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ABSTRACT Respiratory syncytial virus (RSV) is a major pathogen that can cause acute
respiratory infectious diseases of the upper and lower respiratory tract, especially in chil-
dren, elderly individuals, and immunocompromised people. Generally, following viral
infection, respiratory epithelial cells secrete cytokines and chemokines to recruit immune
cells and initiate innate and/or adaptive immune responses. However, whether chemo-
kines affect viral replication in nonimmune cells is rarely clear. In this study, we detected
that chemokine CCL5 was highly expressed, while expression of its receptor, CCR1, was
downregulated in respiratory epithelial cells after RSV infection. When we overexpressed
CCR1 on respiratory epithelial cells in vivo or in vitro, viral load was significantly sup-
pressed, which can be restored by the neutralizing antibody for CCR1. Interestingly, the
antiviral effect of CCR1 was not related to type | interferon (IFN-I), apoptosis induction,
or viral adhesion or entry inhibition. In contrast, it was related to the preferential recruit-
ment and activation of the adaptor Gai, which promoted inositol 1,4,5-triphosphate re-
ceptor type 3 (ITPR3) expression, leading to inhibited STAT3 phosphorylation; explicitly,
phosphorylated STAT3 (p-STAT3) was verified to be among the important factors regu-
lating the activity of HSP90, which has been previously reported to be a chaperone of
RSV RNA polymerase. In summary, we are the first to reveal that CCR1 on the surface of
nonimmune cells regulates RSV replication through a previously unknown mechanism
that does not involve IFN-I induction.

IMPORTANCE  Our results revealed a novel mechanism by which RSV escapes innate im-
munity. That is, although it induces high CCL5 expression, RSV might attenuate the bind-
ing of CCL5 by downregulating the expression of CCR1 in respiratory epithelial cells to
weaken the inhibitory effect of CCR1 on HSP90 activity and thereby facilitate RSV replica-
tion in nonimmune cells. This study provides a new target for the development of co-anti-
viral inhibitors against other components of the host and co-molecular chaperone/HSP90
and provides a scientific basis for the search for effective broad-spectrum antiviral drugs.

KEYWORDS respiratory syncytial virus, RSV, respiratory epithelial cell, CCR1, CCL5,
HSP90

espiratory syncytial virus (RSV) is the main cause of lower respiratory tract infection
(LRTI) and infant respiratory diseases (1, 2). RSV infection can lead to bronchiolitis
and pneumonia and is associated with the development of recurrent wheezing and
asthma (3). It has been estimated that 3.4 million people are hospitalized for RSV
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infection per year worldwide and that from 66,000 to 239,000 children younger than
5 years old die of LRTI caused by RSV. Among viral infections, RSV is considered to be
the main pathogen threatening the health of elderly people (4-6).

The key factors determining the outcome of RSV infection are not fully understood,
but the competition between the virus and the host for survival is the crucial factor
affecting the prognosis of RSV infection. Following viral infection, host cells recruit and
activate immune cells by secreting a series of proinflammatory factors and chemokines
to evoke innate and/or adaptive immune responses. Chemokines constitute a group of
small-molecule proteins that are composed of 70 to 100 amino acids (7) and can pro-
mote the directional movement of immune cells. Despite the nonspecific function of
chemokines, patterns of chemokine expression have been associated with specific dis-
ease states. In the field of respiratory viral infection, evidence has suggested that the
response to viral invasion is regulated by a distinct chemokine expression profile that
involves more CC chemokines than CXC chemokines (8).

Chemokines mediate a variety of biological effects by interacting with correspond-
ing receptors on the cell surface. The major cellular and biochemical mechanisms by
which the interactions of chemokines with chemokine receptors are regulated include
selective and competitive binding interactions, genetic polymorphisms, mRNA splice
variation, variation of expression, degradation, and localization, downregulation by
atypical (decoy) receptors, interactions with cell surface glycosaminoglycans, post-
translational modifications, oligomerization, alternative signaling responses, and bind-
ing to natural or pharmacological inhibitors (9). Most studies have focused mainly on
the interaction between chemokines and receptors on immune cells, and immune cells
are recruited to the infection site, where they initiate an immune response. Notably,
chemokine receptors are highly expressed in respiratory epithelial cells, begging the
questions of what is the role of chemokine binding to host cell surface receptors and
does this binding have an impact on the prognosis of people with a viral infection?
This study shows that when respiratory epithelial cells were infected with RSV, the
expression of CCL5 increased significantly, while the expression of its receptor, CCR1,
was downregulated. Moreover, the RSV load was increased continuously. Obviously,
the downregulation of CCR1 expression inevitably weakens the ability of CCL5 to inter-
act with host cells, which led us to wonder whether the interaction between CCR1 and
CCL5 is related to RSV load. Therefore, we infected respiratory epithelial cells overex-
pressing CCR1 with RSV in vivo and in vitro. Interestingly, we found that with an
increase in CCR1 overexpression, the viral load continued to decrease significantly
compared with that in the control group. Ultimately, our study reveals a novel mecha-
nism affecting the viral load in host cells; that is, the interaction between CCR1 and
CCL5 affects the replication of RSV by regulating the activity of the RSV polymerase
chaperone HSP90. This discovery may provide a new perspective on developing
broad-spectrum antiviral drugs.

RESULTS

Following RSV infection, the expression of the chemokine CCL5 increased sig-
nificantly and was negatively correlated with the replication of intracellular virus.
In the study of RSV pathogenic mechanisms, HEp-2 laryngeal cancer epithelial cells,
A549 lung adenocarcinoma cells, BEAS-2B bronchial epithelial cells, and Vero African
green monkey kidney cells are the typically used models (10). In this study, 241 differ-
entially expressed genes were identified by transcriptome sequencing analysis of RSV-
infected A549 cell (multiplicity of infection [MOI], 1). Compared with that in the control
group, the expression of 171 genes was upregulated and that of 70 genes was downre-
gulated in the infected group (Fig. TA). Among those thus identified, three genes in
the CC chemokine family, CCL2, CCL3, and CCL5, were very highly expressed (Fig. 1B),
with CCL5 the most differentially expressed gene. Real-time quantitative PCR (qRT-
PCR) verified that the chemokine CCL2, CCL3, and CCL5 expression levels gradually
increased with prolonged viral infection (MOI, 0.5), with the increase in CCL5 expres-
sion the most obvious (Fig. 1C). Both methods showed that the expression of CCL5
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FIG 1 The expression of the chemokine CCL5 induced by RSV was increased. (A and B) Transcriptome sequencing was performed to analyze the
expression of cytokines in A549 cells stimulated with RSV (MOI, 1). (C) The expression of chemokines in A549 cells at different time points after RSV
infection was analyzed by qRT-PCR (MOI, 0.5). (D) The relative transcriptional level of CCL5 mRNA in A549 cells, HEp-2 cells, and Vero cells infected with
RSV was detected by qRT-PCR (MOI, 1). (E) The expression level of CCL5 in the culture supernatant of A549 cells or HEp-2 cells induced by RSV was
measured by ELISA (MOI of 0.5, which was used in subsequent experiments). (F) qRT-PCR detection of CCL5 expression levels in the sputum of patients
infected with RSV. (G) A549 cells were transfected with different concentrations of pcAGGS-CCL5, and ELISA verified that the plasmid was successfully
overexpressed and secreted into the extracellular environment. (H and 1) Following RSV infection, the intracellular viral levels in A549 cells transfected with
PcAGGS-CCL5 were detected by Western blotting (H) or fluorescence microscopy (). (J) A549 cells were pretreated with CCL5 protein and irrelevant protein
(tag protein GST) for 30 min and then infected with RSV for 24 h, and intracellular viral protein (GFP tag) levels in A549 cells were detected by Western

blotting. (Unpaired t test: *, P < 0.05; **, P < 0.01; ***, P < 0.005; ****, P < 0.001).

increased most obviously. Therefore, we finally focused on CCL5 to further explore the
effect of CCL5 on respiratory epithelial cells. After RSV infection of three susceptible
cell lines, A549, HEp-2, and Vero cells lines (MOI, 1), the mRNA expression levels of the
chemokine CCL5 were significantly higher than those of the control groups within 48 h
(Fig. 1D). According to the above results, we found that when RSV infected cells at an
MOI of 0.5, it could achieve a good infection effect. Therefore, an MOI of 0.5 was used
in the subsequent experiments. When A549 cells and HEp-2 cells were infected by RSV
at an MOI of 0.5, supernatant was collected at 24 and 48 h. The results showed the pro-
tein expression levels of the chemokine CCL5 were also significantly higher than those
of the control groups (Fig. 1E). Additionally, 98 sputum samples were collected (RSV
negative, n = 66; and RSV positive, n = 32) to detect the CCL5 mRNA expression level,
and the results showed that the CCL5 mRNA level was significantly increased in the
samples from patients with clinical RSV infection compared with that in the negative-
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control sample (Fig. 1F). These results were consistent with the results of a gene chip
analysis.

Most studies on chemokines have focused on their recruitment of immune cells
(such as monocytes/macrophages, granulocytes, natural killer [NK] cells, and/or T cells)
to enhance the immune response during inflammation and viral infection.

Following RSV infection, respiratory epithelial cells are highly induced to express
CCL5, but the number of CCL5 receptors on respiratory epithelial cells is typically not
increased. Does the interaction between CCL5 and its receptors on host cells impact
RSV survival? To answer this question, after transfection with a eukaryotic plasmid
expressing CCL5, A549 cells were infected with RSV and incubated for 24 h. The results
showed that with the increase in the CCL5 expression level, the expression level of in-
tracellular viral protein was significantly decreased (Fig. 1G to I). Therefore, it was sug-
gested that the elevation in CCL5 expression may affect viral replication in respiratory
epithelial cells. To test this hypothesis, we pretreated A549 cells with CCL5 and gluta-
thione S-transferase (GST) protein for 30 min and then infected the cells with RSV (RSV-
green fluorescent protein [GFP] tag) for 24 h, and we found that GFP expression signifi-
cantly decreased when CCL5 protein increased to a certain concentration (600 ng/mL).
However, the unrelated protein GST had no effect on viral replication (Fig. 1J), indicat-
ing that the expression of CCL5 was negatively correlated with RSV replication.

CCR1 overexpression affected the intracellular RSV load. CCL5 exerts its biologi-
cal effect through its receptors, which include CCR1, CCR3, and CCR5. Therefore, we
measured the expression levels of these three receptors in cells infected with RSV. We
found that the expression level of CCR1 was decreased, that of CCR5 was increased,
and that of CCR3 expression did not significantly change (Fig. 2A). Then, A549 cells
were first transfected with CCR1, CCR3, or CCR5 recombinant expression plasmids (Fig.
2B) and then were infected with RSV and incubated for 24 h. Interestingly, the viral
load (indicated by GFP [green] fluorescence) decreased significantly only after CCR1
was overexpressed (Fig. 2C and D). To determine whether CCR5 affects RSV load, CCR5
expression was knocked down by CCR5-specific short interfering RNA (siRNA), the
effectiveness of which was verified by Western blotting (Fig. 2E). Subsequently, CCR5
knockdown cells were infected with RSV (MOI, 0.5). The GFP viral tag was detected in
cells by fluorescence microscopy and Western blot analysis (Fig. 2F and G), and the
results showed no significant difference in RSV proliferation in the CCR5 knockdown
cells and the normal controls. These data suggest that RSV proliferation in host cells
was not affected by a change in the expression levels of CCR3 or CCR5 but was affected
by a change in CCR1 expression.

The CCR1 expression level was negatively correlated with RSV replication. After
24 h of infection with RSV, viral proliferation was significantly reduced in A549 cells
overexpressing CCR1 (500 ng of pcDNA3.1-CCR1) compared with that in the control
group cells (Fig. 2C and 3A), and with the increase in CCR1 overexpression, the intracel-
lular viral load gradually decreased (Fig. 3B and C), suggesting that CCR1 expression
was negatively correlated with RSV replication. Furthermore, A549 cells were pre-
treated with different concentrations of anti-CCR1 neutralizing antibodies and then
infected with RSV, and the analysis showed that the viral load gradually recovered in a
dose-dependent manner with the increase in neutralizing antibody concentration (Fig.
3D and E), indicating that RSV replication was resumed after the binding of CCR1 and
its ligand was blocked. After RSV infection of CCR1 knockdown A549 cells for 24 h, the
intracellular viral protein level was increased significantly compared with that in the
control cells (Fig. 3F), confirming that the expression level of CCR1 was negatively cor-
related with the intracellular replication of RSV.

The obvious decrease in viral load after CCR1 overexpression was not caused
by upregulation of the type I interferon level, induction of cell apoptosis, down-
regulation of CX3CR1 expression, or inhibition of RSV adhesion and entry into
cells. How does CCR1, a membrane receptor, affect virus replication? To answer this
question, after the CCR1 expression plasmid (500 ng) was transfected into A549 cells,
we measured CCR1 expression by confocal microscopy (Fig. 4A) and Western blotting
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FIG 2 CCR1 expression decreased in A549 cells infected with RSV, and the CCR1 expression level was affected by the level of intracellular viral protein. (A)
The expression of CCL5 receptors in A549 cells infected with RSV was analyzed by Western blotting. (B) A549 cells were transfected with 500 ng of CCR1,
CCR3, CCR5, or an empty plasmid. Whole protein was extracted, and the transfection efficiency was verified by Western blotting. (C and D) The viral load of
A549 cells overexpressing CCR1, CCR3, or CCR5 was analyzed by fluorescence microscopy (C) and Western blotting (D). (E) Western blot showing the effect
of CCR5 gene knockout in A549 cells that had been infected with RSV and incubated for 24 h. (F and G) The number of intracellular viruses was
determined by fluorescence microscopy, and the level of intracellular viral proteins was detected by Western blotting (G). Cells were transfected for 30 h

and then infected with RSV for 24 h. (Unpaired t test: *, P < 0.05; ***, P < 0.005; ****, P < 0.001).

of extracted membrane proteins (Fig. 4B). We found that CCR1 expression on the mem-
brane surface had significantly increased, indicating that CCR1 overexpression in A549
cells enhanced the interaction between CCR1 and its ligand CCL5. What is the mecha-
nism of RSV load reduction following CCR1 overexpression? Does CCR1 overexpression
increase type | interferon (IFN-I) expression to enhance cellular antiviral function, or
does it lead to apoptosis and the subsequent decrease in intracellular viral load? Does
CCR1 overexpression affect virus adhesion, entry into cells, intracellular proliferation
and/or budding? In answering these questions, we detected the IFN-3 protein expres-
sion of each group, and interestingly, the levels of IFN-B decreased significantly after
CCR1 overexpression. The possible reason is that the overexpression of CCR1 downre-
gulates viral replication, which, in turn, may affect the expression of IFN-I. To put it
another way, the levels of IFN-I did not increase, indicating that the decrease of viral
load caused by overexpression of CCR1 was not due to upregulation of IFN-I (Fig. 4C).
Additionally, A549 cells overexpressing CCR1 showed no obvious change in the apo-
ptosis rate regardless of their RSV infection status, suggesting that the decrease in viral
load following CCR1 overexpression was not caused by apoptosis (Fig. 4D). RSV was
incubated with cells at 4°C until it adhered to cells, and then the RSV-attached cells
were cultured at 37°C for 30 min to initiate virus entry into these cells. Then, the cells
were collected, and the degree of viral adhesion and entry into cells was determined
by real-time PCR. The results showed that the viral load in cells overexpressing CCR1
was not significantly different from that of the control group cells, suggesting that
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FIG 3 CCR1 expression was negatively correlated with RSV replication. (A) The viral load in A549 cells overexpressing CCR1 (500 ng) was analyzed by
Western blotting. (B and C) The relationship between CCR1 overexpression and intracellular viral load was analyzed by fluorescence microscopy and
Western blotting. (D and E) A549 cells were pretreated with CCR1 neutralizing antibody for 30 min and then infected with RSV for 24 h. The effect of the
anti-CCR1 neutralizing antibody on RSV intracellular replication was measured by fluorescence microscopy and Western blotting. (F) Western blot showing
the RSV protein expression in CCR1 knockdown A549 cells following RSV infection for 24 h. (Unpaired t test: *, P < 0.05; **, P < 0.01; ***, P < 0.005; ****,
P < 0.001).

CCR1 overexpression did not affect viral adhesion or entry into cells (Fig. 4E).
Simultaneously, the expression of CX3CR1, the main receptor of RSV (11), was detected
in CCR1-overexpressing A549 cells by Western blotting and confocal microscopy, and
the results showed that the CX3CR1 expression level did not significantly change com-
pared with that in the control cells (Fig. 4F and G). Thus, the decrease in intracellular vi-
ral load caused by CCR1 overexpression was not due to an effect on the level of the
main RSV receptor. These results showed that CCR1 overexpression had almost no
influence on cell apoptosis, the expression of IFN-I or CX3CR1, or RSV adhesion or entry
into cells.

CCR1 suppresses RSV replication by downregulating the activity of HSP90 (an
RSV polymerase chaperone). It has been reported that the RSV RNA polymerase com-
plex consists of viral nucleoprotein (N), large polymerase protein (L), and its cofactor,
phosphate protein (P). The M2-1 protein (a polymerase cofactor) is also required for
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FIG 4 Possible factors leading to the decrease in viral load following CCR1 overexpression. (A and B) The localization of overexpressed CCR1 (500 ng) in
A549 cells was analyzed by confocal microscopy (A) and Western blotting (B). (C and D) After RSV infection, the effect of CCR1 overexpression on the level
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expression. (Unpaired t test: **, P < 0.01; ***, P < 0.005; ****, P < 0.001).

transcriptional activity. In addition, host cell proteins HSP90 and HSP70 have been
shown to play an essential role in the RNA synthesis of many viruses, and in particular,
HSP70 has been found to play a direct role in RSV polymerase activity in human RSV-
infected cells. HSP90 plays an important role in the stability of RSV polymerase. CDC2,
a known client protein of HSP90, is often used as a marker of HSP90 activity. In this
study, we found that after the RSV infection of A549 cells, the CDC2 protein level
increased, and HSP70 expression did not change significantly, suggesting that follow-
ing RSV infection, the activity of the CDC2 partner, HSP90, may have been increased,
promoting RSV replication (Fig. 5A). Furthermore, after CCR1 overexpression was
blocked in A549 cells with different concentrations of neutralizing antibodies against
CCR1, the cells were infected with RSV and incubated for 24 h. The results showed that
the RSV protein expression level increased gradually with the increase in CCR1 neutral-
izing antibody, suggesting that blocking the binding of CCR1 to its ligand restores RSV
replication. Moreover, the expression levels of HSP90 and CDC2 decreased after the
CCR1-overexpressing cells were infected with RSV. In contrast, with the increase in the
anti-CCR1 neutralizing antibody, the levels of CDC2 and viral proteins increased
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FIG 5 Analysis of HSP90 activity affecting the intracellular replication of RSV. (A) The effect of RSV infection on the expression of an RSV chaperone protein
was analyzed by Western blotting. (B) A549 cells were transfected with CCR1 plasmid for 30 h, blocked with neutralizing antibodies of different
concentrations for 30 min, and then infected with RSV for 24 h. The effects of CCR1 overexpression and anti-CCR1 neutralization antibody on CDC protein
levels (representing the activity of HSP90) in A549 cells infected with RSV were detected by Western blotting. (C) Western blot analysis of CDC2 protein
levels in A549 cells treated with the HSP90 inhibitor 17-AAG. A549 cells were pretreated with 17-AAG for 30 min and then infected with RSV for 24 h. (D
and E) The effect of 17-AAG on RSV intracellular replication was analyzed by fluorescence microscopy (D) and Western blotting (E). (F) After CCR1-
overexpressing A549 cells were treated with different concentrations of the CCL5 protein, the CDC2 protein level was detected by Western blotting. (G)
The effect of CDC2 knockdown in A549 cells was verified by Western blotting. (H and I) The effect of CDC2 knockdown on RSV replication in A549 cells
was analyzed by fluorescence microscopy (H) and Western blotting (I). (Unpaired t test: *, P < 0.05; **, P < 0.01; ***, P < 0.005; ****, P < 0.001).

gradually, although the protein level of HSP70 did not change significantly (Fig. 5B),
suggesting that CCR1 exerted a negative regulatory effect on HSP90 activity. In addi-
tion, after the binding of CCL5 and CCR1 was blocked, RSV infection induced HSP90 ac-
tivity in A549 cells to promote viral replication, which may explain the downregulation
in CCR1 protein expression after RSV infection (Fig. 2A). Tanespimycin (17-AAG) is an
effective inhibitor of HSP90 activity. After optimization of the concentration of 17-AAG
with a cell counting kit-8 (CCK-8) assay kit, A549 cells were treated with 17-AAG, and
then, with increases in 17-AAG concentration, the CDC2 protein level was found to be
gradually decreased in a dose-dependent manner (Fig. 5C). Following pretreatment
with 17-AAG, the cells were then infected with RSV. With the increase in inhibitor con-
centration, the level of intracellular viral protein also gradually decreased, indicating
that HSP90 activity affects intracellular RSV replication (Fig. 5D and E). To confirm that
CCR1 activation by its ligand CCL5 affects RSV intracellular replication, CCR1-overex-
pressing cells were treated with CCL5, and the results show that the CDC2 protein level
decreased gradually with increasing CCL5 protein concentration (Fig. 5F), suggesting
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that CCR1 activation by its ligand CCL5 downregulates HSP90 activity. Simultaneously,
the level of intracellular viral protein or GFP in the knockdown cells was significantly
lower than that in the control cells (Fig. 5G to ). Therefore, we speculated that CCR1
binding to its ligand CCL5 can downregulate HSP90 activity, which in turn affects RSV
replication.

Activation of CCR1 by CCL5 leads to the preferential recruitment of the adaptor
Gai, which regulates HSP90 activity to affect RSV replication. To further study the
possible molecular mechanism by which CCR1 inhibits HSP90 activity, we needed to
understand the process through which the chemokine receptor CCR1 is activated.
CCR1 belongs to the seven-transmembrane G protein-coupled receptor (GPCR) family.
The activation of GPCRs depends on agonists in the extracellular environment, particu-
larly those that preferentially recognize intracellular effectors to induce signaling far-
ther downstream. The most common effectors in cells are adaptor G proteins or
B-arrestin (B-arr) (12). Therefore, in this study, A549 cells were cotransfected with
CCR1, Gai, or B-arrestin 2 recombinant plasmids for 24 h and then stimulated with
CCL5 protein. By confocal microscopy, we observed that CCR1 colocalized with the
adaptors Gai and B-arrestin 2 following CCL5 treatment and that colocalization with
Gai is more obvious (see Fig. STA and B in the supplemental material). However, under
the same conditions, we performed coimmunoprecipitation (co-IP) and found that
CCR1 derived from transfected A549 cells bound more Gai and HSP90 and less
B-arrestin 2 than the CCR1 derived from CCL5-deficient control cells (Fig. 6A and B),
suggesting that CCR1 activated by CCL5 preferentially recruits Gai and not B-arrestin
2. A549 cells were cotransfected with CCR1 and Gai plasmids for 24 h and then
infected with RSV. CDC2 in the CCR1 and Gai cotransfection group was significantly
lower than that in the Gai overexpression group alone (Fig. 6C). It was inferred that
activated CCR1 may recruit Gai and inhibit viral replication by affecting CDC2. So to
determine whether Gai is related to CDC2, we then knocked down Gai. As expected,
when Gai was knocked down, the CDC2 expression level was increased, and we can
thus infer that Gai might be negatively correlated with the CDC2 protein level (which
represents HSP90 activity) after RSV stimulation (Fig. 6D); a similar result was obtained
after CCL5 protein treatment (Fig. 6E). Interestingly, the ERK phosphorylation level was
not related to Gai but was positively correlated with B-arrestin 2 (Fig. 6C). All of these
results indicated that activated CCR1 preferentially recruits Gai to inhibit RSV replica-
tion by regulating HSP90 activation in a mechanism independent of the ERK pathway.
Although another adaptor, B-arrestin 2, might promote HSP90 activity by activating
ERK kinase, B-arrestin 2 was rarely recruited by CCL5-activated CCR1.

Activated Gai upregulates ITPR3 expression, which inhibits STAT3 phosphoryl-
ation, thereby affecting HSP90 activity and viral replication. To identify the signal-
ing pathway by which Gai affects HSP90 activity, we analyzed differentially expressed
proteins by liquid chromatography-tandem mass spectrometry (LC-MS/MS). On the ba-
sis of their expression in the control group, 58 differentially expressed proteins were
identified in the CCL5 treatment group (Fig. 7A); among these proteins, the informa-
tion on 12 corresponding genes was unclear (not analyzed). The remaining 46 genes
were subjected to gene ontology (GO) enrichment analysis, and the results of GO mo-
lecular function analysis showed that most of these genes were associated with RNA
binding (Fig. 7B). In addition, a protein-protein interaction (PPI) analysis was performed
with the remaining 46 genes, and then a protein interaction network was constructed
by removing irrelevant genes and adding certain genes that might show potential pro-
tein interactions (Fig. 7C). On this basis, we identified the CCR1, inositol 1,4,5-triphos-
phate receptor type 3 (ITPR3), SFPQ, and GRB2 genes as encoding proteins with poten-
tial Gai interactions. GRB2 was not found in the LC-MS/MS results, SFPQ was not
enriched in any pathway in the Kyoto Encyclopedia of Genes and Genomes (KEGG)
enrichment analysis, and neither ITPR3, CCL5, CCR1, nor Gai was found to participate
in the HSA05163 (human cytomegalovirus infection) signaling pathway. Therefore, we
focused on the ITPR3 protein. In A549 cells overexpressing CCR1, we knocked down
ITPR3 expression and then treated the cells with CCL5 protein or infected them with
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FIG 6 Gai negatively regulates HSP90 activity after recruitment and activation. (A to C) After overexpression of CCR1 and Gai or B-arrestin 2, the
interaction between HSP90 and Gai or B-arrestin 2 in A549 cells treated with CCL5 was detected by co-IP (A and B), or the expression levels of CDC2, p-
ERK, and RSV-M2 in A549 cells stimulated with RSV were detected by Western blotting (C). (D and E) Following CCR1 overexpression and Gai knockdown,
A549 cells were infected with RSV, and the expression levels of CDC2, p-ERK, and RSV-M2 were detected by Western blotting (D), or A549 cells were
treated with CCL5, and the expression level of CDC2 was detected by Western blotting (E). A549 cells were transfected with CCR1, Gai, and B-arrestin 2
plasmids or siRNA for 30 h and then stimulated with CCL5 protein or RSV for 24 h. (Unpaired t test: *, P < 0.05; **, P < 0.01; ***, P < 0.005; ****,

P < 0.001).

RSV. The results showed that the expression level of CDC2 was significantly enhanced
compared with that in the control group, and the viral protein level was significantly
increased in the RSV-infected group (Fig. 7D and E), suggesting that activation of Gai
can downregulate HSP90 activity by upregulating ITPR3 and can inhibit RSV replica-
tion. These results encouraged us to further analyze the ITPR3 protein interactions, and
upon examining the LC-MS/MS results, we found a close correlation between ITPR3
and STAT3 expression (Fig. 7C). Therefore, we reexamined the CCR1-overexpressing
cells infected with RSV. We were excited to find that the phosphorylation level of
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FIG 7 Gai recruited by activated CCR1 upregulates ITPR3, which inhibits STAT3 phosphorylation, thereby affecting HSP90 activity and viral replication. (A to
C) After CCR1-overexpressing A549 cells were treated with or without CCL5, mass spectrometry was performed to analyze the differentially expressed
proteins that were expressed only in the CCL5 treatment group, not in the control group (A), and GO enrichment with differentially expressed genes (B)
and the interactions of proteins encoded by differentially expressed genes (C) were analyzed. (D) The effect of knocking down ITPR3 expression was
verified by qRT-PCR. (E) A549 cells were transfected with CCR1 plasmid and the ITPR3 interference sequence for 24 h and then treated with RSV or CCL5
for 24 h. Then, the protein expression levels of CDC2 and RSV-M2 were detected by Western blotting. (F) Following RSV infection, the expression of ITPR3,
p-STAT3, CDC2, and viral proteins in CCR1-overexpressing cells was determined by Western blotting. (G and H) After ITPR3 expression was knocked down,
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STAT3 was significantly reduced in these cells compared with that in the control cells
(Fig. 7F), and following knockdown of ITPR3 expression, both the phosphorylation level
of STAT3 and the activity of HSP90 were significantly increased under the same condi-
tions (Fig. 7G and H), suggesting that STAT3 may be a downstream molecule involved
in the negative regulation of ITPR3. When an inhibitor of STAT3 (stattic) inhibited
STAT3 phosphorylation, the activity of HSP90 was significantly inhibited, but the
expression level of ITPR3 was not affected, indicating that STAT3 is a downstream mol-
ecule that is negatively regulated by ITPR3 and that HSP90 is the downstream mole-
cule of STAT3 (Fig. 7I). Thus, we demonstrated that activated CCR1 tends to preferen-
tially recruit Gai and that Gai upregulates ITPR3 expression to inhibit STAT3
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phosphorylation (Fig. 7l and J), regulating the activity of RSV RNA polymerase chaper-
one HSP90 to modulate viral replication.

CCR1 overexpression in respiratory epithelial cells was confirmed to inhibit
RSV replication in vivo. To confirm the role of CCR1 in regulating RSV replication in
vivo, BALB/c mice were challenged with RSV, and then the expression of CCL5 and
CCR1 was evaluated. Seventy-two hours after RSV infection, the CCR1 level was signifi-
cantly decreased compared with that in the mock-infected group (Fig. 8B), although
the CCL5 expression level in bronchoalveolar lavage fluid (BALF) was much higher
than that in the mock-infected group (Fig. 8A). These data were consistent with those
obtained at the cellular level, indicating that RSV may inhibit the antiviral ability of
host cells by downregulating the CCR1 level to facilitate its own survival in vivo.
Therefore, we constructed an adeno-associated virus (AAV) carrying the CCR1
sequence (AAV-CCR1), which is specifically expressed in lung epithelial cells. BALB/c
mice were infected with the recombinant virus (intranasally) to overexpress CCR1 in
lung epithelial cells. After some mice were sacrificed to determine the expression of
the AAV marker red fluorescent protein (RFP) and CCR1 in the lung (Fig. 8C and D), the
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remaining mice were challenged with RSV. The expression of CCR1 and replication of
RSV were measured, and lung inflammation was analyzed. Notably, the lung RSV viral
load was markedly reduced in the CCR1-overexpressing mice, as detected by qRT-PCR
(Fig. 8E) or whole-lung imaging, which showed weaker fluorescence (GFP) in the CCR1-
overexpressing mice infected with RSV than in the control mice (Fig. 8F), indicating
that CCR1 overexpression inhibited RSV replication in vivo. In addition, lung inflamma-
tion in the CCR1-overexpressing mice was significantly reduced compared with that in
the control group mice. In detail, the pathological manifestations indicated a mild col-
lapse of the alveolar cavity, mild proliferation of alveolar cells, and a reduction in focal
lymphocyte aggregation and monocyte/phagocyte infiltration in the alveolar cavity
(Fig. 8G), suggesting that in the early stage of infection, the greater the pulmonary RSV
load, the more obvious the pulmonary inflammation.

DISCUSSION

Viral infection is one of the major causes of human morbidity and mortality world-
wide. In particular, respiratory viruses are the main pathogens causing global pandem-
ics, posing a serious threat to human health and imposing a heavy economic burden
on society. Increasing evidence has shown that the occurrence and development of re-
spiratory tract infections are closely related to the host immune defense system. The
innate immune system is based on both constitutive and inducible mechanisms and
eliminates infections and attenuates self-damage to maintain homeostasis. Inducible
mechanisms such as those mediated through pattern recognition receptors, as well as
antigen-specific receptors, are activated only in response to stimuli and show the abil-
ity to induce very strong and efficient immune responses but can also lead to inflam-
mation (13). The types of inflammation and the development and prognosis of infec-
tion-induced diseases are profoundly affected by the interaction between viruses and
immune molecules, of which chemokines and their receptors are important compo-
nents. Inflammatory cells are the main sources and targets of chemokines. However, it
has been reported that some nonimmune cells, such as respiratory epithelial cells, can
produce chemokines or respond to certain chemokines, especially after exposure to
pathogens (14, 15). In this study, we confirmed that RSV induced high expression of
the chemokine CCL5 in respiratory epithelial cells in vivo and in vitro. Specifically, spu-
tum samples of children with clinical respiratory tract infection (0.5 to 13 years old)
were collected, and multiple detection kits were used to detect 13 kinds of respiratory
pathogens. Finally, 32 patients with simple RSV infection and 66 negative-control sam-
ples were selected for detecting the relative expression level of CCL5 mRNA by gRT-
PCR. The analysis showed that the CCL5 expression level in most of the clinical RSV-
infected samples was much higher than that in the negative-control samples.
However, the expression level of some RSV infection samples was similar to that of the
negative-control samples; this outcome was due to the self-limited expression of cyto-
kines in convalescent patients or individual differences (Fig. 1F).

The interaction between human host cells and viruses is realized through a complex
mechanism in which cytokines play important roles. Among the large group of cyto-
kines, chemokines are currently considered to be among those essential to immunopa-
thology and/or defense against viral infection. Chemokines typically bind to their
receptors to trigger a variety of biological effects, as follows. (i) Chemokines determine
the type of inflammation that is manifested by recruiting and interacting with inflam-
matory cells. For example, CCR5 and CXCR3 are expressed mainly in activated T cells
and are related to the Th1 immune response, while CCR3 and CCR4 are related to the
Th2 response. (ii) Some chemokine receptors are receptors or coreceptors of viruses,
and therefore, their expression is the determinant for whether viruses can invade host
cells (16-18). In this study, we found that chemokines bound to receptors on the sur-
face of host cells to regulate the response of host cells to viruses and then affected the
replication of intracellular viruses. Receptors that can bind to CCL5 include CCR1,
CCR3, and CCR5, which are expressed not only on the surface of immune cells but also
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on some nonimmune host cells, such as respiratory epithelial cells. When we infected
A549 cells with RSV, we found that CCR1 expression was downregulated, and a similar
decrease in CCR1 protein levels has been reported following coronavirus infection (19).
The expression of CCR3 or CCR5 was upregulated or unchanged, but the viral load
increased with prolonged infection time (Fig. 2A), suggesting that the three aforemen-
tioned receptors may have distinct functions after being activated by CCL5 in RSV
infection. Interestingly, when all three receptors were overexpressed in A549 cells (Fig.
2B), our results showed that the RSV load decreased significantly only in cells overex-
pressing CCR1 (Fig. 2C and D), in which the CCL5 level is much higher than that of the
virus-free group (see Fig. S1D in the supplemental material). That is, neither CCR3 nor
CCR5 exerted an effect on viral load, and thus we speculate that CCL5 induced by RSV
interacted with its receptor, CCR1, which possibly affects the viral load. What is the
mechanism by which CCR1 regulates viral load? To answer this question, we first con-
firmed that CCR1 overexpression on the cell surface did not affect the protein level of
CXCR3 (a receptor known for enabling RSV entry into a cell). Second, we measured viral
adhesion and entry into CCR1-overexpressing cells. The results indicated that overex-
pression of CCR1 did not affect viral adhesion and entry into cells. Third, we measured
the apoptosis rate and IFN-I expression in A549 cells overexpressing CCR1 after RSV
infection, and we found that overexpression of CCR1 on these cells increased neither
IFN-I production nor the apoptosis rate (Fig. 4). Interestingly, the apoptosis level of
A549 cells was decreased in the CCR1 overexpression group; we speculate that the
overexpression of CCR1 possibly triggers some antiapoptotic mechanisms, resulting in
a lower apoptosis rate than that of the normal control. The details causing the down-
regulation of the apoptosis rate will be further explored in future studies. When A549
cells were infected with RSV, the apoptosis level was not significantly different
between the CCR1 overexpression group and the normal group, indicating that the
decrease in viral load caused by overexpression of CCRT was not due to upregulation
of apoptosis.

Since the genome of a virus is very small, viruses rely mainly on the biosynthetic
components of the host cell to replicate. We analyzed previously obtained transcrip-
tome data for A549 cells infected with RSV (20) and found that three host proteins,
HSP90, HSP70, and STIP1, were highly expressed, which was consistent with the results
reported by Munday et al. (21). After securing experimental verification, we found that
among these proteins, HSP90 was the most meaningful to our study. HSP90 is an
essential molecular chaperone required for the maintenance, activation, and/or matu-
ration of specific client proteins. HSP90 is an ATPase and is expressed as two subtypes,
HSP90« and HSP903, usually in the cytoplasm as homodimers. The structure of each
monomer includes a C-terminal dimerization domain, an intermediate domain, and a
structurally unique N-terminal ATPase domain (22). Through changes in its conforma-
tion, HSP90 regulates the activity, maturation, localization, and turnover of many selec-
tive substrate proteins, which are called HSP90 clients (23). Early biochemical studies
have shown that the binding of ATP regulates the conformational transition of HSP90,
which plays a crucial role in recognizing and activating client proteins. Before ATP
binding, HSP90 is in a V-shaped conformation (open state), and after ATP binding, a se-
ries of conformational changes are triggered, resulting in a more condensed N-terminal
dimerization domain (closed state). Cyclin-dependent kinase 1 (CDK1) (also known as
the cell division control protein CDC2) is an HSP90 client protein that depends on the
stable chaperone activity of HSP90, and therefore, CDK1 (CDC2) is often used as a
marker of HSP90 activity, especially when HSP90 inhibitors are unavailable (21). In fact,
the replication of many viruses, including DNA viruses, positive- and negative-strand
RNA viruses, and double-stranded RNA viruses, almost universally depends on HSP90.
Most of the identified viral client proteins of HSP90 are capsid proteins and viral poly-
merases (24). A variety of respiratory virus polymerases are HSP90 dependent, includ-
ing RNA polymerases of positive- and negative-strand RNA viruses and DNA-depend-
ent DNA polymerases, such as those of vesicular stomatitis virus (VSV) and other
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paramyxoviruses (25), Ebola virus (26), and influenza virus (27), although these proteins
differ in terms of evolution, structure, and function (28). The polymerase activity of dis-
tinct viruses relies on the auxiliary effect of HSP90 chaperone molecules, indicating
that HSP90 may recognize the conserved characteristics of these different enzymes or
may promote a common step in their maturation and/or replication, such as interac-
tions with nucleic acids. Our study also showed that the CDK1 (CDC2) protein level,
which represents the activity of HSP90, was increased after RSV infection. When the ac-
tivity of HSP90 was suppressed by 17-AAG (an inhibitor of HSP90), the RSV load and
RSV replication in A549 cells were also significantly suppressed (Fig. 5C to E). Munday
et al. (21) reported that HSP90 interacts mainly with the L protein of RSV polymerase to
promote viral replication. These results imply that HSP90 plays an essential role in the
life cycle of RSV.

When CCR1 was overexpressed in A549 cells that were subsequently infected with
RSV, we found that the CDC2 protein level was significantly reduced. We then blocked
CCR1 activity with an anti-CCR1 neutralization antibody and infected the cells with
RSV. We were subsequently surprised to find that with increasing concentrations of
neutralizing antibody, the protein levels of HSP90 and CDC2 gradually recovered and
the expression of RSV viral protein increased in a dose-dependent manner (Fig. 5B),
indicating that CCR1 might negatively regulate HSP90 activity and viral replication.
Confusingly, the levels of HSP90 may be increased under stimulation by high concen-
trations of anti-CCR1 neutralizing antibody by an unknown mechanism; the possible
reason is that the neutralizing antibody is also a protein that may affect the expression
of HSP90 in cells, which we will explore in further studies.

What is the molecular mechanism by which CCR1 affects HSP90 activity? This che-
mokine receptor belongs to the GTP protein-coupled transmembrane receptor family,
and it is composed of approximately 330 amino acids. It contains seven transmem-
brane regions that divide the molecule into several domains: the N-terminal domain,
three extracellular rings, three intracellular rings, and the C-terminal domain (29). The
effect of activated GPCR depends on the agonists in the extracellular environment and
the intracellular effectors that are recognized preferentially to induce signals farther
downstream. The most common intracellular effector is a G protein or B-arrestin (12).
In a common feature of chemokine binding to receptors, the intracellular helices of the
activated receptor move outward, especially the transmembrane VI (TM-VI) and TM-VII
helices, to make room for subsequent G protein and/or B-arrestin binding (30, 31). In
this study, we found that Gai was recruited mainly by CCL5-activated CCR1, and fur-
ther analysis revealed that by recruiting different effectors, the chemokine receptor
CCR1 induced different intracellular signaling pathways to produce different effects. It
has been reported that B-arrestin 2 is recruited to induce ERK1/2 phosphorylation by
activating the mitogen-activated protein kinase (MAPK) pathway, which then activates
a series of downstream effector proteins and regulates the activity of diverse proteins
(20). In our study, CCR1 and pB-arrestin 2 were overexpressed in A549 cells that were
then infected with RSV, and the levels of ERK phosphorylation and CDC2 and viral pro-
tein expression were found to be significantly higher in the cells overexpressing both
CCR1 and B-arrestin 2 than the cells overexpressing only CCR1 (Fig. 6C). When we
inhibited ERK phosphorylation with inhibitors, the CDC2 level gradually decreased with
increasing inhibitor concentration, and viral replication gradually decreased (Fig. S1C).
Therefore, we speculated that B-arrestin is recruited and subsequently activates ERK1/
2, which upregulates HSP90 activity by influencing the expression or function of a
cochaperone, thereby regulating the ability of the cochaperone to facilitate viral repli-
cation. However, we found that CCL5-activated CCR1 preferentially recruited Gai,
which rarely affects the ERK kinase pathway (Fig. 6C and D), and that it inhibited STAT3
phosphorylation by upregulating ITPR3, which is essential for both immune activation
and cancer pathogenesis. Our further analysis revealed that STAT3 is a crucial kinase
that promotes HSP90 activity. Considering these results, we verified that CCL5-
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FIG 9 Schematic diagram showing activated CCR1 downregulation of HSP90 activity through the
Gau/ITPR3/p-STAT3 pathway in respiratory epithelial cells. The chemokine CCL5 binds with CCR1 to
downregulate HSP90 activity through the Gei/ITPR3/p-STAT3 pathway, affecting the function of RSV
RNA polymerase and inhibiting viral replication.

activated CCR1 reduced HSP90 activity and inhibited the intracellular replication of
RSV mainly through the Gai/ITPR3/STAT3 signaling pathway.

In addition, we utilized tissue-specific promoter AAV technology to specifically over-
express CCR1 in the lung epithelial cells of mice, which were then infected with RSV.
Within 3 days of infection, before the virus activated the specific immune response, the
animals were sacrificed, and the viral load was found to be significantly decreased (Fig.
8E and F) compared with that of the control group mice.

Taken together, our results revealed a novel mechanism by which RSV escapes innate
immunity. That is, although it induces high CCL5 expression, RSV might attenuate the bind-
ing of CCL5 by downregulating the expression of CCR1 in respiratory epithelial cells to
weaken the inhibitory effect of CCRT on HSP90 activity and thereby facilitate RSV replica-
tion in nonimmune cells (Fig. 9). Interestingly, we found similar results in CCR1-overex-
pressing cells infected with influenza virus (data not shown). To determine whether the
mechanism we describe is common in pathogenic infection, further study is needed.

MATERIALS AND METHODS

Patients. This study was conducted in accordance with the principles of the Declaration of Helsinki.
Between 19 September 2018 and 25 February 2019, sputum specimens of pediatric inpatients were ran-
domly collected with a sputum aspirator based on National Clinical Laboratory Procedures. The speci-
mens were examined using a multiple-pathogen detection kit designed to identify 13 respiratory patho-
gens (Health Gene Tech, Ningbo, China) in the Second Hospital of Hebei Medical University. Total RNA
was collected and qualified according to the kit instructions, and 13 common respiratory pathogens
were detected in the sputum samples by qRT-PCR and capillary electrophoresis. These pathogens were
influenza A virus HIN1 and H3N2, parainfluenza virus species, human metapneumovirus, influenza B vi-
rus species, RSV, coronavirus, rhinovirus, bocavirus, Chlamydia, Mycoplasma pneumoniae, and adenovirus
species. Sixty-six samples were selected as negative controls, and in these samples, none of these patho-
gens were found. For the experimental group, 32 samples were selected, and among the 13 pathogens
identifiable with the kit, only RSV was found. Written informed consent was obtained from all parents or
guardians.

Animals and treatment. Four-week-old female specific-pathogen-free BALB/c mice were purchased
from the Experimental Animal Center of Hebei Medical University. All the mice were housed in tempera-
ture-controlled individual ventilated cages with a 12-h-light/12-h-dark cycle and were fed standard
chow and sterile tap water. The mice received humane care, and experiments were carried out accord-
ing to the criteria outlined in the Guide for the Care and Use of Laboratory Animals and with the approval
of the Animal Care and Use Committee of Hebei Medical College.

The mice were assigned to 6 groups (n = 6 per group). Mice were infected with nasal drops. We infected
two groups of mice with PBS (20 uL), two groups with pAAV-G-CMV-SV40-NC-RFP (20 L containing approxi-
mately 1 x 10" AAV virions, produced by Applied Biological Materials) and two groups with pAAV-G-CMV-
SV40-CCR1-RFP (20 wL containing approximately 1 x 10" AAV virions, produced by Applied Biological
Material) for 18 days. Then, one randomly chosen mouse in each group was sacrificed to verify the CCR1
overexpression. Then, we infected the three groups of mice with RSV-GFP (2 x 10° PFU per mouse) for 3
days, and three other groups were treated with phosphate-buffered saline (PBS) for 3 days. The expression of
the chemokine CCL5 in alveolar lavage solution was detected by enzyme-linked immunosorbent assays
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(ELISAs). Lung RNA was extracted, and the expression of the RSV N and F genes was detected by qRT-
PCR. Total lung imaging (IVIS Spectrum computed tomography; PerkinElmer) was performed to
observe the pulmonary RSV load. Hematoxylin and eosin (H&E) staining was performed to detect pul-
monary inflammation.

Cells and virus. Vero cells were grown in Dulbecco’s modified Eagle’s medium supplemented with
10% fetal bovine serum (FBS) and antibiotics (penicillin and streptomycin; Solarbio, China) in a humidi-
fied 5% CO, atmosphere at 37°C. HEp-2 cells and A549 cells were grown in RPMI 1640 medium supple-
mented with 10% FBS and antibiotics in a humidified 5% CO, atmosphere at 37°C. The RSV-GFP A
strain, which was kindly provided by He Jinsheng (Beijing Jiaotong University), was amplified in Vero
cells.

Viral infection and virus titer assays. Cells were washed once with PBS and incubated with RSV-
GFP at an MOI of 1 or mock infected (with serum-free RPMI 1640 medium alone) for 2 h. The supernatant
was aspirated after viral adsorption, and the cells were maintained in RPMI 1640 medium supplemented
with 2% (vol/vol) FBS for the indicated times. RSV-GFP was diluted 10-fold and used to infect A549 cells
as described above. After a certain time, the titers were measured by plaque-forming assay, and the
results are expressed as PFU/milliliter cell lysate or by the number of GFP signals.

RNA extraction and qRT-PCR. Total RNA was isolated with RNAiso Plus reagent (catalog no. 9101;
TaKaRa, Japan). First-strand cDNA was generated with a PrimeScript RT reagent kit (catalog no. 047A; TaKaRa,
Japan). Real-time PCR was performed with an ABI Prism 7500 sequence detection system (Applied Biosystems,
USA) using PowerUp SYBR green master mix (catalog no. A25742; Applied Biosystems, USA). The relative
expressions of target mRNA were normalized to the expression of glyceraldehyde-3-phosphate dehydrogen-
ase (GAPDH) using the 27427 method (where CT is threshold cycle). B-Actin was employed as the endoge-
nous control for mRNA relative expression.

Plasmids and siRNAs. CCL5 gene sequences were synthesized and subcloned into a pCAGGS-HA plas-
mid, and CCR1, CCR3, and CCR5 gene sequences were synthesized and cloned into a pCDNA3.1-FLAG,
PCDNA3.1-HA, and pCDNA3.1-HIS plasmid, respectively, by Simon Spirit Biological Technology Company
(China). Gai and B-arrestin 2 gene sequences were synthesized and subcloned into CV155-FLAG and GV143-
FLAG vectors (GENE, China), respectively. All the plasmids were extracted with a Qiagen Plasmid Amp mini kit
and split after the concentration of each was measured to determine the dose to use in subsequent experi-
ments. The sequences of siCCR1, siCCR5, and siGai were synthesized by the Gemma Gene Company, and si-
B-arrestin 2 was synthesized by Sangon Biotech (China). The following sequences were used: siCCR5, sense,
5'GCCCAGUGGGACUUUGGAATT3', and antisense, 5"UUCCAAAGUCCCACUGGGCTT3’; siGai #1, sense, 5'GCU
GCUGAAGAAGGCUUUATT3’, and antisense, 5'UAAAGCCUUCUUCAGCAGCTT3’; siGai #2, sense, 5'GCGGAAG
AAGUGGAUUCAUTT3’, and antisense, 5' AUGAAUCCACUUCUUCCGCTT3’; silTPR3 #1, sense, 5'CCUGCACAUG
AAGAGCAACAATT3’, and antisense, 5'UUGUUGCUCUUCAUGUGCAGGTT3’; and silTPR3 #2, sense, 5'CGUG
UUUAUCAACAUCAUCAUTT3’, and antisense, 5’ AUGAUGAUGUUGAUAAACACGTT3'.

Plasmid- or siRNA-transfected cells and virus-infected transfected cells. Before transfection, A549
cells were seeded in six-well plates. Upon reaching 70 to 80% confluence, the A549 cells were transiently
transfected with the corresponding plasmids or siRNAs by Lipofectamine 2000 (Invitrogen, USA). After
24 h, the efficiency of each transfection was determined by Western blotting. A549 cells were trans-
fected for 30 h and then infected with RSV for 24 h.

Immunofluorescence. A549 cells were seeded on coverslips and transiently transfected with the
corresponding plasmids with Lipofectamine 2000 (Invitrogen, USA). Twenty-four hours later, the cells
were washed in PBS, fixed in 4% formaldehyde for 15 min, and permeabilized with PBST (0.5% Triton X-
100 in PBS) for 10 min at room temperature. The cells were washed three times with PBS and incubated
in 10% normal goat serum (Solarbio, China) for 30 min. Primary antibodies (anti-CCR1, anti-CX3CR1) (cat-
alog no. PA1-41062 [Thermo, USA] and 13885-1-AP [Proteintech, China]) were diluted with PBS contain-
ing 10% goat serum, and the cells were incubated with primary antibodies for 1 h at room temperature.
After three washes, the cells were incubated with secondary antibodies containing Alexa 488-labeled
goat anti-rabbit antibody (ab150080, 1:500; Abcam, UK). Coverslips were mounted on the glass slides
with DAPI (4',6-diamidino-2-phenylindole) Fluoromount-G (Southern Biotech, USA) for fluorescence mi-
croscopy or confocal imaging (Leica TCS SP5).

RNA-seq analysis. Total RNA from A549 cells was isolated and employed for transcriptome sequenc-
ing (RNA-seq) analysis. Construction of the cDNA library and sequencing were performed by Shanghai
Biotechnology Corporation using an lllumina HiSeq 2000 system. High-quality reads were mapped with
Homo sapiens genome hg38 using HISAT2 version 2.0.4. The expression level of each gene was standar-
dized to fragments per kilobase of exon model per million mapped reads (FPKM) using StringTie version
1.3.0 and the trimmed mean of M values (TMM) (P < 0.05; fold change, =2).

Western blot analysis. Total cell lysates were prepared with a radioimmunoprecipitation assay in an
ice bath for 30 min and supplemented with 1 mM phenylmethylsulfonyl fluoride (BL507A; BioSharp,
China) and phosphate inhibitors (P1260; Solarbio, China). The protein concentration was determined
with a NanoDrop 2000c spectrophotometer (catalog no. EW-83061-12; Thermo Scientific, USA). A total
of 20 to 30 ug of protein was separated by 12% sodium dodecyl sulfate-polyacrylamide gel electropho-
resis (SDS-PAGE), and the bands were transferred to a polyvinylidene fluoride membrane (catalog no.
IPVH00010; Millipore, USA), which was blocked with 5% nonfat milk. After incubation with antibodies
specific to RSV-M2-1 (ab94805; Abcam, UK), GFP (ABclonal, China), B-actin (AC026; ABclonal, China),
ATP1A1 (14418-1-AP; Proteintech, China), HSP70 (10995-1-AP; Proteintech, China), HSP90 (13171-1-AP;
Proteintech, China), CDC2 (19532-1-AP; Proteintech, China), CCR1 (DF2710; Affinity, China), CCR3
(DF10205; Affinity, China), CCR5 (69n9918; Affinity, China), GAPDH (5174S; CST, USA), p-ERK (76299;
Abcam, UK), ERK (184699; Abcam, UK), p-STAT3 (CY6566; Abcam, China), or STAT3 (CY5165; Abcam,
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China), the blots were incubated with horseradish peroxidase (HRP)-labeled goat anti-mouse IgG
(Abgent, USA) or HRP-labeled goat anti-rabbit IgG (Abgent, USA) and then detected with Western
Lightning plus-ECL reagent. GAPDH or B-actin was used as a loading control for immunoblotting.

Flow cytometry. A549 cells were transfected with 500 ng of plasmid containing the CCR1 target
gene and infected with RSV (MOI, 0.5) for 24 h, and the control group was set up at the same time. All
supernatant and adherent cells were collected in a centrifuge tube and centrifuged at 1,000 rpm for
5 min. Then, the supernatant was removed and washed in PBS twice. The cell concentration was diluted
with 1x binding buffer. A total of 1 x 10° cell suspension samples (approximately 100 uL) were placed
in a flow cytometer in tubes with 5 uL of phycoerythrin-annexin V (catalog no. 559763; BD, USA) and 5
L of 7-AAD (catalog no. 559925; BD, USA) for staining, and the cells were incubated with the dyes at
25°C for 15 min in the dark. After the addition of 1x binding buffer (400 uL) to each tube, the suspen-
sion samples were mixed and measured by flow cytometry.

IP. Immunoprecipitation (IP) assays were performed according to the instructions for a Pierce classic
magnetic IP/co-IP kit. Briefly, the cells were lysed in specific buffer on ice for 30 min. The supernatant
protein was then incubated overnight with the corresponding antibody on a rotator at 4°C. The next
day, Pierce protein A/G beads were washed with specific buffer three times. The supernatant-antibody
mixture and the beads were then coincubated on a rotator at room temperature for 2 h, washed with
lysis buffer and PBS, and boiled for 10 min. The samples were subjected to SDS-PAGE and Western blot
analysis, and the target proteins were detected using the corresponding antibodies.

Virus entry and adhesion. RSV was added to CCR1-overexpressing A549 cells at an MOI of 0.5, incu-
bated at 4°C for 1 h to allow the RSV to adsorb onto cells, and then cultured at 37°C for 30 min to initiate
virus entry into cells. Total RNA in the cells was immediately extracted, and the expression of the RSV N
and F genes was detected by qRT-PCR.

LC-MS/MS analysis. The denatured protein solution can be obtained according to the steps of coimmu-
noprecipitation and sent to the mass spectrometer for analysis. LC-MS/MS was performed by Shanghai
Applied Protein Technology Co., Ltd. (Shanghai, China). Briefly, each fraction was injected for nano-LC-MS/MS
analysis. The peptide mixture was loaded onto a reverse-phase trap column (Thermo Scientific Acclaim
PepMap100; 100 um by 2 cm, nanoViper C,;) connected to a C,, reverse-phase analytical column (Thermo
Scientific Easy-Column; 10-cm long, 75-um inner diameter, 3 um resin) in buffer A (0.1% formic acid) and
separated with a linear gradient of buffer B (84% acetonitrile and 0.1% formic acid) at a flow rate of 300 nl/
min controlled by IntelliFlow technology. LC-MS/MS analysis was performed on a Q Exactive mass spectrome-
ter (Thermo Scientific) that was coupled to an Easy nLC (Proxeon Biosystems, Thermo Fisher Scientific). The
mass spectrometer was operated in the positive-ion mode. MS data were acquired using a data-de-
pendent top20 method, dynamically choosing the most abundant precursor ions from the survey scan
(300 to 1,800 m/z) for higher-energy collisional dissociation (HCD) fragmentation. The automatic gain
control (AGC) target was set to 3e6, and the maximum inject time was set to 10 ms. The dynamic
exclusion duration was 40.0 s. Survey scans were acquired at a resolution of 70,000 at m/z 200, the re-
solution for HCD spectra was set to 17,500 at m/z 200, and the isolation width was 2 m/z. Normalized
collision energy was 30 eV, and the undefrfill ratio, which specifies the minimum percentage of the tar-
get value likely to be reached at maximum fill time, was defined as 0.1%. The instrument was run with
the peptide recognition mode enabled.

Statistical analysis. Data from three independent experiments are expressed as the mean * stand-
ard deviation (SD). GraphPad Prism software was used for statistical analyses.

Data availability. The RNA-seq data set is available in the Gene Expression Omnibus (GEO) and can
be accessed via the GSE series number GSE145371.
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