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Abstract

Based on the consistent demonstration of fibrosis of the atrioventricular node surrounded by
macrophages and multinucleated giant cells in anti-Ro antibody exposed fetuses dying with heart
block, this study focuses on macrophage signaling stimulated by ssRNA associated with the Ro60
protein and the impact of antagonizing innate cell drivers such as TLR7/8. Transcriptome and
epigenetic modifications which affect transcription factors, NF-xB and STAT1, were selected to
evaluate the phenotype of macrophages in which TLR7/8 was ligated following treatment with
either anti-Ro60/R060/hY3 RNA immune complexes or transfection with hY3. Based on
microarray, TNF and L6 were among the most highly upregulated genes in both stimulated
conditions, each of which was significantly inhibited by preincubation with hydroxychloroquine
(HCQ). In contrast, following stimulation of macrophages with either TNF-a or IFN-a, which do
not signal through TLR, the resultant gene expression was refractory to HCQ. Ligation of TLR7/8
resulted in increased histone methylation as measured by increased H3K4me2, a requirement for
binding of NF-xB at certain promoters, specifically the kB1 region in the TNF promoter (ChIP-
gPCR), which was significantly decreased by HCQ. In summary, these results support that the
HCQ-sensitive phenotype of hY3 stimulated macrophages reflects the bifurcation of TLR
downstream signals involving NF-kB and STAT 1 pathways and for the former dimethylation of
H3K4. Accordingly, HCQ may act more as a preventive measure in downregulating the initial
production of IFN-a or TNF-a and not affect the resultant autocoid stimulation reflected in TNF-a
and IFN-a responsive genes. The beneficial scope of antimalarials in the prevention of organ
damage, inclusive of heart block in an anti-Ro offspring or more broadly SLE, may include in
part, a mechanism targeting TLR-dependent epigenetic modification.
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1. Introduction

The cardiac disease of neonatal lupus (cardiac-NL) represents a pathological readout of
passively acquired autoimmunity that occurs during the second trimester of pregnancy and is
almost universally associated with maternal antibodies to SSA/Ro ribonucleoproteins [1].
The signature manifestation of cardiac-NL is congenital heart block (CHB) whose histologic
correlate is fibrosis of the atrioventricular node surrounded by infiltrating macrophages and
giant cells [2,3]. The mechanism by which maternal antibodies initiate and eventuate in
cardiac scarring has been challenging to define, in part because the target cardiac antigens
are normally sequestered intracellularly. In vitro and in vivo studies suggest that apoptosis
may be a key step in facilitating the accessibility of intracellular antigen to extracellular
maternal autoantibodies. Previously it was shown that in the cytoplasm Ro60 forms
complexes with small non-coding ssRNAs, termed Y RNA, specifically Y3, which are
central to intracellular trafficking [4] and cell surface exposure of Ro during apoptosis [5].
Surface accessibility of Ro60 and subsequent binding of maternal autoantibodies generates
immune complexes which, when phagocytosed by FcyR on infiltrating macrophages, deliver
the Ro-associated sSRNA to the endosomal compartment for ligation with Toll-like
receptors (TLRs) 7/8 [6-8] and secretion of proinflammatory and profibrosing cytokines
capable of transdifferentiating cardiac fibroblasts [9,10]. Underscoring the importance of
macrophage stimulation via TLR ligation in the pathogenesis of disease, both a case control
retrospective review of anti-Ro antibody exposed fetuses of mothers with SLE and
evaluation of subsequent pregnancies following a cardiac-NL birth suggested that
hydroxychloroquine (HCQ), an inhibitor of endosomal TLR ligation, might have a role in
both primary and secondary prevention [11,12].

Multiple signal transduction pathways are stimulated upon activation of TLR7/8, leading,
for example, to increased expression of TNF, and IL6 and other STAT1-dependent genes.
These pathways are classified by their dependence on two transcription factors, NF-xB and
STAT], respectively, which in turn rely on two different post-translational modifications.
Binding of NF-xB at certain promoters may require the methylation of histone H3 at lysine
4 (H3K4), which is mediated by Set7 and is associated with promoter activation and release
of inflammatory mediators by activated macrophages [13]. STAT1-dependent expression of
interferon stimulated genes [14] requires direct modification of STAT1 by histone
deacetylase 3 (HDAC3) [15]. While in health, NF-xB and STAT1 prime the innate immune
system to mount a “protective” inflammatory response when threatened by viral infection,
stimulation by inadvertent anti-Ro60 ssSRNA containing immune complexes may result in
unwarranted inflammation and scar during remodeling of the fetal heart.

Given that the spectrum of macrophage inflammatory products are a lynchpin of the fetal
response to maternal autoantibodies, this study reports the first characterizations of the hY3-
stimulated macrophage transcriptome, epigenetic changes involving NFkxB and STAT1 and
the impact of hydroxychloroquine on these parameters. The identification of
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hydroxychloroquine’s therapeutic reach may provide a roadmap to extinguish macrophage-
derived predisposing factors to cardiac scar and tissue injury more broadly in systemic lupus
erythematosus (SLE).

2. Materials and methods

2.1. Preparation of affinity purified anti-Ro60 Ab

2.2. Cells

Affinity purified anti-Ro60 antibodies were isolated from the serum of a SSA/Ro-positive
mother whose child has cardiac-NL. Briefly the Ro60 recombinant protein was coupled to
Affigel 10 and an affinity isolate was obtained by affinity column chromatography [16].
Samples are processed by application to Detoxi-Gel Endotoxin Removing Gel (Pierce) to
remove any contaminating LPS (<1 pg/ml) [17]. All mothers were enrolled in the Research
Registry for Neonatal Lupus and signed informed consent approved by the New York
University School of Medicine Institutional Review Board for the use of their sera.

Peripheral blood mononuclear cells (PBMC) were obtained from white blood cell
concentrates from de-identified healthy donors (New York Blood Center, New York, NY)
by centrifugation on Ficoll-Hypaque gradients. Monocytes were positively selected using
anti-CD14 microbeads (Miltenyi Biotech) and cultured in Teflon beakers (RPMI 1640/10%
FBS) for 7 days in the presence of 10 ng/ml GM-CSF to obtain macrophages [7,10]. For in
vitro assays, monocyte-derived macrophages (4 x 105/ml) were plated in growth medium
and incubated 37 °C for 48 h. The human monocytic cell line, THP-1, was obtained from the
ATCC and cultured in RPMI 1640/10% FBS. THP-1 cells (4 x 105/ml) were differentiated
into a “macrophage-like” phenotype in 12-well plates with 0.2 uM phorbol-12-myristate-13-
acetate (PMA) for 3 days followed by 48 h in growth medium without PMA as described
[18].

2.3. In vitro model of anti-Ro60-mediated injury

For the preparation of immune complexes, human Y3 RNA, prepared from hY3 plasmids
(kindly provided by Dr. Sandra Wolin, Yale University School of Medicine, CT) as
described [7,19], was subjected to 95 °C for 2 min followed by ice 2 min. Native bovine
Ro60 (Arotec Diagnostics) in 50 mM Tris—HCI, pH 7.4, 2 mM MgCls, 150 mM KCI, 1 mM
EDTA and 1 mM DTT was added and incubated 1 h at 37 °C. An immune complex (IC) was
generated with the addition of affinity purified anti-Ro60 (10 ug/mL). Prior to its use, there
was a pre-incubation (time varied) with PBMC-derived macrophages and PMA-
differentiated THP-1 cells in serum free RPMI in the presence or absence of IRS661, a
TLR?7/8 inhibitor (a gift from Dr. Franck Barrat, Dynavax Technologies, Berkeley, CA),
hydroxychloroquine (varied dose, 5-100 uM), or curcumin (20 uM). Macrophages were
stimulated with immune complexes IC or transfected with hY3, as described [7], for 4 or 18
h as indicated.
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2.4. Microarray analysis

RNA from PBMC-derived macrophages from assays described above was isolated using an
RNeasy kit (Qiagen) and processed for preparation of complementary DNA (cDNA) and
hybridization to filters.

RNA (5 pg) from control and treated cells was used for microarray analysis. The array
analysis was performed at the New York University Cancer Institute Genomics Facility. The
RNA quality was assessed on a Bioanalyzer 2100 (Agilent Technologies, Palo Alto, CA).
For each sample, 50 ng total RNA was amplified and labeled with the 2-Cycle cDNA
Synthesis and the 2-Cycle Target Labeling and Control Reagent packages (Affymetrix,
Santa Clara, CA) following the manufacturers recommendations. Biotin labeled fragmented
complementary RNA (15 pg) was hybridized to GeneChip human genome U133A 2.0 arrays
(Affymetrix). Hybridization occurred at 45 °C for 16 h in Hybridization oven 640
(Affymetrix). Chips were then washed and stained in a Fluidics station 450 and scanned
with a GeneChip Scanner 3000. RMAExpress was used for background adjustment, quintile
normalization, summarization and quality analysis [20]. Genes were defined as up-regulated
if their expression was increased by 50% in the presence of immune complexes or hY3
transfection relative to untreated macrophages. Down-regulated genes were defined as genes
that decreased by 50% upon stimulation with immune complexes or hY3 transfection
compared to untreated conditions. Annotation and ontology of the regulated genes was
obtained using the Database for Annotation, Visualization and Integrated Discovery,
DAVID [21]. DAVID provided ‘tables’ containing functional and ontological details of the
regulated genes, ‘charts’ containing ontological categories, pathways etc., over-represented
in the gene lists, ‘clusters’ of such ontological categories (which identified redundancies and
overlaps), transcription factors over-represented in the promoters of the genes, as well as
sub-lists of genes specific for each ontological category. Transcription factor binding sites
were also evaluated using DAVID, in a separate analysis [22].

2.5. Real-time quantitative polymerase chain reaction for validation of gene expression

data

Quantitative PCR was performed under standard conditions using either PBMC-derived
macrophages or PMA-differentiated macrophages. Each sample was assessed in triplicate
and reverse transcriptase negative control was also tested to exclude any contamination from
DNA amplification. The relative expression ratios were calculated using the 2-22Ct method.
The expression level of the GAPDH gene was used to normalize for differences in input
cDNA.

2.6. Immunofluorescence

In brief, primary human macrophages were seeded on glass coverslips for 48 h and then
stimulated with hY3 (above), R848 (10 uM), or TNF-a (10 ng/mL) for 1 h in the presence
and absence of hydroxychloroquine. Cells were fixed with 4% paraformaldehyde for 15 min
at room temperature and permeabilized with 0.1% Triton X-100/PBS for 20 min. For
indirect immunofluorescence: mAb a-H3K4me2 (Active Motif) was used at a dilution of
1:600. After addition of anti-rabbit 1IgG TRITC (1:300, Sigma—Aldrich) the samples were
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analyzed by indirect immunofluorescence and images captured by digital acquisition. Nuclei
were counterstained with Hoechst 33342 (Sigma).

2.7. Immunoblot

Primary human macrophages were seeded at 5 x 10° cells/well in 6-well plates and
stimulated with h'Y3 or R848 for 3 h in the presence and absence of hydroxychloroquine.
Cells were lysed in Tris-buffered saline containing 1% Nonidet P-40 and protease inhibitors
(Roche) for 30 min on ice. Lysates were subjected to SDSPAGE, transferred to PVDF
membranes, and blocked with 0.1% gelatin in PBS for 2 h at room temperature. After three
washes (PBS/0.1% Tween 20), membranes were probed with human a-H3K4me2 Ab
(1:1000, Active Motif) overnight at 4 °C. Membranes were stained with IRDye 800CW a-
Rb 1gG conjugate and analyzed on the Odyssey Infrared Imager (LI-COR Biosciences).

2.8. Chromatin immunoprecipitation

THP-1 cells were seeded at 1.5 x 107/dish on a 150 x 20-mm dish and differentiated with
0.2 umol/L phorbol myristate acetate (PMA) for 72 h followed by RPMI1/10% FBS without
PMA (an additional by 72 h). After stimulation with hY3 for 3 h in the presence and absence
of hydroxychloroquine, cells were fixed with formaldehyde and chromatin
immunoprecipitations were performed using the ChIP-1T Express Enzymatic kit (Active
Motif), following the manufacturer’s protocol. Each ChIP sample was also subjected to PCR
with primers to the distal promoter of TNF-a including the kB1 site (5’-
CCACAGCAATGGGTAGGAGAATG-3, 5-TTCATGAAGCTCTCACTTCTCAG-3') and
the coding region (5’-TCCAGACTTCCTTGAGACAC-3, 5~
TTGTTCAGCTCCGTTTTCACGG-3). Antibodies used in the ChIP procedure include a-
H3K4me2 and a rabbit 1gG isotype control. Immunoprecipitated DNA and input DNA were
amplified with gene-specific and GAPDH primers (5’
ACAACTTTGGTATCGTGGAAGG-3, 5-GCCATCACGCCACAGTTTC-3') by qPCR.
ChIP data is represented as %input.

2.9. shRNA knockdown of HDAC3

MISSION pLKO.1 vectors encoding shRNAs that target HDAC3 (TRCN0000194993) or
scrambled sequences were obtained from Sigma. HEK293T cells were seeded in
DMEM/10% FBS without antibiotics in a 150 x 20 mm culture dish and grown to 70%
confluency. The pLKO.1 vector (4 pg), psPAX2 packaging plasmid (3 pg), and pMD2.G
envelope plasmid (1 pg) were transfected into HEK293T cells using GeneJuice (EMD
Millipore) according to the manufacturer’s instructions. After 12 h the transfection media
was replaced with 5 ml of fresh DMEM/10% FBS/penicillin/streptomycin and viral
supernatant was collected at 24 and 48 h post-transfection. The pooled supernatant was spun
and filtered. THP-1 cells (5 x 10° cells/flask) were resuspended in 5 ml viral supernatant and
5 ug/ml Polybrene (Santa Cruz) in a T75 flask and incubated at 37 °C for 24 h and stable
clones were selected with puromycin (1.5 mg/ml). As described above, THP-1 cells were
differentiated with PMA, seeded onto 6-well plates, and stimulated with hY 3. Knockdown
of HDAC3 was confirmed with gPCR (5-GCAAGGCTTCACCAAGAGTCT-3, 5~
AGATGCGCCTGTGTAACGC-3).
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2.10. Immunohistochemistry of fetal hearts

The protocol for obtaining autopsy tissue and a matched normal tissue involved informed
consent and approval of the IRB. A heart from a 26 gestational week fetus dying with CHB
and an age matched normal heart obtained after elective termination were interrogated for
H3K4me2. For the former, a prior autopsy study showed a lympho-histiocytic infiltrate with
giant cells in the interventricular septum [3].

2.11. Statistical analysis

3. Results

For results of gPCR experiments, the differences between transcript levels in the absence
and presence of hydroxychlorogquine were determined using ANOVA, followed by the
Tukey—Kramer test when findings with the ANOVA model were significant. Analyses were
performed using GraphPad InStat version 3.10. Values of p < 0.05 were considered
significant.

3.1. Characterization of macrophages engulfing Ro60 immune complexes and hY3 RNA

In order to evaluate whether Fcy receptor-mediated delivery of hY3 ssRNA influences
macrophage phenotype, microarray data were obtained on human PBMC-derived
macrophages treated with anti-Ro60/Ro60/hY3 RNA IC or transfected using a lipid-based
transfection reagent without autoantibodies. Treatment with IC resulted in the increased
expression of 1223 genes while hY3 transfection up-regulated 780 genes; 287 being
common to both conditions. The 287 in common included genes of IC treated macrophages
that significantly correlated with hY3-transfected macrophages (R2 = 0.664, P < 0.0001)
(Fig. 1A). TNF was among the 30 most highly upregulated genes in both stimulated
conditions (Fig. 2A). To confirm the microarray results, TNF expression was assessed by
quantitative real time PCR (gRT-PCR) in the hY3 transfected macrophages in the presence
or absence of HCQ (Fig. 3A). Preincubation with HCQ (10 uM) decreased the hY3
stimulated TNF-a expression from 26.5 + 7.8 the mean -fold induction (fold) to 15.7 £ 4.5
fold (4 h, N =13, p < 0.05) (Fig. 3A). As confirmed by ELISA, preincubation with HCQ
significantly inhibited the induction of TNF-a secretion by macrophages in a dose
dependent manner. For example, HCQ (5 uM and 10 uM), decreased TNF-a secretion from
1540 + 234 pg/ml to 480 £+ 63 (P = 0.06) and 374 + 24.5 pg/ml (p = 0.03), respectively (15
h, N = 3) (Fig 3B).

For each of the top genes of hY3 treated macrophages following co-treatment with IRS661,
a TLR7/8 antagonist, there was attenuation by at least 50% (Not shown). Similar results
were obtained with the IC treated cells following co-treatment with IRS661, a TLR7/8
antagonist (Fig. 1B). HCQ was introduced to the hY3 experiments, an approach that was
selected because HCQ is clinically relevant. Each of the 287 highest hY3-upregulated genes
were inhibited by at least 50% in the presence of HCQ (10 uM) (Fig. 1B). Similar to TNF,
preincubation with HCQ resulted in an attenuation of h'Y3 stimulated L6 gene expression
(147.6 £ 54.5 fold vs 56.7 + 15.8, N = 13, p < 0.05) (Fig. 3C) and decreased induction of
STAT1 mRNA (1.9 + 0.25 vs 1.2 + 0.13, respectively, N = 13, p = 0.003) (Fig. 3D). A focus
on candidates 1L6 and STAT1 was warranted based on the prominence of Stat-dependent
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genes by an agnostic ranking of categories (Supplemental Table 1). As expected, HCQ did
not influence macrophage expression levels of IL6 or STAT1 (Supplemental Fig. 1)
following activation by IFN-a, whose signaling occurs independently of TLR7/8.

Compared to the vast number of up-regulated genes, there were fewer down-regulated genes
in macrophages treated with I1C or transfected with hY3; 161 and 707 respectively; 43 in
common (Fig. 1B). Among the 30 most down-regulated genes (Fig. 2B) were transcripts
which encoded proteins with functions serving checkpoints to innate immune signals and
amplification of inflammation, such as MERTK, an inhibitor of Toll-like receptor (TLR)-
mediated innate immune response, and ZNF652, encoding a transcription suppressor.

Given that over 1000 genes were differentially regulated, we used enrichment of categories
in the DAVID annotation (Supplemental Table 1) to identify transcription factors,
specifically NF-xB and STAT1, as candidates for further evaluation of hY3 dependent
epigenetic modifications reflecting enhancement of transcriptional activity.

3.2. Associations of TLR7/8 ligation with broadly based and specific readouts of epigenetic
modifications and inhibition of these readouts by HCQ exposure

To profile epigenetic factors and the phenotype of hY3 stimulated macrophages, curcumin,
an agent that negatively affects the NF-xB pathway via inhibition of histone lysine acetylase
activity was assessed. Treatment of macrophages with hY3 significantly stimulated TNF-a
release compared with macrophages alone (2207 + 227 pg/ml versus 80.5 + 43.3 pg/ml,
respectively, N = 3, p < 0.01) (Fig. 4A). Co-treatment with curcumin (20 uM, with no
adverse effects on viability (Not shown)) significantly decreased TNF-a release induced by
hY3 (36.2 £ 12.7 pg/ml, N = 3, p = 0.01). Since the decreased secretion of TNF-a observed
with curcumin could reflect inhibition of multiple histone deacetylases, an antisense
approach was employed to specifically address the dependency on histone deacetylase 3
(HDAC3). Chemical inhibitors of HDACS3 are generally accepted as negative regulators of
inflammatory genes [15]. Similar to the results with curcumin, hY3 transfected macrophages
resulted in a 27.5-fold induction of STAT1, which was reduced to 13-fold when cells were
exposed to HDAC3 shRNA (N = 3, p = 0.03). A similar trend was observed for IL6 (N = 3,
p = 0.09) (Fig. 4C). In contrast, TNF expression was not influenced by decreasing HDAC3
(N =3, p=0.8) (Fig. 4B). These data are consistent with prior studies demonstrating cross-
talk between TLR7/8 and transcriptional activity of STAT1 and expression of IL-6 [23].

Given that knockdown of HDACS3 did not affect hY3 stimulated expression of TNF-a, other
potential points of epigenetic control, such as the methylation state of histones at the TNF
promoter were assessed. The TNF gene is closely linked to Set7, a 41 kDa lysine-specific
SET-domain methyltransferase promoting methylation at lysine 4 of histone H3 (H3K4), a
modification commonly associated with transcriptional activation. An increase of H3K4me2
expression was observed in hY3 transfected THP-1 macrophages, compared with no
treatment (Red immunofluorescence, Fig. 5A vs B). Similarly, hY3 transfected macrophages
demonstrated increased expression of histone dimethylation in the nucleus compared to
untreated cells (Fig. 5C vs D, respectively). Consistent with the in vitro data,
immunostaining of the AV nodal region of an affected heart from a fetus dying with CHB
revealed several infiltrating mononuclear cells intensely stained with antibody recognizing
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H3K4me2, while the vascular smooth muscle cells did not stain. Not unexpectedly,
H3K4me2 staining was also detected in glycogenated myocytes of the AV node in an
otherwise healthy heart from an electively terminated fetus (Fig. 5E, F).

As predicted, preincubation with various concentrations of HCQ resulted in a dose-
dependent inhibition of hY3 stimulated expression of H3K4 dimethylation (Fig. 6A) in
THP-1 cells. The HCQ effect was specific to TLR7/8 as demonstrated by the fact that the
histone marker H3K4me2 was also up-regulated by TNF-a-stimulated human macrophages
but not inhibited by HCQ (Fig. 6B). These results were confirmed by immunoblot. Lysates
from macrophages transfected with hY3 or treated with the imidazoquinoline, R848,
revealed an increase in H3K4me2 compared to resting cells which in both cases was
inhibited by preincubation with HCQ (ratio of intensities, 2.43 vs 0.91, respectively, N = 3,
p = 0.03) (Fig. 6C). Total histone 3, used as a loading control, was unchanged.

To address whether H3K4me2, which is associated with increased gene expression, is
enriched at the TNF promoter in an NF-xB binding region, ChIP-gPCR was applied [24].
When compared to total input DNA, there was a significant enrichment of H3K4me2 at the
TNF promoter at the kB1 region, an enrichment that was inhibited by pre-incubation with
HCQ (11.2 £ 1.2% vs 6.6 + 0.7%, N = 3, p = 0.03, hY3 vs hY3 + HCQ, respectively, Fig.
7).

4. Discussion

Toll-like receptor 7/8 and transcription factors play key roles in the macrophage release of
inflammatory mediators, yet information regarding regulatory interactions between these
signals remains limited. Such molecular insight might be leveraged for therapeutic
consideration in antibody mediated diseases resulting from inadvertent sSSRNA-TLR
ligation, such as CHB. The studies presented address the pathological role of hY3 by
categorizing the pathways invoked by its ligation of TLRs. Exposure of human macrophages
to IC comprised of anti-Ro60 Ab, Ro60 protein and its associated hY3 RNA and
transfection with hY3 resulted in the increased expression of numerous proinflammatory
genes including TNF and IL6. In addition, macrophages also demonstrated increased
expression of STAT1-dependent genes which are specific for RNA such as the exonuclease
ISG20 (degrades ssRNA) and IFI44L (antiviral activity against Hepatitis C, a SSRNA virus).
Expression of TNF and STAT1 transcripts are clearly linked to epigenetic modifications of
histones and transcription factors [13,15,25]. Regarding the former, there was an increase
H3K4me2 expression by ligation of TLR7/8 in macrophages, e.g. at the kB1 region in the
TNF promoter (ChIP-gPCR). These findings, along with the profile of H3K4me2
expression, which was reported in cardiac tissue of a subject with fetal demise, add to a vast
body of literature implicating TNF-a as a plausible contributor to the pathogenic scenario at
atrioventricular node and endocardium [6,7,26]. HCQ reduced hY 3-stimulated H3K4me2
expression and TNF-a release in a dose-dependent manner.

The cross-talk of STAT1 and TLR signaling transduction resulting in inflammatory
mediator release has been recently reported [23]. A putative activity of central importance to
STAT1-dependent gene expression involves a non-canonical post-translational modification
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of STAT1 conferred by HDAC3. STAT1 activity, in part, depends on “cycling” through
sequential modifications beginning with tyrosine phosphorylation to promote its
dimerization and nuclear translocation. In the nuclear compartment, STAT1 undergoes
acetylation [27] and this form of STATL is vulnerable to dephosphorylation by the tyrosine
phosphatase TCP45, leading to termination of STAT signaling. Acetylated but not
dephosphorylated STAT1 exits the nucleus prior to its deacetylation by HDAC3 [28,29] to
yield a latent STAT1 available for reactivation. The contribution of HDAC3 to TLR-induced
inflammatory responses is also supported by the report that genes up-regulated in LPS-
treated bone marrow macrophages were significantly reduced in HDAC deficient cells
including IL6, IL15, and CXCL11 [15], which is in keeping with the data presented herein,
i.e. hY3 dependent up-regulation of IL-6 which was substantially attenuated when levels of
HDACS3 were lowered.

Since endosomal TLR activity is dependent on the acidic environment of the endosome,
pharmacologic approaches to attenuate TLR-dependent readouts have utilized bafilomycin,
a macrolide antibiotic inhibitor of vacuolar-type H+-ATPase, causing an increase in the pH
of endosomal compartments, and antimalarials, nonspecific inhibitors of endosomal
acidification [30,31]. The mechanism of the latter was recently challenged in a study
demonstrating that the inhibitory effect of HCQ is secondary to its direct binding to nucleic
acids when concentrated within the endosome, thereby preventing ligands from binding to
TLRs [32,33].

The translational connection between HCQ and TLR is also evident in SLE where the
cytokine of interest is Type | interferon produced by plasmacytoid dendritic cells [30].
Elevations in IFN-a responsive genes may track disease activity and it has been posited that
HCQ may inhibit this signature. However, this effect would be due to attenuation of the
cellular production of IFN-a mediated by TLR ligation but not the downstream effects
resulting from subsequent stimulation by IFN-a. Indeed in the studies presented herein,
HCQ had no effect on the upregulation of IL-6 by exogenous IFN-a. Consistent with this
concept, it has been reported that plasmacytoid dendritic cells isolated from lupus patients
taking HCQ compared to those not on this drug, produce less IFN-a and TNF-a upon
stimulation with TLR9 and TLR7 agonists [34]. Accordingly, treatment with anti-malarials
may act more as a preventive measure than one capable of extinguishing the burden of the
downstream effects reflected in IFN-a requent SLE flares. Importantly, the in vitro activities
of HCQ have been demonstrated at concentrations similar to those found in patients
compliant with HCQ therapy (>1000 ng/ml) [35]. In pregnant patients receiving 400 mg of
HCQ, levels of 1500 ng/ml (5 uM) are readily achieved (JB personal communication).

This study represents a first-time evaluation of hY3 signaling and the macrophage
transciptome with evidence to support a major contribution by NF-xB and STATL. Both
pathways were inhibited by HCQ. These data support a link between TLR7/8 activation and
dimethylation of lysine 4 of histone 3 (H3K4me2), which has been shown to increase
binding of NF-xB at inflammatory gene promoters. Signaling by TNF-a and IFN-a exposed
macrophages, which in part involves NF-xB and STAT1, were refractory to
hydroxychloroquine suggesting that hydroxychloroquine may act more as a preventive
measure than one capable of extinguishing the transcriptome and epigenetic burden of the
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downstream effects reflected in TNF-a and INF-a responsive genes. The scope of the
beneficial effects of antimalarials, in the prevention of organ damage, inclusive of heart
block in an anti-Ro offspring, may include in part a mechanism targeting TLR-dependent
epigenetic modification.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Comparison of gene expression in macrophages by transfection with hY3 RNA and
stimulation with immune complexes (1C) comprised of anti-Ro60, Ro60 and hY3 RNA.
Total gene expression is reported by each dot representing the same transcript probe in
macrophages treated with IC (mean value, N = 2) in the absence (A) and presence (B) of
cotreatment with IRS661 and hY 3-transfection with (B) or without (A) cotreatment with
hydroxychloroquine (n = 1) (log2 relative expression shown). For analysis, inclusion of
probes in the RNA array profile was based on values of -1 < log2 (hY3/untreated) = 1;
expression was substantially shifted for stimulated macrophages given co-treatment of HCQ
and IRS661. While IC-treated human macrophages rely on Fcy receptor-mediated delivery
of hY3 RNA, the phenotype of this condition was similar to macrophages given hY3 RNA,
which was transfected directly into macrophages using a lipid-based transfection reagent
without Abs.
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Fig. 2.

E)?pression of the top genes in macrophages transfected with hY3 RNA and stimulated with
immune complexes (IC) comprised of anti-Ro60, Ro60 and h'Y3 RNA. Each bar represents a
transcript of the top 30 up-regulated genes (A) and down-regulated (B) genes in
macrophages treated with h'Y3 and IC. Also shown are plots of the effect of
hydroxychloroquine and IRS661, a TLRY inhibitor, on gene expression of genes that are up-
regulated by hY3 and IC treatments, respectively. In addition, shown are expression of
genes with a prior link to roles of epigenetic modifications (C). Regarding candidates with a
link to epigenetic modifications, there was a trend towards a downregulation of sirtuin 1
(SIRT1), a histone deacetylase.
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Increased expression of TNF, IL6, and STAT1 in macrophages transfected with hY3 is
attenuated by HCQ, a TLR7/8 inhibitor. The upregulation of TNF-a transcript in response to
hY3 exposure was attenuated by hydroxychloroquine (N = 13, p < 0.05) (A). hY3
transfection of macrophages resulted in a significant increase in TNF-a secretion compared
to untreated cells and this effect was inhibited in a dose dependent manner following pre-
incubation with HCQ (B). Preincubation with HCQ also significantly attenuated
upregulation of IL-6 (N = 13, p < 0.05) (C) and STAT1 (N = 13, p = 0.003) (D) transcripts.
gRT-PCR results are representative of 13 experiments. Bars represent means + SEM.
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TNF-a protein expression was sensitive to broad inhibition of lysine acetylation while
knockdown of histone deacetylase 3 (HDACS3) only affected IL6 and STAT1 expression.
Pre-incubation of THP-1 macrophages with curcumin (20 uM), a lysine acetylase inhibitor,
attenuated hY3 stimulated increase of TNF-a protein expression (A). shRNA knockdown of
histone deacetylase 3 (HDAC3) had no effect on TNF mRNA transcript (QRT-PCR) (B).
The hY3 dependent upregulation of STAT1 (p = 0.03) were significantly attenuated, while
there was a trend to reduce IL6 (p = 0.09) when levels of HDAC3 were lowered (C). qRT-
PCR results are representative of 13 experiments. Bars represent means + SEM.
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Fig. 5.
Expression of H3K4me2 was observed in stimulated human macrophages and the AV node

of a fetus suffering from CHB. Differential in vitro and in vivo expression of H3K4me2
antigen in THP-1 cells (A, B), human macrophages (C, D), and autopsy heart tissue (E, F).
Resting (A, C) and stimulated cells (B, D) were probed with an a-H3K4me2 antibody (red)
and nuclei counterstain (blue). Note that from merged images, magenta indicates an overlap
of H3K4me2 and the nucleus. Panels E & F correspond to expression of H3K4me2 in
normal and autoimmune CHB cardiac tissue, respectively. Macrophage
immunofluorescence result is representative of three experiments run in triplicate. (For
interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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Fig. 6.
Increased expression of H3K4me2 by THP-1 cells stimulated with hY3 or R848 is TLR7/8

dependent. H3K4me2 expression was assessed by immunofluorescence in resting THP-1
cells and cells stimulated with hY3 (A) or TNF-a (B) in the presence and absence of HCQ.
Permeabilized cells were probed with an a-H3K4me2 antibody (red) and nuclei counterstain
(blue). Expression was confirmed by Western blot (C). For the latter, pixel intensities were
measured and normalized to untreated. a-tubulin and H3 served as loading controls. Results
are representative of three experiments run in triplicate. Bars represent means + SEM. (For
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interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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Use of ChIP-gPCR with a-H3K4me2 demonstrates an hY3 dependent and
hydroxychloroquine sensitive-enrichment of H3K4me2 at the TNF-a Promoter in an NF-xB
Binding Region, kB1. THP-1 cells were stimulated with hY'3 with or without HCQ pre-
incubation as described in Fig. 4 and then fixed with formaldehyde. ChIP-qPCR with
primers in the kB1 distal region of the TNF-a promoter was used to interrogate the presence
of H3K4me2. When compared to total input DNA, for the hY3 test condition, there was a
significant enrichment of H3K4me2 at the TNF-a promoter at the region kB1. This
enrichment was inhibited by pre-incubation with hydroxychloroquine (A). Conventional
PCR was used with the same primer set to illustrate loss of H3K4me2 enrichment at the
TNF-a promoter in HCQ treated cells (B). The middle lanes show that the
immunoprecipitations performed with the rabbit 1gG isotype control were negative. The
right most lane highlights the increased enrichment of H3K4me2 as quantified in the graph
on the left. A rabbit 1gG served as an isotype control (C). Results are representative of three
experiments. Bars represent means = SEM.
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