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The activation and recruitment of NK cells to the site of viral infection are crucial for virus control. However, it remains
largely unknown what controls the recruitment of the activated NK cells to the infection site. In a model of intraperitoneal
infection with vaccinia virus (VV), we showed that poly(ADP-ribose) polymerase-1 (PARP-1), a sensor of DNA damage, is
critical for NK cell recruitment to the site of infection and viral control in vivo. We further demonstrated that PARP-1
promotes the production of CCL2 and that the CCL2-CCR2 axis is essential for NK cell recruitment to the infection site. In
addition, we demonstrated that peritoneal macrophages are the main producer of PARP-1–dependent CCL2 secretion.
Mechanistically, PARP-1 functions as a regulator of NF-κB by promoting its nuclear translocation and binding to its
response sequences in macrophages upon VV infection. Taken together, our results reveal a potentially previously
unknown role for PARP-1–dependent CCL2 production in NK cell migration and viral control and may provide important
insights into the design of effective NK cell–based therapies for viral infections and cancer.
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Introduction
NK cells play an important role in the control of  various viral infections (1–3). Clinically, individuals with 
defective NK cell function are prone to severe and recurrent viral infections (4). NK cells are also critical for 
the control of  vaccinia virus (VV), which is the most studied member of  the poxvirus family and the live 
vaccine responsible for the successful elimination of  smallpox (5). Previous studies have shown that NK cells 
are activated and recruited to the site of  VV infection, leading to effective viral control (6–9). The activation 
of  NK cells represents the initial step in the control of  VV infection. We have further shown that efficient 
activation of  NK cells is dependent on both TLR-dependent and TLR-independent pathways, as well as 
the NKG2D-activating receptor that recognizes host stress–induced NKG2D ligands (8–10). However, it 
remains largely unknown what controls the recruitment of  the activated NK cells to the site of  VV infection.

The chemokine receptors CCR2, CCR5, and CXCR3 have been implicated in NK cell recruitment to 
the site of  viral infections in response to various chemokines (11). For example, CCR2 and CCR5 are both 
required for NK cell migration to the liver of  murine cytomegalovirus–infected (MCMV-infected) mice 
(12, 13), whereas only CCR5 is needed for NK cell recruitment to the CNS in a model of  herpes simplex 
virus (HSV) infection (14). On the other hand, NK cell migration to the liver of  dengue virus–infected 
mice is dependent on CXCR3 (15). However, the role of  chemokines and chemokine receptors in NK cell 
recruitment to the site of  VV infection requires further investigation. Furthermore, their role remains unde-
fined with regards to the molecular and cellular events following viral infection that trigger the secretion of  
chemokines and NK cell recruitment to the site of  viral infection.

Poly(ADP-ribose) polymerases (PARPs) are a family of enzymes that catalyze the synthesis of ADP-ribose 
polymers using NAD+ as a substrate and bind these branched polymers to acceptor proteins (16). The proto-
typical PARP enzyme, PARP-1, possesses a DNA-binding domain and becomes activated upon binding to 
damaged DNA (17). PARP-1 accounts for the majority of the poly(ADP-ribose) polymer synthesis and protein 
modifications near the DNA damage site. Thus, PARP-1 functions as a DNA damage sensor and is essential 
for DNA repair and genome stability (18). In addition, studies have shown that PARP-1 also plays an import-
ant role in the development of inflammation in a variety of models, including allergic encephalomyelitis (19), 
colitis (20), and septic shock (21, 22). More recently, PARP-1 has been implicated in the suppression of the 
number and function of Foxp3+ regulatory T cells, leading to enhanced proliferation of CD4+ T cells (23, 24).

The activation and recruitment of NK cells to the site of viral infection are crucial for virus control. 
However, it remains largely unknown what controls the recruitment of the activated NK cells to 
the infection site. In a model of intraperitoneal infection with vaccinia virus (VV), we showed that 
poly(ADP-ribose) polymerase-1 (PARP-1), a sensor of DNA damage, is critical for NK cell recruitment 
to the site of infection and viral control in vivo. We further demonstrated that PARP-1 promotes the 
production of CCL2 and that the CCL2-CCR2 axis is essential for NK cell recruitment to the infection 
site. In addition, we demonstrated that peritoneal macrophages are the main producer of PARP-1–
dependent CCL2 secretion. Mechanistically, PARP-1 functions as a regulator of NF-κB by promoting 
its nuclear translocation and binding to its response sequences in macrophages upon VV infection. 
Taken together, our results reveal a potentially previously unknown role for PARP-1–dependent 
CCL2 production in NK cell migration and viral control and may provide important insights into the 
design of effective NK cell–based therapies for viral infections and cancer.
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Given the dual roles of  PARP-1 as a DNA damage sensor and a mediator of  inflammation, we hypoth-
esized that PARP-1 could sense DNA damage following viral infection and trigger the release of  chemok-
ines that recruit NK cells to the site of  infection, leading to viral control. Indeed, here we provided evidence 
that although PARP-1 is not required for NK cell activation upon VV infection, it is critical for NK cell 
recruitment to the site of  infection and viral control in vivo. We further showed that PARP-1 mediates 
the production of  CCL2 and that NK cell migration is dependent on the CCL2-CCR2 axis. In addition, 
we demonstrated that peritoneal macrophages are the main producer of  PARP-1–dependent CCL2 secre-
tion. Furthermore, PARP-1 functions as a regulator of  NF-κB by promoting its nuclear translocation and 
binding to its response sequences in macrophages upon VV infection. Collectively, these results highlight a 
critical role for PARP-1 in NK cell recruitment to the site of  infection through NF-κB–mediated production 
of  CCL2 by macrophages in response to VV infection.

Results
PARP-1 is critical for NK cell recruitment to the site of  VV infection and viral control. We first performed a time-
course experiment and showed that the NK cell recruitment to peritoneal cavity peaked at day 3 after 
intraperitoneal VV infection (Supplemental Figure 1; supplemental material available online with this arti-
cle; https://doi.org/10.1172/jci.insight.121291DS1). To determine whether PARP-1 played a role in NK 
cell migration to the site of  viral infection, mice were treated with different doses of  the PARP-1 inhibitor 
AG14361 (25), followed by infection with VV, intraperitoneally. NK cell activation and migration to the 
peritoneal cavity and the viral load were assessed 3 days after infection. We identified that treatment with 
10 mg/kg PARP-1 inhibitor in VV-infected mice led to a significant (P < 0.01) reduction in the total peri-
toneal NK cell numbers without obvious toxicity (Supplemental Figure 2), compared with VV-infected 
mice treated with PBS (Figure 1, A and B). However, IFN-γ production by these NK cells was not affected 
(Figure 1C). Similarly, neither IFN-γ production, nor in vitro NK cell killing function per NK cell basis was 
altered (data not shown). The reduction of  NK cell recruitment to the peritoneal cavity by PARP-1 inhibi-
tion was accompanied by a significant (P < 0.01) increase in viral loads in the peritoneal cavity (Figure 1D). 
These results indicate that PARP-1 inhibition suppresses NK cell migration in response to intraperitoneal 
VV infection and delays viral clearance.

To further confirm the role of  PARP-1 in NK cell migration, Parp-1–/– mice were infected with VV intra-
peritoneally and examined for NK cell recruitment and the viral load in the peritoneal cavity. We showed 
that a significant (P < 0.01) reduction in the peritoneal NK cell numbers in Parp-1–/– mice, compared with 
WT mice (Figure 2, A and B), lead to a significant (P < 0.01) increase in viral loads in the peritoneal cavity 
(Figure 2D). Again, lack of  PARP-1 did not affect the production of  IFN-γ by the Parp-1–/– NK cells (Figure 
2C). Collectively, these observations support a critical role of  PARP-1 in NK cell recruitment to the site of  
VV infection and viral control.

PARP-1 mediates the production of  CCL2 in response to VV infection. How does PARP-1 regulate NK cell 
migration to the site of  VV infection? Since chemokines and chemokine receptors have been implicated 
in NK cell migration in other models of  viral infection (12–15), we asked whether PARP-1 regulates the 
production of  various chemokines in the peritoneal cavity. To address this question, cells from the peri-
toneal cavity were collected 12 hours after VV infection and assayed for CCL2, CCL3, CCL4, CCL5, 
CCL7, and CCL8 mRNA levels by real-time quantitative PCR. Our results showed that VV infection 
induced the expression of  several chemokines, including CCL2, CCL3, and CCL4, compared with the 
naive uninfected controls (Figure 3A). Although a significant reduction in mRNA levels was found for 
CCL2, CCL3, and CCL4 in cells from VV-infected Parp-1–/– mice compared with their WT counter-
parts, CCL2 expression in Parp-1–/– mice demonstrated the greatest degree of  reduction compared with 
that of  WT counterparts (approximately 18-fold; Figure 3A). Indeed, the production of  CCL2 protein 
was significantly diminished in Parp-1–/– mice (Figure 3B), suggesting PARP-1 controls CCL2 produc-
tion in response to VV infection.

CCL2-CCR2 is responsible for NK cell migration to the site of  VV infection. The observation that PARP-1 is 
critical for CCL2 production at the site of  VV infection prompted us to examine whether CCL2 mediates 
NK cell migration in response to VV infection. We first examined whether the peritoneal fluid from the 
VV-infected mice mediated NK cell migration in an in vitro migration assay. Indeed, a marked increase 
in the number of  NK cells migrated toward the VV-infected peritoneal fluid compared with uninfected 
controls (Figure 4A). The NK cell migration was significantly reduced when neutralizing anti-CCL2 

https://doi.org/10.1172/jci.insight.121291
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antibodies were added to the peritoneal fluid (Figure 4A), suggesting that the NK cell migration is medi-
ated by CCL2 in vitro. We next examined whether NK cell migration in vivo is also dependent on CCL2. 
To address this question, mice were treated with anti-CCL2–neutralizing antibodies followed by VV 
infection intraperitoneally. We found that the anti-CCL2 antibody treatment significantly inhibited the 
NK cell recruitment in the peritoneal cavity (Figure 4B), supporting that CCL2 also mediates NK cell 
migration toward the site of  viral infection in vivo.

To further support the role of  CCL2 in mediating NK cell migration, we examined whether the CCL2 
receptor CCR2 is also critical for NK cell migration. Indeed, NK cell recruitment to the peritoneal cavity 
was significantly reduced in Ccr2–/– mice in response to VV infection, compared with the WT controls (Fig-
ure 5, A and B), leading to a significant increase in viral loads (Figure 5C). Taken together, these results 
indicate that NK cell recruitment to the site of  VV infection is mediated by CCL2-CCR2.

Peritoneal macrophages are mainly responsible for PARP-1–dependent CCL2 production. We next exam-
ined which cell types are responsible for CCL2 production in response to VV infection in vivo. Mice 
were infected with VV intraperitoneally, and CCL2 production in NK, T, and B cells and macrophages 
within the peritoneal cavity, was measured by intracellular staining. Our results showed that peritoneal 
macrophages are the main producers of  CCL2 (Figure 6A). We further found that the production of  
CCL2 by peritoneal macrophages was significantly diminished in Parp-1–/– mice (Figure 6, B and C). 
These results suggest that macrophages in peritoneal cavity are mainly responsible for PARP-1–depen-
dent CCL2 production.

PARP-1 promotes NF-κB activation in peritoneal microphages. We next investigated how PARP-1 medi-
ates CCL2 production in macrophages upon VV infection. Since studies have shown that the produc-
tion of  inflammatory cytokines, such as IL-6 and TNF-α, is mediated by NF-κB (26), and these cyto-
kines boost the expression of  other cytokines, chemokines, and adhesion molecules to promote the 
inflammatory processes (27). Thus, we asked if  PARP-1 promotes the activation of  NF-κB in peritoneal 

Figure 1. Inhibition of PARP-1 activity suppresses NK cell migration in response to intraperitoneal VV infection and 
delays viral clearance. C57BL/6 mice were either treated with PARP-1 inhibitor AG14361 (10 mg/kg, i.v.) (VV+AG14361) 
or PBS (VV) and subjected to infection with VV (5 × 106 PFU, i.p.). Naive mice were used as controls. Three days later, 
peritoneal fluid was harvested and assayed for DX5+CD3– NK cells by flow cytometry. (A) FACS plots showing percent-
ages of DX5+CD3– NK cells in the peritoneal fluids. (B) The mean absolute NK cell numbers ± SD are shown (n = 3). (C) 
IFN-γ production was measured intracellularly and the mean percentages of IFN-γ+ NK cells are shown (n = 3). (D) The 
viral titer in peritoneal fluid was measured by the standard plaque assay and the mean viral titers ± SD are shown (n = 
4). **P < 0.01, 2-tailed Student’s t test.

https://doi.org/10.1172/jci.insight.121291
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macrophages in response to VV infection. NF-κB is composed of  dimeric subunits of  p65 and p50 (26). 
In unstimulated cells, NF-κB binds to the inhibitory IκB and is retained in the cytoplasm. Upon inflam-
matory stimulation, IκB is phosphorylated by IκB kinases (IKKs) and degraded by the ubiquitin and 
proteasome system, which causes translocation of  NF-κB to the nucleus, where it binds to its response 
DNA elements and activates the transcription of  a number of  genes, including inflammatory genes. 
Indeed, we showed that VV infection promoted NF-κB translocation to the nucleus in WT macrophages 
(Figure 7A) compared with the uninfected controls, whereas in Parp-1–/– macrophages NF-κB nuclear 
translocation was reduced (Figure 7A), suggesting that PARP-1 promotes translocation of  NF-κB to 
the nucleus upon VV infection. In addition, we found that the binding of  NF-κB to its response DNA 
is inhibited in the absence of  PARP-1 (Figure 7B), suggesting PARP-1 also promotes binding to its 
promoter sequences upon nuclear translocation. Thus, PARP-1 functions as a regulator of  NF-κB by 
promoting its nuclear translocation and binding to its response sequences in macrophages.

Discussion
In this study, we revealed a critical role for PARP-1 in NK cell recruitment to the site of  VV infection 
and viral control in vivo. We further demonstrated that PARP-1 promotes the production of  CCL2 and 
that the CCL2-CCR2 axis is essential for NK cell recruitment to the infection site. In addition, we showed 
that peritoneal macrophages are mainly responsible for PARP-1–dependent CCL2 secretion. Furthermore, 
PARP-1 functions as a regulator of  NF-κB by promoting its nuclear translocation and binding to its response 
sequences in macrophages upon VV infection.

Although the recruitment of  activated NK cells to the site of  VV infection and its role in viral 
control have been well recognized (6–9), what controls NK recruitment to the site of  VV infection 

Figure 2. Defective NK cell recruitment and viral clearance in Parp-1–/– mice. WT or Parp-1–/– mice were infected with VV 
(5 × 106 PFU, i.p.) and some mice were left uninfected as controls (Naive). Three days later, peritoneal fluid was harvested 
and assayed for DX5+CD3– NK cells by flow cytometry. (A) FACS plots showing percentages of DX5+CD3– NK cells in the peri-
toneal fluids. (B) The mean absolute NK cell numbers ± SD are shown (n = 3). (C) IFN-γ production was measured intracel-
lularly and the mean percentages of IFN-γ+ NK cells are shown (n = 3). (D) The viral titer in peritoneal fluid was measured by 
the standard plaque assay and the mean viral titers ± SD are shown (n = 4). **P < 0.01, 2-tailed Student’s t test.

https://doi.org/10.1172/jci.insight.121291
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remained unknown. Here we showed that the CCL2-CCR2 axis is critical for NK cell migration to the 
peritoneal cavity, where VV infection occurs. Our observation is consistent with the role of  CCR2 in 
NK cell migration to the liver of  MCMV-infected mice (12, 13) and to the lung during invasive asper-
gillosis (28). This is also in line with the role of  CCL2 in NK cell recruitment to the lungs during mod-
ified VV ankara (MVA) infection (29). In addition to CCL2, we found that the expression of  CCL3 (a 
chemokine for CCR1 and CCR5) (30) and CCL4 (a chemokine for CCR5) (30) was also significantly 
induced in response to VV infection. Indeed, CCR5 and CXCR3 are utilized for NK cell migration to 
the CNS in a model of  HSV infection (14) and to the liver of  dengue virus–infected mice (15), respec-
tively, whereas CCR1 is involved in NK cell trafficking to the liver in concanavalin A–induced (Con 
A-induced) hepatitis (31). Thus, it would be important to determine whether CCL3 or CCL4 is also 
critical for NK cell migration in response to VV infection in future studies.

It has been well documented that inflammatory stimuli elicit the production of  various chemokines 
that contribute to NK cell migration to inflammatory sites (11). However, the underlying molecular 
and cellular mechanisms responsible for chemokine production in response to inflammatory stimuli 

Figure 3. The production of CCL2 in response to VV infection is diminished in Parp-1–/– mice. WT or Parp-1–/– mice were 
infected with VV (5 × 106 PFU, i.p.) and some mice were left uninfected as controls (Naive). (A) 12 hours after infection, 
intraperitoneal cells were collected and assayed for CCL2, CCL3, CCL4, CCL5, CCL7, and CCL8 mRNA levels by real-time 
quantitative PCR. Relative mRNA levels were normalized to β-actin RNA within each sample. Data represent mean relative 
mRNA levels ± SD (n = 3). Folds (F) of change in samples from VV-infected WT (WT VV) over Parp1–/– (Parp1–/– VV) mice are 
shown. (B) 24 hours after infection, peritoneal fluid was harvested and measured for CCL2 production by the colorimetric 
beads assay. Data represent mean CCL2 concentrations (pg/ml) ± SD (n = 3). *P < 0.05, **P < 0.01, 2-tailed Student’s t test.

Figure 4. CCL2 is responsible for NK cell recruitment to the site of VV infection. (A) C57B/L6 mice were infected with 
VV (5 × 106 PFU, i.p.) or left uninfected (Naive). 72 hours later, the peritoneal CD3–DX5+ NK cells and the peritoneal fluid 
were collected for in vitro NK cell migration assay using the Transwell chamber. The peritoneal fluid was mixed with 
a neutralizing anti-CCL2 antibody (2 μg/ml) or a control Ig and added in the lower chamber, and NK cells were added 
to the upper chamber. After 5 hours incubation at 37°C, the number of NK cells migrated to the lower chamber was 
measured. The data represent %NK cells ± SD (n = 4) migrated to the lower chamber over total input NK cells on the 
upper chamber. (B) C57BL/6 mice were treated with anti-CCL2–neutralizing antibody (20 μg per mouse, daily beginning 
day –1) or a control Ig. On day 0, mice were infected with VV (5 × 106 PFU, i.p.) or left uninfected (naive). Three days 
later, peritoneal fluid was harvested and assayed for DX5+CD3– NK cells by flow cytometry. The mean absolute NK cell 
numbers ± SD are shown (n = 3). **P < 0.01, 2-tailed Student’s t test.

https://doi.org/10.1172/jci.insight.121291
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remained largely undefined. In a model of  VV infection, we revealed that PARP-1, a DNA damage sen-
sor and mediator of  inflammation, plays a critical role in the recruitment of  NK cells via the production 
of  CCL2 by infiltrating macrophages. This is accomplished by promoting NF-κB nuclear translocation 
and binding to its response sequences in macrophages. It remains to be determined whether CCL2 pro-
duction is regulated by NF-κB directly or directly via cytokines such as TNF-α, which has been shown 
to upregulate the expression of  CCL2 in sensory neurons (32). Furthermore, as we have shown that type 
I IFNs are produced during VV infection (8, 10), the type I IFN pathway could also contribute to the 
CCL2 expression as shown in a model of  MVA infection (29). Although PARP-1 has been implicated in 
the development of  inflammation in a variety of  models (19–22) and in the suppression of  regulatory T 
cells (23, 24), our results support, for the first time to our knowledge, a critical role for PARP-1 in NK cell 
migration to the site of  inflammation. Whether PARP-1 also regulates the migration of  other inflamma-
tory cells such as T cells remains to be determined in the future. Besides PARP-1, PARP-2 may also be 
involved in the regulation of  inflammatory processes (33). Thus, it will be also important to investigate 
the role of  other members of  the PARP family in the regulation of  inflammatory cell migration.

PARP-1 is activated by binding to damaged DNA (17). How does VV infection in macrophages lead 
to DNA damage that triggers the activation of  PARP-1? Macrophages play a crucial role in the control of  
invading pathogens through the production of  reactive oxygen species (ROS) or reactive nitrogen species 
(RNS) (34), which can damage cellular DNA (35, 36). In addition, the generation of  ROS and RNS could 
further activate the redox-sensitive transcription factor, NF-κB, a key regulator of  iNOS and cyclooxygen-
ase-2 (COX-2), leading to production of  more ROS and RNS (37–39). Thus, future studies are needed 
to further define mechanisms underlying DNA damage and activation of  PARP-1 in response to viral 
infections. Similarly, although our results suggest that peritoneal macrophages are responsible for PARP-
1–dependent CCL2 production in the peritoneal cavity, it remains to be determined whether tissue resident 
macrophages are also involved in the production of  CCL2 upon viral infection.

In summary, we have provided evidence to support a critical role for PARP-1 in NK cell migration to the 
site of  VV infection and viral control in vivo through induction of  CCL2 by macrophages. Mechanistically, 
PARP-1 functions as a regulator of  NF-κB by promoting its nuclear translocation and binding to its response 

Figure 5. CCR2 mediates NK cell migration in 
response to VV infection. WT or Ccr2–/– mice 
were infected with VV (5 × 106 PFU, i.p.) or left 
uninfected as controls (Naive). Three days later, 
peritoneal fluid was harvested and assayed for 
DX5+CD3– NK cells by flow cytometry. (A) FACS 
plots showing percentages of DX5+CD3– NK cells 
in the peritoneal fluids. (B) The mean absolute 
NK cell numbers ± SD are shown (n = 3). (C) The 
viral titer in peritoneal fluid was measured by 
the standard plaque assay and the mean viral 
titers ± SD are shown (n = 4). **P < 0.01, 2-tailed 
Student’s t test.

https://doi.org/10.1172/jci.insight.121291
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sequences in macrophages upon VV infection. Taken together, our results reveal a previously unknown role 
for PARP-1–dependent CCL2 production in NK cell migration in response to viral infection and may pro-
vide important insights into the design of  effective NK cell–based therapies for viral infections and cancer.

Methods
Mice. Parp-1–/–, Ccr2–/–, and CD45.1 C57BL/6 mice were purchased from The Jackson laboratory. 
C57BL/6 mice were from Charles River Laboratories. Parp-1–/– mice are viable, fertile, normal in size, and 
do not display any gross physical or behavioral abnormalities, nor are they susceptible to infections. Mice 
used for experiments were 6–8 weeks old.

PARP-1 inhibitor. PARP-1 inhibitor (AG14361) was purchased from Selleckchem and dissolved in 
DMSO at a stock concentration of  40 mM and stored at –20°C. AG14361 was added to cell culture at a 
final concentration of  20 μM. For in vivo studies, 10 mg/kg AG14361 was injected into mice intravenously.

VV. The Western Reserve strain of  VV was grown in TK-143B cells and purified by centrifugation 
through a 35% sucrose cushion as described previously (40). The titer of  virus was determined by plaque 
assay on TK-143B cells and stored at –80°C. For in vivo studies, 5 × 106 PFU of  live VV in 0.05 mL of  1 
mM Tris-HCl (pH 9.5) was injected into mice intraperitoneally as described previously (40). For in vitro 
macrophage stimulations, VV were used at a multiplicity of  infection (MOI) of  0.5.

Antibodies and flow cytometry. Phycoerythrin-conjugated (PE-conjugated) anti-DX5, PE-Cy5-con-
jugated anti-CD3ε, allophycocyanin-conjugated (APC-conjugated) anti-B220, APC-conjugated anti-
CD11b, APC-conjugated anti-CD45.1, FITC-conjugated anti-CD45.2, FITC-conjugated anti-CCL2 
were purchased from BD Biosciences. APC-conjugated anti-IFN-γ and PE-conjugated anti-F4/80 were 
purchased from BioLegend. To assess production of  IFN-γ and CCL2, peritoneal cavity cells were incu-
bated with 100 ng/ml PMA and ionomycin and 25 ng/ml Brefeldin A (BD Biosciences) for 4 hours 
at 37°C. Intracellular staining was performed as previously described (10). Briefly, the cells were first 
stained with anti-DX5, -CD3, or anti-F4/80, -CD11b followed by fixation and permeabilization with 

Figure 6. Peritoneal macrophages are the major producer of PARP-1 dependent CCL2. (A) C57B/L6 mice were infected 
with VV (5 × 106 PFU, i.p.) or left uninfected (Naive). Three days after infection, CCL2 production in NK, T, and B cells, 
as well as macrophages, from peritoneal fluid, was measured by intracellular staining. The data represent percentag-
es of CCL2+ cells among their respective cell population. (B and C) WT or Parp-1–/– mice were infected with VV (5 × 106 
PFU, i.p.) or left uninfected as controls (Naive). Three days later, CCL2 production by the peritoneal macrophages was 
measured by intracellular staining. FACS plots showing percentages of CCL2+ cells among total macrophages (B). Mean 
percentages ± SD of CCL2+ cells (n = 3) (C). **P < 0.01, 2-tailed Student’s t test.

https://doi.org/10.1172/jci.insight.121291
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Cytofix/Cytoperm (BD Biosciences). The cells were subsequently stained intracellularly with anti-IFN-γ 
or CCL2 and then subjected to flow cytometry analysis with FACSCanto (BD Biosciences). FACSDiVA 
software (BD Biosciences) was used for data analysis.

Quantitative real-time PCR. Total RNA was prepared from peritoneal cells using TriZol reagent (Thermo 
Fisher). cDNA was synthesized with GoScript Reverse Transcriptase and Oligo(dT)15 Primer(Promega). 
Subsequently, the gene expression was examined by using Bio-Rad CFX96 System with iTaq Universal 
SYBR Green Supermix Real-Time PCR kit (Bio-Rad). The expression of  each gene was normalized to 
β-actin reference and compared. The primers for CCL2, CCL3, CCL4, CCL5, CCL7, and CCL8 were 
CCL2 forward: 5′-GATCCCAATGAGTAGGCTGG-3′; CCL2 reverse: 5′-CGGGTCAACTTCACAT-
TCAAAG-3′; CCL3 forward: 5′-ACACCAGAAGGATACAAGCAG-3′; CCL3 reverse: 5′-CGAT-
GAATTGGCGTGGAATC-3′; CCL4 forward: 5′-AAACCTAACCCCGAGCAAC-3′; CCL4 reverse: 
5′-CTGTCTGCCTCTTTTGGTCA-3′; CCL5 forward: 5′-CCCACGTCAAGGAGTATTTCTAC-3′; 
CCL5 reverse: 5′-CTAGGACTAGAGCAAGCGATG-3′; CCL7 forward: 5′-TCTCTCACTCTCTTTCTC-
CACC-3′; CCL7 reverse: 5′-GGTGATCCTTCTGTAGCTCTTG-3′; CCL8 forward: 5′-CAGATAAG-
GCTCCAGTCACC-3′; and CCL8 reverse: 5′-GCTGTCTCTTAACTCAGGTGTG-3′.

Chemokine and cytokine analysis. The level of  chemokines and cytokines in the peritoneal lavage fluids 
and the supernatants of  macrophage culture was measured by Cytometric Bead Array (CBA) assay using 
the Mouse Inflammation Kit according to the manufacturer’s instructions (BD Biosciences).

NK cell migration assay. Mice were infected with VV and 3 days later, the peritoneal NK cells and the 
peritoneal fluid were collected for NK cell migration using the Transwell migration chamber (pore size: 5 
μm). The peritoneal fluid from macrophages was added to the lower chamber as chemoattractant, and NK 
cells were added to the upper chamber. After 5 hours at 37°C incubation, the number of  NK cells in the 
lower chamber was determined by FACS (BD Biosciences), and the percentage of  NK cells that migrated 
to the lower chamber over the total input of  NK cells into the upper chamber was calculated.

In vitro and in vivo antibody blocking assay. For in vitro antibody blocking, the peritoneal fluid was 
mixed with a neutralizing goat anti-mouse CCL2 antibody (2 μg/ml, R&D Systems) or a control Ig and 
used for the NK cell migration assay. For in vivo antibody blocking, mice were treated with anti-CCL2–
neutralizing antibody (20 μg per mouse, daily beginning day –1) or a control Ig. On day 0, mice were 
infected with VV (5 × 106 PFU, intraperitoneally). Three days later, peritoneal fluid was harvested and 
assayed for DX5+CD3– NK cells by flow cytometry.

Figure 7. PARP-1 promotes NF-κB nuclear translocation and DNA binding in microphages. Peritoneal macrophages 
from WT or Parp-1–/– mice were infected with VV (MOI = 0.5) for 1 hour or left uninfected as a control (Ctrl). (A) After 
staining with anti–NF-κB-p65 (green) and nuclear (blue) staining, representative confocal microscopy images are 
shown. Original magnification, ×200. (B) NF-κB containing nuclear extract was measured for the ability to bind to a 
specific double-stranded DNA (dsDNA) sequence containing the NF-κB-p65 response element by a colorimetric assay. 
Data represent mean OD450 readouts ± SD (n = 3). **P < 0.01, 2-tailed Student’s t test.
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NF-κB-p65 translocation analysis. To evaluate NF-κB-p65 subunit translocation, peritoneal macro-
phages were stimulated with VV at MOI of  0.5 for 1 hour and then incubated with a 1:50 mouse 
monoclonal anti–NF-κB-p65 (Santa Cruz Biotech) at 4°C for 18 hours, followed by staining with 
Alexa Fluor 488–conjugated anti-mouse IgG (Invitrogen) at a 1:200 dilution at room temperature for 
1 hour. Cells were subsequently incubated with Hoechst 33342 (0.2 μg/ml) for 10 minutes to stain the 
nucleus. Confocal microscopy of  macrophages was taken with a Leica SP5 confocal microscope. The 
lasers used to excite Alexa Fluor 488 and Hoechst were 488 nm and 405 nm, respectively. Leica LAS 
AF software was used for image analysis.

Assay of  NF-κB–DNA-binding activity. 6 × 106 macrophages were seeded on a 100-mm plate. After treat-
ment and VV stimulation, cells were washed with PBS twice and then harvested and counted. Cells sus-
pended in 100 μL Pre-Extraction Buffer per 106 cells were used for nuclear protein extraction. Cell nuclear 
extract was utilized to investigate NF-κB-p65 DNA-binding with an Abcam kit. As described in the manu-
facturer’s manual, a specific double-stranded DNA (dsDNA) sequence containing the NF-κB response ele-
ment was coated onto the bottom of  wells of  a 96-well plate. NF-κB contained within nuclear extract binds 
specifically to the NF-κB response element and was detected by addition of  a specific primary antibody 
directed against NF-κB-p65. A secondary antibody conjugated to HRP was added to provide a sensitive 
colorimetric readout at 450 nm.

Statistics. Results are expressed as mean ± SEM. Comparison between groups was performed by 
2-tailed Student’s t test. All statistical analyses were performed with SPSS19.0 software (IBM). P values of  
less than 0.05 are considered to be significant.

Study approval. All experiments involving the use of mice followed NIH guidelines and were done in accor-
dance with protocols approved by the Institutional Animal Care and Use Committee of Duke University.
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