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Mitogen-activated protein kinase phosphatase 1 (Mkp-1) KO
mice produce elevated cytokines and exhibit increased mor-
tality and bacterial burden following systemic Escherichia coli
infection. To understand how Mkp-1 affects immune defense,
we analyzed the RNA-Seq datasets previously generated from
control and E. coli–infected Mkp-1+/+ and Mkp-1−/− mice. We
found that E. coli infection markedly induced programmed
death-ligand 1 (PD-L1) expression and that Mkp-1 deficiency
further amplified PD-L1 expression. Administration of a PD-
L1-neutralizing monoclonal antibody (mAb) to Mkp-1−/− mice
increased the mortality of the animals following E. coli infec-
tion, although bacterial burden was decreased. In addition, the
PD-L1-neutralizing mAb increased serum interferon (IFN)-γ
and tumor necrosis factor alpha, as well as lung- and liver-
inducible nitric oxide synthase levels, suggesting an enhanced
inflammatory response. Interestingly, neutralization of IFN-α/β
receptor 1 blocked PD-L1 induction in Mkp-1−/− mice
following E. coli infection. PD-L1 was potently induced in
macrophages by E. coli and lipopolysaccharide in vitro, and
Mkp-1 deficiency exacerbated PD-L1 induction with little ef-
fect on the half-life of PD-L1 mRNA. In contrast, inhibitors of
Janus kinase 1/2 and tyrosine kinase 2, as well as the IFN-α/β
receptor 1–neutralizing mAb, markedly attenuated PD-L1 in-
duction. These results suggest that the beneficial effect of type I
IFNs in E. coli–infected Mkp-1−/− mice is, at least in part,
mediated by Janus kinase/signal transducer and activator of
transcription–driven PD-L1 induction. Our studies also sup-
port the notion that enhanced PD-L1 expression contributes to
the bactericidal defect of Mkp-1−/− mice.

The immune defense against bacterial pathogens relies on a
group of pattern recognition receptors to initiate an
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inflammatory response that leads to the production of in-
flammatory cytokines (1). Activation of these pattern recog-
nition receptors by the conserved pathogen-associated
molecular patterns, presented by the microbial pathogens,
leads to a number of signal transduction cascades, such as the
NF-κB, interferon (IFN) regulatory factor 3 (IRF3), and
mitogen-activated protein kinase pathways, resulting in the
production of a variety of cytokines, including tumor necrosis
factor alpha (TNF-α) and type I IFNs (1, 2). These inflam-
matory cytokines can shape the development of adaptive im-
munity and influence the production of T-cell cytokines such
as IFN-γ. The inflammatory cytokines can coordinate a mul-
tiarray of cellular programs to organize an effective immune
defense against infections. For example, TNF-α and IFN-γ can
induce the expression of inducible nitric oxide synthase
(iNOS) to modulate the production of nitric oxide (NO) (3–5),
an oxidant with strong microbicidal activity (6–8) and potent
vasodilatory activity (9). Type I IFNs can induce a large
number of IFN-inducible genes through the Janus kinase
(JAK)/signal transducer and activator of transcription (STAT)
pathway to modulate a variety of cellular activities for the re-
striction of pathogen replication (10, 11). Successful immune
defense requires the activation of pathways that will mount an
effective pathogen elimination program without triggering
collateral organ damage.

Mitogen-activated protein kinase phosphatase 1 (Mkp-1),
also referred to as dual-specificity phosphatase 1, is an
inducible threonine/tyrosine protein phosphatase preferen-
tially acting on phosphorylated p38 and c-Jun N-terminal ki-
nase (12, 13). Both p38 and c-Jun N-terminal kinase are
mitogen-activated protein kinase subfamilies critical for im-
mune defense (14–16). Mkp-1 is robustly induced in macro-
phages by a variety of pathogen-associated molecular patterns
and serves as a negative regulator of the innate immune
response (17–24). We have shown that upon bacterial
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Mkp-1 regulates PD-L1 via IFN-I during E. coli infection
infection, Mkp-1 KO mice produce considerably increased
amounts of numerous cytokines, including TNF-α, interleukin
(IL)-6, IL-10, and IFN-β (25–28). In an Escherichia coli–
induced sepsis model, Mkp-1−/− mice produced markedly
increased cytokines and exhibited elevated bacterial burden,
notable metabolic abnormalities, and increased mortality
relative to their WT counterparts (25, 26). We also demon-
strated that neutralizing IL-10 enhanced bacterial killing (25),
whereas blockade of type I IFN signaling increased mortality in
Mkp-1 KO mice, without significantly affecting bacterial loads
and IL-6 levels (27). Hammer et al. (29) reported that Mkp-1/
dual-specificity phosphatase 1 KO mice displayed enhanced
cytokine production, impaired bacterial clearance, and
increased mortality in two polymicrobial peritonitis models.

Previously, it has been reported that blockade of the
immune checkpoint protein, programmed death-ligand 1 (PD-
L1), enhances bacterial clearance, increases systemic inflam-
mation, attenuates liver injury, and improves survival following
cecal ligation and puncture (CLP), an experimental model of
sepsis (30, 31). A clinical study also showed that PD-L1 levels
correlate with increased mortality, nosocomial infection, and
immune dysfunctions in septic shock patients (32). Chang
et al. (33) demonstrated that neutralizing either PD-L1 or its
receptor, programmed death-1 (PD-1), reverses sepsis-induced
IFN-γ suppression, enhances major histocompatibility com-
plex class II antigen expression on antigen-presenting cells,
and improves survival in primary and secondary fungal sepsis.
In the present study, we found that PD-L1 was more robustly
induced in multiple organs after E. coli infection in Mkp-1 KO
mice than in WT mice. PD-L1 induction was almost
completely blocked by an IFN-α/β receptor 1 (IFNAR1)–
neutralizing monoclonal antibody (mAb), thus highlighting the
critical role of type I IFN in PD-L1 induction. Interestingly,
blockade of PD-L1 with a neutralizing mAb in E. coli–infected
Mkp-1 KO mice decreased bacterial loads but enhanced
inflammation and mortality. We found that Mkp-1 deficiency
enhanced PD-L1 expression in macrophages upon E. coli
stimulation without affecting PD-L1 mRNA stability. Finally,
we showed that PD-L1 induction by E. coli or lipopolysac-
charide (LPS) was blocked by pharmacological inhibitors of
JAK1/2, tyrosine kinase 2 (TYK2), and IFNAR1-neutralizing
mAb. These results suggest that Mkp-1 controls PD-L1
expression by inhibiting type I IFN production during sys-
temic E. coli infection. These studies strongly support the
notion that type I IFN–mediated PD-L1 induction acts as a
protective mechanism during bloodstream E. coli infection.
These studies also revealed both beneficial (prosurvival and
anti-inflammatory) and detrimental (inhibition on bacterial
clearance) actions of PD-L1 during bacterial sepsis.
Results

Mkp-1−/− mice exhibit significantly elevated PD-L1 expression
relative to WT mice when infected with E. coli

Previously, we performed RNA-Seq analysis on liver sam-
ples from PBS-treated control and E. coli–infected WT and
Mkp-1 KO mice (26). Examination of the same dataset
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revealed a 10.5-fold increase in PD-L1 mRNA levels in the
livers of E. coli–infected WT mice over PBS-treated WT mice
(Fig. 1A). While the levels of PD-L1 mRNA transcripts in PBS-
treated Mkp-1−/− mice were similar to those of WT mice,
E. coli infection in Mkp-1−/− mice resulted in a 120-fold in-
crease in liver PD-L1 mRNA levels over PBS-treated Mkp-1−/−

mice. The induction in PD-L1 mRNA by E. coli infection and
the augmentation of PD-L1 mRNA induction by Mkp-1 defi-
ciency was confirmed by quantitative RT–PCR (qRT–PCR)
(Fig. 1B). Western blot analysis indicates that PD-L1 protein
levels in the livers almost mirrored the PD-L1 mRNA
expression patterns: a dramatic increase in PD-L1 protein in
WT mice after E. coli infection and further augmentation with
Mkp-1 deficiency (Fig. 1C). Quantitation of the PD-L1 protein
levels from a large number of animals is shown in Figure 1D.

To characterize PD-L1 protein expression in organs, we
harvested the lung, liver, spleen, heart, and kidney from con-
trol and E. coli–infected WT and Mkp-1 KO mice 24 h post-
infection and performed immunohistochemistry using a
polyclonal antibody (Ab) against mouse PD-L1 (Fig. 2). The
immunoreactivity of the Ab was confirmed by the omission of
the primary Ab in the negative controls (data not shown). The
most interesting features of PD-L1 expression were present in
the livers and spleens. In the livers, PD-L1 protein levels were
very low in both WT and Mkp-1 KO mice without E. coli
infection, although PD-L1 was occasionally detected on
Kupffer cells (Fig. 2A, left columns). In WT mice, after E. coli
infection, PD-L1 protein was detected on Kupffer cells, infil-
trating mononuclear cells (monocytes), and sinusoid endo-
thelial cells (Fig. 2A, upper row, central and right columns). In
Mkp-1 KO mice, E. coli infection resulted in a strong expres-
sion of PD-L1 on Kupffer cells and sinusoid endothelial cells,
particularly in the centrilobular to midzonal regions (Fig. 2A,
lower row, central and right columns). Overall, markedly more
PD-L1-positive cells were seen in the livers of E. coli–infected
Mkp-1 KO mice than in those of E. coli–infected WT mice.

To quantitate the expression of PD-L1 in liver cells, we
perfused the livers of control and E. coli–infected mice with
collagenase I and enriched hepatocytes and Kupffer cells
through centrifugations. The Kupffer cell–enriched and
hepatocyte-enriched cell populations were stained with cell
type–specific markers (F4/80 for Kupffer cells and inflamma-
tory macrophages (34) and asialoglycoprotein receptor 1
[ASGR1] for hepatocytes) to mark these cells and assess PD-L1
expression on these cell types (Fig. 2B). Approximately 7.5% of
the F4/80+ cells (Q2 and Q3 quadrants) expressed detectable
levels of PD-L1 in control WT mice, and the mean fluorescent
intensity (MFI) of PD-L1 staining in all F4/80+ cells was low.
Compared with control WT mice, a larger percentage of he-
patic F4/80+ cells (17%) in control Mkp-1 KO mice expressed
PD-L1, and the MFI of PD-L1 staining of hepatic F4/80+ cells
was higher than that in control WT mice (155 ± 3 versus 285 ±
3, p < 0.05). E. coli infection markedly increased both the
percentages of PD-L1-expressing cells and the MFI of PD-L1
staining in F4/80+ cells in both WT and Mkp-1 KO mice.
Compared with E. coli–infected WT mice, both the percentage
of PD-L1-expressing cells and the MFI of PD-L1 staining



BA

Control E. coli

- PD-L1

- β-actin

WTKO WTKO

Control E. coli

*

*

*

*

+ +

C

0

1

2

3

4

5

6

7

WT KO WT KO

PD
-L

1 
tr

an
sc

rip
t n

um
be

r 
(×

10
3 )

Control E. coli

0

10

20

30

40

50

WT KO WT KO
PD

-L
1 

m
R

N
A 

ex
pr

es
si

on
 

(fo
ld

)

*

*

+

Control E. coli

D

0

20

40

60

80

100

120

WT KO WT KO

PD
-L

1 
pr

ot
ei

n 
(fo

ld
)

-35

-50

kDa
65 -

Figure 1. Mkp-1 deficiency exacerbates PD-L1 induction in Escherichia coli–infected mice. WT and Mkp-1 KO mice on a C57/129 background were
infected with E. coli (O55:B5) i.v. at a dose of 2.5 × 107 CFU/g b.w. or injected with PBS (controls). Mice were euthanized after 24 h, and total RNA was
isolated from the livers using Trizol for RNA-Seq analyses or qRT–PCR. The livers were homogenized to extract soluble protein for Western blot analysis. A,
copy numbers of PD-L1 mRNA in the livers of PBS-treated or E. coli–infected mice determined by RNA-Seq. Data are shown as means ± SE (n = 4 mice in
each group). *p < 0.05, compared with PBS-treated mice of the same genotype (t test); +p < 0.05, compared with E. coli–infected Mkp-1+/+ mice (t test). B,
PD-L1 mRNA levels in the livers of PBS-treated or E. coli–infected mice determined by qRT–PCR. PD-L1 mRNA levels were normalized to 18S ribosomal RNA
and calculated using the 2−ΔΔCT method. PD-L1 mRNA expression levels were presented as fold of changes relative to those in PBS-treated Mkp-1+/+ mice.
Data are shown as means ± SE (n = 4 mice in each group). *p < 0.05, compared with PBS-treated mice of the same genotype (t test); +p < 0.05, compared
with E. coli–infected Mkp-1+/+ mice (t test). C, levels of PD-L1 protein in the livers of control and E. coli–infected mice. PD-L1 protein levels were assessed by
Western blotting using a rat mAb against PD-L1 (upper panel). The membrane was stripped and blotted using a mouse mAb against β-actin to verify
comparable loading (lower panel). Each lane represents an individual animal. Representative Western blotting results are shown. D, quantitative comparison
of PD-L1 protein levels in different groups of mice. PD-L1 protein levels were expressed as fold relative to the average level in the PBS-treated WT mice.
Values in the graph represent means ±SE (n = 8–10 mice in each group). *p < 0.05, compared with PBS-treated mice of the same genotype (t test). +p <
0.05, compared with E. coli–infected WT mice (t test). b.w., body weight; CFU, colony-forming unit; mAb, monoclonal antibody; Mkp-1, mitogen-activated
protein kinase phosphatase 1; PD-L1, programmed death-ligand 1; qRT–PCR, quantitative RT–PCR.

Mkp-1 regulates PD-L1 via IFN-I during E. coli infection
among the F4/80+ cells were higher in E. coli–infected Mkp-1
KO mice (40% versus 66%; MFI 646 ± 12 versus 1099 ± 16 [p <
0.05], respectively). However, flow cytometry analysis of
ASGR1+ hepatocytes did not detect a marked difference in PD-
L1 expression between WT and Mkp-1 KO mice or a
convincing effect of E. coli infection on hepatocyte PD-L1
expression (data not shown).

In the spleens of both WT and Mkp-1 KO mice treated with
PBS, PD-L1 expression was most prominent in macrophages
within the marginal zone of the white pulp (Fig. S1A, left
column, insets) and to a lesser degree within the periarteriolar
lymphoid sheath (Fig. S1A). E. coli infection moderately
increased PD-L1 expression within the white pulp marginal
zone (Fig. S1A, central column, insets) and markedly enhanced
PD-L1 expression in macrophages within the red pulp
(Fig. S1A, right columns). Flow cytometry analysis of spleno-
cytes indicated that PD-L1 was increased in F4/80+ macro-
phages upon E. coli infection in both WT and Mkp-1 KO mice
(Fig. S1B). PD-L1 expression was slightly higher in splenic F4/
80+ macrophages in Mkp-1 KO mice than in F4/80+ macro-
phages in WT mice (Fig. S1B). PD-L2 was slightly induced
upon E. coli infection in splenic F4/80+ macrophages in Mkp-1
KO mice, although there was no significant difference of PD-
L2 expression in F4/80+ macrophages between WT and
Mkp-1 KO mice. PD-L1 expression was also increased in
response to E. coli infection in splenic CD11c+ dendritic cells,
and PD-L1 appeared slightly higher inMkp-1−/− dendritic cells
than in WT dendritic cells.

In the heart, PD-L1 expression in the myocardium was very
weak, although E. coli infection slightly enhanced PD-L1
expression in both WT and Mkp-1 KO mice (Fig. S2, left
column). Moderate PD-L1 expression was variably seen in
myocardial capillary endothelium in both E. coli–infected WT
and Mkp-1 KO mice. In the lungs, PD-L1 was strongly
expressed within the cell membranes of the majority of alve-
olar macrophages and mildly expressed in capillary and
J. Biol. Chem. (2022) 298(5) 101938 3



Figure 2. PD-L1 protein expression in the livers. A, increased PD-L1 expression in the liver of Escherichia coli–infected Mkp-1−/− mice compared with
Mkp-1+/+ mice. Mkp-1+/+ and Mkp-1−/− mice (C57/129) were infected i.v. with E. coli at a dose of 2.8 × 106 CFU/g b.w. and euthanized 24 h postinfection. The
organs were excised, fixed, and sectioned for immunohistochemistry with a goat polyclonal Ab against mouse PD-L1. After immunohistochemical staining,
the sections were counterstained with hematoxylin. Note the marked expression in the sinusoids (white arrows) and Kupffer cells (thin black arrows) in the
E. coli–infected Mkp-1−/− mice. The thick black arrows mark vessel endothelium. C = central vein, P = portal region. Black bar length in all images: 100 μm.
Representative images from four animals are shown. B, flow cytometry analysis of PD-L1 expression on hepatic macrophages in control and E. coli–infected
mice. Mkp-1+/+ and Mkp-1−/− mice (C57BL6/J) (two mice per group) were infected i.v. with E. coli at a dose of 7.5 × 106 CFU/g b.w. and euthanized 24 h
postinfection together with control mice. The livers were perfused and pooled to isolate enriched hepatic macrophages. The cells were stained with
fluorophore-labeled F4/80 and PD-L1 mAbs and analyzed by flow cytometry. Cells were first gated on forward scatter and side scatter to exclude cell debris,
and viable cells were analyzed for the expression of F4/80 and PD-L1 (first and third columns). The cell counts (y-axis) were plotted against PD-L1 (x-axis) for
all F4/80+ macrophages (F4/80+PD-L1+ and F4/80+PD-L1− quadrants) in the histograms (second and fourth columns). Ab, antibody; b.w., body weight; CFU,
colony-forming unit; mAb, monoclonal antibody; Mkp-1, mitogen-activated protein kinase phosphatase 1; PD-L1, programmed death-ligand 1.

Mkp-1 regulates PD-L1 via IFN-I during E. coli infection
medium caliber vascular endothelium of PBS-treated WT and
Mkp-1 KO mice (Fig. S2, central column). Upon E. coli
infection, PD-L1 was strongly expressed in alveolar capillary
endothelium, vascular endothelium, and monocytes adherent
4 J. Biol. Chem. (2022) 298(5) 101938
to the vascular endothelium (Fig. S2, central column). There
were no overt differences in PD-L1 expression in either the
lung or the heart between WT and Mkp-1 KO mice, either
treated with PBS or infected with E. coli. Finally, weak PD-L1
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expression was observed in the kidneys of both WT andMkp-1
KO mice, particularly in basolateral membranes of tubular
epithelium, Bowman’s capsular epithelium, and small artery
endothelium (Fig. S2, right column). E. coli moderately
enhanced the expression of PD-L1 in both groups of mice. The
induction of PD-L1 in the kidneys ofMkp-1 KO mice appeared
to be more robust than in WT mice.
Neutralization of PD-L1 in Mkp-1-deficient mice decreases
bacterial burden but enhances inflammatory response and
increases mortality

Previously, it has been reported that neutralizing PD-L1
improved bacterial clearance, increased TNF-α and IL-6,
and decreased mortality in a CLP model of sepsis (30). To
understand the function of PD-L1 during systemic E. coli
infection in Mkp-1 KO mice, we analyzed the effect of PD-L1
neutralization in these mice. Mice were first given 100 μg
PD-L1-neutralizing mAb or an isotype control mAb in the
late afternoon and then infected with E. coli the following
morning. The mice were monitored for 7 days to assess an-
imal survival (Fig. 3A). Compared with mice that were given
the isotype control mAb, mice administered the PD-L1-
neutralizing mAb had significantly greater mortality
(Fig. 3A).

To characterize the effects of PD-L1 neutralization on the
host immune responses, we harvested organs and blood from
the mice 24 h postinfection to assess bacterial loads, cyto-
kines, and tissue iNOS levels. Interestingly, we found that
PD-L1 neutralization significantly decreased splenic bacterial
load 24 h postinfection (Fig. 3B). However, the bacterial load
in the blood was not significantly different between Mkp-1
KO mice treated with the PD-L1-neutralizing mAb and those
that received isotype control mAb. Serum TNF-α levels in
the Mkp-1−/− mice treated with the PD-L1-neutralizing Ab
were higher at 24 h postinfection than mice that received
isotype control mAb (Fig. 4A). Serum IFN-γ and
granuclocyte–macrophage colony-stimulating factor levels in
the Mkp-1−/− mice treated with the PD-L1-neutralizing mAb
trended higher at 24 h postinfection than mice that received
isotype control mAb, whereas IL-27 levels were not different.
At 48 h post E. coli infection, serum IFN-γ levels in the
Mkp-1−/− mice treated with the PD-L1-neutralizing mAb
were higher than in mice that received isotype control mAb
(Fig. 4B), whereas TNF-α, IL-27, and granuclocyte–
macrophage colony-stimulating factor levels were similar in
the two groups.

NO is a potent bactericidal substance and a powerful
vasodilator that has been implicated in both bacterial clear-
ance, particularly for intracellular pathogens, and septic shock
(35, 36). Excessive iNOS induction as a result of cytokine
storm can lead to NO overproduction, vasodilation, hypoten-
sion, circulatory failure, and shock (36, 37). We found that
iNOS expression in both the lungs and livers of Mkp-1−/− mice
pretreated with PD-L1 mAb was significantly higher than in
those organs of mice pretreated with the isotype control mAb
(Fig. 5).
Enhanced PD-L1 expression in Mkp-1−/− mice after E. coli
infection is mediated by type I IFN

We have previously reported that Mkp-1−/− mice produced
a substantially greater amount of type I IFN than WT mice
after systemic E. coli infection (27). In addition, type I IFN
signaling plays a beneficial role for animal survival. It has been
shown that both type I and type II IFNs can stimulate PD-L1
expression (38–41). To determine whether type I IFN plays a
significant role in the regulation of PD-L1 in Mkp-1−/− mice
after E. coli infection, we neutralized the receptor for type I
IFN, IFNAR1, using a neutralizing mAb and assessed the
expression of PD-L1 in the liver tissues. Neither WT nor Mkp-
1−/− mice produced a significant amount of type I IFN, such as
IFN-β, prior to E. coli infection (27), and PD-L1 was not
detected in the livers of these mice (Fig. 6, upper panel, left two
lanes). In response to E. coli infection, PD-L1 expression was
substantially increased in mice pretreated with an isotype
control mAb (Fig. 6A, upper panel, lanes 3–8), but E. coli
infection–induced PD-L1 expression was almost completely
blocked by the IFNAR1 mAb (Fig. 6, upper panel, lanes 9–13).
These results clearly show the critical role of type I IFN in the
induction of liver PD-L1 in E. coli–infected mice.

PD-L1 is regulated by both type I and type II IFNs via the
JAK–STAT pathway (38, 42). Several IFN-stimulated tran-
scription factors, including STAT1, STAT2, STAT3, IRF1, and
IRF9, have been shown to regulate PD-L1 expression in a
variety of cell types (38, 42–44). We mined the RNA-Seq
database (26) to compare the liver mRNA expression of
these transcription factors between PBS-treated and E. coli–
infected WT and Mkp-1 KO mice (Fig. 6B). All five tran-
scription factors (STAT1, STAT2, STAT3, IRF1, and IRF9
mRNAs) were induced to various degrees by E. coli infection,
with STAT2, STAT3, and IRF9 expression further enhanced
by Mkp-1 deficiency. These results support the notion that the
JAK–STAT pathway is more robustly activated in E. coli–
infected Mkp-1 KO mice than in infected WT mice.

Since macrophages in both the spleens and livers strongly
expressed PD-L1 following E. coli infection in vivo, we studied
the regulation of PD-L1 using bone marrow–derived macro-
phages (BMDMs). First, we determined the effect of Mkp-1
deficiency on PD-L1 expression in BMDM following E. coli
stimulation by qRT–PCR over 6 h. The basal PD-L1 mRNA
levels did not substantially differ between WT and Mkp-1−/−

BMDM (Fig. 7A). Upon stimulation with heat-killed E. coli,
PD-L1 mRNA expression was markedly induced. PD-L1
expression was more robustly induced in Mkp-1−/− BMDM
than in WT BMDM, particularly after 2 h. By 6 h, PD-L1
mRNA levels were more than 60% higher in Mkp-1−/−

BMDM than the WT BMDM. Mkp-1 has been shown to
regulate the stability of mRNAs that contain adenylate–uri-
dylate-rich elements (45, 46), such as the cytokine mRNAs (47,
48). Since PD-L1 mRNA contains several putative adenylate–
uridylate-rich elements (49), we assessed the mRNA stability
by monitoring the decay of PD-L1 mRNA after transcriptional
blockade with actinomycin D (Fig. 7B). The half-life of PD-L1
mRNA in E. coli–stimulated WT and Mkp-1−/− BMDM was
J. Biol. Chem. (2022) 298(5) 101938 5



Figure 3. Neutralizing PD-L1 Ab decreases the bacterial burden but increases the mortality of Escherichia coli–infected Mkp-1−/− mice. Mkp-1−/−

mice (C57/129) were given 100 μg of either PD-L1 mAb or an isotype control mAb i.p. About 18 h later, these mice were then infected with E. coli i.v. at a
dose of 2.5 × 106 CFU/g b.w. The mice were monitored for 7 days to assess mortality. A group of mice were sacrificed 24 h postinfection to harvest blood
and spleens aseptically for assessing bacterial burden. A, survival curve of Mkp-1−/− mice given either anti-PD-L1 mAb or isotype control mAb. PD-L1: n = 9;
isotype control: n = 10. *p < 0.05 (Gehan–Breslow–Wilcoxon test). B, bacterial loads in the spleens and blood. Spleens harvested aseptically 24 h post-
infection were homogenized. Spleen homogenates and blood samples were serially diluted and cultured on nutrient broth agar plates to quantitate CFUs.
Bacterial loads in the spleens were normalized to tissue weights. Each dot represents an individual animal. Horizontal line represents mean value of CFU.
*p < 0.05 (t test). Ab, antibody; b.w., body weight; CFU, colony-forming unit; mAb, monoclonal antibody; Mkp-1, mitogen-activated protein kinase phos-
phatase 1; PD-L1, programmed death-ligand 1.
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similar, 4.3 and 4.6 h, respectively. These results suggest that
PD-L1 mRNA expression is primarily regulated at the tran-
scriptional level.

Macrophages are major producers of type I IFN, which
activates IFNAR1 to regulate gene transcription through the
STAT pathway mediated by JAK1/2 and TYK2 (50, 51). We
hypothesized that E. coli stimulates PD-L1 expression in
6 J. Biol. Chem. (2022) 298(5) 101938
macrophages via type I IFN autocrine signaling and the JAK1/
2/TYK2–STAT pathway. To test this hypothesis, we treated
WT and Mkp-1−/− BMDM with LPS, a key component of
E. coli, and assessed tyrosine-701 phosphorylation of STAT1, a
key transcription factor downstream of IFNAR1 (50, 51). We
confirmed that LPS more robustly induced PD-L1 expression
in Mkp-1−/− BMDM than in Mkp-1+/+ BMDM (Fig. 7C).



Figure 4. The effects of PD-L1 neutralization on serum cytokine levels in Escherichia coli–infectedMkp-1−/− mice. Mkp-1−/− mice (C57/129) were given
100 μg of either PD-L1 mAb or an isotype control mAb i.p. These mice were infected 18 h later with E. coli i.v. at a dose of 2.5 × 106 CFU/g b.w. After 24 or
48 h, these mice were sacrificed to collect blood via cardiac puncture and harvest different organs. Serum cytokine levels were measured using a LEG-
ENDplex inflammation panel. Values are presented as means ± SE. A, cytokine concentrations at 24 h postinfection. *p < 0.05, Mann–Whitney test (n = 9–12
animals/group). B, cytokine concentrations at 48 h postinfection. *p < 0.05, Mann–Whitney test (n = 4–7 animals/group). b.w., body weight; CFU, colony-
forming unit; mAb, monoclonal antibody; Mkp-1, mitogen-activated protein kinase phosphatase 1; PD-L1, programmed death-ligand 1.

Mkp-1 regulates PD-L1 via IFN-I during E. coli infection
Although LPS treatment of both WT and Mkp-1−/− BMDM
enhanced STAT1 tyrosine phosphorylation, STAT1 phos-
phorylation was substantially more robust inMkp-1−/− BMDM
than in WT BMDM (Fig. 7C). Since STAT3 has been shown to
regulate PD-L1 expression (42, 43, 52, 53), we also assessed
STAT3 tyrosine phosphorylation. Unlike STAT1 phosphory-
lation, which reached a peak at 2 h and declined, STAT3
underwent a biphasic phosphorylation. LPS induction pro-
duced a small peak in tyrosine phosphorylation at 2 h and then
declined by 4 h, followed by a stronger tyrosine phosphory-
lation at 24 h in Mkp-1+/+ BMDM (Fig. 7C). Interestingly,
while STAT3 tyrosine phosphorylation also displayed a
biphasic course in Mkp-1−/− BMDM, phosphorylation was
substantially stronger in Mkp-1−/− BMDM than in Mkp-1+/+

BMDM (Fig. 7C). In addition, the course of STAT3 tyrosine
phosphorylation was accelerated, with a second very robust
STAT3 tyrosine phosphorylation seen in Mkp-1−/− at 6 h
following LPS stimulation. This robust STAT3 tyrosine
phosphorylation was sustained to at least 24 h. Like STAT1,
JAK1 tyrosine phosphorylation following LPS stimulation
occurred more robustly in Mkp-1−/− BMDM than in Mkp-1+/+

BMDM (Fig. 7C). Likewise, TYK2 tyrosine phosphorylation
also occurred more robustly in Mkp-1−/− BMDM than in
Mkp-1+/+ BMDM, with a course somewhat similar to JAK1
(Fig. 7C).

To determine the role of the IFNAR–JAK–STAT pathway
in PD-L1 expression, WT and Mkp-1−/− BMDM were pre-
treated with a pharmacological inhibitor of JAK1/2 (Rux-
olitinib [Sigma–Aldrich], a Food and Drug Administration–
approved drug for myelofibrosis, polycythemia vera, and
steroid-refractory acute graft-versus-host disease), TYK2
(Deucravacitinib [MedChemExpress], a Food and Drug
Administration–approved drug for psoriasis), or with the
IFNAR1-neutralizing mAb. The cells were then stimulated
with E. coli or LPS to assess the effects of these inhibitors and
the IFNAR1 blocker on PD-L1 expression (Fig. 7D). E. coli and
LPS robustly induced PD-L1 expression in Mkp-1−/− BMDM.
Both Ruxolitinib and Deucravacitinib potently inhibited PD-L1
induction in a dose-dependent manner. IFNAR1-neutralizing
mAb also markedly inhibited PD-L1 induction by both LPS
and E. coli. Similarly, PD-L1 induction in response to both LPS
and E. coli in WT BMDM was also blocked by Ruxolitinib,
Deucravacitinib, and IFNAR1-neutralizing mAb (Fig. S3). We
also stimulated BMDM with recombinant IFN-β and assessed
PD-L1 expression (Fig. 7E). IFN-β stimulated PD-L1 expres-
sion in both WT and Mkp-1−/− BMDM, suggesting that Mkp-1
J. Biol. Chem. (2022) 298(5) 101938 7
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group). *p < 0.05 (t test). Ab, antibody; b.w., body weight; CFU, colony-forming unit; iNOS, inducible nitric oxide synthase; mAb, monoclonal antibody;
Mkp-1, mitogen-activated protein kinase phosphatase 1; PD-L1, programmed death-ligand 1.

Mkp-1 regulates PD-L1 via IFN-I during E. coli infection
deficiency does not enhance the sensitivity to type I IFN.
Taken together, these results strongly suggest that E. coli
infection can induce PD-L1 expression in macrophages via
type I IFN autocrine signaling–mediated JAK–STAT pathway.
Discussion

In this study, we found that in the absence of a functional
Mkp-1 gene, E. coli infection induced substantially enhanced
PD-L1 expression (Fig. 1). The increase in PD-L1 expression
was seen in both the livers and spleens of E. coli–infectedMkp-
1 KO mice (Figs. 2 and S1). Elevated PD-L1 expression was
especially prominent in Kupffer cells and sinusoid endothelial
8 J. Biol. Chem. (2022) 298(5) 101938
cells in the liver (Fig. 2). Surprisingly, PD-L1 blockade with a
neutralizing mAb significantly increased the mortality in
E. coli–infected Mkp-1−/− mice (Fig. 3A), which was associated
with increased tissue iNOS expression (Fig. 5) and elevated
circulating TNF-α and IFN-γ at 24 and 48 h postinfection,
respectively (Fig. 4). Although splenic bacterial load was
decreased by PD-L1 neutralization, bacterial load in the blood
was not significantly different (Fig. 3B). Blockade of type I IFN
signaling using an IFNAR1-neutralizing mAb almost
completely prevented PD-L1 induction in E. coli–infected
Mkp-1−/− mice (Fig. 6), illustrating the pivotal role of type I
IFN in PD-L1 expression. Finally, we found that E. coli stim-
ulation enhanced PD-L1 mRNA expression in BMDM and
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Figure 7. Mkp-1 deficiency enhances PD-L1 mRNA expression via JAK–STAT pathway but has little effect on PD-L1 mRNA stability. A, the kinetics of
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MOI of 10 for different times. Total RNA was isolated, and PD-L1 mRNA expression levels were assessed by qRT–PCR. The results were normalized to 18S
ribosomal RNA. The expression of mRNA is presented as fold change relative to control cells. The data were shown in the graph as means ± SE (n = 9) from
three separate experiments (each in triplicates). *p < 0.05 (two-way ANOVA). There was also an interaction between genotype and time. B, decay of PD-L1
mRNA in LPS-stimulatedMkp-1+/+ andMkp-1−/− BMDM following actinomycin treatment. BMDMs were first stimulated with heat-killed E. coli at an MOI of 10
for 4 h and then treated with 5 μg/ml actinomycin D (time 0). Cells were harvested at 0, 2, and 6 h postactinomycin treatment to isolate total RNA using
Trizol. The mRNA levels at time 0 were set as 100%, and remaining RNA (%) at other time points were calculated relative to the average level of the same
genotype at time 0. Data presented in the graph are means ± SE (n = 3 independent experiments). The half-life of the PD-L1 mRNA was calculated using the
formulas: N(t) = N0 e

−λt, where λ = ln2/t1/2. C, time course of PD-L1 induction and tyrosine phosphorylation of STAT1, STAT3, JAK1, and TYK2 in WT and Mkp-
1−/− BMDM following LPS stimulation. BMDM was treated with LPS (100 ng/ml) for the indicated times. The lysates were analyzed by Western blot analysis
using a goat polyclonal PD-L1 Ab, a rabbit polyclonal Ab against phosphor-STAT1 (Tyr701) or phosphor-STAT3 (Tyr705), and a rabbit mAb against phosphor-
JAK1 (Tyr1034/1035) or phosphor-TYK2 (Tyr1054/1055). Western blotting was also performed using a mouse mAb against β-actin, total STAT1, and JAK1, or
a rabbit polyclonal Ab against total STAT3. D, the effects of JAK1/2 and TYK2 inhibitors as well as IFNAR1-neutralizing mAb on PD-L1 expression in Mkp-1−/−

BMDM stimulated by LPS or E. coli. Mkp-1−/− BMDM was either treated with vehicle (DMSO), 1 or 3 μM of Ruxolitinib, or 1.5 or 4.5 μM of Deucravacitinib for
30 min, or treated with 10 μg/ml of isotype control mAb or 10 μg/ml IFNAR1-neutralizing mAb overnight. These cells were then treated with 100 ng/ml LPS
or heat-killed E. coli at an MOI of 10 for 24 h. Cell lysates were subject to Western blot analysis using a goat polyclonal anti-PD-L1 antibody. The membranes
were then stripped and blotted with a β-actin mAb. E, induction of PD-L1 by IFN-β in BMDM. Mkp-1+/+ and Mkp-1−/− BMDMs were stimulated with re-
combinant mouse IFN-β at the indicated concentrations for 16 h. Cell lysates were analyzed by Western blotting. The protein bands of interest in the
representative images shown in C–E were quantitated using a densitometer and normalized to β-actin. The intensities of the bands are expressed as fold
relative to the unstimulated Mkp-1+/+ cells and presented underneath the blot images. Western blotting images are representative results from a minimum
of two independent experiments. Ab, antibody; BMDM, bone marrow–derived macrophage; DMSO, dimethyl sulfoxide; IFN, interferon; IFNAR1, IFN-α/β
receptor 1; JAK, Janus kinase; LPS, lipopolysaccharide; mAb, monoclonal antibody; Mkp-1, mitogen-activated protein kinase phosphatase 1; MOI, multiplicity
of infection; PD-L1, programmed death-ligand 1; qRT–PCR, quantitative RT–PCR; STAT, signal transducer and activator of transcription; TYK2, tyrosine
kinase 2.
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Mkp-1 deficiency exacerbated PD-L1 expression with little
effect on PD-L1 mRNA stability (Fig. 7A and B). Like E. coli,
LPS-induced PD-L1 was also considerably enhanced by Mkp-1
deficiency (Fig. 7C). Concurrently, Mkp-1 deficiency also
potentiated LPS-induced JAK1 and TYK2 activation and
elevated tyrosine phosphorylation of both STAT1 and STAT3
(Fig. 7C). IFNAR1 neutralization, as well as pharmacological
inhibitors of JAK1/2 or TYK2, abolished PD-L1 induction
(Figs. 7D and S3). These findings revealed a previously un-
known regulation of the type I IFN/PD-L1 pathway by Mkp-1
during immune defense. These studies also highlighted the
biological functions of PD-L1 in both the inflammatory
response and bactericidal actions.
The effects of PD-L1 neutralization on E. coli–infected
Mkp-1−/− mice

PD-L1 neutralization has been shown to enhance TNF-α
and IL-6 levels, decrease bacterial burden, and improve sur-
vival in a CLP model of sepsis (30, 31, 54). Similar to previous
studies, we found that PD-L1 neutralization in E. coli–infected
Mkp-1 KO mice appeared to decrease splenic bacterial burden
(Fig. 3B) and enhance the inflammatory response (Figs. 4 and
5); however, bloodstream bacterial load was not affected
(Fig. 3B) while mortality was significantly increased (Fig. 3A).
This discrepancy is likely because of the differences in the
experimental sepsis model. Zhang et al. administered PD-L1-
neutralizing mAb to WT mice and induced sepsis through
CLP (30), while we infected Mkp-1−/− mice with E. coli i.v. It is
possible that enhanced inflammatory response, as the result of
PD-L1 blockade in WT mice after CLP, strengthens bacterial
clearance, leading to improved survival because the inflam-
matory response in WT mice after CLP is likely to be less
robust and damaging. Previously, we have reported that
compared with WT mice, bacterial infections elicit a sub-
stantially greater inflammatory response in Mkp-1−/− mice,
increasing TNF-α and IL-6 production by 7- to 10-fold (25).
Here, we found that administering PD-L1-neutralizing mAb to
Mkp-1−/− mice increased TNF-α and IFN-γ at 24 and 48 h post
E. coli infection, respectively (Fig. 4), concurrent with
enhanced iNOS expression in both lung and liver tissues
(Fig. 5). Both TNF-α and IFN-γ can potently enhance iNOS
expression (55–58). Thus, it is tempting to speculate that PD-
L1 neutralization further exaggerates the hyperinflammatory
response of E. coli–infected Mkp-1 KO mice, leading to
elevated TNF-α and IFN-γ production, potentiated iNOS in-
duction with resultant vasodilation, and consequently, exac-
erbation of multiorgan failure and shock. This idea might
explain why improved bacterial clearance does not translate to
improved animal survival in our model. This idea is also
consistent with our previous finding that killing bacteria with
gentamicin completely prevented animal death in WT mice
but had no effect on the mortality rate of Mkp-1−/− mice (25).
Enhanced microbicidal activity as the result of enhanced in-
flammatory response after PD-L1/PD-1 blockade also explains
why the PD-L1/PD-1 axis blockade is particularly beneficial in
models of fungal sepsis (33, 59, 60). The inflammatory
response after fungal infection is generally less robust, and
inflammatory cytokines such as TNF-α are crucial for immune
defense against fungal infections (61, 62).

Considering NO produced by iNOS is a potent bactericidal
molecule, enhanced iNOS expression also helps to explain the
decreased bacterial loads in the spleen of mice that received
PD-L1-neutralizing mAb (Fig. 3B). In addition, it has been
reported that PD-L1 positivity on neutrophils in septic mice is
associated with compromised chemotactic activity toward
chemoattractant (54). Since neutrophils are the most impor-
tant leukocyte group responsible for the elimination of extra-
cellular bacteria, it is reasonable to speculate that PD-L1
positivity on neutrophils likely would hinder neutrophil-
mediated bacterial clearance. Furthermore, a recent study
has shown that PD-1 blockade improves Kupffer cell–
mediated bacterial clearance in an acetaminophen-induced
acute liver injury model (63). The study suggests that the
PD-L1–PD-1 axis exerts an inhibitory effect on the antimi-
crobial responses in Kupffer cells and monocytes/macro-
phages. Thus, it is possible that PD-L1 neutralization in septic
Mkp-1−/− mice enhances neutrophil recruitment and alleviates
PD-1-mediated inhibition on bactericidal actions of mono-
cytes/macrophages to facilitate the killing of bacterial
pathogens.

Previously, we have shown that blockade of the type I IFN
signaling with the IFNAR1-neutralizing mAb increased
mortality of Mkp-1 KO mice following E. coli infection (27).
These results suggest a beneficial role of the type I IFN
signaling pathway in animal survival because PD-L1 expres-
sion was blocked by the IFNAR1-neutralizing mAb (Fig. 6A).
We speculate that type I IFNs likely exert their prosurvival
effects, at least in part, through upregulating PD-L1. How-
ever, there were clear distinctions; IFNAR1 neutralization
had no detectable effect on TNF-α levels and bacterial loads
(27), whereas PD-L1 neutralization enhanced both TNF-α
and IFN-γ (Fig. 4) and decreased splenic bacterial load
(Fig. 3B). As PD-L1 is only a small part of the IFN-stimulated
genetic program, it is not surprising that IFNAR1- and PD-
L1-neutralizing mAbs differentially affected cytokines and
bacterial burden.
Mechanism by which Mkp-1 deficiency enhances PD-L1
expression

We found that PD-L1 expression in E. coli–infected Mkp-1
KO mice was almost completely blocked by the IFNAR1-
neutralizing mAb (Fig. 6A). This finding suggests that
elevated type I IFNs are primarily responsible for the elevated
PD-L1 expression in E. coli–infected Mkp-1 KO mice. This is
consistent with the observation that type I IFN–regulated key
transcription factors, STAT1, STAT2, STAT3, IRF1, and IRF9,
were induced in WT mice by E. coli infection, and Mkp-1
deficiency exacerbated the expression of the transcription
factors STAT3 and IRF1 (Fig. 6B). Since macrophages in both
liver and spleen exhibited robust induction after E. coli
infection, we used BMDM to study the effect of Mkp-1
deficiency on PD-L1 expression. Mkp-1 deficiency enhanced
J. Biol. Chem. (2022) 298(5) 101938 11
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PD-L1 mRNA expression following E. coli stimulation without
affecting its mRNA stability (Fig. 7, A and B), suggesting that
transcriptional induction is the primary mechanism respon-
sible for elevated PD-L1 expression. Like heat-killed E. coli,
LPS, a major inflammatory stimulator of E. coli, also strongly
induced PD-L1 expression (Fig. 7C). We then assessed the
kinetics of the JAK–STAT pathway activation by examining
the tyrosine phosphorylation of JAK family TYKs, as well as
STAT1 and STAT3, transcription factors known to enhance
PD-L1 expression (42, 43, 52). Importantly, the activation of
JAK1 and TYK2, as well as the tyrosine phosphorylation of
their downstream targets STAT1 and STAT3 transcription
factors, was markedly enhanced in LPS-stimulated Mkp-1−/−

BMDM relative to similarly treated WT BMDM (Fig. 7C).
Both JAK1/2 inhibitor and TYK2 inhibitor potently attenuated
PD-L1 expression in both WT and Mkp-1−/− BMDM (Figs. 7D
and S3), highlighting the critical role of the JAK–STAT
pathway in PD-L1 expression. Finally, IFNAR1-neutralizing
mAb also substantially inhibited PD-L1 expression (Figs. 7D
and S3). Finally, PD-L1 is markedly induced by recombinant
IFN-β in BMDM (Fig. 7E). These results strongly support the
model that exacerbated type I IFN production following LPS
stimulation in Mkp-1−/− macrophages can act in an autocrine
fashion to activate the type I IFN receptors to enhance the
JAK–STAT pathways, resulting in augmented PD-L1 induc-
tion. It is worth noting that the kinetics of STAT1 and STAT3
phosphorylation were very different (Fig. 7C). While STAT1
tyrosine phosphorylation reached a peak at 2 h and then
gradually declined, STAT3 tyrosine phosphorylation occurred
in a biphasic manner with initial phosphorylation occurring at
2 h, followed by a decline and then a stronger phosphorylation
later. These differences suggest that STAT1 and STAT3 could
be variably regulated by upstream TYKs, such as distinct
members of the JAK family. Since the kinetics of JAK1 and
TYK2 phosphorylation were somewhat similar and grossly
mirrored the phosphorylation of STAT1, it is tempting to
speculate that JAK1 and TYK2 are likely not the TYKs pri-
marily responsible for STAT3 phosphorylation. Future studies
are needed to define the TYK(s) responsible for STAT3 acti-
vation. Nonetheless, PD-L1 expression in BMDM was signifi-
cantly inhibited in vitro by pharmacological inhibitors of
JAK1/2 and TYK2, establishing the critical role of these TYKs
in PD-L1 induction. The JAK–STAT pathway is activated by
many cytokines whose production in response to E. coli is
robustly enhanced as a result of Mkp-1 deficiency, including
IL-6, IL-27, and IL-10 (25, 27). The fact that IFNAR-1-
neutralizing mAb alone drastically inhibited E. coli–induced
PD-L1 expression strongly suggests that in addition to the
JAK–STAT pathway, IFNAR1 also activates a unique pathway
not shared with other cytokines to enhance PD-L1 expression.
In summary, our studies strongly support the notion that in
the absence ofMkp-1, higher type I IFN production leads to an
augmented JAK–STAT pathway and enhanced PD-L1 induc-
tion. These findings support the idea that by regulating type I
IFNs, Mkp-1 not only shapes the innate immune response but
also influences adaptive immune reactions viamodulating PD-
L1-regulated lymphocyte activities.
12 J. Biol. Chem. (2022) 298(5) 101938
Experimental procedures

Experimental animals

The originalMkp-1 KO mice on a C57/129 background (64)
were obtained from Bristol Myers Squibb Pharmaceutical
Research Institute. The Mkp-1 KO mice had no overt
phenotype prior to infection. Heterozygous Mkp-1 KO mice
were intercrossed to generateMkp-1+/+ andMkp-1−/− mice for
E. coli infection. In addition, eight generations of backcrossing
of Mkp-1+/− mice to C57BL/6J mice were carried out to
generate Mkp-1−/− mice on a C57BL/6J background. Mkp-1−/−

and Mkp-1+/+ mice on a C57BL/6J background were used for
all macrophage studies in vitro. All mice were housed with a 12
h alternating light–dark cycle at 25 �C, with humidity between
30% and 70%, and had access to food and water ad libitum.
Animals were treated humanely according to the National
Institutes of Health guidelines. All experiments were pre-
approved by the Institutional Animal Care and Use Committee
at the Abigail Wexner Research Institute at Nationwide Chil-
dren’s Hospital.

E. coli infection

A WT (smooth) strain of E. coli (O55:B5; American Type
Culture Collection 12014) was acquired from American Type
Culture Collection. Bacteria were grown in nutrient broth for
18 h at 37 �C and refreshed on the next day by culturing in
new broth for 2 h after a 1:5 dilution. Bacteria were washed
three times with PBS and suspended in PBS. The bacterial
suspension was injected into the mouse tail veins as
described previously (25, 27). Mouse survival was monitored
for 7 days.

PD-L1 and IFNAR1 neutralization

Mice were given 100 μg i.p. of an In Vivo Plus rat antimouse
PD-L1 mAb or an In Vivo Plus rat IgG2b isotype control mAb
purchased from BioXCell. The mice were infected 18 h later
i.v. with E. coli. Following infection, the mice were observed for
mortality over a 7-day period.

In vivo IFNAR1 signaling blockade was carried out using an
IFNAR1 mAb as previously described (27). Briefly, mice were
first administrated with 100 μg of In Vivo Plus mouse anti-
mouse IFNAR1 mAb or In Vivo Plus mouse IgG1 isotype
control mAb purchased from BioXCell. After 1 h, the mice
were then infected with E. coli i.v. and sacrificed at 24 h
postinfection to assess PD-L1 expression.

Bacterial burden determination

Bacterial burden in the mice was assessed 24 h after E. coli
infection by culture, as previously described (25). The weights
of homogenized spleen tissues were used to normalize the
effect of tissue sizes on bacterial counts.

Macrophage derivation, culture, and stimulation

BMDMs were generated using Mkp-1+/+ and Mkp-1−/− mice
on a C57BL/6J background as previously described (27).
BMDMs were treated with LPS (O55:B5) (Calbiochem) or
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heat-killed E. coli for different times to assess protein or
mRNA levels. To assess the roles of IFNAR1, JAK1/2, and
TYK2 in PD-L1 induction, BMDMs were pretreated with
10 μg/ml of IFNAR1-neutralizing or isotype control mAb
overnight, or with a pharmacological inhibitor of either
JAK1/2 (Ruxolitinib) or TYK2 (Deucravacitinib) for 30 min,
and then stimulated with E. coli for 24 h. To assess the effect of
type I IFN on PD-L1 expression in BMDM, Mkp-1+/+ and
Mkp-1−/− BMDMs were treated with 20 ng/ml IFN-β (Bio-
Legend) for different times or with escalating doses of IFN-β
for 16 h.
Liver RNA-Seq analysis

Mkp-1+/+ and Mkp-1−/− mice were infected i.v. via tail veins
with E. coli at a dose of 2.5 × 107 colony-forming unit/g body
weight, or given 250 μl sterile PBS i.v. Animals were sacrificed
24 h later, and livers were harvested. Total RNA was isolated
using Trizol (Invitrogen) from the liver tissues to perform
RNA-Seq analysis (26). The RNA-Seq data have been depos-
ited in the Gene Expression Omnibus (GSE122741) https://
www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE122741.
The RNA-Seq datasets were analyzed to derive mRNA
expression levels in mouse livers.
qRT–PCR

Total RNA was isolated either from liver tissues or from
BMDM using Trizol. RQ1 RNase-free DNase (Promega) was
used to remove genomic DNA from total RNA samples prior
to reverse transcription, as previously described (26, 27). PD-
L1 mRNA levels were assessed by qRT–PCR using forward
primer 50-AATGCTGCCCTTCAGATCAC-30 and reverse
primer 50-ATAACCCTCGGCCTGACATA-3’. For an internal
control for normalization, 18S rRNA was quantified by qRT–
PCR using primers 50-GTAACCCGTTGAACCCCATT-30

and 50-CCATCCAATCGGTAGTAGCG-3’. PD-L1 mRNA
expression was normalized to 18S using the 2−ΔΔCT method
(36). The expression of PD-L1 mRNA in liver tissues was also
assessed similarly by qRT–PCR (26).
Assessment of PD-L1 mRNA stability

To assess the effect of Mkp-1 deficiency on PD-L1 mRNA
half-life, Mkp-1+/+ and Mkp-1−/− BMDMs were stimulated
with heat-killed E. coli at a dose of 10 bacteria per macrophage
for 4 h. Gene transcription was then stopped by 5 μg/ml
actinomycin D, as previously described (65). RNA samples
were isolated after different times, and PD-L1 mRNA
expression levels were assessed by qRT–PCR. The half-life of
PD-L1 mRNA was calculated using the formula N ðtÞ ¼
N0e−λt , where λ ¼ ln2

t1=2
and t1/2 is the half-life.
Multiplex assessment for cytokines

Cytokines in the mouse serum samples were measured us-
ing a LEGENDplex multiplex kit (the mouse inflammation
panel) (BioLegend), as previously described (27).
Western blot analysis and immunohistochemistry

Western blot analysis was done as described previously (19,
66). The polyclonal goat Ab against mouse PD-L1 was pur-
chased from R&D Systems. The polyclonal iNOS Ab, the
STAT1 mAb, and the mouse JAK1 mAb were purchased from
Transduction Laboratories. The mouse mAb against β-actin
was purchased from Sigma Chemicals. The mouse mAb
against fatty acid synthase was purchased from Santa Cruz
Biotechnology. Polyclonal rabbit antibodies against phosphor-
STAT1 (Tyr701), phosphor-STAT3, and total STAT3, as well
as the rabbit mAbs against phosphor-JAK1 (Tyr1034/1035),
phosphor-TYK2 (Tyr1054/1055), and IRF-9 were purchased
from Cell Signaling Technology. Quantification of protein
expression was carried out by densitometry using Vision-
WorksLS Image Acquisition and Analysis Software (UVP), as
previously described (19).

Immunohistochemistry was carried out as previously
described (67). Briefly, 5 μm paraffin tissue sections were
deparaffinized in xylene and rehydrated with graded ethanol to
potassium–PBS solution, pH 7.2. After antigen retrieval with
citrate buffer (pH 6), the sections were pretreated with 1.5%
H2O2 for 15 min, followed by 1 h blocking with 5% normal
donkey serum (Jackson ImmunoResearch). The tissues were
then incubated overnight at 4 �C with a goat polyclonal Ab
against the mouse PD-L1 at a concentration of 4 μg/ml diluted
in 5% normal donkey serum. After 1 h incubation with bio-
tinylated donkey antigoat immunoglobulin G at 1:600 dilution
(Jackson ImmunoResearch), the sections were developed using
the avidin–biotin–peroxidase system (Vectastain Elite ABC;
Vector Laboratories) with Vector NovaRed (Vector Labora-
tories) as chromogen and hematoxylin as counterstain. The
specificity of the immunoreactivity was confirmed by omission
of the PD-L1 Ab. Similarly, F4/80 in organ sections was
detected by immunohistochemistry, except a rat antimouse
F4/80 mAb (BioXCell) and a biotinylated donkey antirat
immunoglobulin G secondary Ab were used.
Flow cytometry analysis

To assess PD-L1 expression in hepatocytes and hepatic
macrophages, including resident macrophages (Kupffer cells)
and infiltrating inflammatory monocytes/macrophages, we
isolated enriched hepatic macrophages and hepatocytes
essentially as previously described (68). E. coli–infected and
control mice were euthanized on the following day, after E. coli
infection. The livers were perfused sequentially with Hank’s
balanced salt solution (Invitrogen) containing 0.5 mM EGTA
and Hank’s balanced salt solution containing 1 mM CaCl2 and
0.64 mg/ml collagenase I (Thermo Fisher Scientific). Hepatic
cells were centrifuged at 50g for 3 min at 4 �C. The superna-
tants containing macrophages were transferred to a two-layer
(25%/50%) Percoll (Cytiva) density gradient and centrifuged at
1200g for 30 min at 4 �C. The hepatocyte-enriched cell pellets
were washed three times with staining wash buffer (1× PBS,
0.1% NaN3, and 2% fetal bovine serum). After centrifugation,
the middle interphase of the Percoll gradient was collected to
isolate enriched hepatic macrophages. The cells were first
J. Biol. Chem. (2022) 298(5) 101938 13
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incubated with a CD16/32 mAb to block the Fc receptor.
Then, the enriched hepatocytes were stained with Alexa Fluor
647–conjugated ASGR1 mAb (Santa Cruz Biotechnology) and
BV421-conjugated PD-L1 mAb (BioLegend). The enriched
hepatic macrophages were stained with phycoerythrin (PE)-
Cy7-conjugated F4/80 mAb (eBioscience) and the BV421-PD-
L1 mAb. Similarly, splenocytes were stained with PerCP-
Cy5.5-conjugated CD45 mAb in combination with PE-Cy7-F4/
80 mAb (for macrophages) or BV510-conjugated CD11c mAb
(for dendritic cells) and BV421-PD-L1 mAb or PE-conjugated
PD-L2 mAb (BioLegend). After staining, the cells were washed
twice with staining wash buffer and then fixed in para-
formaldehyde (PBS containing 0.5% paraformaldehyde and
0.1% NaN3). Flow cytometry was performed on a BD flow
cytometer (BD Biosciences). Cells were first gated on forward
scatter and side scatter to exclude cell debris, and viable cells
were then gated based on cell type–specific markers, such as
CD45 for leukocytes, F4/80 for macrophages, CD11c for
dendritic cells, and ASGR1 for hepatocytes. PD-L1 or PD-L2
expression on these specific cell types was then assessed us-
ing FlowJo software (BD Biosciences).

Statistical analyses

GraphPad Prism 8.2.0 (GraphPad Software) was used to
compare differences in gene protein expression, cytokine
production, or bacterial loads between groups. The program
was also utilized to identify and exclude outliers. For normally
distributed datasets, an unpaired t test was used. For non-
normally distributed data, values were either log-transformed
and then compared using t test or directly analyzed using
Mann–Whitney test. Two-way ANOVA was used to compare
mRNA expression kinetics between groups over time. Differ-
ences in survival between groups were examined using
Gehan–Breslow–Wilcoxon test. For all comparisons, if a p
value is <0.05, the difference is regarded as significant.

Data availability

The RNA-Seq data have been deposited in the Gene
Expression Omnibus (GSE122741) https://www.ncbi.nlm.nih.
gov/geo/query/acc.cgi?acc=GSE122741.

Supporting information—This article contains supporting
information.
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