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Interleukin (IL)-18 is an important effector of innate and adaptive
immunity, but its expression must also be tightly regulated because it
can potentiate lethal systemic inflammation and death. Healthy and
septic human neonates demonstrate elevated serum concentrations
of IL-18 compared with adults. Thus, we determined the contribution
of IL-18 to lethality and its mechanism in a murine model of neonatal
sepsis. We find that IL-18-null neonatal mice are highly protected
from polymicrobial sepsis, whereas replenishing IL-18 increased lethal-
ity to sepsis or endotoxemia. Increased lethality depended on IL-1 re-
ceptor 1 (IL-1R1) signaling but not adaptive immunity. In genome-wide
analyses of blood mRNA from septic human neonates, expression of
the IL-17 receptor emerged as a critical regulatory node. Indeed, IL-18
administration in sepsis increased IL-17A production by murine intesti-
nal y3T cells as well as Ly6G" myeloid cells, and blocking IL-17A reduced
IL-18-potentiated mortality to both neonatal sepsis and endotoxemia.
We conclude that IL-17A is a previously unrecognized effector of
IL-18-mediated injury in neonatal sepsis and that disruption of the
deleterious and tissue-destructive IL-18/IL-1/IL-17A axis represents
a novel therapeutic approach to improve outcomes for human
neonates with sepsis.

IL-18 | IL-17 | sepsis | neonate | pathogenesis

our of every 10 neonates that develop sepsis die or experience

major disability, even with timely antimicrobial therapy (1).
Interleukin (IL)-18 is an effector of innate immunity and a
proinflammatory cytokine canonically produced by the inflamma-
some from its inactive precursor form (2) and known to increase
polymorphonuclear neutrophil (PMN) phagocytosis, reactive oxygen
species (ROS) production, and bactericidal function (3). Uninfected
prematurely born infants, who suffer the greatest degree of sepsis
morbidity and mortality among neonates, can have elevated serum
levels of IL-18 that exceed those in healthy uninfected adults (4, 5),
but how this increase may predispose these infants to adverse
infectious outcomes has not been defined.

In adults, IL-18 from endogenous or exogenous sources may
be deleterious by inducing hypotension (6), generating acute lung
injury (7), and driving substantial inflammation (8) leading to shock,
organ failure, and death (9). In contrast, some studies have shown a
critical positive role for IL-18 in the adult host response to Pseudo-
monas pneumonia (3, 10). The survival benefits of combined IL-18/
IL-1p targeting were demonstrated recently in septic shock, but that
study did not investigate the primary contributor to deleterious
outcomes in murine sepsis, nor did they establish the mechanism
of effect (11).

Here we demonstrate that IL-18-mediated inflammation induces
IL-17A production in the neonate and that disruptions of IL-18, IL-1

www.pnas.org/cgi/doi/10.1073/pnas.1515793113

receptor 1 (IL-1R1), or IL-17 signaling represent novel therapeutic
approaches to improve outcomes for human neonates with sepsis.
First, we demonstrate a significant improvement in survival in
neonatal sepsis with IL-18 gene deletion and a dose-dependent
increase in lethality caused by sepsis or endotoxemia with IL-18
administration. Exogenous IL-18 challenge given to mimic the
preterm human condition dramatically enhanced the murine neo-
natal systemic inflammatory response to sepsis, disrupted small
bowel architecture, and increased i.p. bacterial load and bacteremia
but did not alter the function of myeloid cells or their recruitment to
the peritoneal cavity. IL-18-mediated mortality in sepsis was in-
dependent of mature B and T cells or IL-1p but was dependent on
intact IL-1R1 but not IL-1f signaling. We confirmed the relevance
of these murine findings in human neonates in whom strong evi-
dence of IL-18/IL-17 pathway activation was found via whole-blood
genome-wide transcriptomic profiling. Exposure to IL-18 in murine
neonates with sepsis dramatically increased early plasma IL-17A
protein and IL-17A mRNA in the gut (myeloid and lymphoid
origin) and lung (lymphoid origin). IL-17 mRNA production in
IL-18—exposed septic neonatal mice was IL-1R1-dependent in

Significance

Infants born prematurely suffer the greatest incidence of and
impact from sepsis among all age groups. Therapeutic interven-
tions aimed at reducing morbidity and mortality in this vulnerable
population have been unsuccessful. Interleukin (IL)-18 is a proin-
flammatory member of the IL-1 superfamily. Serum IL-18 concen-
trations in uninfected premature infants are increased as compared
with healthy adults. We show that IL-18 in the setting of sepsis
results in gut injury, a potentiation of the host’s inflammatory
response, increased bacteremia, and mortality mediated by IL-1
receptor 1 (IL-1R1)-dependent IL-17A produced by y8T and
myeloid cells. The discovery of this novel IL-18/IL-1R1/IL-17A
axis brings new hope for therapeutic interventions that target
downstream IL-17A and ultimately reduce the increased mor-
tality from sepsis in this understudied population.
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the lung and gut. Finally, we show that genetic or pharmacologic
targeting of IL-17 signaling prevented the enhancement of sepsis
mortality by IL-18. These data bring renewed hope for a re-
duction in neonatal sepsis mortality and have broad implications
for our understanding of IL-18-mediated immune responses in
both human and animal biology.

Results

Interleukin-18 Is a Critical Mediator of Lethality in Neonatal Sepsis.
Survival among IL-18-null (IL-187~) neonatal mice was dramati-
cally improved over WT neonates with polymicrobial sepsis (76%
versus 32%, P < 0.05 by Fisher’s exact test) (Fig. 14), indicating
that endogenous IL-18 plays a critical adverse role in neonatal

any effect of IL-18 deletion alone in adults after polymicrobial
sepsis induced by cecal ligation and puncture (CLP) (12). Of note,
sepsis modeling using cecal slurry (CS) results in a much more
robust early systemic inflammatory response than seen with CLP;
this robust response may contribute to the differences in survival
seen between IL-187'~ neonates and adults (13). Administration of
IL-18 protein to IL-187~ neonates abrogated the advantage in
sepsis survival (Fig. 1B).

Because uninfected preterm human neonates can manifest circu-
lating concentrations of IL-18 notably higher than those in healthy
adults (4), we tested the effect of increasing doses [1-50 ng/g body
weight (BW)] of recombinant IL-18 in WT neonatal mice with
concomitant septic challenge (Fig. 1C). IL-18 supplementation

sepsis. This finding in neonates is in stark contrast to the absence of  in the absence of sepsis had no effect on survival at doses up
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Fig. 1. (A) Sepsis survival for IL-18/~ (76%) and WT (32%) mice given an LD, of CS (1.3 mg/g); *P < 0.05 by Fisher’s exact test. (B) IL-18~~ neonatal mice were
concurrently challenged with an LDs (1.0 mg/g) of CS and complementation with systemic (i.p.) IL-18 at the doses indicated or PBS. (C) Neonatal mice were
concurrently challenged with an LD4 (0.9 mg/g) of CS and received IL-18 i.p. at the doses indicated or PBS. Doses of IL-18 up to 1 pg/g did not result in
mortality or signs of iliness. (D) WT neonatal mice were challenged with an LD (1.3 mg/g) of CS and received IL-18 at doses and times relative to CS challenge
as indicated. Results are reported as the survival difference (%) between PBS-exposed and IL-18-exposed septic mice at 5 d after CS. Each experiment had a
minimum of 10 mice per group; data shown represent combined data from at least two independent experiments. (E) I.p. administration of LPS (10 pg/g) or IL-
18 (50 ng/g) alone did not result in neonatal mortality. IL-18 potentiated LPS-mediated mortality at all doses tested. (Left) Escalating LPS (1, 3, 5, 10 ug/g) with
static IL-18 (50 ng/g); n > 5 mice per group. (Right) Escalating IL-18 (5, 10, 25, 50 ng/g) with static LPS (10 pg/g); n > 5 mice per group. All results represent
combined data from at least two independent experiments. (F) RAG1~~ neonatal mice were concurrently challenged with an LDs, (1.0 mg/g) of CS and IL-18
(50 ng/g) or PBS (50 pL). RAG1™~ mice that received IL-18 had greater sepsis mortality than those that received PBS (53% vs. 12%, P = 0.03 by Fisher’s exact
test). Results are representative of two independent experiments with similar results. (G) IL-1R1~~ neonatal mice were concurrently challenged with an LD
(1.3 mg/g) of CS and either IL-18 (50 ng/g) or PBS (50 puL). IL-TR1™~ neonates did not demonstrate a decrease in sepsis survival following IL-18 administration
versus PBS administration (74% vs. 71%). Results shown are combined data from two independent experiments with similar results.
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Fig. 2. (A) Reduction in bacterial colonization at 16 h (before any mortality in either group) in IL-187~ mice compared with WT mice. *P < 0.05 by Wilcoxon signed-
rank test. (B) IL-18—challenged WT mice had greater peritoneal bacterial loads than PBS-treated mice at 6 h and a trend toward greater load at 4 h. Results from
individual mice in each group and median with interquartile range shown. *P < 0.05 by Wilcoxon signed-rank test. (C) IL-18-exposed septic WT neonatal mice showed
a significant increase in bacteremia at 4 and 6 h postsepsis compared with PBS-treated septic controls. *P < 0.05 by Wilcoxon signed-rank test. (D and E) Because
peritoneal and blood bacterial loads were increased following IL-18 challenge concurrent with sepsis, we examined peritoneal CD11b™ effector cell recruitment
(D; median with range shown) and function (E£; mean fluorescence intensity is shown on the x axis) for septic mice treated with either PBS or IL-18. Neonatal peritoneal
washes were pooled from 10 animals per group for each of the three independent experiments. Functional results shown are representative of three independent
experiments. (F-/) H&E staining (magnification: 200x) of neonatal small bowel (ileum) from healthy sham (PBS)-treated animals (F), 6 h after IL-18 exposure alone (G),
6 h after sepsis (H), and 6 h after sepsis with IL-18 challenge (/). (/ and K) Gross appearance of small bowel from each group 6 h after exposure as shown (J) and gut
injury score for each respective group (K). Results shown are representative of findings in at least three animals per group from at least two independent experiments.
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Fig. 3. (A and B) Plasma IL-18 and IL-18BP from human (A) and murine (B) neonates. *P < 0.05 by Wilcoxon signed-rank test. Individual values and median and
interquartile ranges are shown. (C) Relationship between gestational age and plasma IL-18/CRP concentrations among septic human neonates. Linear regression for
IL-18 (slope —6.8 + 2.2, P = 0.004) and CRP (slope 2.3 +2.2, P = 0.32). (D) Ingenuity Pathway Analysis was used to examine the expression of genes from neonates with
sepsis with >1.5-fold change over uninfected infants. IL-17RA emerged as the most critical regulatory network with a consistency score of 23.4.

to and including 1 pg/g BW in healthy neonatal mice (Fig. 1C).
Although the lowest dose of IL-18 (1 ng/g BW) decreased sepsis
survival from 67% (in sham-treated septic neonates) to 57%, and
highest dose of IL-18 (50 ng/g BW) decreased survival to 11% (P <
0.001 by Fisher exact test). This worsening outcome of neonatal
sepsis by exogenous IL-18 in WT mice raised the question of the
temporal effect of IL-18 on the progression of neonatal sepsis.
Challenge with IL-18 24 h presepsis and 2, 4, and 6 h postsepsis had
consistently adverse effects on survival (Fig. 1D). Because endotoxin
(LPS) is the key virulence factor of Gram-negative bacteria, a
common cause of lethal neonatal sepsis (14), we examined the
impact of IL-18 administration on the outcome to LPS-induced
endotoxic shock (Fig. 1E). Addition of IL-18 to LPS increased its
lethality at all doses tested, indicating a deleterious potentiation
of the inflammatory response to endotoxin. In contrast, chal-
lenging WT neonates with LPS alone at doses up to 10 pg/g BW
was not associated with any mortality.

E2630 | www.pnas.org/cgi/doi/10.1073/pnas.1515793113

Because neonates possess an immature adaptive immune system
(15), we hypothesized that the deleterious effects of IL-18 were
through innate immune mechanisms. Of note, we previously
showed that sepsis survival in neonates, in stark contrast to adults, is
not exacerbated by deletion of the adaptive immune system [i.e., by
recombination activating gene 1 (RAGI~'~) deletion] (16). We
subsequently evaluated whether the deleterious effects of IL-18
would be maintained in RAGI™"~ neonates. Consistent with our
hypothesis, RAG1™'~ neonates treated with IL-18 also demon-
strated a decrease in survival compared with untreated neonates
(12% versus 53%, P = 0.03 by Fisher’s exact test) (Fig. 1F), indicating
that mature T or B cells are not required for IL-18-induced lethality.

Because IL-18 may increase IL-1p transcription alone (17) or
in the setting of concordant inflammation (18), and the combination
of IL-18 and IL-1p may be synergistically harmful (11), we exam-
ined the impact of IL-18 challenge in TL-1R1-null (IL-IR17") neo-
natal mice with sepsis. In contrast to findings in WT mice, lethality in

Wynn et al.
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Fig. 4. Plasma inflammatory response following sham injection (50 pL PBS) and after treatment with IL-18 (50 ng/g), CS (LDy), or CS plus IL-18. All plasma
inflammatory mediator measurements occurred before mortality in any group. Values are shown as medians with interquartile ranges. n = 5 animals per
group per time point. *P < 0.05 for CS + IL-18 vs. CS alone by two-way ANOVA.

IL-1R17~ neonates was not augmented by IL-18 administration
(74% versus 71%) (Fig. 1G). However, IL-1p-null (IL-1p7") mice
were not similarly protected from lethality associated with IL-18 and
LPS administration (survival 16%, n = 38; WT survival 21%, n = 39,
P =0.77) or IL-18 administration during sepsis (survival 21%, n = 14;
WT survival 15%, n = 13, P = 1.0) (SI Appendix, Fig. S1 A and B).
Taken together, these findings illustrate that the increased IL-18-
mediated mortality in sepsis is independent of mature B and T cells
or IL-1p but is dependent on intact IL-1R1 signaling.

The Deleterious Mechanisms of IL-18 in Neonatal Sepsis. The en-
hancement of phagocytic cell function by IL-18 in infected adult
mice with burns (3) led us to examine whether mortality in neonates
was associated with changes in host protective immunity and
whether bacterial clearance was modified in IL-18 deficiency. Sur-
prisingly, we found that IL-187~ mice with sepsis had significantly
less bacteremia at 16 h postsepsis (before any mortality) than septic
WT mice (Fig. 24). Administration of IL-18 to septic neonatal mice
did not improve protective immunity but significantly raised i.p.
bacterial load at 6 h postsepsis (P < 0.05) (Fig. 2B) and bacteremic
load at 4 and 6 h postsepsis (P < 0.05) (Fig. 2C). Of note, IL-18
treatment did not impair the local recruitment (Fig. 2D) or function
(phagocytosis/ROS  production) of neonatal myeloid (CD11b%)
cells (Fig. 2E), which were predominantly PMNs (>80%
Ly6G*CD11b"), consistent with our previous report (19).
Because the small bowel is especially sensitive to sepsis-induced
organ injury (20), we examined the gross phenotype and histology
of the small bowel to determine whether IL-18 exaggerates sepsis-
associated disruption of the intestinal architecture. In contrast to
ileum in healthy and IL-18—treated neonates (Fig. 2 F~G and J-K),
the ileum after sepsis showed gross evidence of injury (Fig. 2/) as
well as histologic evidence of progressive separation of the villi
from the thickened basement membrane without substantial changes
in villus structure (Fig. 2 H and K). IL-18 delivery to neonatal mice
with sepsis caused substantially greater disruption of villous archi-
tecture and hemorrhage (Fig. 2 /-K) that was readily apparent on
gross examination (Fig. 27). Thus, delivery of IL-18 aggravated the
disrupted small bowel architecture in the setting of sepsis.

Human Neonates with Sepsis Exhibit IL-18 and IL-17 Signaling in
Peripheral Blood. To verify the potential translational value of
these experimental findings, we examined our recently collected
transcriptomic analysis of the host response to sepsis in neonates
(21). Among hospitalized infants prospectively evaluated for sepsis,
plasma levels of both IL-18 and IL-18 binding protein (IL-18BP)

Wynn et al.

were significantly elevated in those that developed sepsis (n = 37)
compared with those determined not to have sepsis (n = 31) (Fig.
3A4). Clinical characteristics of the neonates studied are shown in S7
Appendix, Table S1.

Because preterm neonates (born before 37 wk completed ges-
tation) suffer the majority of the mortality with neonatal sepsis, we
examined the relationship between plasma IL-18, C-reactive protein
(CRP), and birth gestational age among patients in our human
cohort (21). We identified an inverse correlation between gesta-
tional age and plasma IL-18 in infants with sepsis and a comparable
degree of systemic inflammation (P = 0.004, * = 0.19) (Fig. 3C).
These findings demonstrate that IL-18 signaling is activated with
neonatal sepsis and that preterm septic neonates harbor relatively
more IL-18 in circulating blood than their term counterparts with
similar systemic inflammation.

To identify the key canonical networks in human neonates
with sepsis, we examined whole-blood genome-wide expression
on peripheral blood from infants with sepsis and compared the
results with those in uninfected infants (21). Average gene expres-
sion was elevated for IL-18 (1.5-fold), IL-18R1 (4.5-fold), and IL-
18RAP (threefold) among neonates with sepsis (P < 0.05 for each
compared with uninfected infants). To garner the potential down-
stream mechanism(s) by which IL-18 may induce its detrimental
effects, we used Ingenuity Pathway Analysis software to identify
potential regulatory networks. Intriguingly, the IL-17 receptor
pathway emerged as a top regulator effect network among neonates
with sepsis, a finding that suggests that alterations in IL-17 signaling
may have occurred in these infants (Fig. 3D). Taken together, these
data support a previously unexplored transcriptomic link between
IL-18 and IL-17 in the peripheral blood of human neonates, and
especially preterm neonates, with sepsis.

IL-18 Delivery Amplifies IL-17A Production in Neonatal Sepsis. We
verified from human neonatal blood analysis that IL-17 signaling
represents a deleterious effector in neonatal sepsis. Following
exposure to IL-18, polymicrobial sepsis, or polymicrobial sepsis
with IL-18, plasma IL-17A from neonatal mice emerged as the
earliest and most synergistically induced protein (33- and 143-fold
increases at 4 and 6 h, respectively) among the inflammatory cy-
tokines measured in septic mice treated with IL-18 as compared
with septic controls (P < 0.05 by two-way ANOVA) (Fig. 4). We
found no significant changes in plasma IL-12p40 (Fig. 4), IL-12p70,
or IL-6 (S Appendix, Fig. S1C), but IL-1p was increased at 6 h, and
IL-10 was reduced at 8 h in septic mice administered IL-18 as
compared with septic controls. Predictably, IL-18 exposure, in
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Fig. 5. (A) Small bowel (ileum) was harvested from neonatal mice at the time points shown following exposure to IL-18 (50 ng/g), CS (LDo), or CS + IL-18 and were
examined for IL-17A mRNA by RT-PCR. *P < 0.05 by two-way ANOVA (CS + IL-18 versus CS alone or IL-18 alone). Data are shown as medians with interquartile ranges
and are representative of technical duplicates and three independent experiments. (B) IL-17A mRNA was measured in lung 60 min after exposure to IL-18 alone, CS,
or CS + IL-18 (*P < 0.05 by two-way ANOVA). Data shown are medians with interquartile ranges and are representative of technical duplicates and three in-
dependent experiments. (C) Organs shown were harvested from WT neonatal mice (P5-7) 60 min after exposure to IL-18 alone (50 ng/g), CS, or CS + IL-18 and were
examined for IL-17A mRNA by RT-PCR. (D) Lung and gut were harvested from IL-1R17"~ neonates 60 min after stimulation as shown and were examined for IL-17A
mRNA by RT-PCR. () Lung and gut were harvested from RAGT~~ neonates 60 min after stimulation as shown and were examined for IL-17A mRNA by RT-PCR. Data
are shown as medians with interquartile ranges and are representative of technical duplicates and three independent experiments. (F) Lungs from IL-17A-GFP
reporter neonatal mice were harvested 2 h after stimulation with PBS or sepsis (LD;0) + IL-18 (50 ng/g). The histogram shows an overlay of the CD3*GFP* cells
indicating an increase in the IL-17A GFP reporter induced by sepsis + IL-18. Increased GFP expression occurred exclusively in CD3*CD4™ cells. Immunocytochemistry
revealed that the GFP* cells in the lung coexpressed TCRy and CD3. White boxes indicate areas shown at higher magnification in the Inset (Upper) and on the Right
(Lower). (G) An increase in GFP* cells that expressed either CD3*CD4 TCRyS* or CD11b* was identified in the ileum and localized to the lamina propria in septic
neonates treated with IL-18. White boxes indicate areas shown at higher magnification.

combination with sepsis, induced a significant increase in IFN-y  two-way ANOVA) (Fig. 54). The identification of the small bowel
and CXCL10 at 6 and 8 h over sepsis alone (22). A similar in- as a prominent source of IL-17A expression complements our
duction of CXCL10 and IFN-y were demonstrated when IL-18  evidence of significant intestinal injury in murine neonates linked
(50 ng/g BW) was administered to healthy neonates, and no mor-  to potential microbial translocation in IL-18—potentiated neonatal
tality was generated. sepsis. Similar to IL-17A mRNA production in the small bowel,

IL-17A mRNA was significantly elevated in lung (32-fold) over
Cells in the Lamina Propria and the Lung Parenchyma Produce IL-17A.  septic controls and 1L-18 administration alone (Fig. 5B) but was
The plasma IL-17A response that we observed following treatment  not significantly altered in the brain, heart, kidney, liver or spleen
of septic mice with IL-18 was early and robust. Hence, we searched  of septic neonatal mice that received IL-18 as compared with mice
for potential sources of IL-17A in neonates by examining tissues  treated with IL-18 or sepsis alone (Fig. 5C). Because IL-1R17~
commonly injured by sepsis. We found that the small bowel was a  mice were protected from the deleterious effects of IL-18 with
significant source (15-fold over sham treatment) of IL-17A mRNA  sepsis, we also examined IL-17A mRNA production in the gut
at 60 and 90 min postsepsis in septic neonatal mice treated IL-18 as  and lung from IL-18-treated septic neonatal IL-1R1~~ mice. In
compared with either IL-18 treatment or sepsis alone (P < 0.05 by  contrast to WT mice, IL-1R17~ mice demonstrated minimal IL-17A
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mRNA production following IL-18 treatment and sepsis (Fig. 5D).
These results are consistent with previous reports that IL-18 can
drive IL-1 and that blockade of both IL-18 and IL-1 is associated
with an increase in sepsis survival (11) and substantially bridge the
gaps in our mechanistic understanding of how IL-18 participates in
this inflammatory pathway.

To identify the cellular sources of IL-17A mRNA in the gut, we
first examined septic RAGI ™~ neonates treated with IL-18. Al-
though the IL-17A transcript from the intestine of RAGI™~ neo-
nates remained robust, IL-17A expression was greatly attenuated in
the lung as compared with WT mice (Fig. 5E). Using an IL-17A-
GFP reporter mouse, we identified only CD3"CD4™ cells in the
lung parenchyma that coexpressed GFP (Fig. SF and SI Appendix,
Fig. S1H). Immunocytochemistry revealed that the GFP* cells in
the lung coexpressed TCRy and CD3. In ileum, both CD11b*- and
CD3*CD4 TCRy " -expressing GFP* cells localized to the lamina
propria in septic neonates treated with IL-18 (Fig. 5G). Enriched
PMNs from healthy murine neonatal bone marrow (SI Appendix,
Fig. S1D) produced IL-18 mRNA when exposed to LPS or the
combination of LPS and ATP (SI Appendix, Fig. S1E). IL-17A
mRNA and p38 phosphorylation were increased with exposure to
IL-18, LPS, or the combination of LPS and IL-18 (S Appendix, Fig.
S1 F and G).

Targeting of IL-17A Prevents the Enhancement of Sepsis Mortality by
IL-18. Our data indicated that increased IL-17A expression was
associated with the deleterious effects of IL-18 in neonatal
sepsis. Thus, blockade of IL-17A signaling may have potential
therapeutic benefit. Studies in adult mice have produced con-
flicting results on the impact of targeting IL-17 in sepsis and did
not examine upstream IL-18 (23, 24). Immunohistochemistry of
the intestine of sham (PBS)-treated neonatal mice reveals very
limited mature IL-la and CD45 (Fig. 64). In contrast, septic
neonatal mice treated with IL-18 (50 ng/g) demonstrated clear
increases in mature IL-1a (in the same region where the IL-17A-
GFP signal was noted) and CD45 expression. Next, we demon-
strated that, similar to IL-18, IL-17A potentiates LPS mortality
in a dose-dependent manner (Fig. 1E and SI Appendix, Fig. S1I).
Next, we disrupted the IL-18/IL-17A axis by targeting the IL-17
receptor A (IL-17RA) and assessed its impact on neonatal sepsis
mortality. A single dose of anti-IL-17RA (10 pg/g BW) signifi-
cantly ablated the deleterious effects of IL-18 on sepsis mortality
as compared with similar mice treated with isotype control (54%
vs. 24%, P < 0.05 by Fisher’s exact test) (Fig. 6B). IL-17RA
blockade (in WT mice) or IL-17A deletion also had a simi-
lar effect on IL-18—potentiated endotoxin-induced mortality
(Fig. 6C). We recognize that blockade of IL-17RA also may
reduce IL-17F signaling. However, as predicted by our prior
experimental results (Fig. 6 B and C), the increase in sepsis mortality
associated with IL-18 treatment was completely abrogated in
IL-17A7" mice (Fig. 6D). Although there was a significant reduction
in IL-18-—potentiated sepsis mortality following IL-17 receptor
blockade, the degree of rescue was not equivalent to the magnitude
of increased mortality created with IL-18. These data suggest that
the impact of IL-18 on sepsis mortality is multifactorial, including the
potential role of nonculturable bacteria released from injured in-
testine, but certainly includes a robust inflammatory response pre-
dominated by IL-17A. Finally, we found mice lacking TCRS, which
are deficient in production of deleterious IL-17A by y8T cells, were
protected from IL-18-potentiated sepsis (Fig. 6F). Overall, targeting
IL-17 provides substantial protection during sepsis associated with
the inflammatory stress that is enhanced in the presence of IL-18, as
is the case in the most preterm and at-risk infants (Fig. 3C) (4).

Discussion

Our understanding of the newborn immune system is complicated
by its immaturity, the presence of suppressive factors not present in
adults, and its reliance on distinct host defense mechanisms that are

Wynn et al.

either not present or not required for protective immunity in adults.
Uncontrolled activation of inflammatory cascades by the immature
neonatal immune system contributes to the development of cata-
strophic injury in neonatal inflammatory disease, including sepsis,
respiratory distress syndrome, hypoxic brain injury, and necrotizing
enterocolitis (NEC). Defining molecular mechanisms of disease that
contribute to poor outcome in neonatal sepsis is paramount for the
development of novel therapeutics. However, mechanistic analyses
are lacking, particularly throughout development. Although we fo-
cused our studies on neonates because circulating IL-18 levels are
much higher in uninfected human neonates than in adults, our
mechanistic findings have broad implications for IL-18-mediated
inflammatory responses in general.

Increased IL-18 expression has been demonstrated in premature
neonates with brain injury (25) or sepsis (26) and NEC (27).
Intriguingly, gut IL-17A mRNA was increased in experimental
NEC in baboons (28), and recently IL-17A protein was shown to
impair enterocyte tight junctions, increase enterocyte apoptosis,
and reduce enterocyte proliferation leading to NEC in mice (29),
highlighting the potential role of the IL-18/IL-17A axis in other
neonatal inflammatory diseases. The deleterious role of exces-
sive IL-17A, produced by many different cellular sources in-
cluding a subset of y3T cells that can produce IL-17A rapidly via
an IL-1R1-dependent pathway (30, 31), is well established in the
pathogenesis of severe inflammatory and ischemic-injury models,
including sepsis (23, 32, 33). However, the connection we have shown
between IL-18 and downstream IL-1R1-dependent IL-17A pro-
duction in the setting of sepsis clarifies a significant prior gap in our
knowledge and has identified another potential therapeutic avenue.
Although IL-18 and IL-17A play important roles in protective host
defense, the actions of these and other cytokines during sepsis can
become excessive and lead to death. Although long-term blockade
would likely increase the risk of secondary or nosocomial infection,
our data indicate that short-term blockade could prove life saving in
the vulnerable neonatal population. We have presented data that
point to an exaggerated inflammatory response predominated by
IL-17A as the primary mechanism of increased mortality related
to IL-18 exposure, but it remains plausible that LPS and IL-18 may
have caused extraintestinal spread of bacteria that was not detected
by standard culture techniques and that was responsible for in-
creased mortality (34). Further studies are warranted to uncover
other contributory mechanisms to IL-18-mediated injury.

Because IL-22 may promote the production of inactive pro-IL-18
(35), it is possible that human neonates may have a developmental
excess of IL-22-producing cells that contribute to the large
amount of circulating IL-18. Recently, IL-22 mRNA was shown
to be modestly elevated (2- to 2.5-fold) above a fetal baseline in
the intestine of humans with NEC and also elevated 1- to 1.25-
fold above levels in control mice in neonatal mice with NEC
(29). Because IL-18 plays a strongly deleterious role in the set-
ting of sepsis, further studies are needed to determine the fac-
tors, including IL-22, contributing toward IL-18 production
in neonates.

Our findings that deleterious effects of IL-18 require IL-1R1
signaling but are independent of IL-1f suggest that IL-1a signaling
may play a prominent role in this pathway. Pro-IL-1a is ubiquitous
in the cytoplasm and nuclei of healthy cells of skin, mucosal epi-
thelium, liver, lung, kidney, platelets, and endothelium and serves
as an alarmin that can signal via autocrine or juxtacrine pathways
(36). Because IL-17A appears to be a significant end result of in-
creased IL-18 and IL-1a signaling, pharmaceutical targeting of the
IL-17 network may emerge as the preferred candidate for improving
neonatal sepsis survival (37). The contributions of other modulators
of the IL-18 system, such as IL-37, which binds IL-18R1 and inhibits
IL-18 signaling, and IL-1a neutralization are additional opportuni-
ties for future preclinical investigation (38).
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Fig. 6. (A) Immunohistochemistry of intestine of sham (PBS)-treated neonatal mice revealed limited mature IL-1a and CD45 expression. White boxes indicate the
areas shown at higher magnification on the right. In contrast, septic neonatal mice treated with IL-18 (50 ng/g) demonstrated clear increases in mature IL-1a (white
arrows) and CD45 expression. (B) Single-dose IL-17R blockade (10 pg per mouse i.p.) was associated with a significant decrease in sepsis mortality among IL-18—
challenged septic neonates (*P < 0.05 by Fisher’s exact test). (C) IL-17A deletion (IL-17A™") or single-dose antibody-mediated IL-17 receptor blockade (anti-IL-17R) in
WT mice reduced IL-18-augmented LPS mortality (*P < 0.05 by Fisher's exact test). (D) IL-17A™"~ neonatal mice were less susceptible to sepsis than WT mice and also
were protected from the negative impact of IL-18 challenge concurrent with sepsis. (E) TCRS~ mice were less susceptible to sepsis than WT mice and also were

protected from the negative impact of IL-18 challenge concurrent with sepsis.

Materials and Methods

Mice. The Institutional Animal Care and Use Committee at Vanderbilt Uni-
versity approved all studies before their initiation. Specific pathogen-free
male and female C57BL/6 mice (WT and genetically modified) between 6 and
8 wk of age were purchased from The Jackson Laboratory and were allowed
to equilibrate to their environment for a minimum of 7 d before any breeding
or experimental use. Pups aged 5-7 d (P5-7) were considered neonates (13,
16, 19, 39). IL-1p™~ mice on a B6 background were the generous gift Scott
Berceli (University of Florida, Gainesville, FL) and have been described pre-
viously (40). Mixed-sex litters were used for all neonatal studies.

Human Subjects and Sample Processing. The Institutional Review Boards at

Vanderbilt University and Duke University approved all studies before their
initiation. Informed consent was obtained before sample collection. All pa-
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tients and controls were previously reported in microarray-focused study that
addressed a hypothesis different from those of the current report (21).

Additional materials and methods are included in S/ Appendix, S| Materials
and Methods.
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