

The granulocyte and macrophage progenitor (GMP) can differentiate into monocytes,
neutrophils, basophils, and eosinophils [63]. Monocyte markers PU.1/SPI1, MAFB, CSF1R,
ANPEP, and M-CSF/CSF1 were expressed at comparable levels (Figure 3F) [66, 67]. The
mature monocyte lineage marker CD14 was significantly up-regulated in the bone marrow
of all equine CVID patients (FDR < 0.033). CD14 binds and can be up-regulated by
lipopolysaccharide and other bacterial wall constituents [68]. These CVID patients
experienced bacterial infections, and because most other myeloid markers were not
differentially expressed, we presume that the increase in CD14 expression was due to
bacterial exposure rather than increased myelopoiesis.

Expression of the granulocyte-inducing cytokine, G-CSF/CSF3, only differed in one CVID
sub-group (FDR < 0.001, Figure 3G) [69]. Gene expression of the mature neutrophil marker
CD177 was increased approximately 100 times in the bone marrow of all equine CVID
patients, although significance levels were different for CVID groups (CVID group 1 FDR >
0.05, raw p-value = 0.007, CVID group 2 FDR = 0.022) [70]. Correspondingly, neutrophilia
was documented in most of these CVID patients, likely in response to bacterial infections.
Basophil and eosinophil marker expression did not differ between healthy control and CVID
bone marrow transcriptomes (IL5, CCR3, EPX) [71-73].

Lymphoid lineages T, natural killer (NK), and B cells differentiate from the CLP [63]. Gene
expression of T lymphocyte markers did not differ in the bone marrow of equine CVID
patients (NOTCH1, GATA3, CD3D, CD3E, CD3G, CD4, CD7, CD8A, CD8B, CD40LG,
and IL7R; Figure 3H) [74-76]. In the NK lineage, gene expression of markers 1L15,
NCAM1/CD56, and NCR1/NKp46 were assessed, and only IL15 was increased in CVID
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group 2 bone marrow (FDR = 0.031) [77, 78]. Gene expression of CD2, a surface marker of
T, NK, and B cells, was significantly up-regulated in the bone marrow of group 2 CVID
patients (FDR = 0.012) [79, 80].

In the B lymphocyte lineage, expression of PAXS5, the transcription factor responsible for B
lymphocyte commitment, was significantly down-regulated as no PAX5 mRNA expression
was detected in six of the seven CVID horse bone marrow samples (FDR < 0.024, Figure
3I). PAXS5 activates CD19 gene expression; CD19 levels were variable in the bone marrow
of equine CVID patients but were not significantly decreased after FDR correction [81].
However, MS4A1/CD20 gene expression was down-regulated in all CVID horse bone
marrow samples (FDR < 0.031). CD22 is a marker of mature and memory B cells, and
CD22 gene expression was comparable between healthy control and CVID horse bone
marrow [82].

Overall, gene expression of all hematopoietic lineages was detected in all CVID horses with
significant increases in the CD14 myeloid marker and the CD177 neutrophil marker. Of the
genes described above, the only down-regulated genes shared by all CVID horse bone
marrow samples were the B cell markers PAX5 and CD20 (FDR < 0.031). Within CVID
group 2, a clear gene signature of anemia was present based on down-regulation of TAL1,
HBB, HBE1, HEMGN, EPOR, GYPA, and TFRC genes. These data suggest that
hematopoietic development is normal or responsive to the infection challenges of these
patients, with production of myeloid and lymphoid cells, supporting the presence of an
adequate bone marrow environment; in addition, the only obvious cell line deficiency in the
central or peripheral compartment was B lymphocytes.

3.4. Stages of B lymphocyte differentiation in CVID horse bone marrow

Given the pronounced peripheral B lymphopenia and loss of B cell-specific gene and protein
expression in the bone marrow of the equine CVID patients, we further analyzed gene
expression specific to B lymphopoiesis [21, 22]. For this purpose, genes were assigned to
discrete B lymphocyte differentiation stages based on the literature, but it is important to
note that genes are expressed often over multiple stages and may be sustained until plasma
cell differentiation, or expression levels may change between differentiation stages. In the
bone marrow transcriptome profiles, many genes important for B cell lineage differentiation
had low expression in the bone marrow of healthy control horses (Figure 4, less than 20
counts per million). Because genes with low expression are lower in statistical power and
often have increased variance, we considered the p-value to identify significant differences
in gene expression if the difference was at least 2-fold, in addition to the FDR corrected p-
value.

In the undifferentiated HSC and MPP stages, gene expression of crucial B lymphocyte
markers IKAROS, IRF8, PU.1, RUNX1, CD24, CD34, and KIT was comparable between
healthy control and CVID horse bone marrow samples (Figure 4) [53, 83-85]. However,
differential gene expression was detected for BCL11A in CVID horse bone marrow (CVID
group 1 p =0.029, CVID group 2 FDR < 0.001). BCL11A loss impacts B lymphopoiesis
and production of T and NK lineages; defects in T and NK lineages are not observed in
equine CVID patients [56]. E2A/TCF3 expression was decreased in CVID group 2 (FDR =
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0.026), although a significant reduction in E2A/TCF3 gene expression was detected in all
CVID horse bone marrow samples by qRT-PCR (p < 0.05) [22]. E2A regulates cell cycle
progression and primes lymphoid lineage-associated genes in HSCs, maintains appropriate
numbers of MPPs and LMPPs, represses myeloid lineage genes, and activates expression of
B lineage-specific genes such as EBF1, FOXO1, and BCL11A [23, 86, 87]. CD43/SPN
(FDR = 0.003), FLT3 (FDR = 0.028) and KIT (FDR < 0.001) were down-regulated in one
CVID group.

Expression of genes assigned to the CLP and early B stages was comparable between
healthy control and CVID groups.

In the pro-B cell stage, PAX5 was significantly down-regulated in all CVID horse bone
marrow samples (FDR < 0.024). PAX5 commits a cell to the B lineage by repressing at least
110 genes of T lymphocyte or myeloid lineages, activating 170 additional genes specific for
the B lymphocyte lineage, importantly CD19, and providing positive feedback for EBF1
[88-90]. CD19 gene expression was decreased in CVID group 1 bone marrow (p < 0.005).
Expression of PAX5 and CD19 genes were found to be significantly decreased in the same
CVID horse bone marrow samples with gRT-PCR (p < 0.03) [22]. Expression of RAG2 was
absent in all CVID group 2 horse bone marrow samples (p < 0.008) and absent in 3 of 4
CVID group 1 samples, although not statistically significant (p = 0.060). Decreased
expression or loss of multiple genes representative of the pro-B cell stage in CVID horse
bone marrow samples by both RNA-Seq and qRT-PCR suggests a block in B lymphocyte
differentiation at the pro-B cell stage.

Expression levels of genes indicative of the subsequent pre-B cell stage (CD20/MS4AL,
IGHM, and Ig light chain constant region IGKC, IGLC1, and IGLC7) were reduced in
CVID horse bone marrow (FDR < 0.031, Figure 4) [91, 92]. Similarly, expression of genes
specific to later B cell differentiation stages in CVID horse bone marrow was also
significantly decreased (DPEP2, IGJ) or absent (IGHD) [93, 94]. This loss of gene
expression substantiated the blockade of differentiation at the pro-B cell stage shared among
all CVID patients. Notably, equine CVID patient 1 still maintained the highest gene
expression levels for IGHM, IGKC, IGLC1, IGLC7, and I1GJ.

Genes specific to plasma cells (PRDM1/BLIMP1, CD138/SDC1) remained at expression
levels equivalent to healthy control horses, and contribute to expression level of genes such
as CD79A, which were initiated during B lymphopoiesis and sustained throughout
maturation and plasma cell differentiation (Figure 4) [95, 96]. Presumably expression of
these genes represents pre-existing, long-lived plasma cells.

In summary, PAXS5 is the most severely down-regulated gene identified in the B lymphocyte
differentiation pathway, and is consistent with a developmental block entering the pro-B cell
stage. In mouse models, loss of PAX5 expression promotes cells to differentiate into other
lymphoid or myeloid lineages, and deletion of PAX5 from mature B lymphocytes causes de-
differentiation into the CLP stage then progression to functional T lymphocytes [81, 97]. It
does not seem feasible that equine CVID patients could lack PAX5 expression from birth
(analogous to a knock-out mouse). Equine CVID patients have a median age of 10.5 years at
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the time of recurrent bacterial infections and diagnosis, with a range of 2 to 23 years. Given
the natural conditions of equine management, it is unlikely for a horse to be healthy for 10
or 23 years (not experiencing recurrent infections) without any B lymphocytes. We
hypothesize that aberrant epigenetic silencing of PAX5 occurs in a B lymphocyte progenitor
cell at some postnatal time (perhaps variable among patients), B lymphopoiesis in the bone
marrow is eventually lost, and B lymphocytes in the periphery become depleted in CVID
patients, as B lymphocytes must be continuously produced. An epigenetic mechanism could
explain the late-onset and non-familial manifestation of CVID.

The loss of PAX5 expression in CVID horse bone marrow was puzzling given that E2A and
EBF1 genes were still expressed albeit in low levels. E2A can be subjected to post-
translation regulation via binding of inhibitor of DNA binding (ID) proteins, KITLG, or
TALL1 [98-100]. E2A deficient mice have a complete block in B lymphopoiesis prior to
EBF1 expression and some T lymphocyte impairments [101-103]. MPPs deficient in E2A
also fail to fully up-regulate FLT3, this may explain the more pronounced decrease in FLT3
expression found in CVID group 2 bone marrow [86]. Dosage of E2A is also important, as
haploinsufficiency impairs differentiation [104]. Together, this suggests the E2A function is
impaired, yet expression of downstream genes FOXO1 and EBF1 was maintained.

The presence of comparable EBF1 expression levels was also perplexing, as it is dependent
upon E2A for expression and should activate PAX5 expression. EBF1 is capable of rescuing
B lymphopoiesis in E2A-deficient progenitors by activating PAX5 gene expression, yet
PAXS5 was not detected in most CVID horse bone marrow samples [23, 105]. EBF1 is also
regulated at the post-transcriptional level, which may be the case in CVID [106].

More recent and refined experiments revealed that 12—-20% of CLPs express PAX5,
presumably due to lineage priming [27]. Collectively, considering the lack of PAX5
expression and decreased E2A expression, it seems likely that the initial defect in CVID
occurs in an early progenitor cell, and becomes fully manifested in the pro-B cell stage with
the loss of PAXS.

3.5. Expression of genes documented to bear causal human CVID mutations

Genetic mutations have been described in 9 genes that may cause CVID in affected human
patients, although family members of CVID patients are usually unaffected; these account
for <10% of human CVID cases [6-17]. Most causal mutations have been identified in
genes encoding B lymphocyte surface proteins and B lymphocyte receptor signaling proteins
(CD19, CD20, CD21, CD27, CD81, BAFF-R, ICOS, PLCG2, LRBA). We investigated the
expression of these genes in equine CVID bone marrow transcriptome data. Down-
regulation of CD19 (p < 0.005 in CVID group 1) and CD20 (FDR < 0.031) genes were
discussed in section 3.4. CD81, which is expressed by both B and T lymphocytes, was not
different between healthy control and CVID horse bone marrow samples. ICOS gene
expression was increased in CVID group 1 horse bone marrow samples at p < 0.010, and
TACI was down-regulated 14 fold in CVID group 1 bone marrow transcriptomes (FDR <
0.008). Only expression patterns of CD19 and CD20 are consistent with human CVID
cohorts; however, down-regulation of B cell genes preceding CD19 and CD20 expression
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(i.e., PAXS5) precludes the assignment of CD19 and CD20 as a causal role of disease status
in equine CVID patients.

3.6. Sequence variation analysis

An advantage of RNA-Seq is the gathering of sequence content in addition to transcript
quantification. Comparison of the sequences obtained herein with the reference genome
revealed 9,552 single nucleotide polymorphisms (SNPs) predicted to have a functional
effect. Ten of those identified were exclusive to equine CVID patients, including: non-
synonymous coding change in PILRA,; frameshifts in ADAMTS4, EFNB1, and RELB;
splice site donors in LAMP1, pleckstrin, and ZNF219; splice site acceptors in C160rf62
homolog, CCL19, and WWP2 (supplemental Table 1). We recognize that the sample size in
this dataset precludes powerful statistical analysis of SNPs contained in the transcriptomes
but the expression levels of these SNPs were examined to determine whether any might
warrant further investigation. The gene expression level of C160rf62 homolog, EFNB1,
LAMPL, PILRA, pleckstrin, WWP2, and ZNF219 in CVID horse bone marrow was
comparable to that of healthy control horses. CCL19 was up-regulated in all CVID horse
bone marrow samples, and ADAMTS4 and RELB were up-regulated only in CVID group 2
samples (FDR < 0.003). Further analysis of genetic variants associated with equine CVID is
being investigated with genome-wide association studies in our laboratory.

3.7. Virus expression analysis

We next examined whether viral gene expression was different in CVID horse bone marrow
samples. Endogenous retrovirus (ERV) mRNA expression was determined by comparing
nearly 1,000 reported equine endogenous retroviruses with the bone marrow transcriptome
dataset [44-46]. Of the 128 ERVs expressed in the bone marrow, only two ERVs exhibited
significant differential expression between equine CVID patients and healthy control horses:
EQERV3 (genome position chromosome 1:27393304 to 27404726, p = 0.001) and
POL_gamma_21 (genome position chromosome 23:7188674 to 7189847, p < 0.001)
(supplemental Table 2). Expression of EQERV3 was detected in healthy control horses and 3
of 7 CVID patients (#5-7); of those, only 1 equine CVID patient (#5) exhibited significant
up-regulation. ERV POL_gamma_21 was expressed by healthy control horses and 5 of 7
CVID patients (#1-5), but significantly down-regulated only in group 2 CVID patients.
Thus, we concluded that ERV were unlikely to contribute to CVID disease.

The RNA-Seq approach also facilitated analysis of equine herpesvirus gene expression.
Publicly available sequences for equine herpesvirus strains 1, 2, 3, 4, 5, 7, 8, and 9 were
compared to the RNA-Seq dataset obtained in this study. No EHV sequences were detected
in healthy control horses, or in 6 of the 7 CVID patients. For 1 equine CVID patient (#3), <
5 reads mapped to the EHV reference sequences. These findings suggest that the equine
herpes viruses noted above are unlikely to contribute to the loss of B cell production in
equine CVID patients.

3.8. Reduced representation bisulfite sequencing

Given the non-familial and late-onset aspects of CVID together with the loss of PAX5 gene
expression despite the presence of upstream transcription factors, we hypothesized that the
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loss of B lymphopoiesis was due to aberrant methylation of essential genes. To obtain a
genome-wide assessment of methylation status, reduced representation bisulfite (RRBS)
libraries were prepared from bone marrow genomic DNA of healthy control (h = 1) and
CVID (n = 2) horses, as well as commercial unmethylated lambda DNA. Inclusion of
unmethylated lambda DNA allowed confirmation that the bisulfite conversion of DNA was
efficient (99.4%). Approximately 55 — 69 million sequence reads per sample were obtained
and aligned to the equine genome sequence (EquCab2.0), with an alignment rate of 38.4—
41.5% (Table 2). These rates are within the range of 19.4 — 44.6% reported for human
RRBS alignments to the human genome sequence [107]. Over 2 million unique CpG sites
were sequenced for each sample and 24.2% of these were methylated in healthy control
horse bone marrow, whereas 28.0 — 31.0%o0f CpG sites were methylated in CVID horse
bone marrow (Table 2). CpG islands were generally 100% unmethylated (70.6% in healthy
control bone marrow) or 100% methylated in bone marrow genomic DNA (22.2%); 7.2% of
CpG islands harbored partial methylation between 25% and 75%. By principal component
analysis of CpG methylation, the healthy control horse bone marrow was clearly distinct
from the CVID horse bone marrow (Figure 5). In total, 1,021 unique promoter or intragenic
CpG islands were identified by RRBS. Of these, 185 CGls gained methylation and 245
CGls lost methylation in the bone marrow of both CVID patients. To appreciate the
relevance of these findings to CVID, the lists of differentially expressed genes identified by
RNA-Seq and differentially methylated genes identified by RRBS were merged, which
revealed that the PAX5 gene was both down-regulated and gained methylation in CVID
horse bone marrow (supplemental Table 3).

3.9. Methylation of PAX5 regulatory regions

In order to validate differential methylation of the PAX5 gene in CVID horse bone marrow,
we amplified the PAXS5 enhancer region from bisulfite-treated bone marrow genomic DNA
from healthy control (n = 6) and CVID (n = 7) horse samples. The PAX5 enhancer was
selected because methylation does not have an apparent role in regulating the PAX5
promoter, whereas the PAX5 enhancer becomes demethylated in multipotent hematopoietic
progenitors [27]. Transcription factors PU.1, IRF4, IRF8, and NF-kB have been
demonstrated to bind to the enhancer, and putative motifs for E2A (E-box) and RUNX1
binding are also present in the horse PAX5 enhancer sequence [27]. Cloning and sequencing
> 10 unique clones revealed that, compared to healthy control horse bone marrow genomic
DNA, CVID horse bone marrow genomic DNA harbors greater methylation over 6 CpG
sites (28.3 — 33.3% vs. 31.7 — 65.0%, respectively, p = 0.000 by Fisher’s exact test, Figure
6). A GEE logistic model with an exchangeable working correlation structure was
performed to test for the effects of status, site and the interaction of status*site on
methylation, while controlling for multiple measurements on each horse which were not
independent of one another. The GEE model results confirmed that CVID status had a
significant effect on methylation levels (p < 0.001), and further revealed that CpG site also
had a significant effect on methylation levels (p < 0.001). The site analysis found that the
first CpG in this region was marked by significantly more methylation than the last CpG
site. This finding may have regulatory implications because the first CpG is found within the
composite ETS/ISRE-consensus element (EICE) that fuses the ETS-binding motif (5'-
GGAA-3) with the IRF4-binding motif (5-AANNGAAA-3'), and thus methylation may be
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regulating transcription factor binding. No binding sites are predicted for the last CpG site,
perhaps indicating that there is less need for regulation by methylation at this site. No
significant interaction was found between CVID status and CpG site (p = 0.855).

Thus, both increased methylation and decreased mRNA expression of the PAX5 gene was
observed in the bone marrow of CVID horses. Increased methylation of the PAX5 enhancer
suggests that the causal defect may lie in the multipotent hematopoietic progenitor stage
because demethylation of this region should occur at that stage. This agrees with the RNA-
Seq data in that the cause of equine CVID may initiate in an early stage of B lymphopoiesis
and manifest as loss of PAX5 expression in the pro-B cell stage (Figure 8).

3.10. CD19 promoter methylation assessment

Next, we measured the methylation of CD19, a transcriptional target of PAX5, in the same
healthy control and CVID horse bone marrow samples. Demethylation of the CD19
promoter initiates at the pre-pro B cell stage, between the CLP and pro-B cell stages, and is
complete at the pre-B cell stage [34]. Amplification, cloning, and sequencing of 10 unique
clones from each sample revealed that healthy control bone marrow samples carried 36.0 —
54.0% methylation over 5 CpG sites, in contrast to 52.0 — 92.0% methylation found in CVID
horse bone marrow (p = 0.000, Figure 7). Increased methylation of the CD19 promoter
further substantiates the placement of the B differentiation block in equine CVID.

3.11. Correspondence between equine CVID and human CVID

Like human CVID patients, equine CVID patients present with late-onset
hypogammaglobulinemia and recurrent bacterial infections (commonly, pneumonia,
sinusitis, hepatitis, meningitis) that are treated with antimicrobials; however, the periodic
administration of IgG to horses is impractical due to costs, and these patients are submitted
to euthanasia when clinical management is not successful. We established an archive of
equine CVID patient tissues which facilitated the bone marrow analyses presented herein;
this is an advantage of equine CVID as it would be difficult to generate the same data from
human CVID patients. Accordingly, only two descriptions of bone marrow biopsies from
human CVID patients have been published [108, 109].

Although equine CVID patients present an apparently homogeneous manifestation of
disease (impaired B lymphocyte development in the bone marrow), about 15% of human
CVID patients present marked B cell lymphopenia that suggests impaired B cell
development, whereas the majority of patients show heterogeneous phenotype. Enumeration
of cells sorted into B cell differentiation stages from a heterogeneous group of human CVID
bone marrow aspirates revealed a subset of patients (9 of 25) with a significant decrease in
pre-B and immature B cells in the bone marrow and a corresponding decrease in the number
of circulating CD19+ cells; no other hematopoietic abnormalities were identified [108].
Recently, similar findings were obtained in a smaller human CVID cohort (n=12, reduced
number of pre-B-11 and immature B cells in bone marrow correlated with fewer circulating
transitional B cells; hematopoiesis otherwise normal) [109]. Not all of the human CVID
donors in these studies exhibited B lymphopenia, suggesting that disturbances in later stages
of B cell differentiation may not always be reflected in the periphery, or importantly,
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identification of reduced populations may vary with the B cell flow cytometric labeling
strategy (ie, CD19 alone vs transitional phenotype). These findings of underlying bone
marrow disturbances in human CVID patients, with or without B lymphopenia, substantiates
the usefulness of the equine CVID model for gaining insight into B cell differentiation
blockages.

Nevertheless, the natural and homogeneous presentation of CVID in horses allowed the
identification of an epigenetic mechanism with gene expression implications that could be
applied to any gene or form of CVID in human patients. The exact dysfunctional epigenetic
mechanism and key genes may be different between equine and human patients and most
likely among human patients; but the identification of an underlying mechanism that leads to
a late-onset impairment of cell development or dysfunction provides novel tools to move
forward into the spectra of dysfunctional gene regulation of the many forms of CVID.
Ultimately, we anticipate that understanding the molecular events that initiate and maintain
epigenetic gene silencing could lead to the development of therapeutic strategies that reverse
gene silencing in CVID.

4. CONCLUSION

Analysis of transcriptome and epigenome profiles revealed a loss of the B cell signature
PAX5 gene expression, with increased methylation of the PAX5 enhancer in the bone
marrow of equine CVID patients. Differences in gene expression were measured between
patients, perhaps due to a progressive nature of CVID, supported by the clinical findings and
history, and molecular analyses. Also, we used breed segregation strategically in order to
subtract genes that would have been differentially expressed due to breed or polymorphisms.
B lymphopenia due to incomplete lymphopoiesis was shared among all patients, as well as
the molecular signatures of PAX5 repression. Herein, we utilized core bone marrow samples
to assess concomitantly hematopoietic environment and hematopoiesis of multiple lineages,
and identified a single cell deficiency. These findings lead us to further explore the
implications of E2A down-regulation, a B cell signature transcription factor upstream of
PAXS5, including isolating and enumerating early progenitor populations (HSC, LMPP, and
CLP). Integrating gene expression with epigenetic status may be a key insight to
understanding the onset of CVID and investigating novel therapeutic strategies.
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Figure 1. Multidimensional scaling plot of bone marrow transcriptomes
Dimension 1 (x-axis) and dimension 2 (y-axis) separate samples based on expression of

15,508 genes and create 3 groups for statistical analysis: healthy controls (C4 and C5
overlap; and C8), CVID group 1 (patients #1-4), and CVID group 2 (patients #5-7).
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Figure 2. Differential gene expression profiles between healthy control horse bone marrow and

equine CVID patient bone marrow

Gene expression is plotted by log2 fold change on the x-axis and —log10 FDR-adjusted p-
value on the y-axis. Genes with significant differences in expression level compared to
healthy control horses (FDR-adjusted p-value > 0.05) are represented by triangles in panel
A) for CVID group 1; and panel B) for CVID group 2. Genes with equivalent expression are

shown in filled black circles.
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Figure 3. Expression of hematopoietic stem cell lineage differentiation genes in the bone marrow
of healthy control horses and equine CVID patients

Gene expression is presented in counts per million reads (CPM) and plotted on the y-axis
log2 scale for the genes listed on the x-axis. Transcription factor, cell surface, and cytokine
genes are categorized by lineage-specific expression: panel A) schematic of hematopoietic
lineage differentiation; B) hematopoietic stem cell; C) bone marrow stroma; D)
megakaryocyte; E) erythrocyte; F) monocyte; G) neutrophil, eosinophil, and basophil; H) T
lymphocyte and natural killer (NK) cell; I) B lymphocyte. Significant differences in
expression were determined by p-values corrected for false discovery rate (FDR). “*’
denotes FDR < 0.05, “**” denotes FDR < 0.01, “***’ denotes FDR< 0.001.
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Figure 4. Expression of B lymphocyte-specific genes during differentiation from hematopoietic
stem cells in the bone marrow of healthy control horses and equine CVID patients

Gene expression is presented in counts per million reads (CPM) and plotted on the y-axis
log scale for the genes listed on the x-axis. Genes are categorized by B lymphocyte
differentiation stage. Significant differences in expression were determined by p-values
corrected for false discovery rate (FDR). ‘** denotes FDR < 0.05, ***’ denotes FDR < 0.01,
“*** denotes FDR< 0.001.
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Figure 5. Principal Component Analysis of CpG methylation between healthy control horse and
equine CVID patient bone marrow genomic DNA

Principal component analysis plot of genome-wide CpG methylation from healthy control
horse and equine CVID patient bone marrow genomic DNA. The two first principal
components are plotted and the proportion of variance explained by each component is
scaled on the axes. The plot shows a clear demarcation of CpG methylation profiles between
healthy and equine CVID bone marrow.
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Figure 6. Methylation of PAX5 enhancer regulatory region in healthy control horses and equine
CVID patients

Methylation status was determined by amplification of bisulfite-treated bone marrow
genomic DNA and sequencing of 10 unique clones per horse. Transcription factor binding
sites are labeled above motif sequence and CpG sites are marked by black rectangles.
Average methylation of each CpG is shown by circles shaded according to level of
methylation. DNA from healthy horses (n=6) had 29.4% total methylation and CVID-
affected horses (n=7) had 53.3% total methylation in this region, a significant increase (p =
0.000).
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Figure 7. Methylation of CD19 promoter region in healthy control horses and equine CVID

patients

Methylation status was determined by amplification of bisulfite-treated bone marrow
genomic DNA and sequencing of 10 unique clones per horse. Transcription factor binding
sites are labeled above motif sequence and CpG sites are marked by black rectangles.

Average methylation of each CpG is shown by circles shaded according to level of

methylation. DNA from 6 healthy horses had 44.3% methylation in this region and CVID-
affected horses (n=7) had 74.0% total methylation, a significant increase (p = 0.000).
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Figure 8. Overview of B lymphocyte differentiation block in equine CVID patients based on

transcriptome and epigenome data analyses

Stages of B lymphocyte differentiation are shown at the top. Changes in methylation and
gene expression shown for healthy bone marrow yielding successful B lymphopoiesis (top
panel) and equine CVID patient bone marrow with diminished B lymphopoiesis (bottom
panel). The block defined in equine CVID B lymphopoiesis is indicated by shading. * Data

shown are statistically different from control samples.
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