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Abstract

Human cytomegalovirus (HCMV) is a widespread herpesvirus that establishes latency in myeloid 

cells and persists by manipulating immune signaling. Chemokine receptor CXCR4 and its ligand 

CXCL12 regulate movement of myeloid progenitors into bone marrow and out into peripheral 

tissues. HCMV amplifies CXCL12-CXCR4 signaling through viral chemokine receptor US27 and 

cmvIL-10, a viral cytokine that binds the cellular IL-10 receptor (IL-10R), but precisely how 

these viral proteins influence CXCR4 is unknown. We used the proximity ligation assay (PLA) to 

examine association of CXCR4, IL-10R, and US27 in both transfected and HCMV-infected cells. 

CXCR4 and IL-10R colocalized to discrete clusters, and treatment with CXCL12 and cmvIL-10 

dramatically increased receptor clustering and calcium flux. US27 was associated with CXCR4 

and IL-10R in PLA clusters and further enhanced cluster formation and calcium signaling. These 

results indicate that CXCR4, IL-10R, and US27 form a novel virus-host signaling complex that 

enhances CXCL12 signaling during HCMV infection.
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Introduction

Human cytomegalovirus (HCMV) is a member of the Herpesviridae family and a 

widespread pathogen that can establish lifelong latent infection (Jackson et al., 2011; 

Mocarski, 2006). Worldwide seroprevalence ranges from 70–90% in the general population 

and infection is usually asymptomatic or mild and flu-like in healthy individuals (Cannon 

et al., 2010). HCMV infection can be life-threatening in immune-compromised hosts, and 

transplant recipients and AIDS patients are prone to reactivation of latent virus, resulting in 

serious conditions like retinitis and pneumonitis (Azevedo et al., 2015; Soderberg-Naucler, 

2008). HCMV is the most common viral cause of birth defects and childhood disabilities 

in the United States (Cannon, 2009). While a vaccine is considered a high priority (Arvin 

et al., 2004), development has been challenging due to extensive manipulation of immune 

responses by HCMV.

The HCMV UL111A gene encodes cmvIL-10, a viral ortholog of human interleukin-10 

(hIL-10) (Kotenko et al., 2000). Despite having only 27% amino acid sequence identity 

to hIL-10, cmvIL-10 exhibits the same immunosuppressive properties as hIL-10, such as 

inhibition of pro-inflammatory cytokines and down-regulation of major histocompatibility 
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complex (MHC) expression (Slobedman et al., 2009; Spencer et al., 2002). CmvIL-10 binds 

and signals through the hIL-10 receptor (IL-10R) (Kotenko et al., 2000). Upon engagement 

by either hIL-10 or cmvIL-10, the IL-10R dimerizes and activates Janus kinases JAK1 

and Tyk2, which phosphorylate and activate STAT3 (signal transducer and activator of 

transcription 3). STAT3 dimerizes and translocates to the nucleus to activate expression of 

target genes. CmvIL-10 is produced during both lytic and latent infection and has the ability 

to broadly impact host immune function.

In contrast to the potent immune suppressive effects reported for cmvIL-10, we found 

that cmvIL-10 significantly heightens signaling responses through CXCR4 (C-X-C Motif 

Chemokine Receptor 4) (Tu et al., 2018). CXCR4 is a member of the G protein-

coupled receptor (GPCR) superfamily and regulates cell movement during development, 

hematopoiesis, tumor metastasis, and immune responses. The natural ligand for CXCR4 

is chemokine CXCL12, also known as SDF-1α (stromal derived factor-1 alpha), which 

is highly expressed in stromal tissues. Engagement of CXCR4 by CXCL12 induces 

conformational changes that lead to G protein activation, calcium release, and chemotaxis 

along the chemokine gradient. CmvIL-10 binding to the IL-10R caused increased calcium 

flux and chemotaxis in response to CXCL12 (Tu et al., 2018). Balabanian et al. found that 

hIL-10 potentiated the proliferative and chemotactic effects of CXCL12 on B lymphocytes, 

while other cytokines such as IL-5, IL-6, and IL-9 had no effect (Balabanian et al., 2002). 

Taken together, these findings indicate crosstalk between IL-10R and CXCR4 and suggest 

that HCMV could alter CXCR4 signaling outcomes with cmvIL-10 during infection.

CXCR4 is a highly tunable receptor and its signaling can be altered through interactions 

with other receptors, most notably chemokine receptors CCR2 and CXCR7, which dampen 

responses to CXCL12 (Levoye et al., 2009; Sohy et al., 2007). HCMV encodes four 

chemokine-like GPCRs: US27, US28, UL33, and UL78 and all modulate CXCR4 signaling. 

US28, UL33, and UL78 impair various CXCR4 functions (Frank et al., 2016; Tadagaki 

et al., 2012), while US27 enhances CXCL12-CXCR4 signaling outcomes (Arnolds et al., 

2013; Tu et al., 2018).

Of the four HCMV GPCRs, US27 is expressed during lytic infection only (Humby and 

O’Connor, 2015). US28, UL33, and UL78 are expressed during both lytic and latent 

infection (Beisser et al., 2001; Cheng et al., 2017). US28 binds and signals in response 

to multiple host chemokines (Krishna et al., 2018). In contrast, US27, UL33, and UL78 are 

orphan receptors with no known response to chemokines (Arnolds et al., 2013; Bodaghi 

et al., 1998). However, US27, US28, and UL33 exhibit constitutive, ligand-independent 

signaling (Boeck et al., 2018; Casarosa et al., 2001; Casarosa et al., 2003). All four receptors 

are part of HCMV virions (Fraile-Ramos et al., 2001; Fraile-Ramos et al., 2002; Humby and 

O’Connor, 2015; Margulies et al., 1996; Margulies and Gibson, 2007; Varnum et al., 2004), 

suggesting that when virus fuses with the cell membrane, these viral GPCRs (vGPCRs) 

could immediately influence cell-signaling networks and cell-trafficking patterns.

Using the proximity ligation assay (PLA), we previously reported that CXCR4 was 

closely associated with US27 in membranes of infected cells (Tu et al., 2018). PLA 

is a powerful technique for detecting and quantifying direct protein interactions using 
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complementary oligonucleotide-conjugated secondary antibodies (Soderberg et al., 2006). 

If the oligonucleotides are within 15–30 nm of each other, they will ligate to form a 

closed circle that can be amplified by rolling circle replication. The resulting concatemeric 

DNA can be visualized by the addition of fluorescently labeled probes that hybridize to 

sequences in the amplicon, forming discrete spots. In this study, we used the PLA to explore 

associations between CXCR4, IL-10R, and US27 in order to clarify how HCMV enhances 

CXCR4 signaling outcomes during infection.

Results and Discussion

CXCR4 is in close proximity to IL-10R in cell membranes

Engagement of the IL-10R amplifies signaling outcomes induced by CXCL12 binding to 

CXCR4 (Balabanian et al., 2002; Tu et al., 2018). We hypothesized that crosstalk between 

the CXCR4 and IL-10R signaling pathways required that the two receptors were in close 

proximity in cell membranes. The cellular distribution of endogenously expressed CXCR4 

and IL-10R was examined in HEK293 cells cultured on glass coverslips. The cells were 

fixed, stained with antibodies directed to each receptor, and viewed by confocal microscopy. 

CXCR4 (green) was found on the cell surface and distributed throughout the cell (Fig 

1A). IL-10R (red) exhibited a similar widespread distribution, and there was extensive 

overlapping of the two signals (yellow), suggesting that the two proteins colocalized to the 

same sites in HEK293 cells.

We also examined whether CXCR4 and IL-10R were colocalized in cells in human 

bone marrow, an important reservoir for HCMV latency (Sinclair, 2008). Human bone 

marrow tissue sections were probed with antibodies to each receptor and examined via 

confocal microscopy. Comparable levels of CXCR4 and IL-10R were evident, and a 

widespread protein distribution pattern throughout individual cells within the bone marrow 

was observed (Fig. 1B). In the merged image, CXCR4 and IL-10R exhibited distinct areas of 

colocalization (yellow). These images show CXCR4 and IL-10R are naturally expressed and 

colocalized in discrete sites in human bone marrow.

The PLA was employed to further investigate the association between CXCR4 and IL-10R. 

HEK293 cells were grown on glass-bottom chamber slides, fixed and stained with primary 

antibodies targeting CXCR4 and IL-10R followed by oligonucleotide-conjugated secondary 

antibodies. Discrete red fluorescent punctae were observed, indicating that CXCR4 and 

IL-10R were within 30 nm of each other in the cell (Fig. 2). To verify that the association 

between CXCR4 and IL-10R was specific, we evaluated proximity to another receptor that 

is highly expressed in HEK293 cells, the Oncostatin M receptor (OSMR). HEK293 cells 

stained with antibody pairs against CXCR4 and OSMR or IL-10R and OSMR did not result 

in any PLA spots (Fig. 2). The results confirm that CXCR4 and IL-10R are closely and 

specifically associated in HEK293 cell membranes.

Ligand binding increases associations between CXCR4 and IL-10R

We predicted that ligand binding might induce conformational changes that impact the 

association between CXCR4 and IL-10R. HEK293 cells were treated with CXCL12, then 
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fixed and stained with antibodies to CXCR4 and IL-10R for PLA as above. Cells treated 

with CXCL12 had twice as many PLA spots as untreated control cells (Fig 3A, B), 

indicating that ligand engagement enhances CXCR4 proximity to IL-10R. Treatment with 

CXCL12 + cmvIL-10 resulted in an even greater increase in the number of CXCR4:IL-10R 

spots, demonstrating that binding of both ligands brought even more receptors into close 

proximity. The increase in receptor clustering, or number of PLA spots, correlated with 

the intensity of downstream signaling, as measured by calcium mobilization (Fig 3C). 

Cells were labeled with a calcium indicator dye and stimulated with CXCL12. Binding of 

CXCL12 to CXCR4 induced a rapid and transient release of calcium ions that triggered peak 

fluorescence within seconds and rapidly tapered off. Treatment with CXCL12 + cmvIL-10 

resulted in a greater level of fluorescence, or overall calcium mobilization, demonstrating 

that engagement of the IL-10R amplified downstream CXCR4 signaling. Treatment with 

cmvIL-10 alone did not induce calcium flux (Fig 3C) or enhance receptor associations (Fig 

3A, B). These results show that the increase in associations between CXCR4 and IL-10R 

correlates with higher downstream CXCR4 signal amplitude.

HCMV US27 enhances associations between CXCR4 and IL-10R

HCMV US27 also increases CXCR4 signaling activity (Arnolds et al., 2013; Tu et al., 

2018). We previously reported that US27 is in close proximity with CXCR4 in HCMV-

infected cells (Tu et al., 2018), so we wondered how US27 would impact the association 

of CXCR4 and IL-10R. HEK293 cells stably expressing FLAG-tagged US27 or US28 

were stained with antibodies targeting the FLAG epitope, CXCR4, or IL-10R. Overall 

expression levels between US27 and US28 were comparable throughout the cell (Fig 4). 

US28 exhibited a widespread distribution, while US27 had a more punctate and perinuclear 

localization, consistent with previous reports (Fraile-Ramos et al., 2002; Stapleton et al., 

2012). IL-10R and CXCR4 exhibited colocalization with US27 as shown by yellow where 

the green, magenta, and red spectra overlap in merged images (Fig. 4). In contrast, US28 did 

not appear to colocalize with CXCR4, in agreement with previous results (Frank et al., 2016; 

Tu et al., 2018).

We used PLA to quantify associations between CXCR4 and IL-10R in the presence of 

US27. While HEK293 cells had multiple PLA spots indicating proximity of CXCR4 

and IL-10R (Fig 5A), the number of spots in 293-US27 cells was greater (Fig. 5B, C). 

Quantification of PLA spots indicated that the presence of US27 was associated with 

significantly more interactions between CXCR4 and IL-10R (Fig 5B). In addition, PLA 

spots were observed when 293-US27 cells were stained with paired antibodies to detect 

US27:CXCR4 or US27:IL-10R associations (Fig 5C). Staining with paired antibodies to 

US27:OSMR, CXCR4:OSMR, and IL-10R:OSMR did not result in detectable PLA spots 

(Fig. 5C). Taken together, these results confirm that US27 is specifically associated with 

both CXCR4 and IL-10R and that US27 promotes more CXCR4:IL-10R interactions.

CXCR4:IL-10R associations are highest in the presence of US27 with ligand binding

To quantify the impact of US27 on CXCR4:IL-10R interactions with ligand binding, 

we performed PLA on 293-US27 cells treated with CXCL12 or cmvIL-10 alone or 

in combination. Quantification of PLA spots showed that cells expressing US27 had 
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significantly more CXCR4:IL-10R associations than either HEK293 or 293-US28 cells, 

even in the absence of ligand binding (Fig 6A, light gray bars). While the addition of 

CXCL12 caused an increase in the number of CXCR4:IL-10R interactions in all three cell 

types (Fig 6A, dark gray bars), 293-US27 cells had the greatest number of PLA spots 

overall. Treatment with CXCL12 + cmvIL-10 also caused an increase in PLA spots in all 

three cell types (Fig 6A, black bars), with significantly more CXCR4:IL-10R interactions 

in cells expressing US27. The presence of US28 did not impact receptor clustering, and the 

number of CXCR4:IL-10R PLA spots was equivalent in HEK293 control and 293-US28 

cells. These results suggest that US28 neither enhances nor impairs associations between 

CXCR4 and IL-10R. We also examined associations between US28 and CXCR4 during 

ligand binding. There were some detectable CXCR4:US28 punctae in untreated cells and 

an increase in puncta number occurred upon treatment with CXCL12 (Fig 6B). The number 

of CXCR4:US27 PLA spots was significantly higher than CXCR4:US28 PLA spots in 

untreated cells, and the number of CXCR4:US27 associations increased dramatically with 

CXCL12 treatment. Interestingly, the addition of cmvIL-10 to CXCL12 caused an even 

greater increase in CXCR4:US27 associations but did not impact associations between US28 

and CXCR4. These findings demonstrate that CXCR4 specifically associates with IL-10R 

and US27.

CXCR4 associates with IL-10R and US27 during HCMV infection

Since we observed that CXCR4, IL-10R, and US27 are in close proximity in a 293-US27 

cell line, we examined whether these receptors are also associated during virus infection 

when all of the other vGPCR (US28, UL33, UL78) were present. Newborn human foreskin 

fibroblasts (NuFF-1) were infected with BAC-derived HCMV laboratory strain AD169 

expressing green fluorescent protein (GFP) (Yu et al., 2003). After 72 hours, the cells 

were fixed and PLA staining was performed. Both mock- and HCMV-infected NuFF-1 

cells stained with antibodies against CXCR4 and IL-10R exhibited numerous red PLA 

spots, indicating that CXCR4:IL-10R associations also occur in fibroblasts and are not 

impaired by HCMV infection (Fig 7A). Staining with antibodies directed against IL-10R 

and the N-terminus of US27 resulted in numerous PLA spots in HCMV-infected cells. 

In direct contrast, very few PLA spots were detected in HCMV-infected cells stained 

with antibodies directed against IL-10R and the N-terminus of US28, suggesting that 

IL-10R preferentially associates with US27 and not US28, even when both are present. 

The observation that US28 does not associate with CXCR4 is consistent with previously 

published results (Frank et al., 2016; Tu et al., 2018). Staining with antibodies directed 

against CXCR4 combined with either US27-or US28-specific antibodies also indicated a 

specific and preferential association between US27 and CXCR4 (Fig 7B). Staining with two 

distinct CXCR4 antibodies served as positive control for detection of PLA spots during virus 

infection. Precise counting of the number of PLA spots per infected cell was not possible 

because morphological changes associated with CMV infection (Pooley et al., 1999; Resnik 

et al., 2000) made it difficult to delineate individual cells across images. Even without 

quantification, the number of PLA spots clearly indicates that both CXCR4 and IL-10R are 

found in close proximity with US27 during HCMV infection.
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CXCR4 signaling is amplified during HCMV infection

Finally, we wanted to investigate the impact of US27 on CXCR4 signaling during virus 

infection in the presence of cmvIL-10. Since the calcium-sensitive dye Fluo-4 exhibits 

significant spectral overlap with GFP, we used HCMV strain TB40/E-mCherry (WT) or 

a mutant virus lacking US27 (US27Δ). NuFF-1 cells were infected at an MOI of 1 and 

after 72 hours labeled with Fluo-4 to measure fluorescence intensity as an indicator of 

intracellular calcium release. Mock infected cells released calcium in response to stimulation 

with CXCL12 (Fig 8, light gray bars), and the peak fluorescence intensity was higher 

when the stimulus was CXCL12 + cmvIL-10 (Fig 8, black bars), indicating more calcium 

mobilization. As expected, WT-infected cells exhibited the highest calcium flux when 

treated with CXCL12 + cmvIL-10 compared to mock and US27Δ infected cells. These 

results indicate US27 likely increases CXCR4:IL-10R interaction and confirm previous 

findings that US27 enhances CXCR4 signaling during virus infection (Tu et al., 2018). To 

confirm that enhanced CXCR4 signaling was specifically due to IL-10R ligands, we used 

two additional stimuli: interleukin-6 (IL-6) and Oncostatin M (OSM). When mock infected 

cells were treated with CXCL12 in combination with either IL-6 or OSM, the magnitude 

of the calcium response was the same as CXCL12 + PBS. The addition of PBS alone 

did not result in any calcium response. In WT and US27Δ cells, treatment with CXCL12 

+ IL-6 or OSM resulted in lower calcium levels than with CXCL12 + PBS, suggesting 

that other ligands may impair, rather than enhance, CXCL12-CXCR4 signaling responses. 

As a control, we treated cells with combinations of all the ligands (OSM + cmvIL-10, 

OSM + IL-6, IL-6 + cmvIL-10), but only treatments that included CXCL12 had induced 

significant calcium mobilization. There were no significant differences in levels of calcium 

flux between mock and US27Δ-infected cells for any ligand combination. Taken together, 

these results suggest that HCMV specifically enhances CXCL12-CXCR4 signaling during 

infection through cmvIL-10 and US27.

Conclusions

CXCR4 is an essential chemokine receptor that promotes cell growth, survival, and 

migration in response to CXCL12 binding. CXCR4 is also a tunable receptor whose signals 

can be dampened or amplified by interactions with other cellular receptors, and this is the 

first report of a specific association between CXCR4 and IL-10R. PLA results demonstrated 

that CXCR4 and IL-10R were within 30 nm of each other in multiple cell types and that 

ligand engagement enhanced CXCR4:IL-10R associations. HCMV infection increased the 

number of CXCR4:IL-10R PLA spots in fibroblasts, and this effect was attributable to the 

vGPCR, US27. Intriguingly, US28 did not impact CXCR4:IL-10R interactions, and neither 

US28 or the other vGPCR (UL33, UL78) interfered with the ability of US27 to associate 

with CXCR4 and IL-10R during HCMV infection. Because the correlation with receptor 

clustering and increased signal output was so clear, we did not investigate here whether the 

receptors were in direct contact or simply closely associated in membrane microdomains or 

lipid rafts, although this is potential area for future investigation. Our results clearly identify 

a novel signaling complex comprised of CXCR4, IL-10R, and US27 that dramatically 

enhances responses to CXCL12 during HCMV infection. The function of this complex 

during virus infection remains to be determined. As CXCL12 is highly expressed in stromal 

tissues and in the bone marrow (Moll and Ransohoff, 2010), we hypothesize that HCMV 
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amplifies chemotaxis of infected cells toward CXCL12 in order to facilitate virus persistence 

in stromal tissues. This is an extremely challenging hypothesis to test in vivo because murine 

CMV lacks homologs of either US27 or cmvIL-10. However, in a humanized mouse model 

of HCMV infection, CXCR4 antagonist AMD-3100 increased viral DNA in the liver (Smith 

et al., 2010), which was attributed to increased mobilization of latently infected myeloid 

lineage cells from the bone marrow. If blocking CXCL12-CXCR4 interactions leads to more 

virus infected cells in the periphery, then increasing migration of HCMV-infected cells into 

the bone marrow could also aid in infection of myeloid progenitors for the establishment or 

maintenance of latent reservoirs. In support of this notion, crosstalk of the CXCL12-CXCR4 

and α4-integrin pathways mediates retention of neutrophils in the bone marrow (Petty et al., 

2009). Additional studies are needed to understand the role of CXCR4 in HCMV infection.

Many viruses target the CXCL12/CXCR4 axis (Arnolds and Spencer, 2014). Human 

Immunodeficiency Virus (HIV) uses CXCR4 as a co-receptor for virus entry (Berson et 

al., 1996). Kaposi’s sarcoma-associated herpesvirus (KSHV) blocks CXCR4 via cellular 

microRNAs (Punj et al., 2010) or the viral chemokine antagonist vMIP-II (viral macrophage 

inflammatory protein II) (Kledal et al., 1997) to promote release of infected cells into 

the bloodstream. Epstein-Barr virus (EBV) encodes a vGPCR, BILF1 that scavenges Gαi 

proteins to inhibit CXCL12/CXCR4 signaling (Nijmeijer et al., 2010). In contrast to EBV 

and KSHV, HCMV has several mechanisms to enhance CXCR4 expression and signaling 

(Arnolds et al., 2013; Boeck et al., 2018; Tu et al., 2018). While we have examined calcium 

flux and migration as signaling readouts, CXCL12 binding to CXCR4 activates several 

pathways, including NF-κB (Rehman and Wang, 2009; Teicher and Fricker, 2010), which 

promotes HCMV gene expression and replication (DeMeritt et al., 2004; DeMeritt et al., 

2006; Kowalik et al., 1993; Sambucetti et al., 1989). The impact of CXCL12-CXCR4 

signaling on HCMV gene expression and replication is currently unknown and requires 

further investigation.

To date we have focused on CXCR4 responses to CXCL12 signaling, but there are at least 

two other ligands for CXCR4: macrophage migration inhibitory factor (MIF) (Rajasekaran 

et al., 2016) and extracellular ubiquitin (Saini et al., 2010). HCMV infection induces MIF 

production (Bacher et al., 2002; Frascaroli et al., 2009), which could be a mechanism for 

keeping infected cells in peripheral tissues. Future studies are needed to study the impact of 

HCMV infection on MIF and ubiquitin signaling though CXCR4. Moreover, while we have 

observed that cmvIL-10 enhances CXCR4 downstream effects, we have not yet investigated 

the impact of CXCL12 on downstream signaling from the IL-10R, such as Stat3 activation 

or inhibition of inflammatory cytokines. It may be that crosstalk between the two receptors 

varies depending on the ligand, and additional work is needed to examine effects on IL-10R 

signaling due to hIL-10, cmvIL-10, or ebvIL-10 in the presence of CXCR4 agonists.

The successful co-existence of HCMV with its host requires extensive manipulation of host 

cellular processes. Our work demonstrates that CXCR4 is a prime target for manipulation 

during HCMV infection. Formation of a complex between CXCR4, IL-10R, and HCMV 

US27 could induce greater homing of infected cells to the bone marrow, releasing HCMV 

virions to expand the pool of latently infected progenitor cells. Furthermore, understanding 
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the novel virus-host receptor complexes that form during HCMV infection could aid in the 

quest for new and more effective anti-viral therapeutics.

Materials and Methods

Cells and Viruses

Human embryonic kidney cells (HEK293) (American Type Culture Collection, Manassas, 

VA) and newborn human foreskin fibroblasts (NuFF-1) (MTI-GlobalStem, Gaithersburg, 

MD) were cultivated in Eagles Minimal Essential Media (MEM) with 10% fetal bovine 

serum (FBS) (Atlanta Biologicals, Norcross, GA). HEK293 cells stably expressing HCMV 

US27 and US28 encoded in the p3X-FLAG vector (Sigma-Aldrich, St. Louis, Missouri) 

as described previously (Lares et al., 2013; Stapleton et al., 2012) were maintained in 

MEM supplemented with 10% FBS and 1 mg/ml Geneticin (Gibco, Grand Island, NY). 

All cells were cultivated at 37°C in a humidified incubator with an atmosphere of 5% 

CO2. BAC-derived laboratory strain AD169-GFP (Yu et al., 2003) and BAC-derived clinical 

strains TB40/E-mCherry (WT) and TB40/EUS27Δ-mCherry (O’Connor and Shenk, 2011) 

virus stocks were used to infect confluent monolayers of NuFF-1 cells at a multiplicity of 

infection (MOI) of 1. Virus titers were determined using the TCID50 method as described 

(O’Connor and Shenk, 2011).

Immunofluorescence microscopy

Cells were seeded onto FBS-coated glass coverslips in a 6-well plate at a density of 2 × 

105 cells/well for 24 hours. The cell monolayer was washed once with Hanks’s balanced 

salt solution (HBSS) with calcium and magnesium (Invitrogen, Grand Island, NY) and 

fixed with 4% paraformaldehyde for 20 minutes at room temperature (RT). Cells were 

washed and permeabilized with 0.2% (v/v) Triton-X-100 (Thermo Fisher, Waltham, MA) 

for 15 minutes at RT, then washed and blocked with HBSS + 10% bovine serum albumin 

(BSA) at 37°C for one hour. For colocalization studies, cells were co-stained with anti-

CXCR4 goat polyclonal antibody (1:100, Santa Cruz) and anti-IL-10Rα rabbit polyclonal 

antibody (1:100, Santa Cruz) at 37°C for one hour, followed by FITC-conjugated donkey 

anti-goat secondary antibody and TRITC-conjugated goat anti-rabbit secondary antibody 

(Invitrogen) at 1:250 at 37°C for one hour. For four-color colocalization studies, cells 

were co-stained with anti-FLAG M2 mouse antibody (1:500, Sigma-Aldrich), anti-IL-10Rα 
rabbit polyclonal antibody (1:100, Santa Cruz), and anti-CXCR4 goat polyclonal antibody 

(1:100, Santa Cruz), followed by Alexa Fluor 514 goat-anti-mouse, Alexa Fluor 594 goat 

anti-rabbit, and Alexa Fluor 647 donkey anti-goat secondary antibodies (1:250, Invitrogen) 

at 37°C for one hour. Where indicated, cells were stained with anti-Oncostatin M receptor 

goat antibody (1:100, R&D Systems, Minneapolis, MN), followed by FITC-donkey anti-

goat secondary antibody (1:250, Life Technologies, Carlsbad, CA). All coverslips were 

washed with HBSS and affixed to a slide with Prolong Gold mounting media with DAPI 

(Invitrogen). Specimens were imaged using a LSM700 laser scanning confocal microscope 

(Zeiss, Oberkochen, Germany) and Z-stack images are represented as maximum density 

projections.
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Immunohistochemistry (IHC)

Paraffin-embedded tissue sections of human bone marrow (Zyagen, San Diego, CA) were 

immersed in xylene twice at 10 minutes each to remove paraffin, followed by a decreasing 

ethanol series: 100% ethanol, twice for 10 minutes followed by 95%, 70%, 50% ethanol, 

each for five minutes. Slides were rinsed with deionized water and rehydrated with PBS 

for 10 minutes followed by the addition of 10% BSA in phosphate-buffered saline (PBS) 

for 30 minutes at RT. After blocking, anti-CXCR4 goat polyclonal (1:100, Santa Cruz) and 

anti-IL-10Rα rabbit polyclonal antibody (1:100, Santa Cruz) were diluted in incubation 

buffer (1% BSA, 0.3% Triton X-100, and 0.01% sodium azide in PBS) and added onto 

slides with overnight incubation at 4°C. The next day, slides were washed in PBS three times 

for 15 minutes each followed by FITC-donkey anti-goat secondary antibody and TRITC- 

goat anti-rabbit secondary antibody (Invitrogen) each at 1:250 for one hour at RT. After 

secondary antibody incubation, slides were washed in PBS three times for 15 minutes. 

Coverslips with Prolong Gold were affixed and slides imaged as described above.

Proximity Ligation Assays

Cells were seeded into 16-well Lab-Tek chamber slides (Thermo Fisher Scientific, Waltham, 

MA) at 1 × 105 cells/well and then fixed with 4% paraformaldehyde for 10 minutes at 

RT. Slides were washed with PBS and permeabilized with 0.5% Triton X-100 in PBS. 

Where indicated, cells were co-stained with primary anti-CXCR4 goat polyclonal antibody 

(1:100, Santa Cruz), anti-IL-10Rα rabbit polyclonal antibody (1:100, Santa Cruz), anti-

FLAG mouse monoclonal antibody (1:500, Sigma-Aldrich), anti-US27 (1:250, MAB203), 

anti-US28 mouse monoclonal antibody (1:100, Santa Cruz), anti-CXCR4 mouse polyclonal 

antibody (1:100, Santa Cruz) and/or Oncostatin-M receptor antibody (1:100, R&D Systems) 

at 37°C for one hour. The Duo Link In Situ Red Starter Kit (Sigma-Aldrich) was used 

and all washes and probe dilutions were carried out in accordance with the manufacturer’s 

protocol, followed by Prolong Gold mounting medium. Specimens were imaged as above 

and quantification of punctae PLA spots was performed using Image J software.

Calcium Flux Assay

Calcium flux assay was performed as previously described (Tu et al., 2018). Briefly, 

a sample of 1 × 106 cells was resuspended in RPMI-1640 (Roswell Park Memorial 

Institute-1640) medium with no phenol red (Invitrogen, Grand Island, NY), 25 mM of 

HEPES (Invitrogen, Grand Island, NY) and labeled with Fluo-4AM (Invitrogen, Grand 

Island, NY) at a final concentration of 1 μM for 30 minutes, then washed and resuspended 

in fresh medium. Fluorescence intensity was measured for 20 seconds to establish baseline, 

then stimulus was added directly into the sample. Purified recombinant CXCL12 (Peprotech, 

Rocky Hill, NJ), cmvIL-10, Oncostatin-M, and IL-6 (R&D Systems) were used at 100 

ng/ml. Sample data was collected using a BD Accuri C6 Flow Cytometer and analysis 

performed with FlowJo software.

Statistical Analysis

One way analysis of variance (ANOVA) was used to compare differences among different 

treatments group on the same cell type. The one tailed, type two Student’s t-test was used 
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to determine statistical significance between treatments and controls or between the same 

treatment on different cell types.
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Figure 1. CXCR4 and IL-10R colocalize in cells in culture and in bone marrow.
A) HEK293 cells cultured on glass coverslips and stained with anti-CXCR4 goat antibody 

and anti-IL10R rabbit antibody followed by FITC-conjugated donkey anti-goat and TRITC-

conjugated goat anti-rabbit secondary antibodies. Nuclei appear blue due to DAPI staining. 

B) Paraffin-embedded bone marrow tissue stained with the same antibodies as in A. 

Representative images are shown as maximum intensity projections from Z-stacks. Scale 

bar = 10 μm.
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Figure 2. CXCR4 and IL-10R are in close proximity in human cells.
HEK293 cells cultured on glass coverslips were stained with primary antibodies to CXCR4, 

IL-10R, or OSMR in pairwise combinations as indicated, followed by secondary antibodies 

with oligonucleotide PLA+ or − probes. Red punctae indicate protein colocalization. The far 

right panel shows staining with anti-OSMR only followed by FITC-conjugated secondary 

antibody. Maximum intensity projection from Z-stack images taken by confocal microscopy. 

Scale bar = 10 μm.
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Figure 3. CXCR4 and IL-10R are in close proximity and cluster with ligand binding.
A) HEK293 cells cultured on glass coverslips were treated with 100 ng/ml chemokine 

or cytokine as indicated and stained with antibodies to CXCR4 and IL-10R followed by 

secondary antibodies with oligonucleotide PLA+ or − probes. Red punctae indicate protein 

colocalization. Maximum intensity projection from Z-stack images taken by confocal 

microscopy. Scale bar = 10 μm. B) Average number of spots per cell; 10 cells counted 

per treatment. Error bars, standard error of mean (SEM). *p<0.00001, paired Student’s t-test 

vs. untreated, cmvIL-10, and each other. C) Calcium mobilization in HEK293 cells labeled 

with Fluo-4. Arrow indicates addition of 100 ng/ml stimulus: CXCL12 (solid black line), 

cmvIL-10 (gray dashed line), or CXCL12 + cmvIL-10 (black dashed line).
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Figure 4. Colocalization of CXCR4, IL-10R, and HCMV US27.
HEK293 cells stably expressing US27 (top panel) or US28 (bottom panel) were grown on 

glass bottom chamber slides and co-stained with anti-FLAG mouse antibody, anti-CXCR4 

goat polyclonal antibody, and anti-IL-10Rα rabbit polyclonal antibody, followed by Alexa 

Fluor 514 goat-anti-mouse secondary antibody, Alexa Fluor 647 donkey-anti-goat secondary 

antibody, and Alexa Fluor 594 goat-anti-rabbit secondary antibody, respectively. US27 or 

US28 (as indicated) is represented in green, CXCR4 in magenta, IL-10R in red, and areas 

of colocalization are represented in yellow in the merged images. Representative images are 

shown as maximum intensity projections from Z-stacks. Nuclei appear blue due to DAPI 

staining. Scale bar = 10 μm.
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Figure 5. CXCR4 associates with IL-10R and HCMV US27.
A) HEK293 cells were grown in glass chamber slides and stained with primary antibodies 

against CXCR4 and IL-10R, followed by oligonucleotide-conjugated secondary antibodies 

for PLA. Maximum intensity projections from Z-stack images are shown. Nuclei appear 

blue due to DAPI staining. Scale bar = 10 μm. B) Quantification of discrete spots 

for CXCR4:IL-10R interactions, average of 10 cells. Error bars, SEM. *, p < 0.001 

by paired Student’s t-test. C) 293-US27 cells were grown in glass chamber slides and 

stained with primary antibodies against CXCR4, IL-10R, OSMR, and/or US27 followed by 

oligonucleotide-conjugated secondary antibodies for PLA as in A.
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Figure 6. Ligand binding enhances CXCR4 clustering with other receptors.
A) Cells were treated with 100 ng/ml chemokine or cytokine as indicated then co-stained 

with primary anti-CXCR4 goat antibody and anti-IL10R rabbit antibody followed by PLA. 

B) 293-US27 or 293-US28 cells treated as above and co-stained with anti-FLAG mouse 

antibody and anti-CXCR4 goat antibody followed by PLA. For both panels, quantification 

from Image J was based on average of 10 cells. Error bars, standard error for 3 replicates; 

*p-value is <0.0001 by paired Student’s t-test vs. corresponding treatment for HEK293 

or 293-US28, ns = not significant by paired Student’s t-test for corresponding treatments 

between HEK293 and 293-US28 or between treatments on 293-US28 cells as indicated. 

**p-value is < 0.00001 by one-way ANOVA for comparison of all treatments on the same 

cell type.
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Figure 7. HCMV US27, CXCR4, and IL-10R associate during virus infection.
A) NuFF-1 cells were either mock infected or infected with HCMV AD169-GFP (MOI = 1, 

72 hpi). Cells were stained with pairs of primary antibodies against CXCR4, IL10R, US27, 

or US28 as indicated followed by PLA. B) AD169-GFP infected NuFF-1 cells were stained 

with anti-CXCR4 (goat) and anti-US27, anti-US28, or anti-CXCR4 mouse as indicated 

followed by PLA. Nuclei appear blue due to DAPI staining. Representative images are 

shown as maximum intensity projections from Z-stacks. Scale bar = 10 μm.
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Figure 8. Specific ligand combinations increase calcium flux in HCMV infected cells.
NuFF-1 cells were infected with indicated virus and at 72 hpi, labeled with Fluo-4 and 

exposed to the indicated stimuli (100 ng/ml). Mean peak fluorescence intensity of duplicate 

samples is shown, and results are representative of three independent experiments. Error bar, 

standard error. *, p <0.05 or **, p <0.005 by paired Student’s t-test vs. corresponding 

treatment on Mock or US27Δ-infected cells. ***p < 0.0001 by one-way ANOVA for 

comparison of all treatments on the same cell type.
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