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Abstract.

Chikungunya virus (CHIKV) is a mosquito-transmitted pathogen in family Togaviridae, genus Alphavirus.

Although CHIKV is well known for its ability to cause debilitating rheumatoid-like arthritis, it has been also been observed
to cause cardiovascular symptoms such as arrhythmias. Here, using samples from a previous study, we sequenced RNA
from serum, kidney, skeletal muscle, and cardiac muscle from CHIKV- and mock-infected IFN-aR ™~ mice using two
sequencing techniques to investigate heart-specific changes in virus mutational profiles and host gene expression. Muta-
tion rates were similar across muscle tissues although heart tissue carried heart-specific CHIKV minority variants, one of
which had a coding change in the nsP3 gene and another in the 3'UTR. Importantly, heart-specific transcriptional
changes included differential expression of genes critical for ion transport and muscle contraction. These results demon-
strate that CHIKV replicates in the hearts of immunodeficient mice and induce heart-specific mutations and host

responses with implications for cardiac pathologies.

Chikungunya virus (CHIKV) is a mosquito-vectored alpha-
virus that, along with other arthritogenic alphaviruses, can
cause a severe debilitating rheumatoid-like arthritis that can
persist for months to years post infection. The pathophysiol-
ogy of arthritogenic alphaviruses reflects their musculoskele-
tal tropism: CHIKV, for instance, has been shown to
preferentially infect muscle satellite cells." However, a rare
but notable complication of CHIKV infection in humans is
myocarditis® characterized by inflammation of cardiac tissue
that can result in cardiovascular symptoms including dilated
cardiomyopathy and even death.® Although chikungunya
fever (CHIKF) is not typically lethal, cardiovascular complica-
tions have been found to be a leading cause of death in
several studies.*® Further, arrhythmias are a common
occurrence in studies reporting electrocardiographic (ECG)
data,®” and in at least one case of myocarditis detected by
magnetic resonance imaging was reported to persist for a
year post disease onset.® This is particularly concerning for
areas where preexisting cardiovascular conditions like
hypertension are common, such as the United States, as
these have also been linked to increased CHIKF disease
severity.9 However, despite a demonstrable tropism for skel-
etal muscle and a known ability to cause or exacerbate heart
disease, the ability of CHIKV to infect cardiac muscle and
the consequences thereof remain largely unexplored.

As part of our previous study'® comparing defective-RNA
(D-RNA) expression in intracellular-derived viral RNA and
extracellular-derived RNA, we inoculated four type-1 inter-
feron receptor knock-out mice (1 29-IFNaR™~, or A129)
mice with 10® plaque-forming units CHIKV-AF15561 derived
from an infectious clone and two mice with phosphate buff-
ered saline (mock), and then collected serum, skeletal mus-
cle from the injection site near the left rear footpad (SKMs),
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skeletal muscle from the contralateral leg (SKMg,), heart,
and kidney 4 days post infection. The RNA was then
extracted from these tissues and sequenced using random-
primed ClickSeq (CS) approach!' (data available in SRA
NCBI archive, study number PRINA613616). Interestingly,
cardiac muscle and skeletal muscle at the site of injection
had the highest diversity of viral D-RNA species compared
with serum, and a principle component analysis revealed
that of all tissues, cardiac muscle clustered the mostly tightly
indicating that the sources of variance in these samples
were the most similar.™®

Considering these results, we performed additional bioin-
formatics analyses to extract nucleotide mutation frequencies
from existing random-primed CS pileup files generated using
samtools'? to compare virus mutational profiles between
heart, serum, and muscle tissue types among the four
infected animals. Across all sampled tissues, nsP1 and nsP3
exhibited the highest abundance of single nucleotide muta-
tions, while the average nucleotide mutation rates remained
similar (Figure 1A and B). However, tissue-specific mutations
were observed in all mice (Supplemental Table S1). Skeletal
muscle at the injection site generated the most minority var-
iants (present in at least two mice at an average mutation rate
> 1%), mostly in the nsP1 and nsP3 genes. Importantly, we
identified several heart-specific minority variants that arose
with average nucleotide mutation rates ranging between
1.25% and 5.31% among varying numbers of mice (Figure
1C). Most of these were silent mutations except an A4740(U/
G) mutation resulting in either a Q223L or a Q223R amino
acid change and a A5151(G/C) resulting in a D359(G/A) amino
acid change in the nsP3 gene; however, the former only
occurred in three of the four infected mice at an average rate
of 2.53% = 3.84 and the latter occurred in all four mice at an
average rate of only 1.25% = 0.58. There was an additional
mutation in the 3'UTR, U11337G, which occurred in all four
infected mice specifically in the heart at an average rate of
3.9% = 2.26.

We additionally constructed poly-A primed CS libraries
(“PAC-Seq”)'® for the same RNA samples from tissues of
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Ficure 1.

Mutation profiles of Chikungunya virus (CHIKV) RNA collected from infected A129 mice. Four type 1 interferon knock-out (A129) mice

were inoculated with CHIKV-AF15561, and then serum, skeletal muscle from the injection site near the left rear footpad (SKM,s), skeletal muscle
from the contralateral leg (SKMgy), and heart were collected 4 days post infection; RNA derived therefrom was sequenced on a NextSeq550, and
mutation rates were extracted from bam files. (A) Mutation rates across the genome of CHIKV by tissue. (B) Average nucleotide mutation rate
across the genome by tissue. (C) Heart-specific mutations observed across data sets.

infected and mock-infected animals (data available in SRA
NCBI archive, study number PRINA736452) and analyzed
sequences using our DPAC' pipeline followed by DESeq2'®
to examine changes in host gene expression between
infected and uninfected heart and skeletal muscle (repre-
sented by SKMg) (Figure 2). Kidney data were used as a con-
trol tissue to identify genes with system-wide regulation
changes, such as immune signaling pathways. ENRICHR'®"7
was then used to identify GO processes (2018) associated
with differentially expressed genes, grouped by either sys-
temic (genes common to all data sets, i.e., present in all three
organs), muscle-wide (genes common to both skeletal and
heart muscle data sets), and heart (genes exclusively in the
heart dataset). In CHIKV-infected mouse hearts, we identified
1,775 significant gene expression changes (fold change = 2,
P-adj = 0.1), which showed consistency among replicates
and clear distinction from controls by principal component
analysis (Figure 2A). Hierarchical clustering showed all sam-
ples clustered by both tissue and condition (Figure 2B), fur-
ther supporting the consistency observed among replicates.
Of differentially ex-pressed genes, 493 were differentially
expressed systemically, 943 were muscle-wide (e.g., shared

overlap between skeletal and heart muscle datasets), and
345 were heart-specific (Figure 2C). Interestingly, both unin-
fected and infected kidney samples clustered together, indi-
cating that sources of variation between these samples were
more similar than between infected muscle tissues. This is
likely as a result of lower viral replication in the kidneys, which
is also reflected in lower viral read counts in the original CS
data,’® and thus kidney expression data function as a good
control for system-wide expression changes secondary to
infection.

As expected, genes upregulated among all organ groups
consisted largely of innate immune signaling pathways and
cellular responses to infection (e.g., cytokine-mediated sig-
naling pathways; Figure 3A). Unlike kidney, where CHIKV
replication was likely low, muscle tissues (including heart)
showed regulatory changes in multiple functional clusters
related to viral replication, indicating both these tissues
hosted active viral replication (Figure 3B). Finally, we found
318 and 27 genes that are uniquely and significantly up- or
downregulated in CHIKV-infected murine heart, respectively
(Figure 2C). From these 345 genes, ENRICHR identified 45
processes that were significantly (gene number > 2, P-adj



CHIKV A129 HEART INFECTION 101

50- @ ©

1

|

N Y s B __|, S

Heart+ Heart- SKM,s-  SKMg+

Kidney+ Kidney-

Organ CHIKV

Heart +
Heart -
() Kidney +

PC2

() Kidney -
50- SKMyg +
SKMs -

-100-
-100 50 0 50 100
PC1

C Up-regulated genes Down-regulated genes

Ficure 2. Differential gene expression profiles for tissues from Chikungunya virus (CHIKV)-infected A129 mice. Poly-A primed ClickSeq libraries
were constructed with RNA samples collected from chikungunya virus-infected (CHIKV; N = 4, noted by “+”) or mock-infected (N = 2, noted by
“—") A129 mouse kidney, skeletal muscle (SKMs), and heart to evaluate changes in gene expression. Significant (fold change = 2, P-adj = 0.1)
gene expression changes were identified with DPAC pipeline. (A) Principal component analysis showed clear consistency among replicates and
distinctive clustering by both tissue and CHIKV infection status. (B) Hierarchical clustering of the significantly altered genes using Cluster 3.0 fol-
lowed by TreeView demonstrated the unique cardiac transcriptomic profile upon CHIKV infection (color scale: log2fold change). (C) Significantly
up- or downregulated genes as a result of CHIKV infection in specific compartments.

= 0.1) enriched in heart tissue, ranging from processes
related to RNA and protein synthesis to apoptosis and cell
proliferation; however, genes from these processes over-
lapped considerably so BINGO'® was used to generate a
network for visualization of related processes in Cytoscape'®
(Figure 4A).

Among 27 downregulated genes in the heart, four out of
the top 10 genes with the largest fold changes were solute
transporters, two of which were related to sodium transport
(SLC8AS3, fold change = 49.5, P-adj= 0.0052; SCN4B, fold
change = 30, P-adj = 0.0012), while the largest fold change
was in a regulator of sodium channel function (PRSS8, fold
change = 60.35, P-adj=0.09). Therefore, we searched
enriched GO processes (gene number > 1) for terms related
to ion homeostasis (e.g., sodium ion transport, GO0006814)
and muscle contraction (e.g., muscle contraction, GO00
06936), as these processes are reciprocal and critical for
heart function, and then extracted genes from these pro-
cesses for individual consideration (Figure 4B). Importantly,
multiple ion transporters were differentially expressed that
have previously been associated with heart disease. For
example, SCN4B encodes a critical interacting partner of the

Na,1.5 channel, mutations in which have been associated
with congenital long-QT syndrome (a condition marked by
dysregulation in membrane repolarization and irregular
heartbeat),?® whereas KCNK1 encodes a potassium chan-
nel, knockdown of which results in bradycardia and atrial
dilation in zebrafish.2! In conjunction with differentially
expressed genes related to muscle contraction, this would
indicate a potential for dysregulated contractile processes in
the heart.

These sequencing studies evaluating heart-specific
changes in CHIKV mutational profiles and host gene expres-
sion collectively provide confirmation that CHIKV can infect
the hearts of immunodeficient mice and potentially cause
defects in several critical cardiac processes. This is firstly
shown by heart-specific mutations in infected cardiac tissue,
which demonstrates that CHIKV can replicate in heart tissue
and generate cardiac-specific minority variants, although the
potential epidemiological significance of such variants is
unknown. One mutation occurred in all four infected mice
and specifically in the heart, U11337G, which fell in the
3'UTR, a noncoding region that nevertheless has important
functions during viral replication.?? Interestingly, the
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Ficure 3. Systemic and muscle-specific murine transcriptional response to Chikungunya virus (CHIKV) infection by biological process. Four
type-1 interferon knock-out (A129) mice were inoculated with CHIKV-AF15561 and two mock-infected with PBS, and then skeletal muscle from
the injection site near the left rear footpad (SKMs), kidney, and heart were collected 4 days post infection; RNA was extracted from tissues, and
then PACSeq libraries were constructed and sequenced on a Next550. Differential gene expression was analyzed using the DPAC pipeline, and
genes were sorted into those significantly differentially expressed systemically (580 genes in kidney, SKM,s, and hear datasets; (A) and in muscle
(1,124 genes in SKM,g and heart dayaseys, (B), and genes were analyzed using Enrichr analysis tool (https://maayanlab.cloud/Enrichr/). Shown the

top 10 terms by adjusted P value. OR = odds ratio.

sequence of and secondary RNA structures within the
CHIKV 3'UTR have been shown to be important for CHIKV
adaptation to its insect vector rather than its mammalian
host.2®2® These studies, however, did not use mammalian
heart tissue. Because nucleotide changes in an RNA
sequence may potentially result in changes to secondary
structure and subsequently functions thereof, it is possible
that the U11337G variant may affect CHIKV replication in the
heart, though has yet to be determined. Furthermore, heart
and muscle transcriptional changes overlapped consider-
ably in processes involved in viral replication and muscle
function. We additionally showed heart-specific changes in
host gene expression. This supports the hypothesis that
CHIKV can infect cardiac tissue and subsequently induce
cardiac pathologies. Although these results provide impor-
tant insights into potential effects of alphavirus infection on
the cardiovascular system with remarkable consistency
between replicates, only two animals were used for mock
controls in gene expression studies. Therefore, differential
gene expression analyses remain preliminary and should be
interpreted with caution. Furthermore, animals in this study

were not perfused prior to organ collection, thus both muta-
tion data as well as gene expression data may be contami-
nated by circulating virus and contaminating host RNAs,
respectively. Finally, these studies were performed in an
immunodeficient model of CHIKV infection where viral dis-
semination to nearly all tissues is enhanced, and therefore
these results must additionally be validated in an immuno-
competent model. Despite these shortcomings, the observa-
tions made here support clinical observations of CHIKV-
associated heart disease and complications.

Importantly, both muscle-wide and heart-specific gene
expression changes clustered functionally into ion channel
homeostasis and muscle contraction, two interdependent
processes essential for cardiac function; defects in these
pathways subsequently may result in heart failure, marked
by contractile changes and life-threatening arrhythmias. lon
channels maintain action potentials across the sarcolemma,
which guide muscle fibers through the contraction pro-
cess.?” Calcium ions are additionally important for mediating
transactions between contractile proteins, namely myosin,
troponin, and actin.?82° Here, we've shown that genes
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Ficure 4. Heart-specific transcriptional changes in Chikungunya virus (CHIKV)-infected A129 mice. Four type 1 interferon knock-out (A129)
mice were inoculated with CHIKV-AF15561 and two mock-infected with PBS, and then skeletal muscle from the injection site near the left rear
footpad (SKMs), kidney, and heart were collected 4 days post infection; RNA was extracted from tissues, and then PAC-Seq libraries were con-
structed and sequenced on a NextSeq550. Differential gene expression was analyzed using the DPAC pipeline in conjunction with DESeqg2
followed by enrichment analysis using ENRICHR analysis tool (https://maayanlab.cloud/Enrichr/) for genes that were significantly differentially reg-
ulated (fold change = 2, p-adj = 0.1). BINGO was then used in conjunction with Cytoscape to generate a network visualization of enriched GO pro-
cesses. (A) GO 2018 processes significantly enriched in heart tissue (P-adj = 0.1; circles colored by level of significance); (B) genes differentially
expressed in CHIKV-infected heart from processes related to ion homeostasis and muscle contraction (*, P-adj < 0.1; **, P-adj = 0.05; ***, P-adj <
0.01). Genes are colored by functional cluster; some ion transport-related genes serve as sym- or antiporters for dual cations and are colored

accordingly.

involved in ion transport are significantly differentially regu-
lated in the heart during CHIKV infection, with decreased
expression of sodium transport genes (SCN4B) and
increased expression of potassium and calcium binding and
transport genes. Paired with expression changes in contrac-
tile protein genes, this is particularly problematic in the heart
where action potentials are carefully orchestrated by special-
ized cells to induce contractions to specific rhythms, thus
potentially leading to arrhythmias. Clinically, arrhythmias are
a common feature of human CHIKYV infection in studies that
collect ECG data.®” Thus, these observations may be critical
for understanding the pathophysiology of CHIKF-associated
heart complications. Additionally, given that preexisting heart
conditions are exacerbated by CHIKV infection, these results

additionally warrant the investigation of the pathological
effects of CHIKV infection in mouse models of heart disease.
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