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Abstract

Arboviruses target bone forming osteoblasts and perturb bone remodeling via
paracrine factors. We previously reported that Zika virus (ZIKV) infection of early-
stage human mesenchymal stromal cells (MSCs) inhibited the osteogenic lineage
commitment of MSCs. To understand the physiological interplay between bone
development and ZIKV pathogenesis, we employed a primary in vitro model to
examine the biological responses of MSCs to ZIKV infection at different stages of
osteogenesis. Precommitted MSCs were infected at the late stage of osteogenic
stimulation (Day 7) with ZIKV (multiplicity of infection of 5). We observe that MSCs
infected at the late stage of differentiation are highly susceptible to ZIKV infection
similar to previous observations with early stage infected MSCs (Day 0). However, in
contrast to ZIKV infection at the early stage of differentiation, infection at a later
stage significantly elevates the key osteogenic markers and calcium content.
Comparative RNA sequencing (RNA-seq) of early and late stage infected MSCs
reveals that ZIKV infection alters the mRNA transcriptome during osteogenic
induction of MSCs (1251 genes). ZIKV infection provokes a robust antiviral response
at both stages of osteogenic differentiation as reflected by the upregulation of
interferon responsive genes (n > 140). ZIKV infection enhances the expression of
immune-related genes in early stage MSCs while increasing cell cycle genes in late
stage MSCs. Remarkably, ZIKA infection in early stage MSCs also activates lipid
metabolism-related pathways. In conclusion, ZIKV infection has differentiation
stage-dependent effects on MSCs and this mechanistic understanding may permit
the development of new therapeutic or preventative measures for bone-related
effects of ZIKV infection.
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1 | INTRODUCTION

Zika virus (ZIKV) was first isolated in 1947 from a rhesus monkey in
Uganda (Brasil et al., 2016). From the 1960s to the 1980s, ZIKV cases
of human infections were rarely found across Asia and Africa (Bordi
et al., 2017). ZIKV has become more of a global threat because of its
emergence and spread around the globe over the last decade,
especially after the first major outbreak of ZIKV occurred in 2007 in
the Yap Islands of Micronesia (Lanciotti et al., 2008), followed by
another large outbreak in 2013 in French Polynesia (Sikka et al., 2016).
More recently, the ZIKV spread into and beyond Brazil in
2015-2016, with the further geographic expansion of ZIKV in the
United States (Marcondes & Ximenes, 2016; White et al., 2016).
The clinical presentation of acute symptomatic ZIKV infections in
adults is generally mild with symptoms similar to that of other
arboviruses, such as Dengue virus (DENV), Chikungunya virus (CHIKV),
and Ross River virus (RRV) (Alshammari et al, 2018; Haddow
et al, 2012), and includes osteoarticular complications like articular
joint pain (arthralgia) (Brasil et al., 2016; Colombo et al, 2017,
Wimalasiri-Yapa et al., 2020). The bone-related complaints may
present in patients because ZIKV and other arboviruses can infect
the cell types, such as osteoblasts and osteoclasts, which play an
essential role in bone remodeling (Borgherini et al., 2008; W. Chen
et al., 2014; Huang et al., 2016; Mumtaz et al., 2018). Intriguingly,
microcephaly observed in ZIKV-infected pregnant women has been
linked to infection of cranial neural crest cells (CNCCs), which give rise
to cranial bones and influence the developing brain (Bayless et al., 2016;
Del Campo et al., 2017; Chung et al., 2009). Furthermore, observations
with a fetus from a ZIKV-infected pregnant woman revealed that ZIKV
exhibits tropism to mesenchymal stromal cells (MSCs), which represent
fibroblastic precursors of bone-forming osteoblasts (van der Eijk
et al., 2016). This osteo-tropism of ZIKV suggests a direct possible link

between ZIKV infection and bone-related clinical outcomes.
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In our previously published study, we reported that ZIKV infected
osteoprogenitor cells and affected the differentiation and mineralization
(Mumtaz et al., 2018). Previously, we infected the osteoblast precursors
at early stage of differentiation, and did not determine if the effect of
infection is stage dependent. Differentiation of MSCs into osteoblasts is a
multistep process and several key regulators of differentiation and
maturation tightly regulate distinct stages with characteristic biomarkers
(Stephens et al., 2011). Therefore, in this follow-up study, we determined
the susceptibility of late stage MSCs, to ZIKV infection and monitored the
replication kinetics and effects of ZIKV infection on osteogenic
differentiation. Since we found phenotypic differences between early
and late stage MSC, we performed comparative transcriptome profiling of
ZIKV infected cells at different stages of osteogenic differentiation (early
and late stage) to gain initial insights into regulatory pathways linked to
osteoarticular complications. Our results identified key pathways
associated with ZIKV infection that depend on the stage of osteogenic
differentiation in MSCs.

2 | MATERIALS AND METHODS

2.1 | Cell culture

Human bone marrow-derived MSCs from healthy male donors were
purchased from Lonza (PT-2501). MSCs were confirmed 290% positive
for CD105, CD166, CD29, & CD44 and <10% positive for CD14, CD34,
& CDA45. These MSCs were subjected to osteogenic differentiation over a
period of 2-3 weeks as described previously (Both et al., 2017).
Briefly, differentiation into calcium depositing osteoblasts was initiated
on Day 3 post-seeding (Day O—osteogenic stimulation; Figure 1) and
alpha minimum essential medium containing 50 mM ascorbic acid
was supplemented with 100 MM dexamethasone (dex) and 10 mM

B-glycerophosphate (osteogenic medium) (Bruedigam et al., 2011). Vero
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FIGURE 1 Schematic overview of the ZIKV infection regimen relative to osteogenic differentiation of human mesenchymal stromal cells
(hMSCs). Bone marrow-derived hMSCs undergo osteogenic differentiation through preosteoblasts into mature, mineralizing osteoblasts. (a) Our
previous data demonstrated that ZIKV infection of MSCs during early differentiation stages (Day 0) reduced their differentiation and maturation
potential compared to mock-infected controls. (b) Our present studies aim to assess the susceptibility of MSCs to ZIKV infection during later
stages of osteogenic differentiation (Day 7 poststimulation). ZIKV, Zika virus.

85U8017 SUOWIWIOD BA1E81D) 8|cealidde ay) Aq peusenob a.e sejolie YO 8SN 0 S8|nJ 10} ARIq1T 8UUO AB|IM UO (SUONIPUOD-PUE-SWRIALIY A8 | 1M Ale.q Ul [Uo//:Sthiy) SUORIPUOD pue S | 8U188S *[£202/T0/50] UO ARiq1T8UlUO A8 |1M Beyiol[qicstBISBAIUN Wepenoy AIseAlun snwseq Aq £60€ 'do/z00T 0T/10p/Wod A8 | Akeuq 1 puljuo//:sdny wouy pspeojumod ‘0 ‘259v.60T



MUMTAZ ET AL

cells (African green monkey kidney epithelial cells, ATCC CCL-81) were
maintained to perform ZIKV replication kinetics. Cells were cultured in
Dulbecco's modified Eagle's medium (Lonza) supplemented with 10%
heat-inactivated fetal bovine serum (Greiner Bio-One), 2 mM L-glutamine,
1% sodium bicarbonate, 1% HEPES, 100 U/ml penicillin, and 100 pg/ml
streptomycin (all from Lonza) at 37°C and 5% CO, in a humidified

atmosphere.

22 | Virus

ZIKV strain Suriname ZIKVNLO0O013 (ZIKVAS-Surlé; EVAg no.
011V-01621) was grown in Vero cells and passage number 3 was
used for the current study. Virus titers in the supernatants were

determined as described previously (Mumtaz et al., 2018).

2.3 | Replication kinetics of ZIKV in late
infected MSCs

ZIKV replication in late infected MSCs was determined as described
previously (Mumtaz et al., 2018). Briefly, MSCs were subjected to
osteogenic induction for 7 days and then infected at a multiplicity of
infection (MOI) of 5 with ZIKV for 1h at 37°C in 5% CO,. After
incubation, the supernatant was removed and cells were cultured in an
osteogenic medium. Cells were refreshed twice a week for approximately
2 weeks. Mock-infected controls were cultured in parallel. To determine
the titers produced by ZIKV infection, cell supernatants were collected at
different time points postinfection. The supernatant was stored at -80°C

for titration. Experiments were performed in triplicate.

2.4 | Immunofluorescence assay (IFA)

Infected cells from the replication growth kinetics assay were fixed with
4% PFA at Day 4 postinfection, permeabilized with 70% ethanol, and
stained for ZIKV virus with mouse monoclonal antibody anti-flavivirus
group antigen (MAB 10216), clone D1-4G2-4-15 (Millipore), using an
IFA as described previously (Mumtaz et al, 2018). For alkaline
phosphatase (ALP) and ZIKV costaining, late stage infected MSCs were
fixed and stained at Days 4 and 7 postinfection (Days 11 and 14 post-
osteogenic stimulation). Infected and uninfected controls were stained for
ZIKV and ALP with humanized IgG1 pan-flavivirus antibody 4G2
(hu4G2; Native Antigen Company) and mouse anti-human ALP (Abcam)
followed by staining with the goat anti-human IgG conjugated with Alexa
Fluor 488 (Life Technologies) and Alexa Fluor 555-conjugated donkey
anti-mouse 1gG (Life Technologies), respectively.

2.5 | ALP, mineralization, and protein assays

ALP and calcium measurements were performed as described
previously (Bruedigam et al., 2011; Granchi et al., 2010). Briefly,
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ALP activity was determined by measuring its conversion of para-
nitro phenyl phosphate (pNPP) (Sigma) to paranitrophenol for 10 min
at 37°C and measured at 405 nm, using a Victor2 plate reader. ALP
results were adjusted for protein content of the cell lysates as
described before (Mumtaz et al., 2018). Calcium measurements were
performed after overnight incubation of cell lysates with 0.24 M HCI
at 4°C. Calcium content was determined calorimetrically using a
calcium assay reagent prepared by combining 1 M ethanolamine
buffer (pH 10.6) with 0.35 mM O-cresolphthalein complex one in a
ratio of 1:1. All measurements were done at 595 nm using a Victor2

plate reader.

2.6 | RNA preparation

To perform host transcriptomic analysis, MSCs (Donor# 1) were
subjected to osteogenic stimulation and were infected at different stages
of differentiation; at Day O (early) and Day 7 (late) post-osteogenic
stimulation with ZIKV at a MOI of 5 for 1 h at 37°C in 5% CO.. For both
ZIKV-infected treatment groups and the corresponding mock-infected
control, total RNA was extracted on Day 15 post-initial osteogenic
induction of MSCs using TRIzol reagent (Thermo Fisher Scientific). RNA
was purified with the miRNAeasy mini kit (Qiagen). The quantity and
integrity of RNA were assessed by ultraviolet absorbance using a
NanoDrop device (Thermo Fisher Scientific) and RNA integrity number
(RIN score) (Agilent Technologies). High throughput RNA sequencing
(RNA-seq) was carried out using cDNA samples that were indexed using
TruSeq Kits. The library size distribution was examined using an Agilent
Bioanalyzer DNA 1000 chip and Qubit fluorometry (Invitrogen) followed
by the generation of paired-end sequencing reads on an lllumina HiSeq.
2000 sequencer as described previously (Dudakovic et al., 2014; Lewallen
et al., 2021).

2.7 | Bioinformatics analysis of RNA-seq data

Raw RNA-seq reads were aligned and normalized by the MAP-RSEq
(v.1.2.1) workflow, which incorporates Top Hat and HTSEq, to
generate expression values expressed as Fragments Per Kilobase of
transcript per Million mapped reads (FPKM) as described in detail
previously (Dudakovic et al., 2014; Kalari et al, 2014; Lewallen
et al., 2021). Identification of differentially expressed genes (DEGs)
was performed using DEseq (Love et al., 2014) with adjusted p values
using the Benjamini-Hochberg method. DEGs were filtered for
minimal expression (FKPM >0.3), biologically relevant fold changes
(|Log2 FC| >1), and statistical significance (p < 0.05).

2.8 | Pathway and functional enrichment analysis
Functional enrichment and pathway analyses were carried out using

the web-based tools DAVID v 6.8 (Dennis et al., 2003) and Ingenuity
pathway analysis software (IPA, http://www.ingenuity.com/index.
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html). Gene ontology (GO) terms and pathways were considered
enriched when their Benjamini-Hochberg-corrected enrichment

p-value was below 0.05.

2.9 | Quantification of mMRNA expression

For gene expression validation by gPCR, RNA from ZIKV infected
or mock infected MSCs were used for cDNA synthesis and PCR
reactions as described previously (Bruedigam et al.,, 2011).
Oligonucleotide primer pairs were designed to be either on
exon boundaries or spanning at least one intron. Data are
presented as relative mRNA levels calculated by the formula:

2-A(Ct of a gene of interest-C¢ of housekeeping gene) All primer sequences

used are summarized in Table 1.

2.10 | Statistical analysis

Statistical analyses of quantitative values obtained by biochemical analysis
including ALP activity, calcium deposition, and gPCR validation of mRNAs,
were performed using Graph Pad Prism 9 software. All results are
expressed as means with a standard error of the mean. Mann-Whitney U

test was used for the comparison between two groups (infected vs.

uninfected). p < 0.05 was considered significant.

3 | RESULTS
3.1 | ZIKV replicates in MSCs to high titers

We have previously shown that MSCs at early stages of osteogenic
differentiation are susceptible to infection with ZIKV, resulting in
persistent infection in the absence of cytopathic effect (Mumtaz
et al, 2018) (Figure 1). To determine whether MSCs in later stages of
osteogenic differentiation are also susceptible to infection with ZIKV, we
performed ZIKV infections at an MOI of 5 in osteogenically differentiated
MSC cultures after 1 week of incubation in osteogenic media. These late
stage infected MSCs (Day 7) were highly susceptible to ZIKV infection
without any evidence of cytopathic effects. ZIKV infected osteogenically
induced MSCs produced high infectious titers of up to 10%° TCIDso/ml
within 4 days postinfection. Virus growth kinetics showed that these
differentiating MSCs were persistently infected with ZIKV and shedding
of infectious virions was observed over the entire 2-week period
postinfection (Figure 2a). ZIKV infection of MSCs was confirmed by IFA
on Day 4 postinfection (Figure 2b,c).

Gene Forward primer (5’-3") Reverse primer (5'-3')

ASPM TTTACAGATCAGAAGCAGTGTTATC TCTCCTCCACATAGCCTGAA

B2M GATGAGTATGCCTGCCGTGT CTGCTTACATGTCTCGATCCCA
CD36 GACCCTGAGGCCAGGATCTA GGATGCAGCTGCCACAG

DPP4 GAGATGTTCCGGTCCTGGTC TCCAGGACTCTCAGCCCTTT
GAPDH CCGCATCTTCTTTTGCGTCG CCCAATACGACCAAATCCGTTG
IFI127 CGGCCATTGCCAATGG AGAGTCCAGTTGCTCCCAGTGA
IFI44 GGCAGAAGGAGCAGGACTGT GGTTTACGGGAATTAAACTGATATCTGT
IFIT1 TCCTTGGGTTCGTCTACAAATTG TCAAAGTCAGCAGCCAGTCTCA
IFNB CTAGCACTGGCTGGAATGAGACTA CCAGGACTGTCTTCAGATGGTTT
IRF9 GCCCTACAAGGTGTATCAGTTGCT TCGCTTTGATGGTACTTTCTGAGT
1SG20 GATGCCGGCTTGGAGTTAGA GACCCTCAGAGATGCTGCC

OAS1 TGTGTGTCCAAGGTGGTAAAGG CAACCAGGTCAGCGTCAGATC
PRLR ACTTGCCTCTTTCTCCAG TCCCTCAAGAATACTAAGCAG
RUNX2 GATTACAGACCCCAGGCAGG GGCTCAGGTAGGAGGGGTAA
STAT1 TCTGTGTCTGAAGTTCACCCT ACAGAGCCCACTATCCGAGA
TACSTD TCACGCTTCCTGATTCCTCG GACCCTGAGGCCAGGATCTA

Abbreviations: ASPM, assembly factor for spindle microtubules; B2M, beta-2-microglobulin; DPP4,
dipeptidyl peptidase-4; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; IFI27, interferon alpha
inducible protein 27; IFI44, interferon induced protein 44; IFIT1, interferon induced protein with
tetratricopeptide repeats 1; IFNB, interferon B; IRF9 interferon regulatory factor 9; 1ISG20, interferon
stimulatory gene 20; OAS1, 2'-5'-oligoadenylate synthetase 1; PRLR, prolactin receptor; RUNX2,
RUNX family transcription factor 2; STAT1, signal transducer and activator of transcription 1; TACSTD,
tumor associated calcium signal transducer 2.

TABLE 1 Primer sequences of the
analyzed genes
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FIGURE 2 Replication and osteogenic effects of ZIKV in late stage infected MSCs. (a) Line plot showing the growth curve kinetics (log10
TCID50/ml) of ZIKV infection during MSCs differentiation over a period of 14 days. (b—c) Immunofluorescent images of uninfected mock (b) and
ZIKV-infected cells (c) stained for ZIKV antigen (green) and nuclei (blue) at Day 4 postinfection (magnification X100). (d, e) Bar plots showing the
effect of infection on osteoblast differentiation as assessed by ALP (d) and mineralization measured by calcium contents (e), respectively.
(f-i) Immunofluorescent images of uninfected mock (f-h) and ZIKV-infected cells (g-i) stained for ZIKV antigen (green), ALP (red), and nuclei
(blue) at Days 4 and 7 postinfection (magnification X100). All biochemistry assays were performed in triplicates. Each experiment has n=3-4
biological replicates depending on the assay. Representative results from an independent experiment are shown in (d, ) from Donor #1. Results
are compared between ZIKV infected (white bars) and uninfected controls (black bars) and ALP levels are normalized against the total protein.
Error bars represent the SEM. *p < 0.05. ALP, alkaline phosphatase; MSCs, mesenchymal stromal cells; SEM, standard error of the mean;
ZIKV, Zika virus.
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3.2 | ZIKV infection of maturing osteoblasts
induces osteogenesis

To determine the effect of ZIKV infection in late stages of osteogenic
differentiation of MSCs, ALP activity, and calcium deposition were
quantified at different time points (Days 11, 14, and 17) post-
osteogenic stimulation. For late stages of infection, we did not
measure RUNX2 expression because we and others have previously
shown that RUNX2 is only elevated during the early stages of MSCs
differentiation where the commitment of osteoblast precursors to
osteogenic lineage is determined (Mumtaz et al., 2018). In late staged
MSCs infected with ZIKV, we only quantified ALP activity and
mineralization as markers of osteoblast differentiation. ALP activity
was significantly increased on Days 11 and 14 post-osteogenic
stimulation compared to uninfected controls (Figure 2d). ZIKV
infection also increased calcium deposition in ZIKV-infected MSCs
compared to uninfected controls at 17 days post-osteogenic
stimulation (Figure 2e). To determine if ZIKV infection directly
affected the expression of ALP in infected late staged MSCs, or
whether this was a by-stander effect, we performed IFA for ALP and
viral antigen at Days 11 and 14 post-osteogenic stimulation. We
selected these time points based on our functional data for ALP
activity. By IFA, we detected an elevated ALP expression almost
exclusively in ZIKV infected cells, but not in uninfected cells, for both
time points (Figure 2f-i). These data suggest that the increased ALP
activity is due to an increase in ALP expression in ZIKV infected cells.

We observed consistent phenotypic effects, regarding ZIKV
replication and increased osteogenesis, in another tested donor (#2)
(Supporting Information: Figure 1-3). Thus, while our previously
published study showed reduced differentiation in ZIKV infected
MSCs at early stages of osteogenic lineage commitment (Mumtaz
et al., 2018), the current study revealed that ZIKV infection at later
stages of osteogenic induction increases their differentiation com-
pared to mock-infected controls (Figure 2d,e). These diverging results
suggest that the effect of ZIKV infection depends on the stage of
differentiation.

3.3 | Differential regulation of gene expression in
ZIKV-infected MSCs at early versus later stages of
osteogenic differentiation

To identify the molecular pathways associated with this differentia-
tion dependent outcome of ZIKV infection, we performed next
generation sequencing-based RNA expression analyses for ZIKV
infected MSCs and mock-infected controls at the stage of robust
calcium deposition (Day 15). The primary comparison is between
early versus later infected cells, and as an expression baseline, we
used mock-infected MSCs. Our mock control set is pooled data from
early (n=2) and late (n=2) uninfected cells, and both hierarchical
clustering and heat-map analysis indicate that these four samples
group together. Therefore, mock controls are grouped for the

subsequent analysis. To identify the spatial distribution between

two groups: ZIKV infected (early vs. later stage MSCs), and mock-
infected MSCs, we performed principal component analysis (PCA).
The PCA showed that all three conditions were separated into three
different clusters based on three principal components explaining,
respectively, 40.3%, 27.7%, and 19.1% of the total variance (total
>87%) within the RNA-seq data (Figure 3a). PCA analysis also showed
a larger variance between the replicates of the late stage MSC group
compared to the early stage MSC and mock-infected groups. The
heat-map of DEGs showed that all three replicates of ZIKV infected
early stage MSCs showed similar gene expression profiles, with two
clusters of up- and downregulated genes compared to mock-infected
controls (Figure 3b). Gene expression profiles for replicates of ZIKV
infected later stage MSCs also appeared similar except that one
cluster of genes exhibits intragroup variability between the replicates,
corroborating observations with the PCA plot (Figure 3a,b). Com-
pared with mock-infected controls, ZIKV infected later stage MSCs
showed two large clusters where genes are differentially expressed.
Interestingly, in one of the two clusters, genes were upregulated in
ZIKV infected at later stage MSCs compared with mock infected
controls, and ZIKV infected early stage MSCs. Additionally, DEGs with
a high fold change (>Log 2-fold) differences between ZIKV infected
MSCs compared with mock-infected controls are visualized in
volcano plots (Figure 3c,d), respectively. There are predominantly
upregulated genes (~251) in ZIKV infected early stage MSCs
compared with mock-infected controls (Figure 3c). This plethora of
upregulated genes may represent an initial cell response to viral
infection. In contrast to early stage MSCs, the distribution of DEGs is
nearly symmetrical for ZIKV infected later stage MSCs (i.e., 588 up-
and 444 downregulated genes).

3.4 | Stage-specific functional enrichment in early
versus later stage MSCs

Global gene expression analyses showed a higher number of
DEGs (2Log 2-fold) in ZIKV infected later stage MSCs compared to
infected early stage MSCs (1034 and 360, respectively) (Figure 4a).
The lists of genes for early and late stage infected MSCs (Donor # 1)
with fold change differences are provided in Supporting Information:-
Tables 1-3. The majority of DEGs are unique to each group of ZIKV
infected MSCs. However, 143 DEGs were common between the two
treated groups (Figure 4b) of which the majority was regulated in the
same direction for both stages. To provide a functional interpretation
to the differentially regulated gene sets in the unique and common
groups, we performed a GO-based enrichment analysis using a web-
based tool (DAVID 6.8). Functional enrichment analysis was
performed separately based on the list of DEGs unique to and
common between ZIKV infected MSCs (Figure 4c-e). For early stage
MSCs, the most significant GO terms are related to extracellular
space, antiviral defense and lipid metabolism (Figure 4c). For ZIKV
infected later stage MSCs, the most enriched terms are cell cycle,
microtubule binding and activity, and DNA synthesis, and repair
(Figure 4d). For the gene set overlapping between the two groups of
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FIGURE 3 RNA sequence analyses of ZIKV-infected and mock-infected late stage MSCs. (a) Principal component analysis (PCA) plot based
on ZIKV-infected groups (Day O infected: red; Day 7 infected: blue) and mock-infected controls (green). (b) Heat map of differentially expressed
genes (DEGs) in ZIKV infected (Day 0: red; Day 7: blue) and mock-infected cells (green). (c—d) Volcano plots highlighting the top significantly
regulated genes in Day O infected (c) and Day 7 Infected (d) MSCs (upregulated: red; downregulated: green). Visualization of the heat map and
volcano plot is performed by RNA-seq. For figures (b-d), a threshold of log, FC> 2 with an FDR <0.05 was used to identify the DEGs. Each
treated group has n = 3 replicates. MSCs, mesenchymal stromal cells; RNA-seq, RNA sequencing; ZIKV, Zika virus.

ZIKV infected MSCs, we found primarily enrichment of antivirus
response-related terms (Figure 4e).

In parallel, we performed IPA based on the same DEGs to
determine the canonical pathways. As shown in Figure 5, IPA
highlighted functional networks, based on distinct genes (nodes) and
their interactions (edges) in canonical pathways that are mentioned in
the tables underneath. In the pathway enrichment analysis of ZIKV
infected early stage MSCs, we found that most of the upregulated
genes were associated with immune responses including granulocyte
adhesion and diapedesis, and cholesterol metabolism such as LXR/
RXR activation. The pathway analysis of unique genes for ZIKV
infected later stage MSCs showed that DEGs were associated with
cell cycle and mitotic division as observed in functional enrichment
analysis (Figure 5b). Similar to DAVID6.8 annotation cluster analysis,
the overlapping genes between the two groups of ZIKV infected

MSCs revealed immune response-related pathways as major path-
ways being affected due to ZIKV infection (Figure 5c).

3.5 | Expression of cell surface receptors that
accommodate ZIKV entry

We also assessed whether mRNAs for proteins that support infection
of ZIKA in MSCs are expressed or not. Arboviruses enter cells via
members of the MERTK/AXL/TYRO3 receptor kinase family, as well
as CD209 (DC-SIGN) and HAVCR1 (TIM-1) (Perera-Lecoin
et al, 2013). Therefore, we extracted the relative read counts for
these genes from our RNA-seq data, while calculating the average,
standard deviation and coefficient of variation (=STD/average;
n=12). MSCs do not express MERTK, CD209 (DC-SIGN), or HAVCR1,
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overlapping DEGs for ZIKV infected early and late stage MSCs. (c-d) Functional enrichment analyses for Day O infected OBs (c), and Day 7
infected OBs (d) with unique DEGs. (e) Functional enrichment analysis for ZIKV infected early and late stage MSCs with overlapping DEGs. Each
treated group has n = 3 replicates. MSCs, mesenchymal stromal cells; ZIKV, Zika virus.
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FIGURE 5 Pathway enrichment analyses based on DEGS in ZIKV infected early—(DO) and late stage (D7) MSCs. (a-b) Representations of the
network built using unique DEGs in ZIKV infected early (a) and late stage MSCs (b). (c) Network of DEGs based on overlapping genes between
ZIKV infected early and late stage MSCs. Ingenuity pathway analysis (IPA) was used to generate the networks overlaid with relative gene
expression levels measured in ZIKV infected early and late stage of differentiating MSCs from Donor #1. For network analyses, a threshold of
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downregulated (blue) genes. DEGs, differentially expressed genes; MSCs, mesenchymal stromal cells; ZIKV, Zika virus.

nor do they express the mRNA encoding the COVID19 receptor
(ACE2) as an outgroup comparison. However, these cells express high
levels of AXL mRNA (FKMP =76.89 +5.72) and low levels of TYRO3
mRNA (FKPM =4.71 £ 0.90) across all samples analyzed (n = 12). The
mRNA levels for AXL and TYROS are virtually constant, because their

standard deviations are minimal (with low coefficients of variation of,
respectively, 0.07 and 0.19; n = 12), regardless of whether MSCs are
infected or not. The robust expression of AXL mRNA indicates that
the encoded protein may represent the primary entry point for ZIKA
infection in differentiating MSCs—as was shown for other cell types
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(J. Chen et al., 2018; Hamel et al., 2015; Meertens et al., 2017;
Nowakowski et al., 2016), with perhaps a secondary role for TYRO3.
In addition, the invariability of AXL and TYRO3 expression in both
ZIKV-infected and mock-treated MSCs indicates that ZIKV does not
directly control mRNA expression of proteins that support its
infectious cycle via host cell entry (assuming this indeed is the entry
pathway).

3.6 | Quantitative reverse transcription PCR
(gRT-PCR) validation of differentially regulated genes
in ZIKV infected osteogenically induced MSCs

To validate the gene expression profiles of DEGs identified by RNA-
Seq from a single donor, we performed real time qRT-PCR analysis
for a select set of genes representative of interferon (IFN), immune-
related, or other pathways, from two distinct donors with the same
phenotype, including, CD36, IFIT1, IFI27, IFI44, IFNB, IRF9, OAS1,
RUNX2, STAT1, TACSTD (Figure 6a-j and Supporting Information:
Figure 2), and ASPM, B2M, CD36, DPP4, IFI27, IFI44, IFIT1, IRF9,
ISG20, OAS1, PRLR, STAT1 (Figure 7a-I and Supporting Information:
Figure 3). The selected genes are differentially regulated between
ZIKV infected MSCs and mock infected controls. The gRT-PCR
results for selected DEGs identified by RNA-seq analysis showed

good agreement with the expression patterns of RNA-seq

analysis.
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4 | DISCUSSION

Bone-related pathologies are known for several arboviruses, includ-
ing but not limited to ZIKV, DENV, CHIKV, and RRV (W. Chen
et al., 2015; Cui et al., 2018; Sissoko et al., 2009). Other clinically
relevant studies have shown that ZIKV exhibits tropism for MSCs
which are precursors for bone forming osteoblasts, in the perichon-
drium of an infected fetus (van der Eijk et al., 2016). In addition, we
previously demonstrated that ZIKV infection impaired the function of
osteogenically induced MSCs when infected at early stage of
differentiation (Mumtaz et al., 2018). Here, we report that osteo-
genically induced MSCs remain susceptible to ZIKV infection at later
stages of osteoblast lineage progression. RNA-seq data indicate that
MSCs express very robust levels of AXL mRNA that encodes the
potential receptor for arbovirus entry, thus clarifying the tropism for
ZIKV. Remarkably, while ZIKV inhibits early stages of osteogenic
lineage commitment in MSCs by affecting the levels of RUNX2 (early
stage marker) and ALP activity (differentiation marker) (Mumtaz
et al., 2018), we find that ZIKV infection accelerates differentiation of
later stage committed MSCs, as shown by elevated ALP activity and
calcium deposition. These findings regarding the levels of ALP and
the subsequent effect on calcium deposition are usually strongly
correlated, including in our work (Brum et al., 2015; Eijken
et al., 2006). In addition, the increased ALP activity was a direct
effect of ZIKV infection-induced ALP expression. Accelerated

osteogenesis causes premature fusion of cranial sutures associated
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FIGURE 6 RT-gPCR validation of RNA-seq results in early stage infected MSCs. (a—j) RT-gPCR assessment of CD36, IFI27, IFI44, IFIT1, IFN B,
IRF9, OAS1, RUNX2, STAT1, and TACSTD mRNA expression levels in early stage infected MSCs from a healthy donor (#1). Results are compared
between ZIKV-infected (white bars) and mock-infected controls (black bars). Gene expression was corrected for the housekeeping gene, GAPDH.
Error bars represent the SEM. Each group tested has n = 6 replicates. *p < 0.05. MSCs, mesenchymal stromal cells; RNA-seq, RNA sequencing;
SEM, standard error of the mean; ZIKV, Zika virus.
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IFI44, IFIT1, IRF9, ISG20, OA1, PRLR, and STAT1 mRNA expression levels in late stage infected MSCs from a healthy donor (#1). Results are

compared between ZIKV-infected (white bars) and mock-infected controls (black bars). Gene expression was corrected for the housekeeping
gene, GAPDH. Error bars represent the SEM. Each group tested has n = 6 replicates. *p < 0.05. MSCs, mesenchymal stromal cells; RNA-seq, RNA

sequencing; SEM, standard error of the mean; ZIKV, Zika virus.

with a developmental disorder called craniosynostosis (Katsianou
et al., 2016). While ZIKV infection may increase the incidence of
microcephaly by precipitating a neurological disorder (Brasil
et al., 2016; Moore et al., 2017), our results suggest that ZIKV may
perhaps promote premature fusion of cranial sutures by affecting
CNCCs that are required for cranio-facial development (Bayless
et al., 2016; Chung et al., 2009).

Host transcriptomic analysis reflects the opposing phenotypic
changes following ZIKV infection in early versus later stage MSCs.
Using functional enrichment analysis for ZIKV-infected early stage

MSCs, we mainly found an enrichment of genes linked to immune-
related responses. It might explain the underlying factors responsible
for reduced differentiation and maturation in ZIKV-infected early
stage MSCs, as it was previously reported that IFN-mediated immune
response could affect early stages of differentiation of MSCs and
lineage-commitment toward the osteoblast phenotype (Abukawa
et al., 2006; Hatzfeld et al., 2007). Early differentiating MSCs are
sensitive to IFN B, which affects extracellular matrix formation and
reduced mineralization, while once they are osteogenically com-

mitted, osteoblasts are insensitive to IFN exposure (Woeckel
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et al., 2012). These earlier findings indicate that osteogenic
differentiation of MSCs may occur concomitantly with a temporally
variable response to immune factors. Furthermore, genetic disorders
with increased IFN activity (interferonopathies) are often linked with
diverse syndromes with characteristic bone defects, including
multiple skeletal dysplasia, reduced head development, osteoporosis,
and so on (d'Angelo et al., 2021; Goede et al., 2006; Yu & Song, 2020).
Thus, intrinsic susceptibility of MSCs to ZIKV, which is functionally
linked to robust expression of the AXL receptor which mediates viral
entry, triggers an IFN response that may suffice to produce cranial
bone abnormalities.

Several other lines of evidence support the interpretation that
perturbation of immunoregulation may alter osteoblast differentiation
and bone formation. For example, endogenous type-I IFN based feedback
inhibition mechanisms control bone remodeling via IFN stimulated
genes and their upstream immune regulators (Deng et al., 2020). Hence,
any disturbance in immune regulation can perturb bone remodeling either
by affecting bone formation or bone resorption. Interferonopathies along
with an enhanced proinflammatory cytokine profile are evident during
viral infection as has been observed upon CHIKV infection (Chirathaworn
et al,, 2010). CHIKV infected patients exhibit upregulation of type 1 IFN
and inflammatory cytokine profiles that are associated with arthritis,
imbalanced bone remodeling, and excessive bone loss (Amdekar
et al, 2017; Kelvin et al., 2011; Mori et al., 2011; Rulli et al., 2007).
The mechanisms that regulate bone remodeling in physiological and
pathological conditions are complex. Further studies are warranted to
explore how arboviruses may alter bone homeostasis by modulating
regulators of osteoimmunology that balance the differentiation and
function of both osteoclasts and osteoblasts.

Osteoblast-osteoclast communication is essential to maintain
bone metabolism. There is a well-regulated balance between the
functions of bone-forming osteoblasts and bone-resorbing osteo-
clasts (Raggatt & Partridge, 2010; Sims & Martin, 2014). Arthritogenic
arboviruses, including CHIKV and RRV, are known to infect bone-
forming osteoblasts (derived from MSCs) and induce the expression
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of proinflammatory cytokines. This subsequently triggers the activity
of bone resorbing osteoclasts (hematopoietic cells) and may cause
pathological bone loss (Borgherini et al., 2008; W. Chen et al., 2014).
While this study addressed the potential role of osteoblasts in ZIKV
pathogenesis, further studies are needed to examine the role of
osteoclasts and the osteoblast-osteoclast interaction to understand
how ZIKV alters bone homeostasis to induce bone pathologies.

In later stage MSCs, ZIKV infection results in changes in cell cycle
progression as reflected by downregulation of DEGs that support
DNA synthesis during the S phase and microtubule-mediated
formation of the mitotic spindle that segregates chromosomes during
mitosis. Beyond mitosis, degradation of microtubule activity is
associated with increased osteogenesis in vitro and in vivo models
via upregulation of bone morphogenetic protein 2 (BMP2) transcrip-
tion (Brum et al., 2015; Zhao et al., 2009). Our demonstration that
microtubule-binding proteins (e.g., KIF11, CENPE, KIF15, BIRCA) are
downregulated, and those for BMP upregulated, suggests that arrest
of cell proliferation supports the stimulation of osteogenesis
following ZIKV infection of mature osteoblasts.

The cyclin-dependent kinases (CDKs) had also been investigated
for their effect on osteoblast differentiation (Drissi et al., 1999;
Farhat et al., 2021). In general, differentiation of osteoblasts is
characterized by a well-defined sequence of maturation stages,
including cell proliferation and matrix synthesis followed by extra-
cellular matrix mineralization, which is regulated by temporal
expression of cell cycle and phenotype-related genes. CDKs mediate
phosphorylation of regulatory factors, which in turn determine the
transitions between sequential phases of the cell cycle during
osteoblast differentiation, while CDK inactivation by CDKN proteins
suppresses cell proliferation. Our expression analysis of MSCs
infected at a later stage reveals that these cells exhibit a mixed
downregulation of kinase-related genes and their cognate inhibitors
including CDK1, CDKN3, and CDKN2C. Changes in the expression of
these genes may support cell cycle arrest and hence indirectly
enhance mineralization.

A Bone
formation

N/R
A

Mature osteoblast

FIGURE 8 A summarized overview of ZIKV infection and phenotypic effects in early and late stage differentiating MSCs. Our previous data
demonstrated that ZIKV infection of MSCs during early differentiation stages (Day 0) reduced their differentiation and maturation potential
compared to mock-infected controls. In contrast to early stage infection, ZIKV infection during later stages of differentiation (Day 7
poststimulation) induced osteogenesis, in terms of ALP activity and mineralization, compared to mock-infected controls. These findings clearly
demonstrate the stage-dependent phenotypic effect of ZIKV infection MSCs differentiation and osteogenesis. ALP, alkaline phosphatase; ZIKV,

Zika virus.
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In conclusion, we report that the biological effects of ZIKV
infection on MSCs depend on the stage of osteogenic differentiation.
Furthermore, we addressed the role of MSCs in determining ZIKV
pathogenesis by providing the first evidence that while ZIKV-
infection itself is independent of osteogenic differentiation, ZIKV
has a differentiation stage-dependent effect on osteogenesis
(Figure 8). Our results highlight the potential role of MSCs and
osteoblast precursor cells in the pathogenesis of ZIKV and
osteoarticular complications and suggest a direct role of ZIKV
infected cells, rather than a bystander effect.

Future studies employing ex vivo and in vivo bone models will be
required to disentangle the principal mechanism of ZIKV patho-
genesis for bone-related problems in primary ZIKV infection. Apart
from the risk of bone pathologies, another aspect to consider is to
evaluate the role of MSCs in the pathogenesis of neurodevelop-
mental problems due to ZIKV infection since different MSCs
populations originating from various sources have distinct functions.
These investigations are critical to highlighting the pathways and
molecular targets for the development of preventive and therapeutic

measures.
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