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Preterm birth (PTB) is a leading worldwide cause of morbidity and mortality in infants. Maternal
inflammation induced by microbial infection is a critical predisposing factor for PTB. However,
biological processes associated with competency of pathogens, including viruses, to induce PTB

or sensitize for secondary bacterial infection-driven PTB are unknown. We show that pathogen/
pathogen-associated molecular pattern-driven activation of type | IFN/IFN receptor (IFNAR) was
sufficient to prime for systemic and uterine proinflammatory chemokine and cytokine production
and induction of PTB. Similarly, treatment with recombinant type | IFNs recapitulated such

effects by exacerbating proinflammatory cytokine production and reducing the dose of secondary
inflammatory challenge required for induction of PTB. Inflammatory challenge-driven induction of
PTB was eliminated by defects in type | IFN, TLR, or IL-6 responsiveness, whereas the sequence of
type | IFN sensing by IFNAR on hematopoietic cells was essential for regulation of proinflammatory
cytokine production. Importantly, we also show that type | IFN priming effects are conserved from
mice to nonhuman primates and humans, and expression of both type | IFNs and proinflammatory
cytokines is upregulated in human PTB. Thus, activation of the type | IFN/IFNAR axis in pregnancy
primes for inflammation-driven PTB and provides an actionable biomarker and therapeutic target
for mitigating PTB risk.

Introduction
Preterm birth (PTB) is a leading worldwide cause of morbidity and mortality in infants (1). The avail-
able diagnostic, therapeutic, and prophylactic armamentarium remains insufficient. Although the precise
etiologic basis of PTB is often enigmatic, maternal inflammation has been causally linked to a significant
fraction of PTB cases (1, 2). In pregnancy, inflammation is physiologically required for uterine contractil-
ity, cervical ripening, and the onset of both term birth and PTB (2, 3). Pregnant women are at increased
risk of PTB during viral infection epidemics (but also during interpandemic periods) (4). In fact, influenza
vaccination protects from PTB (5). Notably, several types of pathogens have been detected in the maternal/
fetal tissues of pregnant women with term birth or PTB (6), suggesting that not all pathogens alone cause
adverse pregnancy outcomes. However, biological processes associated with competency of pathogens to
induce PTB are unknown.

A combined recognition of viral and bacterial molecular patterns by the innate immune receptors (e.g.,
TLRs), coined a “double-hit hypothesis,” has been proposed as a central regulator of increased susceptibil-
ity to PTB (7-9). Specifically, viral infection increases the risk of colonization, invasion, and disease due to
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bacterial pathogens (10), and has been linked to sensitization to a secondary bacterial infection—driven PTB
(11). Influenza virus, lymphocytic choriomeningitis virus (LCMYV), and Listeria species are pathogens com-
monly associated with induction of PTB (12) and, in addition to other proinflammatory cytokines, drive
robust induction of IL-6, TNF, and IFN-§ (13-25).

Despite significant differences among mammalian species in the biology of pregnancy and parturition,
animal models have been highly useful for understanding the molecular mechanisms involved in induc-
tion and regulation of birth (26, 27). Of note, regulation of immune processes is highly conserved among
mammalian species (28, 29). In experimental models, challenge with diverse TLR ligands induces cytokine
release systemically, in the uterus and fetal membranes (30-32), recruits immune cells into the cervix (33,
34), activates Cox-2 expression (35), and induces contractility, cervical ripening, and PTB (36, 37), while
pharmacological inhibition (38) or genetic deletion (39) protects from PTB. Similarly, human studies have
shown an association between elevated levels of circulating proinflammatory cytokines and PTB (40, 41).
IL-6, in particular, is considered an essential determinant of parturition (42) and a positive predictor of
preterm delivery (43).

Notably, however, precisely how subclinical systemic viral infections act as initial inflammatory trig-
gers and increase susceptibility for secondary inflammatory challenge—driven adverse pregnancy outcomes,
including PTB, is not well understood. Whether this is unique to viral infections or is conserved among
various classes of pathogens known to commonly induce specific inflammatory mediators has not been
studied. Further, in this context, the critical immune cells, the specific molecular mediators, their site of
expression, and the underlying mechanisms that regulate pathogen-driven susceptibility to inflammation-
driven PTB remain undefined. Here we show that: (a) subclinical dose, systemic maternal infection with
viral pathogens (e.g., influenza virus or LCMV), or low-dose viral mimic challenge primes for secondary
inflammatory challenge—induced PTB; (b) mice with deletion of IL-6, type I IFN receptor (IFNAR), sig-
naling intermediates critical for type I IFN production (e.g., IRF3), or IFN-f are protected from inflamma-
tion-driven PTB; (c) necessity of IFNAR signaling in priming of secondary inflammatory challenge—driven
cytokine production and induction of PTB in mice is conserved across pathogen classes (e.g., Listeria mono-
cytogenes); (d) exogenous type I IFN is sufficient to augment secondary inflammatory challenge—driven
inflammatory vigor (e.g., CCL2, IL-6, and TNF production) and to sensitize mice to secondary inflamma-
tory challenge—driven PTB; (e) the sequence of type I IFN priming is essential for regulation of secondary
inflammatory challenge—driven inflammatory vigor; (f) type I IFN-mediated regulation of the LPS-driven
inflammatory vigor, and specifically priming of IL-6 and TNF production, is conserved from mice to non-
human primates and humans; and (g) human PTB patients exhibit increased type I IFN and IL-6 expres-
sion. Collectively, the data demonstrate to our knowledge for the first time that activation of the type I
IFN/IFNAR axis in pregnancy is critical for regulation of proinflammatory cytokine production and for
induction of inflammation-driven PTB via modulation of the host’s immune responses.

Results

Viral infection primes for secondary inflammatory challenge—driven IL-6 production and induction of PTB in mice.
Influenza virus and LCMYV are pathogens commonly associated with PTB (12) and are known to drive
robust production of type I IFNs and proinflammatory cytokines (e.g., IL-6 and TNF) (13-25). We used a
tractable double-hit preclinical model of PTB induction for mechanistic insight into how early parturition is
triggered (Figure 1A) in the context of a subclinical, systemic viral infection. Notably, the effect of influen-
za virus infection on pregnancy and tissue tropism has been previously described (44). Low-dose infection
with viral pathogens (influenza virus and LCMYV; as a mimic of a subclinical infection) sensitized mice to
bacterial endotoxin—driven (using LPS, a model of secondary inflammatory challenge) PTB at a dose that,
alone, fails to induce PTB (Figure 1A and Supplemental Figure 1A; supplemental material available online
with this article; https://doi.org/10.1172/jci.insight.91288DS1). Such viral priming led to significantly
increased low-dose LPS-driven type I IFN production, and specifically IFN-B, as well as IL-6 and TNF
proinflammatory cytokine production (Figure 1B and Supplemental Figure 2) and was able to recapitulate
the production levels of such mediators seen in context of high-dose LPS challenge. Notably, the effects
on cytokine production were identical, irrespective of the data representation method (percentage change
or protein concentration; Supplemental Figure 3). To overcome the complexity of a live viral infection,
we next used the synthetic TLR3 agonist poly(I:C), a pathogen-associated molecular pattern (PAMP) that
molecularly mimics double-stranded RNA commonly produced by viruses, allowing for reductive inter-

https://doi.org/10.1172/jci.insight.91288 2


https://doi.org/10.1172/jci.insight.91288
https://insight.jci.org/articles/view/91288#sd
https://doi.org/10.1172/jci.insight.91288DS1
https://insight.jci.org/articles/view/91288#sd
https://insight.jci.org/articles/view/91288#sd

. RESEARCH ARTICLE

B
D1 D14 D16 D17 D19/21 Influenza virus (PR8)
| AV | | |
Va | | | | 400 200
Vaginal PR8 LPS* PTB Term
I LCMV  LPShigh birth m
plug I :E',‘ 300 150
2
100~ o 100
e 200
< 80 @
=
= g 100 50
£ 60
=
£ 40 0 0
g LPShigh
S 20 PRS
0 LPSlow - -+ o+ - - o+ o+
LPShigh 4+ . . . . - LCMV
*
I F*k —_
e 3500 ok 200 - *k 200
LCMV - - + - - + — — °
low - - -+ + + m — » T 150
LPS % §15n LJ §
2 8 - 2 a
- Preterm Birth ;‘; :; 100 T ‘;; 100 -
[] Term Birth < :E - <
£ = 50 ‘|JWE 50
] 0 =1, 0 .
LPshigh 4+ . . . + .- - oo
LCMV S S -+ -+ -+ -+
LPSlow S - -+ * = =+
D1 D16 D17 D19/21 140
(- | | | <
! I 1 —_ _— 120 9
Vaginal /N PTB  Term ) &
plug birth s s
4 4h ‘: :;‘ 100
— s e
Poly (1:C)e* LPSkw g E 80
Poly (1:C)high
0 60
100+ Poly (I:C)high + - - - -
T 804 Poly (I:C)lew -+ -+ -+ - +
= LPSfow e - -+ 0+ +
£ 60 S
=
E 40-
s
® 204
o
04
Poly (l:C)high
Poly (:C)e* - + - +
LPSow - -+

Figure 1. Viral infection primes for secondary inflammatory challenge-driven cytokine production and induction of preterm birth (PTB) in mice.

(A) A schematic overview of the tractable double-hit preclinical model of PTB induction employed to define the ability of viral infections to prime for
secondary inflammatory challenge-driven PTB. Gravid WT mice were mock infected (saline) or infected with very low dose influenza virus (PR8; 6 x
102 PFU/mouse) or very low dose lymphocytic choriomeningitis virus (LCMV; 5 x 10* PFU/mouse) on day 14 of gestation prior to being mock challenged
(saline) or challenged with LPS (25 pg/mouse = low; 75 pg/mouse = high) on day 16 of gestation, and the incidence of PTB was quantified. (B) WT mice
(n = 3-6/condition) were mock infected or infected as described above in A with influenza virus or LCMV for 48 hours prior to being mock challenged
or challenged with LPS™ for 4 hours, and serum IFN-p, IL-6, and TNF levels were quantified by type | IFN activity assay and in vivo cytokine capture
assay (IVCCA), respectively. (€) A schematic overview of the tractable double-hit preclinical model of PTB induction employed to define the ability of
viral mimetic to prime for secondary inflammatory challenge-driven PTB. Gravid WT mice were challenged with poly(l:C) alone (100 ug/mouse = low;
250 ug/mouse = high), or primed with poly(I:C) for 4 hours prior to being challenged with LPS* on day 16 of gestation and the incidence of PTB was
quantified. (D) WT mice (n = 3-6/condition) were challenged as described above in € with poly(l:C) alone or primed with poly(l:C) prior to being chal-
lenged with LPS"®" for 4 hours and serum IFN-B, IL-6, and TNF levels were quantified by type I IFN activity assay and IVCCA, respectively. (A and C) Data
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represent percentage induction of PTB. Term birth is defined as parturition on days 19-21 (all pups born alive). PTB is defined as parturition within 24
hours after TLR ligand challenge (all pups deceased). (B and D) Dashed red line represents 100% induction of cytokine following LPS®¥-alone challenge
in WT mice. Data (PR8, LCMV, LPS"*, PR8 + LPS"*, and LCMV + LPS"") represent percentage change over LPS™" (WT) + SEM. *P < 0.05, **P < 0.01,
***P < 0.001 by ANOVA followed by Tukey's correction.
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rogation of underlying mechanisms. As with subclinical systemic viral infection, secondary inflammatory
challenge—driven PTB and cytokine production could be mimicked by priming with a low dose of poly(I:C)
— a dose that, alone, fails to induce PTB (Supplemental Figure 1B and Figure 1, C and D).

IFNAR signaling is necessary for viral infection—mediated priming of secondary inflammatory challenge—driven
cytokine production and induction of PTB in mice. Given the shared induction of type I IFN production after
viral infection and TLR signaling activation, and the amplification of type I IFN production via an auto-
crine/paracrine fashion through the common type I IFN receptor (IFNAR) (45), the necessity of IFNAR
in PTB and proinflammatory cytokine production was further investigated. Genetic deletion of IFNAR
provided protection against influenza virus— and poly(I:C)-dependent sensitization to secondary LPS chal-
lenge—driven PTB (Figure 2A) and was also associated with a 4-fold decrease in IFN-B, IL-6, and TNF
production compared with WT treated mice (Figure 2B and Figure 1, B and D). Similarly, mice with
genetic deletion of molecules essential for TLR-mediated activation of IFNAR signaling by poly(I:C), (e.g.,
TLR3, TRIF, IRF3, and IFN-B) were protected from PTB and exhibited robustly blunted IFN-§, IL-6, and
TNF production induced by high-dose poly(I:C) challenge (Supplemental Figure 4, A and B). As with the
poly(I:C) challenge, disruption of type I IFN intermediates and IFNAR resulted in significant protection
from high-dose LPS-driven proinflammatory cytokine production and induction of PTB (Supplemental
Figure 5). Notably, TLR4-deficient mice were protected from LPS-driven PTB and proinflammatory cyto-
kine production, suggesting the specificity of LPS for the TLR4 signaling pathway (Supplemental Figure 5).
However, the protection from high-dose LPS-driven PTB in IFN-B— and IFNAR-deficient mice, although
significant, was not as robust as that observed with poly(I:C) challenge alone. These data implicate activa-
tion of additional signaling pathways in the context of high-dose LPS challenge.

Previous reports have demonstrated that macrophages are central for induction of PTB (46). Similarly,
increased chemokine production (e.g., CCL2 and CCL4) has been correlated with macrophage infiltration,
activation, tissue inflammation, and induction of PTB (47). Thus, we next examined the contribution of
IFNAR signaling to uterine macrophage presence, and chemokine expression. Poly(I:C) challenge of either
WT or IFNAR-deficient mice robustly induced uterine CD68 expression (Figure 2C), a well-established
marker of macrophage infiltration (48). However, poly(I:C) challenge—driven chemokine expression, and
specifically CCL2 expression, was greatly reduced in IFNAR-deficient mice (Figure 2C). Notably, these
findings are in agreement with a previous report demonstrating the role of IFNAR signaling in the regula-
tion of lung macrophage infiltration and chemokine expression in the context of Mycobacterium tuberculosis
infection (49). Overall, our data suggest that IFNAR signaling may play a role in modulation of uterine
macrophage activation.

Maternal/fetal interface expression of proinflammatory cytokines has been correlated with induction
of parturition and PTB (2). Proinflammatory cytokines, specifically IL-6 and TNF, are robust inducers of
Cox-2 expression (50). Cox-2 signaling, which is central for prostaglandin production within intrauterine
tissues, is known to play a pivotal role in uterine contractility, cervical ripening, and induction of parturi-
tion (36, 37, 51, 52), and has been correlated with induction of PTB in mice and humans (35, 36). Thus,
we next examined the contribution of IFNAR signaling to poly(I:C) challenge—driven induction of inflam-
matory (e.g., IL-6 and TNF) and parturition-inducing mediators (e.g., Cox-2) in the reproductive tissues.
Poly(I:C) challenge of WT mice resulted in robustly induced uterine IL-6 and TNF expression (Figure 2D)
and further correlated with increased uterine Cox-2 expression. Notably, IFNAR~~ mice were fully pro-
tected from high-dose poly(I:C)-driven induction of uterine IL-6, TNF, and Cox-2 expression (Figure 2D).
These data further suggest that IFNAR signaling, in addition to systemic immune responses, also regulates
inflammatory processes in reproductive tissues.

We next examined the functional relevance of dysregulated IL-6 production via genetic or pharmaco-
logical manipulation. As with IFNAR deletion, the genetic deletion of IL-6 provided protection against
poly(I:C)- and influenza priming-induced PTB and proinflammatory cytokine production (Figure 2, E
and F). Further, antibody-mediated neutralization of IL-6, but not IgG isotype control, protected from
poly(I:C)-primed LPS-driven (low-dose) PTB, as well as high-dose poly(I:C)-driven PTB (Figure 2G).
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Figure 2. IFNAR signaling is necessary for viral infection-mediated priming of secondary inflammatory challenge-driven cytokine production and
induction of preterm birth (PTB) in mice. (A) Gravid type | IFN receptor-deficient (IFNAR~-) mice were infected with very low dose influenza virus (PR8; 6
% 10? PFU/mouse) as described in Figure 1A or were challenged with poly(l:C) alone (100 ug/mouse = low; 250 pg/mouse = high), or primed with poly(l:C)"*
for 4 hours prior to being challenged with LPS"™" (25 png/mouse) on day 16 of gestation, and the incidence of PTB was quantified. (B) IFNAR- mice (n = 3-6/
condition) were infected as described in Figure 1A or were challenged with poly(l:C) alone, or primed with poly(l:C)* for 4 hours prior to being challenged
with LPS™" for 4 hours, and serum IFN-B, IL-6, and TNF levels were quantified by type | IFN activity assay and in vivo cytokine capture assay (IVCCA),
respectively. (C and D) Gravid WT and IFNAR- mice were challenged with poly(l:C)"" for 12 hours and uterine CD68, CCL2, CCL4, IL-6, Cox-2, and TNF
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mRNA expression (n = 3/condition) was quantified. (E) Gravid IL-67/- mice were infected with influenza as described in Figure 1A, or were challenged with
poly(I:C) alone or primed with poly(l:C)* for 4 hours prior to being challenged with LPS®" on day 16 of gestation, and the incidence of PTB was quantified.
(F) IL-6- mice (n = 3/condition) were infected as described in Figure 1A or were challenged with poly(I:C) alone, or primed with poly(l:C)* for 4 hours prior
to being challenged with LPS®” for 4 hours, and serum IFN-B, IL-6, and TNF levels were quantified by type | IFN activity assay and IVCCA, respectively. (G)
Gravid WT mice were treated with IL-6-neutralizing Ab or isotype control Ab (500 pg/mouse) and challenged as described in Figure 1C, and the incidence of
PTB was quantified. (A, E, and G) Data represent percentage induction of PTB. (B and G) Dashed red line represents 100% induction of cytokine following
LPS""-alone challenge in WT mice. Data represent percentage change over LPS™" (WT) + SEM. (C and D) Data represent fold change over mock stimulated
(WT). (B-D and F) *P < 0.05, **P < 0.01, ***P < 0.001 by ANOVA followed by Tukey’s correction.
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Taken together, these data implicate the type I IFN/IFNAR axis as a modulator of induction of both
systemic and uterine proinflammatory cytokines and their downstream mediators, and correlate both the
IFNAR and IL-6 axes with the pathogenesis of inflammation-induced PTB.

Necessity of IFNAR signaling in priming of secondary inflammatory challenge—driven cytokine production and
induction of PTB in mice is conserved across pathogen class. We next examined whether these IFNAR and IL-6
axes events were specific to viral infection (or its reductive mimics). Listeria species have been associated
with induction of PTB (12) and are known to drive robust induction of IFN-f, IL-6, and TNF (13-23). The
effect of Listeria infection on pregnancy and tissue tropism has been previously described (44). As observed
in the context of viral infection or viral mimetic priming, low-dose infection with L. monocytogenes (Lm;
as a mimic of a subclinical infection), a pathogen associated with adverse pregnancy outcomes (12), that
alone failed to induce PTB, sensitized WT mice to secondary inflammatory challenge-driven PTB and
proinflammatory cytokine production (Figure 3, A and B). As the pathogenicity of Lm is correlated with
its ability to induce type I IFNs (53), we infected mice with an attenuated Lm strain lacking listeriolysin
O (LLO) and phosphatidylinositol-specific phospholipase C (PLC) that is unable to gain access to the cell
cytoplasm and induce type I IFN production (Lm*) (54). Even high-dose Lm* infection (108 CFU) failed
to sensitize mice to LPS-driven PTB or IFN-B, IL-6, and TNF production (Figure 3, A and B). Similarly,
genetic deletion of IFNAR and IL-6 protected from Lm-driven sensitization to LPS-driven PTB and pro-
inflammatory cytokine production (Figure 3, C-F). Further, as expected the lack of TLR4 expression did
not affect poly(I:C)-driven cytokine production; however, it was found to be essential for proinflammatory
cytokine production in the context of subclinical infection—-dependent priming of secondary LPS challenge
(Supplemental Figure 6). Thus, the functional consequences of activation of the type I IFN/IFNAR/IL-6
axis, in terms of effects on cytokine production and induction of PTB, is not specific to viral infections but
is rather conserved across pathogen classes.

IFN- is sufficient to prime for secondary inflammatory challenge—driven cytokine production and induction of PTB
in mice. As influenza, LCMYV, and Listeria are robust inducers of type I IFNs, we next formally tested whether
IFN-B was sufficient to prime for LPS-driven PTB. The dose of recombinant IFN-B (1 x 10* U/mouse)
employed was chosen based on published reports (55, 56) and was found to be within or below the range
of IFN-B levels induced by the influenza virus, LCMYV, or Lm infection (Supplemental Figure 7). Whereas
exogenous administration of IFN- alone induced neither PTB nor proinflammatory cytokine production,
IFN-B administration was sufficient to prime WT mice for a secondary challenge low-dose LPS-driven PTB
(something dependent on IL-6; Figure 4A) and exacerbate IFN-$, IL-6, and TNF production to the levels
equal to high-dose LPS challenge (Figure 4B). Further, we examined whether IFN-f sufficiency to prime for
secondary inflammatory challenge—driven PTB correlated with uterine chemokine expression, macrophage
presence, inflammation, and induction of mediators linked to parturition. As observed with poly(I:C) chal-
lenge (Figure 1C), IFN-B priming was sufficient to augment uterine CCL2, CCL4 IL-6, TNF, and Cox-2
expression to the levels equal to high-dose LPS challenge (Figure 4D). These data suggest that IFN- prim-
ing is sufficient to lower the necessary threshold for LPS-driven inflammation systemically and at reproduc-
tive sites, as well as sensitize for induction of PTB.

Initial type I IFN engagement of IFNAR on hematopoietic cells is required for augmentation of secondary
inflammatory challenge—driven cytokine production in mice. In the context of viral or intracellular bacterial
infection, the majority of systemic type I IFN production is dependent on activation of myeloid cells
(13). However, in the context of IFN-f priming of exacerbated secondary LPS-driven proinflammatory
cytokine production, the critical type I IFN-responsive cell type(s) has not been defined. Thus, we next
examined the contribution of IFNAR expression to hematopoietic or non—-hematopoietic cells in this
model. Reciprocal bone marrow transfers between WT and IFNAR-deficient mice demonstrated that
IFNAR expression by hematopoietic cells is critical for IFN-B priming of LPS-driven exacerbation of
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Figure 3. Necessity of IFNAR
signaling in priming of secondary
inflammatory challenge-driven
cytokine production and induction
of preterm birth (PTB) in mice is
conserved across pathogen class.

(A) A schematic overview of the
tractable double-hit preclinical model
of PTB induction employed to define
the ability of Listeria infection to
prime for LPS-driven PTB. Gravid WT
mice were mock infected (saline) or
infected with L. monocytogenes (Lm)
(WT, 1x10? CFU; Lm* [ALLOAPLC], 1
x 108 CFU) on day 15 of gestation prior
to being mock challenged (saline) or
challenged with LPS (25 pug/mouse)
on day 16 of gestation, and the inci-
dence of PTB was quantified. (B) WT
mice (n = 3-5/condition) were mock
infected or infected with Lm (WT
and Lm®*) for 24 hours prior to being
mock challenged or challenged with
LPS™ for 4 hours and serum IFN-B,
IL-6, and TNF levels were quantified
by type | IFN activity assay and in
vivo cytokine capture assay (IVCCA),
respectively. (C and E) Gravid type |
IFN receptor-deficient (IFNAR”-) and
IL-67~ mice were treated as in A and
the incidence of PTB was quantified.
(D and F) IFNAR/- and IL-67"- mice

(n = 3-4/condition) were treated as
in B and serum IFN-B, IL-6, and TNF
levels were quantified. (A, C, and E)
Data represent percentage induc-
tion of term birth or PTB. (B, D, and
F) Dashed red line represents 100%
induction of cytokine following LPS?"-
alone challenge in WT mice. Data rep-
resent percentage change over LPS™
(WT) + SEM. ***P < 0.001 by ANOVA
followed by Tukey’s correction.

IL-6 and TNF production (Fig-
ure 5A). We next analyzed the
sufficiency of such an effect ex
vivo and have begun to identify
the systemic immune cells types
largely responsible for augment-
ed proinflammatory cytokine
production. Notably, within the
peripheral blood mononuclear

cell (PBMC) pool, myeloid cells

(CD11b*GR1I") represented the most pronounced contributor to exacerbated IL-6 and TNF production
(Figure 5B). These findings correlate with our findings of increased systemic and uterine chemokine

and proinflammatory cytokine levels (Figure 4).
As viral infection has been linked to sensitization to a secondary bacterial infection—driven PTB (11),

we next examined the sequence and duration of IFN-f} priming of proinflammatory cytokine production.

Markedly, only initial IFN-B priming was sufficient to exacerbate secondary inflammatory challenge—driv-
en IL-6 and TNF production, both in vivo (Figure 5C) and in vitro (Figure 5D) — something that is
dependent on IFNAR expression. Further, the extent of IFN-B priming effects on IL-6 production in vivo
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Figure 4. IFN- is sufficient to
prime for secondary inflamma-
tory challenge-driven cytokine
production and induction of
preterm birth (PTB) in mice. (A) A
schematic overview of the tractable
double-hit preclinical model of PTB
induction employed to define the
sufficiency of IFN-f to prime for
secondary inflammatory chal-
lenge-driven PTB. Gravid WT mice
were treated with IL-6-neutral-
izing Ab or isotype control Ab (500
ug/mouse) and challenged with
recombinant mouse IFN-$ (10¢ U/
mouse) or LPS alone, or primed
with IFN-B (4 hours) prior to being
challenged with LPS (25 ug/mouse
= low; 75 ug/mouse = high) on day
16 of gestation and the incidence of
PTB was quantified. (B) WT mice (n
= 3-6/condition) were challenged
with recombinant mouse IFN-B (10*
U/mouse) or LPS alone, or primed
with IFN-B (4 hours) prior to being
challenged with LPS (4 hours), and
serum IFN-B, IL-6, and TNF levels
were quantified by in vivo cytokine
capture assay. (C and D) Gravid WT
(n = 3/condition) mice were chal-
lenged with LPS alone or primed
with IFN-B (4 hours) prior to being
challenged with LPS for 12 hours,
and uterine CD68, CCL2, CCL4, IL-6,
Cox-2, and TNF mRNA expression
was quantified. (A) Data represent
percentage induction of term birth
or PTB. (B) Dashed red line repre-
sents 100% induction of cytokine
following LPS™-alone challenge in
WT mice. Data represent percent
change over LPS™" (WT) + SEM. (C
and D) Data represent fold change
over nonstimulated condition.
(B-D) *P < 0.05, **P < 0.01, ***P
< 0.001 by ANOVA followed by
Tukey’s correction.

was transient in nature, as the effect was abrogated 3 days after the initial priming (Supplemental Figure 8).
Overall, these data indicate that IFNAR expression by hematopoietic cells is necessary for IFN-f augmen-
tation of LPS-driven proinflammatory cytokine production and likely induction of PTB. These data also
argue that such effects represent a transient window of vulnerability, while the sequence of inflammatory

events is critical to allow for sensitization to occur.
IFN-f priming effects on proinflammatory cytokine production are conserved across species and correlate with PTB
in humans. Despite high similarity in immune responses between Mus musculus and Homo sapiens, biological
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Figure 5. Type | IFN signaling in hematopoietic cells is sufficient for secondary inflammatory challenge-driven cytokine production in mice. (A) Left:

A schematic overview of experimental model employed to define the type | IFN receptor-responsive (IFNAR-responsive) cell types sufficient to prime for
secondary inflammatory challenge-driven proinflammatory cytokine production. Right: Bone marrow from WT and IFNAR/- (IKO) mice (n = 3-4/condition)
was reciprocally transferred into WT and IFNAR™~ recipients and mice were mock treated (saline) or treated with recombinant mouse IFN-f (10* U/mouse;
4 hours) prior to being challenged with LPS®* (25 ug/mouse; 4 hours) and serum IL-6 and TNF levels were quantified by in vivo cytokine capture assay (IVC-
CA). (B) Left: Representative flow cytometry histogram showing modulation of IL-6 and TNF expression after each stimulation. Murine peripheral blood
mononuclear cells (n = 3) were mock treated or treated with mouse IFN-B (250 U/ml; 4 hours) prior to being stimulated with LPS (100 ng/ml; 4 hours), and
IL-6 and TNF levels were quantified (right) by intracellular flow cytometry. MFI, mean fluorescence intensity; NS, saline. (C) WT mice (n = 3-4/condition)
were challenged with recombinant mouse IFN- (10* U/mouse), LPS™*, or IFN-B + LPS and vice versa, and serum IL-6 and TNF levels were quantified by
IVCCA. (D) WT and IFNAR™- murine peritoneal macrophages (n = 3/genotype), were treated as in B and IL-6 levels were quantified by ELISA. (A, C, and D)
Dashed red line represents 100% induction of cytokine following LPS*-alone challenge in WT mice. Data represent percentage change over LPS™* (WT) +

SEM. *P < 0.05, **P < 0.01, ***P < 0.001 by ANOVA followed by Tukey's correction.

processes regulating pregnancy, including gestation length, placentation, and induction of parturition, are
different (3). Parturition biology between nonhuman primates and humans, however, is analogous. Thus, we
examined whether IFN-f priming effects were conserved during nonhuman primate and human pregnancy.
Like in mice, IFN-B priming augmented LPS-driven IL-6 and TNF production in PBMCs and decidual
cells from pregnant rhesus macaques (Figure 6A). We further extended the relevance of our findings to
humans. As observed in rhesus macaques, IFN-B priming exacerbated LPS-driven IL-6 and TNF produc-
tion from PBMCs, primary monocytes, and decidual cells in humans (Figure 6B). As IL-6 levels in amniotic
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fluid, uterine tissues, and serum (57, 58) are thought to be essential for parturition in humans and elevated
intraamniotic IL-6 levels have been correlated with PTB risk in humans (59), we also examined whether
the same pattern is conserved at the maternal/fetal interface. Importantly, consistent with this observation,
increased IFNB, and IL6 expression was observed in human reproductive tissues (chorio-amnion and decid-
ua) from PTB patients with chorioamnionitis (Figure 6C). These data indicate that the type I IFN-mediated
regulation of proinflammatory cytokine production is conserved across species and during pregnancy, and

might play an important role in the induction of PTB.
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Discussion

Infection and inflammation are thought to be the leading cause of PTB. Despite the clinical and public
health significance, the molecular trigger(s) and immune pathways underlying the pathogenesis of PTB
remain underdefined and represent a major gap in knowledge. Our data provide potentially novel insights
into the mechanisms regulating the ability of subclinical systemic viral and other infections to augment
inflammatory vigor and increase the risk of PTB associated with secondary inflammatory insults. Further,
these data shed light on the complex nature of innate immune activation strength, duration, and sequence
in pregnancy. The evolutionary advantage of such a biological process is to enable pathogen clearance in
the context of polymicrobial infection, which is primarily focused on promoting maternal survival. Howev-
er, such immune hyperresponsiveness is likely to hold detrimental potential for the offspring due to induc-
tion of premature parturition.

In this report, we demonstrate for what we believe is the first time that: (a) the type I IFN/IFNAR
axis is critical for sensitization to secondary inflammatory challenge—driven PTB; (b) activation of this
axis reduces the threshold needed for induction of PTB through amplification of secondary inflam-
matory challenge—driven proinflammatory cytokine production including IL-6 and TNF; (c) hemato-
poietic IFNAR expression is critical for observed hyperresponsiveness; (d) initial type I IFN sensing is
required for exacerbation of proinflammatory cytokine production; and (e) these effects are conserved
across species and during pregnancy, and thus might play and important role in the induction of PTB
in humans.

Infection/inflammation accounts for approximately 40% of PTB. Timely parturition as well as PTB
represents an inflammatory process that includes secretion of various chemokines and cytokines by resi-
dent and infiltrating immune cells into reproductive tissues (6). Previous reports have demonstrated that
myeloid cells, and macrophages specifically, are central to induction of PTB (46). Notably, macrophage
activation exerts its effects on the uterus through the release of inflammatory mediators that drive induction
of uterine activation and cervical ripening and induction of parturition (60). Pregnant women, compared
with nonpregnant women, are more severely affected by infections, including influenza virus and Listeria
(61). However, the impact of a subclinical systemic infection during pregnancy — an infection without an
obvious inflammatory component requiring hospitalization — on induction of PTB is not known. Further,
whether the above-mentioned mechanisms underlying immune activation and induction of PTB are modu-
lated in the context of a subclinical systemic infection during pregnancy has not been investigated.

Via utility of our double-hit preclinical model we gained potentially novel insights into immune
mechanisms central to subclinical viral infection—driven sensitization to secondary bacterial inflamma-
tion—-induced PTB. Specifically, we show that subclinical infection with viral pathogens (at concentra-
tions markedly lower than those commonly employed to examine primary infection—driven pathological
outcomes; see refs. 62, 63) was sufficient to robustly augment secondary inflammatory challenge—driven
IFN-B, IL-6, and TNF production and greatly reduce the dose (3-fold) of secondary systemic inflamma-
tory stimuli required for induction of PTB. Further, our findings are supported by recent studies (64, 65)
showing that placental viral infection, which is known to induce type I IFN production, sensitized ani-
mals to bacterial products predisposing to PTB. Overall, these findings demonstrate that the ability of
the type I IFN axis to sensitize to PTB is not anatomically restricted and is likely to play an important
role in a significant portion of PTB cases. Of interest, however, whether subclinical systemic infection
with type I IFN inducing—pathogens can exacerbate responsiveness to common pathogens associated
with PTB, that largely colonize the genitourinary tract including group B Streptococcus (66) and other
TLR signaling—capable pathobionts (e.g., Ureaplasma) (67), is not known.

Maternal inflammation is physiologically required for uterine contractility, cervical ripening, and the
onset of both term birth and PTB. The central role of proinflammatory cytokines, and IL-6 in particular, is
supported by previous studies demonstrating the relevance of IL-6 in the regulation of timely parturition in
humans (57) and mice (42). Furthermore, elevated IL-6 levels have been correlated with PTB risk in humans
(59). Notably, proinflammatory cytokines are known inducers of Cox-2 (60). Cox-2 signaling activation,
which is central to prostaglandin production within intrauterine tissues, correlated with induction of PTB
in mice and humans (35, 36), while Cox-2—selective inhibition prevented preterm delivery (36). Our data
suggest that systemic IFN-B priming is sufficient to lower the necessary threshold for induction of inflam-
matory signals not only systemically (e.g., IL-6 and TNF serum levels) but also at reproductive sites (e.g.,
CCL2, CCL4, CD68, IL-6, TNF, and Cox-2 in uterine tissue), as well as sensitizes for PTB. Type I IFNs
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(in particular, IFN-B) have been shown to regulate macrophage production of proinflammatory cytokines
in response to LPS (68). Notably, maternal macrophages constitutively express both IFNAR and TLRs (69)
and have been shown to play a central role in TLR9-driven PTB (46). Neonatal blood cells have been shown
to exhibit an impaired expression of IFN-B and IFN-inducible genes (70), while in the context of viral or
intracellular bacterial infection, the majority of systemic type I IFN production is dependent on activation
of maternal myeloid-like cells (13). Our data suggest that IFINAR expression by hematopoietic cells is neces-
sary for IFN-B priming of exacerbated LPS-driven cytokine production. Although our data and published
reports clearly suggest the impact of type I IFN on pathogen-driven inflammatory vigor, such findings also
invoke the necessary future areas of investigation that require a more definitive identification of the anatomi-
cal locus (intrauterine vs. systemic) and critical cell type(s) (immune cells vs. other cells types) of type I IFN
responsiveness in pregnancy and specifically in the context of the double-hit hypothesis.

Whether the effects observed in our report are unique to IFN-f or are conserved among all type I IFN
family members remains unclear. Our data suggest that IFN-a production, unlike IFN-B, is not as robustly
potentiated in the context of subclinical infection followed by secondary bacterial challenge. The lack of
observed potentiation is likely associated with the selective specificity of LPS to induce IFN-f production
(71) and/or the relative affinities of IFN-f and IFN-a subtypes for the 2 IFNAR subunits IFNAR1 and 2)
(55). In fact, IFN-B holds a unique ability to specifically interact with IFNAR1 in an IFNAR2-independent
manner (55). However, a formal examination of the sufficiency of IFN-a subtypes in the regulation of
cytokine production and induction of PTB is required. Similarly, the contribution of IFN-¢, a type I IFN
family member that is constitutively expressed by epithelial cells of the female reproductive tract and pro-
tects from common sexually transmitted infections (72), should be similarly investigated in the context of
pathogen/inflammatory insult—driven PTB. Thus, in-depth analysis of the unique attributes of various type
I IFN family members could provide biologically novel, clinically significant, and evolutionarily relevant
understandings of the unique ability of type I IFN family members to regulate inflammatory vigor and
parturition.

The requirement for the unique sequence of infectious or inflammatory events in dysregulation of
proinflammatory cytokine production and induction of PTB remains unknown. Our data suggest that ini-
tial type I IFN sensitization is required for dysregulated proinflammatory cytokine production. Although
not examined in our report, it is likely that initial infection by viruses or pathogens that drive robust type
I IFNs will similarly play a critical role in controlling susceptibility to secondary bacterial challenge. Our
data suggest that the ability of type I IFNs to prime for secondary inflammatory challenge is temporally
restricted. In fact, these data hint at a limited window of vulnerability of subclinical viral infections in the
induction of PTB — something that potentially explains the restricted frequency of PTB cases. Thus, the
role of vaccination in limiting pathogen-driven maternal infection/inflammation both systemically and at
reproductive sites might be of great importance. In particular, considering the positive correlation of influ-
enza vaccination in pregnant women with protection from PTB (73), it is possible that vaccination reduces
the ability of subclinical viral infections to induce type I IFN — something that is associated with humoral
immune responses to pathogens after vaccination — and hence reduces the effectiveness or even the tran-
sient window of opportunity for sensitization to secondary inflammatory insult—driven PTB.

Multiple mechanisms regulate proinflammatory cytokine production (74). Among these,
SUMOylation, a posttranslational modification of protein activity, interactions, and subsequent gene
expression, has recently been shown to restrain inflammation through ubiquitin-conjugating enzyme
E2 (Ubc9)-dependent repression of transcription factor occupancy of the IFN-f promoter and TLR-
driven IFN-B and proinflammatory cytokine expression (75). Similarly, Cbx4, a SUMO E3 ligase (76),
is known to inhibit LPS-induced transcription and to differentially regulate TLR4- versus TLR3-driven
gene expression (77). Further, the ability of influenza virus and Lm to interfere with SUMOylation has
been implicated in infection establishment and/or persistence (78). Both type I IFN and IL-6 signaling
activate STAT3 (79, 80), while LPS stimulation in myeloid cells is known to induce expression of the
transcription factors C/EBP- and NF-«xB, which regulate IL-6 production (81). Notably, SUMOylation
regulates STAT3-, NF-kB— and C/EBP-B—dependent cytokine production (75, 82-85). Additional stud-
ies, however, are required to uncover whether the mechanistic underpinnings of type I IFN—driven
modulation of proinflammatory cytokine production occur via modulation of STAT3 or SUMOylation
machinery and their downstream impact on transcriptional networks and epigenetic processes in the
context of the double-hit hypothesis.
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Lastly, although the biological processes underlying parturition in mice and humans are different,
our analysis in nonhuman primates and human PTB patients suggests that the type I IFN-mediated
regulation of cytokine production is conserved across species and during human pregnancy. As such,
the robustness of our findings also potentially provide perspectives and possible explanations for other
paradigms of biological processes in the induction of PTB, including: the role of viral infection, specifi-
cally herpes virus (64), in predisposing to PTB; the role of polymicrobial infections (67) in PTB; the role
of IFN-¢ (72) in PTB; and the ability of fetal DNA to induce type I IFNs and sensitize to inflammation-
driven parturition (86). In fact, our findings argue for a possible definition of type I IFN—driven genes
as biomarkers of risk for inflammation-driven PTB and hence as a predictor for pharmacological inhibi-
tion of proinflammatory cytokines (e.g., IL-6) (87) in this context.

Methods

Reagents

All cell culture reagents were endotoxin-free to the limits of detection of the Limulus amebocyte lysate
assay (Lonza) at the concentrations employed. Both TLR ligands [LPS from E. co/i 0111:B4 and poly(I:C)]
were ultrapure grade (Invivogen).

Mice

All mice were on a C57BL/6J background and bred in house. Animals were housed in a specific pathogen—free
animal facility at Cincinnati Children’s Hospital Medical Center (CCHMC) and handled in high-efficiency
particulate-filtered laminar flow hoods with free access to food and water.

Rhesus macaques
Normally cycling, adult female macaques were bred and identified as pregnant using established meth-
ods (88). Hysterotomies were performed with delivery of the fetus at 130 * 2 days of gestational age
(80% of term gestation) and PBMCs and decidual cell suspensions were isolated and prepared as previ-
ously described (89).

Human samples

PBMCs and monocytes were isolated from healthy adult female volunteers (of reproductive age) and decid-
ual cells were obtained from placenta following elective cesarean section or uncomplicated spontaneous
vaginal delivery. Maternal/fetal membrane (chorio-amnion-decidua) samples were collected immediately
after birth from women delivering preterm and term. The severity of chorioamnionitis was graded as previ-
ously described (90).

Murine pregnancy and procedures

Female mice were mated with fertile male mice of the same strain. The presence of a vaginal plug was
considered day 1 of pregnancy. Parturition events were monitored on days 17-21 and defined as complete
delivery of pups.

Challenges and birth outcome. On day 16 of gestation, gravid mice were mock challenged (saline) i.p.
or challenged with LPS or poly(I:C) at indicated concentrations and treated with IL-6—neutralizing anti-
body (500 ug/mouse; clone MP5-20F 3, BioXCell) as indicated. Exogenous administration of 10* U/mouse
IFN-B (PBL Biomedical Laboratories) was performed 4 hours prior to LPS challenge and IL-6-neutralizing
antibody administration. PTB was defined as parturition within 24 hours after TLR ligand challenge (all
pups deceased). Term birth was defined as parturition on days 19-21 (all pups alive). For quantification of
inflammatory mediators at reproductive sites, uterine samples were collected 12 hours after IFN-f and/or
LPS or poly(I:C) challenge on day 16 of gestation.

Infections. Mice were infected with influenza virus (PR8) by intranasal inoculation with 6 x 10> PFU on
day 14 of gestation; LCMV (Armstrong-13) by i.p. inoculation with 5 X 10* PFU on day 14 of gestation; or
Lm (10403S [WT] or 2319 [ALLOAPLC]) by i.v. inoculation with 1 X 10? or 1 X 10® CFU, respectively, on
day 15 of gestation. All infected mice were subsequently mock challenged (saline) i.p. or challenged with
LPS on day 16 of gestation as indicated. Parturition events were defined as above.
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Cytokine quantification

In vivo. Systemic IL-6 and TNF levels were quantified using in vivo cytokine capture assay (IVCCA) (91).
Briefly, biotinylated capture antibodies against IL-6 (clone MP5-32C11) and TNF (clone TN3) (both
eBioscience) were injected i.p. 3 hours prior to infectious agent or TLR-ligand challenge, and serum
cytokine levels were determined 4 hours later.

Ex vivo and in vitro. Mouse PBMCs were cultured in RPMI supplemented with 10% FBS, 1% L-glu-
tamine, and 1% penicillin/streptomycin with or without human IFN-f (250 U/ml) for 4 hours, subse-
quently mock stimulated or LPS stimulated (100 ng/ml) for 4 hours, and stained with directly conju-
gated monoclonal antibodies (all eBioscience): CD11b (clone M1/70), TNF (clone MP6-XT22), IL-6
clone (MP5-20F3), Gr-1 (clone RB6-8C5), CD11c (clone N418), and CD45 (clone 30-F11). Data were
collected using a Fortessa II flow cytometer (BD Biosciences) and analyzed by FlowJo software (Tree
Star). Human and rhesus macaque PBMCs, monocytes, and decidua cells (1 x 10° cells) were cultured
as above with or without human IFN-$ (250 U/ml) for 6 hours, subsequently mock stimulated or LPS
stimulated (100 ng/ml) for 18 hours, and cytokine levels were quantified by ELISA (Biolegend).

Murine thioglycollate-elicited peritoneal macrophages (EPMs) were generated using standard proto-
cols (92). EPMs (1 x 10° cells/well) were cultured with or without IFN-B (250 U/ml) for 4 hours and
subsequently mock stimulated or stimulated with LPS (100 ng/ml) or poly(I:C) (25 pg/ml) for 2 hours to
determine mRNA expression, or 18 hours to determine cytokine production by ELISA (BD Biosciences).

Type | IFN activity quantification

Type I IFN activity in mouse serum samples or cell culture supernatants was measured with refer-
ence to a recombinant mouse IFN-f using an L-929 cell line transfected with an interferon-sensitive
luciferase construct as previously described (93). Luciferase activity was measured on a SpectraMax
L luminometer (Molecular Devices). IFN-B and IFN-a were also quantified using specific ELISA kits
(PBL Interferon Source).

Bone marrow transfer

Bone marrow chimeric mice were generated using 8-week-old WT or IFNAR™" recipient mice. Briefly, recipi-
ent mice were conditioned by whole-body irradiation and were reconstituted via tail vein injection of 5 x 10°
bone marrow cells derived from femurs of WT or IFNAR - mice. Peripheral blood chimerism was assessed
by FACS analysis 10 weeks after bone marrow reconstitution, and mice were challenged as indicated.

Gene expression

For quantification of mRNA expression in murine samples, cells/tissues were homogenized in TRIzol (Invi-
trogen), and RNA was extracted and cDNA was generated and quantified as previously described (91) using
a Light Cycler 480 IT (Roche). The following murine primers were utilized: TNF, CCAGACCCTCACACT-
CAGATCA and CACTTGGTGGTTTGCTACGAC; CD68, AATGATGAGAGGCAGCAAGAGG
and CTTCCCACAGGCAGCACAG; CCL2, TGTCTGGACCCATTCCTTCTTG and AGATGCAGT-
TAACGCCCCAC; CCL4, TCTCTCCTCTTGCTCGTGGC and GAATACCACAGCTGGCTTGGA;
TLR4, TGTCATCAGGGACTTTGCTG and TGTTCTTCTCCTGCCTGACA; Cox-2, AATGACCT-
GATATTTCAATTTTCCATC and ACTGGGCCATGGAGTGGAC; IL-6, TGGTACTCCAGAAGAC-
CAGAGG and AACGATGATGCACTTGCAGA.

For mRNA expression in the human maternal/fetal membranes (chorio-amnion-decidua), cDNA
was quantified using human-specific TagMan gene expression primers (Thermo Fisher Scientific). IL6,
Hs00985639_m1; TNF, Hs99999043_m1; IFNBI: Hs01077958_s1 (TagMan — Applied Biosystems/Fisher
Thermo Scientific). Average mRNA values are fold increases over the average value for chorio-negative
samples after internal normalization to the housekeeping 18S RNA.

Statistics

Data were analyzed by ANOVA followed by Tukey’s correction, or Mann-Whitney test in Prism 5a (Graph-
Pad Software, Inc.) as appropriate. A P value less than 0.05 was considered significant. In vivo serum cyto-
kine values were normalized to LPS (25 ug) challenge as appropriate and expressed as the fold change. In
vitro supernatant cytokine levels were normalized to LPS (100 ng/ml) and expressed as the fold change. All
values are represented as means + SEM or as percentage of term birth or PTB induction.
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Study approval

All studies were performed in accordance with the procedures outlined in the NIH Guide for the Care and
Use of Laboratory Animals and approved by the CCHMC IACUC. All rthesus macaques (Macaca mulatta)
studies were approved by the ITACUC at the University of California, Davis. All human studies were per-
formed under CCHMC IRB-approved protocols.
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