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ABSTRACT

Preterm birth is the leading cause of infant mortality resulting in over one million neonatal
deaths annually. Maternal urinary tract infection (UTI) during pregnancy increases risk for
preterm birth; however, biological processes mediating UTI-associated preterm birth are not
well-described. We established a murine maternal UTI model in which challenge with
uropathogenic E. coli resulted in preterm birth in about half of dams. Dams experiencing
preterm birth displayed excessive bladder inflammation and altered uteroplacental T cell
polarization compared to non-laboring infected dams, with no differences in bacterial burdens.
Additional factors associated with preterm birth included higher proportions of male fetuses and
lower maternal serum IL-10. Furthermore, exogenous maternal IL-10 treatment absolved UTI-
associated preterm birth but contributed to fetal growth restriction in this model. Using urine
samples from a cohort of human pregnancies with or without UTI, we correlated urinary
cytokines with birth outcomes and urine culture status. These analyses yielded a non-invasive,
highly predictive three-model system for evaluating preterm birth risk implicating cytokines IL-
10, IL-15, IL-1B, and IL-1RA. Our unigue bimodal murine model coupled with patient samples
provides a platform to investigate immunological and microbial factors governing UTl-associated

preterm birth, revealing novel therapeutic opportunities to predict or prevent preterm birth.
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INTRODUCTION

Preterm birth is the leading cause of neonatal mortality, impacting 15 million births and resulting
in 1 million deaths annually(1). Surviving infants are subject to physical, neurodevelopmental,
and socioeconomic sequelae. Up to 40% of preterm births are attributable to maternal or fetal
infection, including urinary tract infection (UTI)(2—4). Of note, maternal UTI is highly prevalent,
affecting 1 in 10 pregnancies(5). Several maternal factors, including physiological, hormonal,
and socioeconomic aspects, may contribute to higher UTI incidence(6). Maternal immunological
adaptation to support the fetus during pregnancy may also elevate UTI risk(7—9); however, the

impact of pregnancy on bladder immunity has not been described.

UTI in pregnancy is associated with increased risk of adverse outcomes including preterm birth,
intrauterine growth restriction, stillbirth, and neonatal sepsis(4, 10, 11). Despite abundant clinical
correlations, there is limited data exploring this relationship mechanistically, in part due to lack of
animal models that mimic clinical presentation in humans. A mouse model of maternal
pyelonephritis with uropathogenic Escherichia coli (UPEC), the cause of 70% of UTIs, resulted
in preterm birth in 90% of dams; however, this model found extensive placental and fetal
bacterial invasion and maternal bacteremia and may not represent the impact of localized
bladder inflammation(12). An outbred cystitis model observed increased uteroplacental immune
infiltration upon infection and intrauterine growth restriction in pups born to infected dams;
however, no preterm birth was detected(13). Furthermore, UTI has recently been shown to
induce neutrophilic inflammation in mammary tissue of lactating mice(14). These latter studies
support the role of localized bladder infection on distal tissue inflammation at sites critical for

maternal-neonatal health.

Immunological tolerance during pregnancy, essential to prevent rejection of the semi-allogeneic
fetus, is driven by type 2 and regulatory T helper cells(9). At parturition, inflammatory immune

cells, such as cytotoxic and type 17 T helper cells, neutrophils, and macrophages, infiltrate the
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uteroplacental space, where they secrete interleukin (IL)-18, IL-6, and matrix metalloproteinases
that contribute to uterine contractility and fetal membrane rupture(15). Untimely recruitment of
these cells has been implicated in infection-associated and spontaneous preterm birth(15). Sex-
specific placental immune responses have been described in animal models and clinical
studies, with heightened inflammation in males offspring(16—18). This is consistent with worse
clinical outcomes for male neonates, with notable increased risk of preterm birth and neonatal

morbidity(1, 19, 20).

Here, we describe a mouse model of UTI-associated preterm birth. This model recapitulates
clinical manifestations of maternal UTI including preterm birth and intrauterine growth restriction
in a subset of individuals, allowing us to investigate the impact of localized maternal
inflammation on reproductive physiology and outcomes. Using this model, we describe
immunological differences in the pregnant and non-pregnant bladder. We further find disparate
bladder, systemic, and uteroplacental inflammation in preterm and non-preterm infected dams
during acute UTI. These findings are supported by a cross-sectional human cohort of pregnant
and non-pregnant UTI, in which we identify urinary biomarkers associated with preterm birth and
low birth weight. These findings advance our understanding of how pregnancy modulates the
immune response to UTI, while identifying biomarkers and therapeutic opportunities to predict or

prevent UTl-associated preterm birth.

RESULTS

Maternal UTl induces preterm labor and intrauterine growth restriction

To establish a model of maternal UTI, time-mated dams were transurethrally infected with 5e7
colony forming units (CFU) bacteria on embryonic day (E)13.5 and monitored daily for signs of
preterm birth (e.g. vaginal bleeding, passage of fetal tissue or amniotic fluid) until E17.5 (Figure

1A). Roughly 40% of dams exhibited signs of preterm labor within 4 hours of infection with
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94 UTI89, a well-characterized cystitis E. coli strain, compared to 0% in mock-infected dams
95  (Figure 1B). UTI89, isolated in 1992 from a non-pregnant individual(21), may not accurately
96 represent currently circulating UPEC, or pregnancy or preterm birth-related strains.
97  Furthermore, E. coli evolves rapidly and has a broad pangenome(22). Given this, we selected
98 two novel UPEC isolates, SL2 and SL323, isolated from pregnant human urine in 2023. SL2
99 was isolated from a patient with asymptomatic bacteriuria (ASB) who delivered at term
100  gestation, while SL323 was from a symptomatic UTI patient who delivered preterm at 28 weeks
101  of gestation. Similar to UTI89, 50% of dams infected with SL323 displayed preterm birth
102 symptoms within four hours of infection (Figure 1B). On the other hand, ~80% of dams infected
103  with SL2 exhibited signs of preterm birth, although onset was delayed until 1.5 days post-
104  infection in some cases (Figure 1B). Initiation of preterm birth did not require viable bacteria, as
105  UV-inactivated UTI89 was sufficient to induce preterm birth (Figure 1C). Moreover, group B
106  Streptococcus (GBS), the most common Gram-positive bacterium associated with ASB in
107  pregnancy(23), also induced preterm birth in a subset of dams confirming this phenotype was
108  not specific to UPEC (Figure 1C). Interestingly, a genetic knockout line for Tamm-Horsfall
109  protein, shown to be more susceptible to UPEC UTI(24) exhibited similar preterm birth

110  incidence in this model (Figure S1).

111 Urosepsis is an increased and urgent complication of UTI in pregnancy(25). In this murine

112 model, bacteremia following infection was rare and frequency did not significantly differ between
113  groups (Figure 1D). Because the impact of systemic maternal inflammation on birth outcomes
114  has been well-described(7), we sought to characterize the effects of localized urinary infection
115 on maternofetal health; therefore, bacteremic dams were excluded from all subsequent

116 analyses. Increased risk of neonatal complications, such as stillbirth, fetal growth restriction, and
117  neonatal sepsis, are associated with maternal UTI(4, 10, 11). Using gross morphological

118 assessment, we detected adverse fetal morphologies (reabsorption, fetal demise, fetal necrosis)
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119  more frequently in infected dams with preterm birth compared to non-laboring infected dams at
120  four hours post-infection (Figure 1E). Although no differences in the rate of adverse

121  morphologies was observed between infected dams and mock-infected controls at E17.5, fetal
122 growth restriction was evident in the infected group (Figure 1F). To determine if there were

123  postnatal impacts, we allowed dams to give birth and monitored pups out to postnatal day 7.
124  There was no difference in pup survival (Figure 1G) or average litter size (Figure 1H). Most
125  pups born to infected dams were intestinally colonized with UPEC, and a quarter of them (6/25)
126  had UPEC disseminated to the liver (Figure 1I). Most dams exhibited urinary and reproductive
127  tract colonization although total burdens varied across time points (Figure S1). Growth

128  restriction in pups from infected dams was maintained at postnatal day 4 and 7 (Figure 1J-K).
129  Overall, this model demonstrates multiple features of UTl-associated pregnancy complications
130  in humans, including sporadic preterm birth and in utero growth restriction, in the absence of

131  maternal systemic infection.

132 Bladder inflammation during UTl is altered in pregnancy

133 There are several proposed reasons for increased risk for UTI in preghancy, including

134  anatomical and hormonal drivers of susceptibility(26). Pregnancy-associated systemic

135  immunological changes are well-documented(7); however, the impact of pregnancy on bladder
136  mucosal immunity remains unexplored. Using this murine model of maternal UTI, we examined
137  the impact of pregnancy on the acute bacterial burdens and immune response to infection. Non-
138  pregnant and pregnant mice (E13.5) were transurethrally infected with UTI89 and urinary and
139  reproductive tract tissues were collected four hours post-infection. Bacterial burdens were

140  similar in bladder and kidneys, and there were no differences in dissemination to the

141  reproductive tract between pregnant and non-pregnant mice (Figure 2A). Additionally, we

142  observed UPEC dissemination to the ileal lymph node, a shared draining lymph node between

143  the urinary bladder and uterus(27), in a subset of pregnant dams that was not detected in non-
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144  pregnant mice (Figure 2B)(26). Bulk RNA sequencing and Reactome pathway analyses

145  revealed 52 differentially regulated pathways, including an increase in MHC class Il antigen
146  presentation pathways in pregnant infected bladders compared to non-pregnant infected

147  bladders, but a decrease in antigen cross presentation, antigen sensing (TLR4 and TLR9

148  cascades, C type lectin receptors), downstream TCR signaling, and signaling by interleukins
149  (Figure 2C, Supplemental Table 1). Interestingly, we observed differential expression of

150 several adhesins (Ceacaml14, Ceacam3, Gm5155, and Psg18), known to be expressed in the
151  placenta(28-30), but with unknown function in the bladder (Figure 2D). To determine if

152  transcriptional differences translated to altered immune cell populations, we performed flow
153  cytometry on whole bladders (determined according to gating scheme in Figure S2). In line with
154  transcriptional profiling, we observed increased CD45+ proportions in nonpregnant bladders
155  (Figure S2), marked by a significant decrease in dendritic cells (DC) in pregnant bladders

156  during infection (Figure 2E). While IL-2 and IL-3 were elevated in the pregnant bladder,

157  circulating RANTES was decreased in pregnant mice, supporting altered T cell transcriptional
158  behavior (Figure 2F-H). Twenty other cytokines were measured with no significant differences
159  (Figure S3). Together, these results indicate a general reduction in antigen sensing in the

160  pregnant bladder during UTI.

161  Preterm dams experience increased acute inflammation in the bladder

162  Given the bimodal outcomes of either preterm birth or sustained pregnancy following bacterial
163  inoculation, we interrogated whether infection dynamics or immune factors distinguished these
164  groups. At four hours post-infection, urinary tract bacterial burdens were not different between
165 dams exhibiting signs of preterm birth and those that were not (Figure 3A). Both infected

166  groups demonstrated transcriptional upregulation of placenta-associated adhesins (Ceacam3,
167 Ceacamll, Gm5155, Psg18) in bladders compared to mock pregnant controls as measured by

168  bulk RNA sequencing, suggesting pregnancy-specific factors modify the immune response to
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169 infection at distal sites such as the bladder (Figure 3B). Transcriptional elevation of genes
170 related to antigen sensing and neutrophil recruitment (Clec4e, Cxcl2, Cxcr2, II1b, 1136g),

171  interferon signaling (Ifitl, Isg15, Oas3, Oasll), and alarmins (S100a8, Saa3) occurred in

172 preterm dams compared to control dams, suggesting aberrant inflammation in the preterm

173 bladder (Figure 3B). In line with this, there was significantly greater neutrophil and T cell

174  infiltration in the bladder of preterm dams compared to mock and non-laboring groups (Figure
175  3C). Bladder neutrophils could be visualized in the uroepithelium and submucosa in both

176  preterm and non-laboring dams (Figure 3D) but did not result in significant differences in

177  histopathological scoring, likely due to the short timeframe following inoculation (Figure 3E).
178  Multiplex cytokine analysis showed decreased IFN-y and IL-3 in the bladders of preterm dams
179  compared to non-laboring dams (Figure 3F-H) suggesting altered T cell activation. Consistent
180  with our transcriptional results, S100a9 protein was not differentially detected between preterm
181  and nonlaboring bladders but was significantly elevated compared to mock when infected

182  groups were combined (Figure 3l). Together, these results suggest excessive inflammatory
183  responses in the bladders of dams exhibiting preterm labor that are either absent or held in

184  check in the subset of dams not undergoing preterm labor.

185  Maternal bladder infection induces uteroplacental inflammation

186  Maternal UTl is associated with various adverse pregnancy and neonatal outcomes, including
187  preterm birth, preeclampsia, fetal growth restriction, and neonatal sepsis, often with the same
188  organism isolated from maternal urine(23, 31-34), indicating localized bladder infection has

189  distal impacts on the maternofetal interface. To characterize bacterial dissemination and

190 reproductive immune responses, we collected maternal vaginal and decidual samples as well as
191  placentae at four hours post-infection. UPEC was detected in the vaginal tract in most dams, but
192  only ascended to the decidua in a third of mice (13/35) with no differences in burdens between

193  preterm and non-laboring dams (Figure 4A). Bacterial dissemination to the placentae was quite
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194  rare at this timepoint with UPEC detected in only 11% (20/182) and no differences between

195  groups (Figure 4B). At four days post-infection, placental dissemination was more common

196  rising to a rate of 39% (13/33) (Figure 4C). No overt histopathology was observed in placentae
197  from either preterm or non-laboring dams at four hours post-infection (Figure 4D). Even so, bulk
198 RNA sequencing detected complement factor D (Cfd), a regulatory factor in the alternative

199 complement pathway that has been associated with pre-eclampsia(35), as significantly elevated
200 in preterm placentae (Figure 4E). Reactome pathway analyses revealed increased decidual
201  antigen recognition, increased placental interleukin signaling, depressed B cell signaling, and
202  disrupted hemostasis (platelet pathways and VEGF signaling) in preterm dams (Figure 4F).

203  Flow cytometry revealed a shift in placental immune cell populations in infected mice, where
204  non-laboring dams had greater placental neutrophil infiltration and preterm dams had increased
205 placental T cells (Figures 4G). Decidual NK cells were elevated in the preterm group (Figure
206  S2). Given the complex role T cells play at the maternal-fetal interface, we further characterized
207 T helper subtypes in the placenta using intracellular transcription factor staining (determined
208  according to gating scheme in Figure S2). Placentae from mock-infected dams showed greater
209  proportions of naive Ty cells, whereas placentae from preterm dams and non-laboring dams
210  showed increased Ty7 polarization and FoxP3+RORyt+ T cell intermediates respectively

211  (Figure 4H). Interestingly, there was increased G-CSF and MCP-1 in the preterm deciduae and
212 placentae, suggesting initiation of recruitment of additional immune cells, such as monocytes,

213  macrophages, and neutrophils (Figure 4I-L).

214  Male sex is associated with increased placental inflammation and risk of preterm birth

215  Male fetal sex has been associated with increased risk of adverse perinatal and neonatal
216  outcomes(l, 36), including increased risk of preterm birth. Preterm dams had a higher
217  proportion of males compared to non-laboring dams as determined by PCR (Figure 5A),

218  suggesting male fetuses may contribute to preterm birth risk in this litter-bearing model. The
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219 relationship between fetal sex and adverse outcomes, however, was complex. No sex

220  differences in placental UPEC invasion or fetal growth restriction in utero were detected (Figure
221  5B-C), although males were less likely to experience stunted postnatal weight gain (Figure 5D).
222 Flow cytometry also showed elevated T cells in the preterm male placentae (Figure 5E),

223 although increased Ty7 cells were detected in both male and female preterm placentae (Figure
224  5F). Elevated T.egs and FoxP3+RORYyt+ T cell intermediates were more notable in female

225  fetuses from nonlaboring dams(Figure 5F). Heightened inflammatory cytokines were seen in
226 male fetuses, including increased placental G-CSF, MIP-1a, and MCP-1 in preterm males

227  (Figure 5G). These findings suggest that fetal sex determines the extent of placental responses

228 to maternal infection and contributes to infection outcome.

229  Elevated systemic IL-10 protects from preterm birth

230  Next, we examined if the maternal systemic immune response differed between preterm and
231  non-laboring dams via cytokine multiplex array. A significant increase in circulating IL-10 was the
232 only differentially detected cytokine in the non-laboring group, suggesting a protective regulatory
233  response that maintained pregnancy in those dams, though no changes in splenic immune cells
234  were observed (Figure 6A, Figure S2, Figure S3). To test the causative role of maternal

235  systemic IL-10, we treated dams with recombinant IL-10 via intraperitoneal injection immediately
236  after infection (Figure 6B). While 41% of untreated dams were preterm (7/17), only 11% (1/9)
237  were preterm in the IL-10 group (Figure 6C). Although incidence of preterm birth was reduced,
238  IL-10 treatment also corresponded with intrauterine growth restriction in both infected and mock-
239  infected groups (Figure 6D). Additionally, even though IL-10 exerts immunosuppressive effects,
240  we observed no difference in maternal urinary or reproductive tract bacterial burdens or

241  placental invasion (Figure 6E-F). In non-pregnant females, there was a slight, but significant,

242  reduction in kidney bacterial burdens (Figure 6E). These data suggest that immunoregulation
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243 during infection contributes to pregnancy maintenance, but other aspects of fetal health may be

244  impacted.

245  Urinary cytokines differ between UTIl and ASB and throughout gestation in humans

246  To evaluate maternal immune responses to UTI and ASB in pregnancy, we performed a cross-
247  sectional cohort study to evaluate urinary cytokines in pregnant and non-pregnant individuals.
248  Our cohort consisted of 59 urine samples from singleton pregnancies (22 control, 18 ASB, 19
249  UTI) and 6 urine samples from non-pregnant, reproductive age females (8 control, 6 UTI)

250  (Supplemental Table 2). Samples were collected throughout pregnancy, ranging from 5.0 to
251  39.7 weeks in gestation. Birth outcomes, including gestational age at birth, fetal sex, and fetal
252 weight at birth are known for 81% of the cohort (48/59). Preterm birth was high in this cohort at
253  38% (18/47) of live births (Supplemental Table 3). Using a multiplex cytokine array, we

254  detected elevated IL-8 and GROa in pregnant UTI patients compared to control and ASB

255  patients (Figure 7A). No cytokines were significantly upregulated in ASB samples compared to
256  controls, suggesting limited urinary inflammation in ASB patients (Figure 7A). Multiple urine
257  cytokine levels correlated with gestational age. A total of 16 cytokines were significantly

258  correlated with gestational age in culture positive urine samples (ASB and UTI) at sample

259  collection by linear regression (Figure S4), only 5 of which were correlated with gestational age
260 in negative culture samples (Figure S5). Specifically, four cytokines (IL-9, IL-22, IL-17F, and
261  GM-CSF) are associated with Ty;7 differentiation and activation (Figure 7B-E). When stratifying
262  culture negative samples by fetal sex, higher IL-1a and IL-8 were detected in urine from

263  pregnancies with female fetuses, while IL-5 was higher in urine from pregnancies with male

264  fetuses (Figure 7F-H).

265  Urinary cytokines correlate with preterm birth with and without stratifying by urine

266 culture status
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267  We performed Spearman correlation analyses of the 34 detected urinary cytokines with

268  gestational age at birth, gestational age a sample collection, and birth weight. As expected,

269  gestational age at birth and fetal weight were positively correlated in all groups (Figure 8A). In
270  negative urine culture samples, ten cytokines (RANTES, IL-1p, IL-18, M-CSF, IL-15, L-17F,

271  IFNa, TNF, FLT-3L, and EGF) were significantly inversely correlated with gestational age at

272 delivery, while IL-18 and IL-15 were correlated with gestational age at sample collection (Figure
273  8A). MCP-1, RANTES, IL-1B3, S100A9, IL-15, and IL-10 were all inversely correlated with birth
274 weight in the negative culture group (Figure 8A). These data suggest elevated cytokines in the
275  urine in the absence of bacteriuria is associated with poorer pregnancy outcomes. Using these
276  data, we developed a four-cytokine model to predict preterm birth in the absence or presence of
277  bacteriuria, or with all samples combined. IL-18 and EGF were significantly higher in the culture
278  negative preterm group (Figure 8B-C). While TNF and IL-17F were not significantly increased,
279  adding them to the multiple linear regression model increased the sensitivity and specificity of
280  the model with an AUC of 0.9 (Figure 8D-F). In the positive urine culture group, FLT-3L and

281  PDGF-AA were significantly correlated with gestational age at delivery (Figure 8A). When

282  combined with EGF and RANTES, we generated a linear regression model that predicted

283  preterm birth risk with an AUC of 0.9063 (Figure 8G-K). When we analyzed the combined

284  cohort, S100a9 and IL-10 remained significantly inversely correlated with birth weight (Figure
285  8A). When we grouped samples as above or below the median sample value, samples with
286  above median IL-10 resulted in significantly lower birth weights (Figure 8L). While no cytokines
287  were significantly different between term and preterm cases in the combined group,

288  incorporating IL-10, IL-1RA, IL-15, and IL-18 into a multiple linear regression model yielded an
289  AUC of 0.8235 and significantly predicted preterm birth (Figure 8M-Q). Together, these data
290 reveal a potential prognostic value of urine cytokine levels and birth outcomes in a human

291 cohort.
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292  DISCUSSION

293  Clinical data have solidified the significance of UTI in preghancy, establishing increased

294  prevalence and multifactorial peri- and postnatal consequences. Despite striking correlations,
295  mechanistic data investigating immunological and bacterial drivers of UTIl-associated adverse
296  pregnancy outcomes is limited. Here, we describe a murine model of maternal UTI which

297  recapitulates clinical manifestations of maternal UTI observed in patients including preterm birth
298 and intrauterine growth restriction. Preterm birth does not require bacterial dissemination to the
299  reproductive tract in this model, suggesting maternal immune response initiates adverse

300 outcomes. Multiple bacterial strains and species initiated preterm birth, albeit with different

301 kinetics; thus, bacterial drivers of disease severity cannot be discounted. A retrospective cohort
302  study showed variable preterm birth incidence depending on uropathogen; further, they found
303 disease severity was associated with increased preterm birth incidence(3). Bacterial virulence
304 factors, such as alpha hemolysin, cytotoxic necrotizing factor 1, and aerobactin, are associated
305  with increased disease severity in UPEC UTI(37). Untangling the complex interplay between
306 bacterial virulence factors, bladder inflammation, and adverse reproductive outcomes related to

307 UTl s essential to design of therapeutic intervention.

308  Systemic immunomodulation during pregnancy has been well-described, but the impact of

309 pregnancy on bladder immunity is underexplored. Our model demonstrates altered mucosal

310 immunity in the pregnant bladder, driven by dendritic cell populations and T lymphocyte

311  signaling, consistent with prior literature showing suppressed serum and urinary IL-6 in pregnant
312  pyelonephritis patients compared to non-pregnant patients(38). However, a limitation of this

313  model is that only one time point of gestational age at infection was evaluated. While UTI in the
314  third trimester is more strongly linked to preterm birth and neonatal sepsis, multiple clinical

315  studies have shown UTIl and ASB are most common in the first trimester(3, 39, 40). Consistent

316  with these findings, our cross-sectional cohort study identified a bacteriuria-specific positive
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317  correlation with multiple cytokines and gestational age, including those associated with Ty7
318 function. Whether these urinary tract responses are suppressed in first trimester, or augmented
319 in late gestation, remains unknown; however, we speculate several pregnancy-specific factors
320 may contribute. Hormones, including human chorionic gonadotropin (hCG), estrogen, and

321  progesterone, are detected in the urine(41, 42). Interestingly, hCG peaks in the first trimester
322 and has been shown to induce T and restrict Ty17 cells(43). On the other hand, estrogen,
323 which increases throughout gestation, may have a protective, immune enhancing role in the
324  bladder by reducing UPEC, upregulating TNF, and downregulating IL-10(44, 45). To our

325  knowledge, our study is the first to describe transcription of pregnancy specific glycoproteins
326 (PSGs) in the bladder. Research on PSGs is limited; the placental-derived molecules have been
327 detected in maternal circulation and may contribute to pregnancy maintenance including

328 induction of IL-10(30, 46—48). It remains to be seen if alterations in mucosal immunity during
329  pregnancy are attributed to systemic or local effects. Further, the impact of the gravid urinary

330 environment on bacterial behavior remains uncharacterized.

331 In our model, increased inflammation was detected at the maternal-fetal interface despite limited
332  bacterial dissemination to the uteroplacental space consistent with prior work(13) albeit with

333  distinct differences. Bolton et al. observed increased polymorphonuclear cells (likely

334  predominantly neutrophils) and macrophages in the uteroplacental space four days post-

335 infection(13) whereas we observed increased neutrophils and T cells at four hours post-

336 infection. Serum cytokines were elevated at four days post-infection and at term delivery in the
337  Bolton model, while limited differences in circulating cytokines were observed in our model.

338  These distinctions could both be attributed to differences in infection windows. Even so, they
339 observed increases in serum IL-4, IL-17, IFN-y, and IL-6, consistent with increased placental Ty,
340 and Tyy7 populations in our model. An important outstanding question is the means by which

341  bladder inflammation induces uteroplacental inflammation. Several studies have found
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342  correlations between systemic inflammation and distal site inflammation during UTI(13, 14);

343  however, systemic cytokines and splenic immune populations were unchanged four hours post-
344  infection in preterm and non-laboring dams compared to controls. Alternatively, bacterial

345 dissemination from the urinary tract to the reproductive tract could induce inflammation;

346  however, bacterial dissemination to the placenta was rare in our model and not detected by

347  Bolton et al. Another possible mechanism of bladder-uteroplacental signaling is through

348  lymphatic immune activation. The ileal lymph nodes drain the pelvic floor, including the bladder,
349  uterus, and vaginal tract(27). We detected UPEC in the ileal lymph nodes in half of infected

350 dams within four hours indicating immune cell trafficking from infected tissues. While during

351  healthy pregnancy, fetal antigens are presented within lymph nodes to induce regulatory T

352 cells(9), the impact of bacterial lymph node dissemination on maternofetal tolerance remains to
353  be determined. The rapid onset of preterm labor in our model suggests that T cells in the

354  placenta are likely polarized memory T cells rather than naive T cells, which were reduced in
355  placentae of infected dams. Effector memory and central memory T cells accumulate in the

356  decidua during healthy pregnancy(49). Greater proportions of central memory cells in circulation
357 have been described in pre-eclampsia and recurrent pregnancy loss, but their role in preterm
358 birth is unknown(49). A caveat of this study is the use of a syngeneic pregnancy model which
359 limits the capacity to evaluate maternal tolerance of foreign antigens. Despite this, T cell-

360 mediated disruptions to pregnancy maintenance were still observed and the bimodal phenotype
361  enabled us to interrogate differential immune responses that a more pronounced model may

362 limit.

363  Male fetal sex is consistently linked to worse perinatal outcomes, including increased risk of
364  preterm birth, pre-eclampsia, and gestational diabetes(1, 36). Male neonates also exhibit lower
365 one-minute Apgar scores and increased odds of severe morbidity when preterm(19, 20). While

366 most human pregnancies are singletons, mice gestate litters, which limits our ability to
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367 interrogate the impact of fetal sex on pregnancy outcomes. As a surrogate, we evaluated the
368  proportion of males in each litter and found a greater proportion of males in preterm litters. The
369 relationship between fetal sex and adverse outcomes is poorly defined but may be attributed in
370  part to sex-specific maternal immunological adaptations. Female fetal sex has been associated
371  with increased peripheral cytokines at baseline and in response to LPS(50, 51). In culture

372 negative urine, we observed increased IL-1a and IL-8 in pregnancies with female fetuses, while
373  IL-5 was increased in pregnancies with male fetuses. To our knowledge, this is the first study to
374  characterize the impact of fetal sex on maternal urine cytokines. Some studies have linked sex-
375 dependent factors with maternal bacteriuria, demonstrating placental TNF, IL-13, and IL-10 in
376  females negatively correlated with maternal bacteriuria(52, 53). It is unclear, though, if the

377  relationship between fetoplacental inflammation and maternal bacteriuria is causative or

378  correlative. The local uteroplacental immune microenvironment is also sexually dimorphic. Male
379  placentae are marked by increased T4 expansion(54). We did not see sex differences in

380 placental Tgs in our model, potentially due to the syngeneic pregnancy. Interestingly, we found
381 macrophage-associated cytokines were higher in preterm male placentae than preterm female
382 inline with a prior study demonstrating male-specific elevated placental cytokines upon

383  maternal immune activation with poly 1:C(55). Sexually dimorphic behavior in placental

384  macrophages (Hofbauer cells) has been recently described(17, 56). We observed no

385 differences in placental macrophages quantities based on fetal sex in this study; however, we
386 employed a limited characterization of macrophage phenotype. Sex-based differences may

387  emerge with further discrimination between maternal and fetal macrophages or proinflammatory

388  and anti-inflammatory macrophages.

389  The role of IL-10 in pregnancy is complex. IL-10 is a critical protective factor against LPS-
390 induced pregnancy loss and preterm birth(57-59). In humans, serum IL-10 concentrations

391  below the limit of detection are predictive of preterm birth risk(60, 61), reinforcing our finding that
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392  IL-10 plays a role in pregnancy maintenance during maternal UTI. While IL-10 promotes

393  pregnancy maintenance, it may also augment infection susceptibility during pregnancy in some
394 cases(62), but this was not observed in our model. Intrauterine growth restriction (IUGR) was
395 exacerbated by exogenous IL-10 in both infected and mock-infected dams; however, this could
396  Dbe attributed to the high dose (~30X the median detected concentration in infected mice) as a
397  lower IL-10 dose (2.5ug vs 5ug) rescued LPS-induced growth restriction(59). Although other
398  factors may contribute to IUGR, several additional observations support the link between IL-10
399 and IUGR: maternal urinary IL-10 inversely correlated with birth weight in our human cohort,
400 and Bolton et al. reported concurrent increased circulating IL-10 and IUGR in their experimental
401  UTI model(13). IL-10 is produced by both innate and adaptive immune cells, including

402  monocytes, macrophages, dendritic cells, and B and T lymphocytes(63). Tregs and Ty, cells in
403  the placenta are potential sources of IL-10, though IL-10 was not elevated in the decidua or
404  placenta in our model. Further, there were no changes in helper T cell phenotypes in the

405  maternal spleen. Regulatory B cells have been identified as important regulators of T cell

406  polarization, particularly for their production of IL-10 and protection from inflammation-induced
407  fetal demise(58). While we detected no changes in B cell populations in the placentae or spleen,
408 B cell activation and signaling pathways were transcriptionally downregulated in the placentae

409  of preterm dams.

410  Preterm birth is a multifarious condition with numerous etiologies, making it hard to predict and
411  prevent(2). Cervical length is a reliable predictor of preterm birth risk in patients with cervical
412  insufficiency but has limited efficacy in predicting spontaneous preterm birth(2, 64). Recent

413  efforts have sought to identify biomarkers in maternal or fetal tissues(65). Elevated inflammatory
414 markers, such as IL-1[3, neutrophil elastase, and IL-8, in amniotic fluid are potential biomarkers
415  for preterm birth(66—68); however, the invasive nature of amniocentesis drives increased risk of

416  pregnancy loss and is typically not performed without prior indication(69). Cervicovaginal fluid
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417  provides a promising non-invasive alternative, and multiple studies report increased

418  cervicovaginal IL-1B in spontaneous preterm birth samples(70, 71). Likewise, we found IL-13
419  was elevated culture negative urine from pregnancies that resulted in preterm birth. These

420  findings underscore the therapeutic potential of IL-1 pathway blockade(72—75). Other studies
421  have associated urinary oxidative stress markers, eicosanoids, and phthalates with preterm
422 birth risk(76-78), but inflammatory markers are less characterized, although clinical studies are
423 ongoing(79). Here, we propose three novel models employing urinary cytokines with high

424  predictive value of preterm birth risk in culture negative, culture positive, and culture agnostic
425  samples. The three-model system enables evaluation of preterm birth risk in a general

426  population, but also facilitates specialized evaluation of culture positive samples when infection
427  may confound basal urinary inflammation. Irrespective of culture status or gestational age,

428 levels of IL-1RA, IL-10, IL-15, and IL-1p predicted preterm birth. As discussed above, IL-10 and
429  IL-1 pathways have been implicated in preterm birth. IL-15 is an abundant uteroplacental

430  cytokine that is increased in the amniotic fluid of preterm birth cases(80) and both augmented
431  and deficient IL-15 levels are associated with poor pregnancy outcomes in vivo(81). Maternal
432 factors can contribute to preterm birth risk, including factors such as race, body mass index, and
433  maternal age(2, 82). Given the size of our cohort, we are unable to evaluate the contribution of
434  maternal factors in our model. Preterm birth risk has been shown to be related to gestational
435  age at UTI onset(3). Our cohort represents samples collected all throughout gestation but is
436  underpowered to make trimester-specific predictions. An expanded study may illuminate more

437  pronounced markers when gestational age at sample collection is considered.

438 In summary, our murine model of UTl-associated preterm birth provides a powerful tool to
439  further investigate the molecular constituents of localized extrauterine infection that dictate
440  perinatal and neonatal outcomes. We complemented in vivo findings with a human cohort,

441  culminating in a novel, non-invasive model to predict preterm birth risk via urine cytokine
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442  analyses. Taken together, this preclinical model combined with easily accessible patient
443  samples provides a unique platform to identify diagnostic and therapeutic opportunities in

444 maternal-fetal health.
445 MATERIALS AND METHODS
446 Bacterial strains and culture conditions

447  E. coli strains UTI89(21), SL2 (UPEC isolate from a human pregnant ASB urine sample

448  collected as a part of this study), and SL323 (UPEC isolate from a human pregnant UTI urine
449  sample collected as a part of this study) were grown to stationary phase at 37°C with aeration in
450  Luria broth (LB, Hardy Diagnostics) for at least 16 hours. Streptococcus agalactiae strain COH1
451  (ATCC, BAA-1176) was grown to stationary phase at 37°C in Todd-Hewitt broth (Hardy

452  Diagnostics) for at least 16 hours. Bacterial cultures were centrifuged (3,220 x g for 5 minutes),
453  washed with sterile PBS, then resuspended in the same volume of sterile PBS. For some

454  experiments, overnight cultures were washed and resuspended in sterile PBS, then exposed to

455 UV radiation for 1 hour. UV-inactivation was confirmed by plating on LB agar.
456  Mice handling and breeding

457  Wild type female and male 129/sv mice aged 6 to 12 weeks were housed at BCM(83). Male
458  mice were used exclusively for mating, while female mice were used for all in vivo experiments.
459  Treatment and control groups were assigned randomly and housed 4 mice per cage. Mice ate
460  and drank ad libitum and had a 12-hour light cycle. Timed mating was performed by co-housing
461  one male with three females overnight. Soiled male bedding was added to female cages two
462  days prior to mating to synchronously induce estrus and promote successful mating. Embryonic
463  day 0.5 (E0.5) was considered as noon the day after mating. Mated females were weighed on

464  embryonic days 0.5 and 10.5. Mice that gained at least 2 grams by E10.5 were considered likely
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465  pregnant. All animal protocols and procedures were approved by the BCM Institutional Animal

466  Care and Use Committee under protocol AN-8233.
467  In vivo model of urinary tract infection-associated preterm birth

468  An established mouse model of UTI was previously described(84, 85). On day 13.5 of gestation
469  or 13.5 days post-coitus in non-pregnants (failed mating), mice were anesthetized via inhaled
470 isoflurane, and approximately 5x10’ colony forming units (CFU) bacteria resuspended in sterile
471  PBS were instilled transurethrally in 50 yuL volume into the bladders. Mock-infected mice were
472  treated likewise with 50 pL of sterile PBS. Mice were then monitored daily for vaginal bleeding, a
473  sign of imminent labor. If vaginal bleeding was detected, mice were euthanized. If no vaginal
474  bleeding was detected, mice were euthanized at 17.5 days of gestation. Upon euthanasia,

475  whole blood was collected via cardiac puncture and plated on LB to assess bacteremia, then
476  allowed to coagulate at room temperature for at least 30 minutes. After coagulation, clots were
477  pelleted via centrifugation at 10,000 x g for 10 minutes and serum was removed and stored for
478 later analysis. Bladder, kidneys, vaginal tract, and ileal lymph nodes were removed and

479  homogenized in tubes containing sterile PBS and 1.0-mm-diameter zirconia/silica beads

480  (Biospec Products; catalog number 11079110z) using a MagNA Lyser instrument (Roche

481  Diagnostics). The uterine decidua was grossly dissected away from excess uterine tissue, and
482  deciduae and placenta were homogenized as described above. Fetal gross morphology was
483  assessed by two independent evaluators and categorized as healthy, reabsorbed, or fetal

484 necrosis/demise. Fetal weight was recorded. Serial dilutions of bladder, kidney, placenta, and
485  lymph nodes were plated on LB and bacteria was enumerated the next day. Serial dilutions of
486  vaginal tract and decidua were plated on ChromAgar Orientation (ChromAgar, RT412), and

487  purple, undulate colonies (indicating uropathogenic E. coli) were enumerated the next day.

488  To determine pup outcomes, dams were monitored twice daily for signs of preterm labor until

489  E17.5. Beginning on E18.5, dams were housed singly, and cages were checked twice daily for
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490 evidence of pups. Gestational age at the time of delivery was recorded and was considered

491  postnatal day 0. Twice daily, pups were monitored and the number of live and deceased pups
492  were recorded until postnatal day 7. On postnatal days 4 and 7, pup weight was recorded. On
493  postnatal day 7, pup intestines and liver were collected, homogenized, and plated on

494  ChromAgar Orientation to quantify E. coli CFU. Dams were also euthanized on postnatal day 7,
495  and maternal bladder, kidneys, vagina, and uterus were collected, homogenized, and plated as

496  described above to quantify E. coli CFU.

497  Immune cell profiling of maternal bladder, decidua, and spleen and fetal placenta

498  Maternal bladder and placenta were transected so that one-third tissue was homogenized as
499  above for quantifying CFU, and two-thirds was processed for flow cytometric analysis. Maternal
500 decidua from the two most proximal placenta were processed for flow cytometry, while the

501 remaining decidua were homogenized. Bladder, decidua, and placenta were placed in RPMI
502  and finely minced with scissors until the tissue could pass through a P1000 pipette tip.

503  Collagenase (1 mg/mL, Sigma C5138-1G) and DNase (50 U/mL, Thermo Fisher J62229.MC)
504  were added, then the samples were incubated at 37°C with shaking at 250 RPM for 30 minutes.
505 400 pL was then filtered through a 40 um filter into 800 uL RPMI with 10% heat-inactivated FBS
506  and stored on ice. The remaining tissue then went through a second digestion with fresh RPMI,
507 collagenase, and DNase. From the second digestion, 400 pL was then filtered as above.

508 Samples were then centrifuged at 500 x g for 10 minutes. Bladder tissue was resuspended in
509 200 pL, all of which was analyzed. Deciduae and placentae were resuspended in 500 pL, 50 pL
510  of which was analyzed for each panel. Spleens were mechanically dissociated and filtered

511  through a 40 pum filter into 2 mL RPMI, then centrifuged at 500 x g for 10 minutes. Spleens were
512  then resuspended in 1 mL Red Cell Lysis Buffer (Biosearch Technologies MRC0912H-1) and
513  incubated at room temperature for 10 minutes. After lysis, 9 mL sterile PBS was added and

514  spleens were centrifuged. Pelleted spleens were resuspended in 5 mL sterile PBS, 50 pL of
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515  which was analyzed for each panel. Samples were then stained with 50 uL Zombie Aqua

516  (1:1000 dilution) for 15 minutes at room temperature in the dark. Samples were then washed
517  with PBS and pelleted via centrifugation. Samples were then resuspended in 50 uL Fc block
518  (1:200 dilution) and incubated at 4°C in the dark for 15 minutes, followed by a PBS wash and
519  centrifugation. Antibody cocktail panel 1 included: anti-CD45 (BV605, clone 30-F11, BD

520 563053), anti-CD11b (APC-Cy7 Clone M1/70 BD 561039), anti-CD11c (BV786, clone HL3 BD
521  563735), anti-Ly6G (AF700, clone 1A8, BD 561236), anti-NK1.1 (BUV737, clone PK136, BD
522  741715), anti-CD19 (BB515, clone 1D3, BD 564509), anti-CD3 (BV480, clone 145-2C11, BD
523  746368), anti-CD8 (PE-Cy7, clone QA17A07, Biolegend 155018), anti-CD4 (PE-CF594, clone
524  RM4-5, BD 562314), anti-CD25 (APC, clone PC61, BD 557192), anti-FCeR1a (PE, clone MAR-
525 1, BD 566995), and anti-CD64 (BV421, clone X54-5/7.1, Biolegend 139309). Antibody cocktail
526  panel 2 included: anti-CD45 (BV605, clone 30-F11, BD 563053), anti-CD3 (BV480, clone 145-
527 2C11, BD 746368), anti-CD8 (PE-Cy7, clone QA17A07, Biolegend 155018), anti-CD4 (PE-

528 CF594, clone RM4-5, BD 562314). Intracellular panel included: anti-Tbet (BV711 clone 04-46
529  BD 563320), anti-GATA3 (AF647 clone 150-823, BD 560068), anti-FOXp3 (BV421 clone 3G3,
530 BD 567458), anti-RORYT (BB515 clone Q31-378, BD 567175). Samples were then

531 resuspended in 100 yL antibody cocktail Panel 1 or Panel 2and incubated at 4°C overnight for
532  atleast 16 hours. The following morning, samples stained with Panel 1 were washed with sterile
533  PBS and resuspended in 200 uL FACS buffer (1% BSA, 0.5% EDTA, 0.05% sodium azide in
534  PBS). Samples stained with Panel 2 were resuspended in 100 pL fixation buffer (Thermo Fisher
535  GASO003) for 15 minutes at room temperature. Samples were then washed with PBS,

536  centrifuged, and resuspended in the intracellular panel. After incubating for 30 minutes at room
537  temperature in the dark, samples were washed, centrifuged, and resuspended in 200 yL FACS
538 buffer for analysis. Data was acquired using a CytekBio Aurora and post-acquisition analyses
539  were done using FlowJo software version 10.10.0. Gating strategy is shown in Fig. S2. Immune

540 cell subsets were delineated from the CD45+ Zombie Aqua- population and defined as: dendritic
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541  cells (CD11c+CD11b-), neutrophils (CD11c-CD11b+Ly6G+), natural killer cells (CD11c-

542  CD11b+Ly6G-CD64-NK1.1+), macrophages (CD11c-CD11b+Ly6G-CD64+NK1.1-), mast cells
543 (CD11lc-CD11b+Ly6G-CD64-NK1.1-FceR1la+), B cells (CD11¢c-CD11b-CD19+CD3-), T cells
544  (CD11c-CD11b-CD19-CD3+), CD4+ T cells (CD11c-CD11b-CD19-CD3+CD4+CD8-), CD8

545  positive T cells (CD11c-CD11b-CD19-CD3+CD4-CD8+), NKT cells (CD11c-CD11b-CD19-

546 CD3+CD4-CD8-NK1.1+), FOXp3+ CD4+ T cells (CD3+CD4+CD8-FOXp3+), RORyT+ CD4+ T
547  cells (CD3+CD4+CD8-RORyT+), Tu; T cells (CD3+CD4+CD8-RORYT-FOXp3-TBET+GATA3-),
548 Ty, T cells (CD3+CD4+CD8-RORYT-FOXp3-TBET-GATA3+), Tz T cells (CD3+CD4+CD8-
549  RORyT+FOXp3-TBET-GATA3-), regulatory T cells (CD3+CD4+CD8-RORyT-FOXp3+TBET-
550 GATAS-), FOXp3+RORyT+ T Cells (CD3+CD4+CD8-RORYT+FOXp3+TBET-GATA3-), and Ty

551 T cells (CD3+CD4+CD8-RORYT-FOXp3-TBET-GATA3-).

552  Bulk RNA sequencing and analysis

553  Four hours post infection, maternal bladder and decidua and fetal placenta were dissected and
554  placed in tubes containing 1.0mm zirconia/silica beads and 500 uL RNA protect (Qiagen).

555  Tissues were homogenized using a MagNA Lyser instrument (Roche Diagnostics) for 60

556  seconds at 6,000 RPM. Homogenization was repeated for a total of three cycles. RNA

557  extractions were performed on 10 mg (bladder) or 20 mg (decidua, placenta) by RNeasy Plus
558  Mini Kit (Qiagen 74134). RNA sequencing was then performed by Novogene, where library
559  construction and sequencing were performed via lllumina NovaSeq platform. Read mapping
560 was performed using Hisat2 (v2.0.5) to reference genome GRCm39 and quantified using

561  featureCounts (v1.5.0-p3). Raw count normalization and differential gene expression analysis
562  was performed using R package DESeq2 (v1.42.0). R Studio (v2023.12.0-369) was used to
563  generate heatmaps, PCA plots, volcano plots, and pathway enrichment plots. The R packages
564  enhanced volcano and ashr LFC shrinkage were used for data visualization. fGSEA (v1.28.0)

565  was used for gene set enrichment analysis with 10,000 permutations, a minimum gene set of 15
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566  and maximum of 500 genes, and the Reactome gene set collection from the Molecular

567  Signatures Database.

568 Cytokine quantification in murine tissues

569  Bladder, decidual, and placental homogenates as well as maternal serum were analyzed for
570  cytokine expression (IL-1a, IL-1pB, IL-2, IL-3, IL-4, IL-5, IL-6, IL-9, IL-10, IL-12(p40), IL-12(p70),
571  IL-13, IL-17A, Eotaxin, G-CSF, GM-CSF, IFN-y, KC, MCP-1, MIP-1qa, MIP-13, RANTES, and
572  TNF) via a 23-plex assay (Bio-Rad, M60009RDP). Samples were thawed on ice, then

573  centrifuged at 10,000 x g for 10 minutes. Serum samples were diluted 1:4 in PBS. Samples
574  were then processed according to manufacturer’'s recommendations and analyzed on a

575  Luminex Magpix with data analysis using Milliplex Analyst.

576 Fetal sex determination

577  Fetal sex was determined via PCR targeting Rbm31x/y (F: 5’-CAC CTT AAG AAC AAG CCA
578 ATACA-3', R: 5-GGC TTG TCC TGAAAA CAT TTG G-3') as described previously(86). 10 uL of
579  placental lysate was boiled at 95°C for 10 minutes. 2 pL boiled lysate was then combined with 1
580 L each of forward and reverse primers, 6 pL molecular grade water, and 10 pL 2X Platinum Hot
581  Start PCR mastermix and PCR amplification was performed using the following conditions: 94°C
582  for 2 Imin, followed by 30 cycles of 94°C for 201 s, 50°C for 20(1s, 68°C for 30('s, and then

583  68°C for 500min followed by a hold at 4°C. Amplification products were then run on a 1.3%

584  agarose gel containing SYBR Safe stain (VWR 470193-138) and imaged on a UV

585 transilluminator.

586  Tissue fixation, staining, and histological scoring

587  After euthanasia, bladders were inflated with 10% neutral buffered formalin (VWR) via
588 transurethral catheterization. Bladders were then tied off using embroidery thread, the catheter

589  was removed, and the bladder was dissected out and placed in a histology cassette. The first
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590  placenta with intact decidua was dissected from each horn and placed in the histology cassette
591  with the bladder for each dam. The cassettes were then fixed overnight in 10% neutral buffered
592  formalin. After fixation, cassettes were transferred into 70% ethanol for storage until processing
593 and embedding in paraffin. 3mm sections were cut 1/3 of the way into each paraffin block.

594  Slides were stained with hematoxylin and eosin (H&E), assessed for inflammation (hemorrhage,
595 edema, epithelial disruption, luminal or submucosal immune cell infiltration, apoptosis), and

596  scored on a scale of O to 4 (no, mild, moderate, or severe inflammation) by a blinded veterinary

597  pathologist.
598 Recombinant IL-10 treatment

599  On E13.5, immediately after infection, dams were treated with 5 ug recombinant murine IL-10
600 (R&D Systems 417-ML-025/CF) resuspended in sterile PBS. IL-10 was administered as a 50 uL
601 intraperitoneal injection, and 50 uL sterile PBS was used for controls. Mice were then monitored
602  twice daily as described above, and euthanized when signs of preterm labor were detected or
603 on E17.5. Maternal bladder, kidneys, vagina, and decidua and fetal placenta were homogenized

604 and plated for CFU quantification as described above. Fetal weight was recorded.
605 Cytokine quantification in human urine

606  Human subjects research, exempt from informed consent, was approved under University of
607 South Alabama (USA) IRB, #2178590-1, and BCM IRB, protocol H-54361. Discarded urine
608 samples from pregnant patients and nonpatient controls were obtained from the USA Hospital
609  Clinical Microbiology Lab and stored at -20°C. Patient information, including birth outcomes,
610  were collected retrospectively via chart review. Specimens were thawed overnight at 4°C, then
611  centrifuged at 10,000 x g for 10 minutes. Samples were then diluted 1:2 in PBS and processed
612  according to manufacturer recommendations. Samples were analyzed on a Luminex Magpix

613  with data analysis using Milliplex Analyst. Samples were evaluated using the MILLIPLEX
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614  Human Cytokine/Chemokine/Growth Factor Panel A Magnetic Bead Panel (Millipore HCYTA-
615 60K-PX48). Creatinine concentration was measured using the Creatinine Parameter

616  colorimetric assay (R&D Systems KGEO005). Samples were also evaluated for ST00A9

617  concentration by ELISA (R&D Systems DY5578). All cytokines, chemokines, and growth factors
618  were normalized to creatinine. sCD40L, Fractalkine, IFNg, IL-2, IL-7, IL-12 (p40), IL-17A, TNFDb,
619 IL-3, IL-13, IL-17E/IL-25, FGF-2, PDGF-AB/BB, MIP-1a, and MIP-1b were excluded from later
620  analyses due to more than half of samples falling below the limit of detection. To develop

621  predictive models, multiple logistic regression was performed in GraphPad Prism using a binary
622  outcome of preterm birth (birth prior to 37 weeks gestation) or term birth (birth at 37 weeks or

623 later gestation). Fitness of model was evaluated by area under the ROC curve.

624  Statistics

625  All experiments were completed in at least duplicate unless otherwise indicated with results
626  combined prior to analyses. Experimental sample size (n) and exact tests used are indicated in
627  figure legends. Bacterial burdens and cytokine data were assessed by Mann-Whitney or

628  Kruskal-Wallis tests when comparing two or three groups, respectively. Two-Way ANOVA with
629  Benjamini, Krieger and Yekutieli false discovery rate correction for multiple comparisons

630 (g<0.05) was employed for flow cytometric data and bacterial burdens for multiple tissues.

631  Survival was analyzed using the log-rank Mantel-Cox test. Differential gene expression was
632  determined using a generalized linear model where a Log,-fold change>1.5 and an adjusted p-
633  value <0.05 were considered differentially expressed. Multivariable logistic regression analyses
634  were evaluated using the area under the ROC curve with a p-value<0.05. Statistical analyses

635  were performed using GraphPad Prism v10.2.3.
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968

969

970 FIGURE LEGENDS

971  Figure 1. Murine maternal UTI mirrors clinical manifestations of UTl-associated adverse
972  outcomes in human pregnancy.

973  Dams were transurethrally infected with UPEC on embryonic day (E)13.5, then monitored for
974  signs of preterm labor until E17.5 (A). Kaplan-Meyer curves depicting proportion of dams still
975  pregnant over four days post-infection (B,C). Bacteremia incidence in pregnant and non-

976  pregnant mice four hours and four days post infection (D). Adverse morphology proportions per
977 litter for mock and infected dams four hours and four days post-infection (E). Fetal weight at
978 E17.5 from mock or infected dams (F). Kaplan-Meyer curve depicting pup survival until post-
979 natal day 7 from mock and infected dams (G). Litter size in mock and infected dams (H). Pup
980 liver and intestinal bacterial burdens on postnatal day 7 from mock and infected dams (l).

981 Postnatal day 4 (J) and 7 (K) weights from pups born to mock or infected dams. Experiments
982  were performed at least twice with data combined. n=6-17 (B,C), n=6-23 (D), n=2-18 (E), n=10-
983 25 (F), n=28-30 (G), n=5-8 (H), n=20-25 (I), n=19-32 (J), n=18-32 (K). Box and whisker plots
984  show median, all points, and extend from 25" to 75" percentiles. Symbols are shaped by litter in
985 F, J, K. Data were analyzed by Mantel-Cox test (B-C,G), Fisher’s exact test (D), Kruskal-Wallis
986 test (E), Mann-Whitney (F, H, J-K), or two-way ANOVA with Benjamini, Krieger and Yekutieli
987  correction for false discovery with a false discovery rate set at 5% (1). *p<0.05, **p<0.01,

988  ***p<0.001, ****p<0.0001 (B-C, E-F, J-K). *q<0.05 (I).

989

990 Figure 2. Bladder immunity to UTI is altered during pregnancy.

991 Bladder, kidney, uterine/decidual, vaginal, and ileal lymph node bacterial burdens four hours

992  post-infection in non-pregnant and pregnant mice (A, B). Reactome pathway enrichment (C)
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993  and differential gene expression (D) in pregnant bladders compared to non-pregnant bladders.
994  Flow cytometry on pregnant and non-pregnant bladders four hours post-infection (E). Bladder
995 IL-2 (F) and IL-3 (G) and serum RANTES (H) in infected pregnant and non-pregnant mice.
996 Experiments were performed at least twice with data combined. n=15-33 (A), n=7-14 (B), n=4-
997 11 (C-D), n=8-12 (E), n=13-17 (F-H). Box and whisker plots show median, all points, and extend
998  from 25" to 75" percentiles. NES = normalized enrichment score. Data were analyzed by two-
999  way ANOVA with Benjamini, Krieger and Yekutieli correction for false discovery with a false
1000  discovery rate set at 5% (A,E), fGSEA with a gene set minimum of 15 and maximum of 500 and
1001 10,000 permutations using the Reactome collection from Molecular Signature Databases (C),
1002  generalized linear model, Log2 fold change >1 and Wald tests with FDR adjusted p
1003  valuel<r10.05 (D), or Mann-Whitney (F-H). *p<0.05 (F-H). *q<0.05 (A,E).
1004
1005  Figure 3. Preterm bladders display increased inflammation.
1006  Bladder and kidney bacterial burdens four hours post-infection (A). Venn diagram showing
1007  differentially expressed genes in preterm and non-laboring bladders compared to mock bladders
1008  (B). Flow cytometry on bladders of mock, non-laboring, and preterm dams four hours post-
1009 infection (C). Representative images (D) and histopathological scoring (E) of pregnant infected
1010  bladders. Black arrows indicate polymorphonuclear cell aggregates. Heatmap (F) and box and
1011  whisker plots (G-H) of select bladder cytokines in mock, non-laboring, and preterm dams.
1012  Experiments were performed at least twice with data combined. n=9-20 (A), n=3-6 (B), n=4-6
1013 (C), n=4 (E), n=7-14 (F-H). Box and whisker plots show median, all points, and extend from 25™
1014  to 75" percentiles. Data in A and B represent pregnant samples from Figure 2A and 2E,
1015  respectively, disaggregated by outcome. Data were analyzed by two-way ANOVA with
1016  Benjamini, Krieger and Yekutieli correction for false discovery with a false discovery rate set at
1017 5% (A,C), generalized linear model, Log?2 fold change >1 and Wald tests with FDR adjusted p

1018  valuel1<[10.05 (B), or Mann-Whitney (E,G-H). *p<0.05 (G-H). *q<0.05 (C).
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1019

1020  Figure 4. Uteroplacental immune activation is elevated in preterm dams.

1021  Decidual and vaginal bacterial burdens four hours post-infection (A). Placental bacterial burdens
1022  on E13.5 in nonlaboring and preterm dams (B) or on E13.5 and E17.5 in non-laboring dams (C).
1023  Placental histopathological scoring (D). Differentially expressed genes (E) and Reactome

1024  pathways (F) in preterm placentae (E-F) or deciduae (F) compared to non-laboring dams. Broad
1025  immunophenotyping (G) or T helper lymphocyte phenotyping (H) by flow cytometry of mock,
1026  non-laboring, and preterm placentae 4 hours post-infection. Decidual (I-J) and placental (K-L)
1027  MCP-1 and G-CSF cytokine levels in non-laboring and preterm dams four hours post-infection.
1028  n=14-21 (A), n=74-108 (B), n=74-33 (C), n=5-6 (D), n=5-12 (E-F), n=9-13 (G), n=9-15 (H), n=7-
1029 14 (I-J), n=14-23 (K-L). Box and whisker plots show median, all points, and extend from 25" to
1030 75" percentiles. NES = normalized enrichment score. Data were analyzed by two-way ANOVA
1031 with Benjamini, Krieger and Yekutieli correction for false discovery with a false discovery rate set
1032  at 5% (A,G-H), Mann-Whitney (B-D, I-L), generalized linear model, Log2 fold change >1 and
1033  Wald tests with FDR adjusted p value1<[10.05 (E), or fGSEA with a gene set minimum of 15
1034  and maximum of 500 and 10,000 permutations using the Reactome collection from Molecular
1035  Signature Databases (F). *p<0.05, **p<0.01, ****p<0.0001 (C, I-L). *q<0.05 (G-H).

1036

1037  Figure 5. Fetal sex contributes to differential placental immunity and adverse outcomes.
1038  Male proportion of each litter in non-laboring and preterm dams (A). Placental bacterial burdens
1039 in males and females four days post-infection (B). Fetal E17.5 (C) and pup postnatal day 7

1040  weight (D) from infected dams shown as a proportion of median fetal or pup weight of the same
1041  sex from mock-infected dams. Broad immunophenotyping (E) and T helper lymphocyte

1042  immunophenotyping (F) of placentae stratified by fetal sex and maternal outcomes. Placental
1043  cytokine quantification stratified by fetal sex and maternal outcome displayed as fold change

1044  over median placentae of the same sex from mock-infected dams (G). Experiments were
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1045 performed at least twice with data combined. Data in C, D, E, and F represent data from Figure
1046  1F, Figure 1K, Figure 4G, Figure 4H, respectively, disaggregated by sex. n=9-10 (A), n=10-14
1047  (B), n=5 (C), n=8-9 (D), n=4-8 (E), n=5-6 (F), n=7-10 (G). Box and whisker plots show median,
1048  all points, and extend from 25" to 75" percentiles. Data were analyzed by Mann-Whitney (A-B),
1049 one sample T test against the theoretical value of 100% (C-D), or two-way ANOVA with

1050  Benjamini, Krieger and Yekutieli correction for false discovery with a false discovery rate set at
1051 5% (E-G). *p<0.05, ****p<0.0001 (A, D). *q<0.05 (E-G).

1052

1053  Figure 6. IL-10 is lower in preterm birth and associated with fetal growth restriction.

1054  IL-10 quantified in maternal serum (A). Immediately after infection, mice were treated with 5ug
1055 IL-10 in PBS by intraperitoneal injection (B). Kaplan-Meyer curve depicting rate of ongoing
1056  pregnancy in dams in days post-infection (C). E17.5 fetal weight (D). Uterine, vaginal, bladder,
1057  and kidney bacterial burdens in pregnant and non-pregnant mice with and without IL-10

1058 treatment (E). E17.5 placental bacterial burdens with and without IL-10 treatment (F).

1059  Experiments were performed at least twice with data combined. n=7-18 (A), n=9-17 (C), n=10-
1060 54 (D), n=5-9 (E), n=33-52 (F). Box and whisker plots show median, all points, and extend from
1061 25™to 75" percentiles. Data were analyzed by Mann-Whitney (A,F), Mantel-Cox test (C),

1062  Kruskal-Wallis test (D), or two-way ANOVA with Benjamini, Krieger and Yekutieli correction for
1063  false discovery with a false discovery rate set at 5% (E). *p<0.05, **p<0.01, ***p<0.001,

1064  ****p<0.0001 (A,D). *q<0.05 (E).

1065

1066  Figure 7. Gestational age and fetal sex correlate with urine cytokines.

1067  Heat map comparing urinary cytokines from pregnant patients with asymptomatic bacteriuria
1068  (ASB), diagnosed urinary tract infection (UTI), or culture negative controls (A). Correlation of the
1069 log, transformation of urinary cytokines normalized to creatinine with gestational age at sample

1070  collection in patients with positive urine culture (B-E). Urinary cytokines normalized to creatinine
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1071  stratified be fetal sex in bacterial culture negative samples (F-H). For all panels, samples that
1072  fell below the limit of detection were excluded. n=18-22 (A), n=35 (B), n=27 (C), n=37 (D), n=20
1073 (E), n=8-12 (F,G), n=8 (H). Box and whisker plots show median, all points, and extend from 25"
1074  to 75" percentiles. Data were analyzed by two-way ANOVA with Benjamini, Krieger and Yekutieli
1075  correction for false discovery with a false discovery rate set at 5% (A), simple linear regression
1076  (B-E), or Mann-Whitney (F-H). *p<0.05.

1077

1078  Figure 8. Urinary cytokines predict preterm birth risk.

1079  Heatmap of Spearman correlations between log, transformation of 34 urinary cytokines

1080 normalized to creatinine and gestational age (GA) at sample collection, GA at birth, and birth
1081  weight (A). Urinary cytokine quantification stratified by birth outcome in culture negative

1082  samples (B-E). Receiver-operating characteristic (ROC) curve for a four-cytokine model to

1083  predict preterm birth risk in culture negative urine (F). Urinary cytokine quantification stratified by
1084  birth outcome in culture positive samples (G-I). ROC curve for a three-cytokine model to predict
1085  preterm birth risk in culture positive urine (J). Birth weight of neonates born to patients in this
1086 trial stratified as above or below the median cytokine concentration (K,L). Urinary cytokine

1087  quantification stratified by birth outcome in all samples regardless of culture (M,N,O,P). ROC
1088  curve for a four-cytokine model to predict preterm birth risk in all samples regardless of culture
1089  (Q). For all panels, samples that fell below the limit of detection were excluded. n=17-40 (A),
1090 n=7-8 (B), n=8-9 (C-E), n=17 (F), n=7-15 (G), n=6-14 (H), n=7-16 (I), n=23 (J), n=8-15 (K),

1091 n=16-24 (L,M,N), n=40 (O), n=8-12 (P), n=13-22 (Q). Box and whisker plots show median, all
1092  points, and extend from 25" to 75" percentiles. Data were analyzed by simple linear regression
1093  with spearman correlation (A), Mann-Whitney (B-E,G-1,K-O), or with multivariate logistic

1094  regression with test of significance for area under the ROC curve (F,J,Q).

1095
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