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Abstract

Urinary tract infections (UTIs) typically evoke prompt and vigorous innate bladder immune 

responses including extensive exfoliation of the epithelium. To explain the basis for the 

extraordinarily high recurrence rates of UTIs, we examined adaptive immune responses in mouse 

bladders. We found that following each bladder infection, a highly TH2 skewed immune response 
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directed at bladder re-epithelization is observed with limited capacity to clear infection. Initiating 

this response is a distinct subset of CD301b+OX40L+ dendritic cells, which migrate into the 

bladder epithelium after infection before trafficking to lymph nodes to preferentially activate TH2 

cells. The bladder epithelial repair response is cumulative and aberrant, as after multiple 

infections, the epithelium was markedly thickened and bladder capacity was reduced relative to 

controls. Thus, recurrence of UTIs and associated bladder dysfunction are the outcome of the 

preferential focus of the adaptive immune response on epithelial repair at the expense of bacterial 

clearance.

Introduction

Urinary tract infections (UTIs) are common bacterial infections especially in females, where 

an estimated 50% of women will experience at least one UTI during their lifetime (1–5). 

Most UTIs are caused by uropathogenic E.coli (UPEC) (1–5) which typically originate from 

the gut (2,5). Upon reaching the bladder, these bacteria rapidly replicate in the urine and 

infect the bladder in large numbers. When the infection is limited to the bladder it is referred 

to as cystitis and when UTIs involve the kidneys pyelonephritis results (3,5,6). Noteably, 

UTIs have a remarkably high recurrence rate (27% to 44%) following the initial infection 

(3,4,7–9). For comparison, recurrence rate of pulmonary bacterial infections is around 10% 

(10–12), and 1.5% to 12% for gastrointestinal bacterial infections (13–15). These 

observations point to anomalies in the urinary immune system that predispose to infections 

and reinfections. Numerous animal studies have examined the innate immune responses in 

the bladder and kidneys to bacteria and observed powerful cytokine responses which evoked 

vigorous recruitment of neutrophils and monocytes (6,16–20). A characteristic bladder 

innate immune response is extensive shedding of the superficial epithelium which represents 

a powerful mechanism to reduce the load of infecting bacteria (21,22). This bladder 

epithelial cell (BEC) exfoliation is mediated by granule releasing mast cells found in the 

bladder lamina propria (LP) (22). Cumulatively, the urinary innate immune system is highly 

responsive in recognizing infecting bacteria and promptly clearing them through a vigorous 

and multifaceted immune response.

However, a unique anomaly in adaptive immune responses exists in the bladder. Whereas 

kidney infections evoke high levels of circulating antibodies against infecting bacteria, 

bladder infections evoke minimal antibodies (6,23,24,25). The bladder’s inability to mount 

pathogen-specific antibody responses was previously used in a clincal test to differentiate 

cystitis from pyelonephritis (23–27). Another indication of anomalous adaptive bladder 

immune responses comes from the observation that a patient’s history of at least two UTIs is 

widely considered a strong risk factor of another UTI (2–5). In view of these observations, 

we investigated mouse bladder adaptive immune responses following single and multiple 

UPEC infections. Because CD4+ T helper (TH) lymphocytes are the main regulators of 

adaptive immunity and since previous studies are not in agreement on whether CD4 T cells 

have any role in bacterial clearance in the bladder (28–30), we investigated the specific role 

of various CD4 T cell subsets (specifically TH1 and TH2) in promoting bacterial clearance 

during UTIs.
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Results

The bladder TH1 response is protective whereas the TH2 response impedes bacteria 
clearance

To characterize adaptive immune responses in the bladder following infection, we focused 

on the roles of TH1 and TH2 type immune cells since a recent study suggested that TH17 

adaptive immunity is limited (31). To examine the contribution of Th1 immunity to bacterial 

clearance in the mouse cystitis model, we compared bacterial numbers in the bladders of 

wild type (WT) and TH1 deficient Ifng−/− mice, and similarly, to study the contribution of 

Th2 immunity, we compared bacterial numbers in bladders of WT and TH2 deficient Il4−/− 

mice. Although significant in few cases, the differences in bacterial numbers between the 

three groups were modest (Figure 1a). This conclusion was re-enforced when bacterial 

numbers in the bladder on day 21 was assessed, where no significant differences in bacterial 

clearance was noticed (Figure 1b). Next, we investigated if TH1 and TH2 mediated bladder 

immunity impacted secondary immune responses towards a subsequent bacterial infection. 

Mice were re-infected three weeks after the first infection, at a time when the numbers of 

persisting bacteria were very low (Figure 1b). Unlike primary responses, the Ifng−/− mice 

exhibited significantly impaired bacterial clearance compared to WT mice. Surprisingly, 

Il4−/− mice were protected as shown by bacterial clearance in their bladders being markedly 

more efficient than WT mice (Figure 1c). These findings suggest that whereas TH1 cells 

promoted bacterial clearance, TH2 cells, especially during the secondary response to 

infection, markedly impaired bacterial clearance.

A significant difference in bacterial load between WT and Il4−/− mice on Day 3 after the 

first infection was observed (Figure 1a). This timing is surprising because naïve CD4 T cells 

are typically activated after a three-day interaction with antigen presenting cells (APCs) (32–

34). During bladder infection, we found a significant increase in CD4 T cell numbers on 

Day 3 and thereafter (Figure1d). Since rapid CD4 T cell activation is typically associated 

with memory cells, which secrete cytokines including IL-4 as early as 12h after activation 

(35–37), we wondered if the early immune responses in the bladder were linked to prior 

presence of memory CD4 T cells. E. coli-recognizing memory CD4 T cells, primed by gut 

microbiota (37–42), have been reported to widely exist in blood, lymphoid and non-

lymphoid tissues of healthy humans and mice. Similarly, microbiota educated memory CD4 

T cells may preexist in naive mouse bladders and bladder draining lymph nodes (BLNs), 

which are able to quickly react to bacterial infection. We pooled bladders or BLNs from 8-

week-old naïve WT C57BL/6J mice and probed for memory CD4 T cells (Figure 1e). 

CD44+ CD4 T cells are designated memory cells and CD62L further distinguishes different 

subtypes. We employed 8-week-old germ-free (GF) C57BL/6J mice as a negative control 

and 52-week-old naïve WT C57BL/6J mice, which have experienced sustained exposure to 

microbiota, as a positive control. We identified small and comparable numbers of CD4 T 

cells in the bladders of all three groups of mice, the majority of which were CD44+CD62L- 

memory cells (Figure 1e). Since there was no statistical differences in bladder memory CD4 

T cell numbers between WT and GF mice, the memory cells in the naïve bladder is 

unrelated to endogenous microbiota and they are likely self-reactive. In contrast, an almost 

two-fold greater number of CD44+CD62L- memory CD4 T cells was observed in BLNs of 
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WT mice compared to age-matched GF mice (Figure 1e), suggesting that microbiota 

dependent memory CD4 T cells exist in BLN. To investigate if rapid increase of CD4 T cells 

in bladder following the first infection is attributable to memory cells residing in BLN, 

rather than in the bladder, we treated young adult mice with either vehicle control or 

FTY720, an agent which inhibits T cell migration from lymph nodes to non-lymphoid 

tissues (43). On Day 3 post infection, FTY720 treated mice failed to exhibit an increase in 

CD4 T cells (Figure 1f). Thus, the unexpectedly early CD4 T cell response to the first UPEC 

infection is attributable to preexistence of memory CD4 T cells in BLNs, which presumably 

are primed by endogenous microflora.

The bladder response to a subsequent infection is highly TH2 biased.

To understand bladder TH1 and TH2 cell responses to re-infection, we assessed their 

dynamics in IFN-γ reporter mice (Great) and IL-4 reporter mice (4get). The IFNγ reporter 

mice were created by tagging an internal ribosomal entry site (IRES)-yellow fluorescent 

protein (YFP) cassette at the 3’ end of the endogenous Ifng gene (44,45), while the IL-4 

reporter mice were created by tagging an IRES-enhanced green fluorescent protein (GFP) at 

the 3’ end of endogenous Il4 gene (44,46). We examined the dynamics of IFN-γ+ CD4 T 

cells (TH1) and IL-4+ CD4 T cells (TH2) in these reporter mice following a first and second 

pyelonephritis infection (Supplement figure 1a), in which both bladder and kidneys are 

infected. The kidney is used as control organ, as its adaptive immune responses following 

UTIs are known to be unimpaired and effective (6,16,20,28). In the first three days following 

initial infection, there was a lower percentage of IFN-γ+ CD4 T cells in bladder compared to 

the kidney (Figure 2a). However, by Day 7 the bladder and kidney showed a similar 

percentage of IFNγ+ CD4 T cells probably because kidneys clear bacterial rapidly (6,47). In 

contrast, when examining for IL-4+ CD4 T cells after initial infection, we found that the 

bladder contained a higher percentage of IL-4+ CD4 T cells compared to kidneys (Figure 

2b). Consistent with these data, IL-4+ CD4 T cell numbers, presented as a percentage of 

total live single cells in the bladder, were higher than IFN-γ+ CD4 T cell numbers on day 3 

post-infection (Supplement figure 1d). When we examined reporter mice after 2nd bacterial 

infection, the bladder exhibited a further increase in percentage of IL-4+ CD4 T cells but not 

IFN-γ+ CD4 T cells (Figure 2c, 2d, Supplement figure 1e). Thus, in contrast to the kidneys 

which exhibit a balanced immune response, the bladders exhibit a strong Th2 bias following 

infection.

Next, we sought to confirm the bladder TH2 bias in mice experiencing only cystitis. We 

induced cystitis (as in Figure 1) in Great and 4get mice and found a similar TH2 bias after 

the first infection which was enhanced after a second infection (Supplement figure 2a, 2b). 

We also examined if a TH2 bias was observed in two different WT strains (C57BL/6J and 

BALB/cJ). We assessed IFN-γ and IL-4 cytokine production by ELISA after the 1st and 2nd 

cystitis infections. We found that the TH2 bias (higher IL-4 production compared to IFN-γ) 

in the bladders of C57BL/6J was not evident in the first infection but was clear after a 

subsequent infection. In BALB/cJ mice, we found the Th2 bias was evident after both the 1st 

and 2nd infection (Figure 2e, 2f). To support our contention of Th2 bias, we directly 

visualized and quantified TH1 and TH2 cells in WT C57BL/6J mouse bladders (Supplement 

figure 2c). We found that there were more GATA3+CD4+ TH2 cells than T-bet+CD4+ TH1 
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cells in infected mouse bladders (Supplement figure 2d). These data confirm bladder Th2 

bias in both pyelonephritis and cystitis-only models, which is further increased after a 

secondary infection.

TH2 biased immune response to infection in the bladder is directed at epithelial repair

Since the Th2 biased immune response had limited capacity to clear bacteria, we reasoned 

that it had another physiologic purpose. Studies examining TH2-mediated immune responses 

during parasitic infections have pointed to two major roles. One is to recruite mast cells and 

eosinophils which directly clear the parasite (48,49), and the other is to stimulate growth 

factor secretion from surrounding cells to induce epithelial cell proliferation (48,50,51). This 

latter activity is necessary to restore the epithelial barrier destroyed by the invading parasite 

(48). In view of the powerful bladder innate immune responses to infection resulting in 

extensive exfoliation of the epithelium and subsequent exposure of underlying tissue to 

noxious ammonia and salts in urine (22), we hypothesized a key response of the adaptive 

immune response is restoring the bladder epithelium.

To test this notion, we compared epithelial recovery following infection in WT and Il4−/− 

mice. We examined the epithelial surfaces of both groups of mice using wheat germ 

agglutinin (WGA)-FITC as a probe (22) on Day 0, 1 and 3 after infection to assess for 

epithelial regeneration. In both mice, the superficial epithelium was lost by Day 1 post-

infection. By Day 3, appreciable superficial epithelium regeneration was evident in WT, but 

not in Il4−/− mice (Figure 3a). We also intravesically inoculated dextran conjugated with 

Texas Red, which only penetrates damaged bladder epithelium (Figure 3b). Strong dextran 

penetration was observed in both WT mice and Il4−/− mice on Day 1 post-infection. On Day 

3, we observed limited penetrance of dextran into the bladder tissue in WT mice, compared 

to Il4−/− mice (Figure 3b). Epithelial recovery can also be assessed by examining barrier 

function following administration of trypan blue dye. We observed similar results with 

trypan blue assay (Figure 3c).

To see if differences in bladder permeability was specifically related to TH2 cell deficiency 

in Il4−/− mice, CD4 T cells derived from the BLNs of twice-infected 4get mice were 

differentiated in vitro under either TH2 condition or TH0 condition (supplement figure 3a, 

3b) and adoptively infused into Il4−/− mice. We found that the Il4−/− mice receiving TH2 

cells exhibited comparable bladder epithelial recovery to WT mice (Figure 3d) whereas 

Il4−/− mice receiving TH0 cells exhibited the same defective phenotype exhibited by Il4−/− 

mice not subjected to adoptive transfer (Figure 3d). These results confirm that Th2 cells are 

essential in restoring the bladder barrier after UPEC infection.

We showed that activated T cells responding to bladder infection originated from BLNs 

(Figure 1f). If the superficial BEC regeneration is mediated by activated T cells from BLNs, 

inhibiting their migration into the bladder should inhibit the epithelial regeneration. This was 

observed during bladder infection (Figure 3e). Our data suggested CD4 T cells from BLNs 

reacted rapidly to UPEC as memory cells (Figure 1). We questioned if the observed 

superficial BEC recovery following infection was bacterial antigen-specific. We sorted IL-4 

GFP+ cells from twice infected 4get mice and then adoptively transferred them into Il4−/− 

mice. As control TH2 group, we in vitro stimulated non-specific naïve CD4 T cells under 
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TH2 culture condition (Supplement figure 3c) before adoptive transfer into Il4−/− mice. After 

infection, WT and Il4−/− mice harboring bacterial antigen-specific TH2 cells exhibited good 

and comparable superficial BEC recovery whereas Il4−/− mice and Il4−/− mice infused with 

control TH2 cells exhibited defective epithelial recovery (Figure 3f, Supplement figure 3d). 

Thus, TH2 cells are activated in an antigen-dependent manner to mediate epithelium repair.

If exfoliation is the original cause for Th2 bias, predictably, this response should be absent in 

bladders that fail to exfoliate during infection. Bladders of chymase deficient (Mcpt4−/−) 

mice exhibit markedly less exfoliation following infection compared to WT mice (22). 

Compared to Mcpt4+/+ 4get mice, we found that the TH2 response was significantly 

weakened in the Mcpt4−/− 4get mice (Figure 3g). Conversely, the TH1 response was 

enhanced in the exfoliation-deficient mice (Figure 3h). Thus, the Th2 bias is a specific 

response to bladder exfoliation.

Next, we explored the mechanism of Th2-mediated bladder superficial epithelial 

regeneration. Since IL-4 regulates several growth factors (48–51), we examined their 

expression in bladder following infection by RT-PCR. Three of five growth factors tested, 

EGF, TGFα and IGF-1, were upregulated in bladder from day 0 to day 3 after infection 

(Figure 4a). All three factors increased uptake of BrdU in a dosage-dependent manner in in 
vitro culture, suggesting they promote BEC proliferation (Figure 4b, 4c, 4d). We also 

compared expression levels in infected bladders of WT, Il4−/− and Il4−/− mice infused with 

TH2 cells. Our results indicate expression of these growth factors was significantly 

decreased in Il4−/− mice compared to WT or Il4−/− mice infused with TH2 cells (Figure 4e). 

Thus, EGF, TGFα and IGF-1 production is stimulated by TH2 cells to promote epithelial 

regeneration during bladder infection.

Since M2 macrophages promote IL-4-mediated growth factor secretion (48–51), we 

examined if bladder expression of EGF, TGFα and IGF-1 correlated with the presence of 

M2 macrophages. The expression level of M2 macrophage signature genes (50,52,53) in 

bladder tissue was significantly reduced in Il4−/− mice compared to their level in WT mice 

and in Il4−/− mice infused with TH2 cells (Figure 4f). These results were confirmed by flow 

cytometry (Supplement figure 4a, 4b). Thus, M2 macrophages also contribute to IL-4-

regulated immune responses in bladder infection. Furthermore, applying M2 macrophage 

inhibitor GW2580 (54–56) can significantly reduce the concentration of growth factors in 

bladder lysate and inhibit epithelial repair (Figure 4g, Supplement figure 4c, 4d) while not 

affecting Th2 cells (Supplement figure 4e). Therefore, M2 macrophage function downstream 

of IL-4, and directly or indirectly stimulate growth factor production during bladder 

infections.

CD301b+ DCs direct TH2 bias in the bladder

Since activation and recruitment of CD4 T cells is mediated by APCs, we sought to identify 

the particular APCs involved in bladder. A dendritic cell (DC) subset, CD301b+CD11c+, 

mostly described in the skin, was shown to drive TH2 responses following parasitic 

infections (57–60). Therefore, we infected the bladders of WT mice with UPEC J96 and 

stained for CD301b 12 h after infection. An appreciable number of CD301b+ cells were 

resident in the LP region of control bladders (Figure 5a). Interestingly, by 12 hours after 
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UPEC infection, a proportion of these cells had migrated into the epithelium (Figure 5a). 

Thus, CD301b+ cells are present in the bladder and have the potential to directly sample 

antigens in the epithelium. To confirm this, the bladders, BLNs, and the kidney-draining 

renal lymph nodes (KLN) were collected and analysed on day 0 and day 1 after infection 

(Supplement figure 5a, 5b). We observed that a significant proportion of MHC class II+ 

APCs in bladder were CD11c+CD301b+ DCs on day 0 (Figure 5b). On Day 1 post infection, 

the percentage of these cells significantly decreased in the bladder (Figure 5b). This decrease 

corresponded with a large increase in CD301b+CD11c+ DCs in BLN (Figure 5b). That was 

not seen in the KLN. The chemokine receptors CCR7 and CCR8 are important for CD301b+ 

DCs migration from the skin to draining lymph nodes (61). Flow cytometry analysis 

revealed that CCR7, but not CCR8, is highly expressed on bladder CD301b+CD11c+ DCs at 

12 h and thereafter post infection, and nearly all of CD301b+CD11c+ DCs that had migrated 

into BLNs expressed CCR7 (Supplement figure 5c, 5d). Their migration into BLN was also 

confirmed by microscopy (Supplement figure 6). These results indicate that CD301b+CD11c
+ DCs reside in bladder LP in the steady state, but following infection, they migrate to BLN 

to activate CD4 T cells.

To demonstrate the ability of DCs to initiate the activation and migration of TH2 cells into 

the bladder following infection, we bred CD301bDTR mice with 4get or Great mice, to 

generate CD301bDTR mice with IL-4 reporter capacity and CD301bDTR mice with IFN-γ 
reporter capacity. We then treated half of these mice with diphtheria toxin (DT), and the 

other half with PBS as a control. As additional control for DT treatment, we treated WT 4get 

mice with DT. In contrast to CD301bDTR mice treated with PBS and WT 4get mice treated 

with DT, CD301bDTR mice treated with DT harbored minimal amounts of IL-4+ CD4 T 

cells in bladder infection (Figure 5c), suggesting CD301b+ cells were activating Th2 cells. 

We confirmed this after a second infection (Figure 5d). Interestingly, when we examined 

IFN-γ reporter mice, we found depletion of CD301b+ cells caused a significant increase of 

IFN-γ+ CD4 T cells (Figure 5e). Similar results were observed after a second infection 

(Figure 5f). Furthermore, the bladder epithelium regeneration in mice depleted in CD301b+ 

cells was significantly impaired compared to WT mice (Figure 5g). Meanwhile, we found a 

significantly lower CFU in CD301b+-depleted mice compared to WT mice after a second 

infection (Figure 5h), confirming role of CD301b+ cells in promoting TH2 bias which 

impedes bladder bacterial clearance.

OX40L on CD301b+ DCs is responsible for the TH2 bias in bladder.

Next, we investigated how CD301b+ DCs induced bladder Th2 bias. The nature and 

expression levels of co-stimulatory ligands on surface of APCs are critical in guiding TH1- 

and TH2- polarization (48,49,57,62,63). Whereas OX40L, PD-L2, ICOSL, and JAG1 are 

ligands that induce TH2 responses (48,49,57), DLL1 and DLL4 are ligands that induce TH1 

responses (62,63). CD301b+ DCs found in the skin constitutively express high levels of PD-

L2 and low levels of OX40L (57,60), and no Th1-inducing ligands have as yet been reported 

on these cells (57,60). To examine if a similar molecular expression pattern of co-

stimulatory ligands was occurring on bladder CD301b+ DCs, we assessed expression of 

those ligands on bladder APCs (7AAD-CD45+MHC class II+) at 0h, 12h and 24h after 

infection by flow cytometry. We grouped the APCs into three subpopulations:,CD301b
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+CD11c+ cells (CD301b+ DCs), CD301b-CD11c+ cells (other DCs and APCs), CD301b-

CD11c- cells (B cells, macrophages and other APCs) (Figure 6a). We found that at 0h 

approximately 40% of CD301b+CD11c+ cells expressed the TH2 inducing ligand OX40L 

(OX40L+PD-L2-). However, none of the other subpopulations expressed other Type 1 or 2 

ligands (Figure 6a). 12 hours post-infection, a proportion of the CD301b+CD11c+ and the 

CD301b-CD11c+ populations expressed high amounts of PD-L2 (OX40LlowPD-L2+) and 

intermediate levels of ICOSL. Notably, OX40L+PD-L2- and OX40LlowPD-L2+ are two 

distinct populations among CD301b+CD11c+ cells. This observation differs from the skin, 

where only one TH2-driving population OX40LloPD-L2+ cells exists. In contrast to 

OX40LlowPD-L2+ population of CD301b+ DCs, by 24 hours following infection, the 

percentage of bladder-specific OX40L+PD-L2- cells decreases sharply, presumably because 

of their migration to BLNs. Importantly, none of the bladder APCs expressed noticeable 

DLL1/4 ligands (Figure 6a). Thus, OX40L is the only ligand constitutvely and exclusively 

expressed on bladder CD301b+ DCs.

Since PD-L2 and ICOSL are also expressed on bladder APCs, it is important to rule out their 

contribution to TH2 responses. To investigate their function, we intraperitoneally infused 

anti-OX40L antibody (Ab), anti-PD-L2 Ab, anti-ICOSL Ab or isotype control Ab into 4get 

or Great mice. We then collected the bladders three days after infection for flow cytometry 

analysis and found that anti-OX40L Ab caused a significant decrease of TH2 cells compared 

to the control group (Figure 6b), whereas anti-PD-L2 and anti-ICOSL had no significant 

effect (Figure 6b). These results point to the importance of OX40L. We also examined 

OX40L+CD301b+ DCs by microscopy and found that almost all of the CD301b+ DCs that 

migrated into the epithelium by 12h post infection were OX40L+ (Figure 6c). These 

observations point to OX40L on CD301b+ DCs as a critical determinant of TH2 responses in 

the bladder following UPEC infection.

Th2 biased immune responses to repeated infections is detrimental to bladder function in 
multiple ways.

As TH1 and TH2 cells mutually inhibit each other (64–66), the strong TH2 environment in a 

multiple-infected bladder will predictably overcome any residual TH1 responses that it is 

capable of mounting. To investigate this, we bred Il4−/− mice with Great mice to create IFN-

γ reporter mice with a TH2 deficiency. Examination of the percentage of IFN-γ+ CD4 T 

cells in Il4−/− and Il4+/− mice showed a significant increase in these cells compared to Il4+/+ 

mice (Figure 7a). Thus, TH2 cells in the bladder have the capacity to reduce the number and 

bacterial clearance capacity of TH1 cells in this organ. Furthermore, when large numbers of 

UPEC-specific TH1 cells were adoptively infused into Ifng−/− mice, the bladder’s bacterial 

clearing capacity was rescued, indicating that although TH1 cells are intrinsically capable of 

clearing bacteria this ability is inhibited in WT mice by the presence of TH2 cells 

(Supplement figure 7).

In view of enhanced TH2 biased responses following a subsequent bladder infections, we 

investigated if there are any noticeable effects of repeated infections on bladder architecture. 

We infected mice one, two or three times with UPEC J96 and then examined bladder 

sections for morphological changes on day 3 after the final infection (Figure 7b). Bladders 
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of control mice exposed to PBS exhibited an intact epithelium (Figure 7b) while bladders of 

mice challenged with a single infection appeared to only partially recover their superficial 

epithelium (Figure 7b). Bladders of mice that experienced two infections had completely 

recovered their superficial epithelium (Figure 7b). Mice that experienced three infections 

had acquired a significantly thicker epithelium pointing to the existence of an enhanced 

epithelial cell proliferation program (Figure 7b). Seemingly, the capacity to regenerate the 

epithelium appears to accelerate and grow with each infectious bout (Figure 7b). When we 

compared bladder functions of three-time infected mice with control mice, we observed 

significant loss of bladder capacity which is defined as urine retention ability in infected 

mice compared to control mice, as the former tended to void urine much more frequently 

than the control (Figure 7c). The rapid TH2-initiated tissue repair program appears 

suboptimal as multi-re-epithelized bladders exhibit diminished capacity to store urine. Thus, 

bladders of multiple-infected mice are not only compromised in their capacity to clear 

infections, but they are also functionally limited. Finally, we questoned if these defects were 

temporary or more long lasting. We investigated bladder epithelial architecture, bladder TH2 

cell numbers and bladder capacity in three-time-infected mice two months after the last 

infection (Figure 7d–f). Although aberrant bladder epithelial remodeling is long-lasting, 

there appears marked individual variation.

Discussion

Our goal was to identify unique aspects of the bladder’s adaptive immune response that 

predispose to re-infection. We report that following bacterial infection, the bladder evokes a 

vigorous T cell response with a distinct TH2 bias which is further enhanced during 

subsequent infections. The TH2 directed immune response focuses on repairing the 

superficial bladder epithelium following infection-triggered exfoliation of this barrier. This 

enhanced bladder Th2 response also paralleled a corresponding decrease in bacteria-clearing 

TH1 responses. This epithelial repair mechanism could be unique to the bladder as extensive 

exfoliation of the epithelium is not typically observed at mucosal sites. The prominent role 

played by bladder T cells in mediating epithelial repair activities was previously unknown 

because T cell numbers in the bladder are small and difficult to isolate and study. We 

overcame this technical difficulty by using recently created IFN-γ and IL-4 reporter mice 

which markedly enhanced our ability to detect both TH1 and TH2 cells.

Although a TH2 biased response has previously been implicated in parasite clearance 

(48,49), this is the first time such a response has been reported for bacterial infections, albeit 

with limited bacterial clearance capabilities. The speed and vigor of the TH2-mediated 

epithelial regeneration process appears to increase with each infection. Conceivably, urgent 

repair of the bladder epithelium is needed following bacteria-induced epithelial exfoliation. 

Any delay in repair will prolong the time the underlying tissue is exposed to urine which is 

replete with cytotoxic and pain-inducing salts and noxious compounds. Even though limited 

bacterial clearance predisposes to another infection, it could represent the lesser of two evils.

Rapid epithelial repair activity was observed even following a primary infection and 

involved memory TH2 cells educated by the endogenous microbiota. The existence of 

microbiota in the healthy human bladder was recently reported (67,68). This overarching 
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focus on bladder epithelium repair also appears to be why the bladder fails to mount an 

antibody response to infecting UPEC (6). Following infection-induced loss of the bladder 

epithelium, bladder mast cells spontaneously secrete large amounts of the 

immunosuppressive cytokine, IL-10, to subdue local inflammation so that epithelial repair 

can occur (6). An unintended consequence of this action is inactivation of bladder DCs 

resulting in limited antibody responses to infecting bacteria (6).

That bladders exposed to consecutive infections exhibited markedly thickened epithelia and 

reduced bladder capacity has not previously been reported, but is consistent with current 

views that repeated UTIs may cause lasting changes in bladder function (69,70). This 

finding and that at least 50% of interstitial cystitis patients experiencing bladder disorders 

(e.g. nocturia) have a prior history of recurrent UTIs (1–5), suggest that patients 

experiencing recurrent UTIs should be examined for changes in bladder functions.

We have discovered a critical role for CD301b+ DCs in directing TH2 biased responses in 

the bladder. These cells that are resident in the LP of the bladder migrated into the 

epithelium during infection and then trafficked to the draining lymph nodes where they 

triggered the mobilization of TH2 T cells into the bladder. We showed that OX40L on 

CD301b+ DCs is responsible for inducing the TH2 response. Although CD301b+ DCs, 

which are PDL2+OX40Llo, have previously been implicated in the TH2 responses to 

parasitic skin infections (57,60), only a subset of bladder CD301b+ DCs, namely PDL2-

OX40L+, were implicated in TH2 responses during bacterial infection. Indeed, neutralization 

of OX40L in the bladder significantly mitigated the TH2 bias following bacterial infection, 

which is in contrast to findings in parasite skin infections where these anti-OX40L 

antibodies had no effect (60). As OX40L is a different TH2 ligand expressed by bladder 

CD301b+ cells compared to skin CD301b+ cells (57,60), TH2 inducing mechanisms by 

CD301b+ DCs may differ based on the unique local microenvironment. Why OX40L is 

constitutively expressed on bladder CD301b+ DCs is currently unknown, but it is noteworthy 

that these DCs are specifically recruited into the uroepithelium where they encounter 

infecting bacteria. During bladder infections, mast cells migrate into the epithelium to 

mediate exfoliation of the superficial epithelium (22). Concurrent with this activity, mast 

cells presumably secrete chemoattractants and cytokines such as IL-13 promoting the 

recruitment of CD301b+OX40L+ DCs into the epithelium as has been previously suggested 

for allergen-induced airway inflammation (71,72).

Even though a patient’s history of previous UTIs is generally considered a strong risk factor 

for another UTI (1–5), the underlying basis has until now remained elusive. This is probably 

because previous studies have largely overlooked the contributions of immune responses 

following repeated infections (28–30). Moreover, few studies have focused on the adaptive 

immune response which appears to be a major player following repeated bacterial infections. 

Recently, it was suggested that “mucosal imprints” left by prior E. coli bladder infection, 

especially after chronic infections, can markedly sensitize bladders to recurrent disease 

(73,74). Along these lines, we have found that bladder infections trigger a TH2 biased 

response impacting both the bladder structure and function and that the magnitude of these 

responses increase with each infection. Since these TH2 enhanced responses proportionally 

inhibit TH1 mediated responses, especially its bacteria-clearing activities, the result leads to 
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reinfections. This finding of an aberrant bladder immune response to infection raises the 

possibility of employing immune modulatory strategies to combat UTIs.

METHODS

Mice

Female C57BL/6J mice were purchased from the Jackson Laboratory and housed in animal 

facility of Duke University till experiments were performed. Ifng−/− (002287), Il4−/− 

(002253), CD301bDTR (023822) mice were obtained from the Jackson Laboratory and bred 

in animal facility of Duke University. IL-4 reporter mice (4get) and IFN-γ reporter mice 

(Great) were graciously provided by Richard Locksley (University of California, San 

Francisco) and were bred to C57BL/6J mice for more than ten generations. All of the above 

mice were housed under specific pathogen free (SPF) condition in animal facility of Duke 

University and eight- to ten-week old mice were used for all the experiments unless 

otherwise noted. 8-week-old germ-free C57BL/6J mice were purchased from the animal 

facility of Duke Division of Laboratory Animal Resources (DLAR). All mouse experiments 

were performed in accordance with protocol approved by the Duke University Animal Care 

and Use Committee.

Bacterial strain and cell line

Clinical Uropathogenic E. coli isolate strain J96 was used for infection in mouse UTI model 

(6,75). The bacteria were statically grown overnight in Luria-Bertani broth 24 hours prior to 

infecting mouse. Primary human bladder epithelial cells (HBEP05) were purchased from 

CellnTec, and was grown in defined Keratinocyte SFM (ThermoFisher) and incubated at 

37°C with 5% CO2.

Mouse UTI model

UTI models from previous research were used (6). To induce cystitis, mice were given 

pentobarbital sodium (Oak Pharmaceuticals) i.p. for anesthesia, then 1×108 Uropathogenic 

E. coli strain J96 in 30μl PBS were slowly introduced into mouse bladder over a 2 min 

period through a 2cm catheter inserted into mouse urethra. A second cystitis was induced 

three weeks after the first one. To induce pyelonephritis, mice were given pentobarbital 

sodium i.p. for anesthesia, then 1×108 Uropathogenic E. coli strain J96 in 80μl PBS were 

quickly introduced into mouse bladder through a 2cm catheter inserted into mouse urethra. 

A second pyelonephritis was induced three weeks after the first one.

Bacteria load assessment

The bladders were collected at different time point post infection as indicated in the figure 

legends, and homogenized in 0.1% Triton X-100 (Sigma) by using zirconia silica beads for 

three cycles of 1.5 min each in an automatic homogenizer. Lysate underwent series dilution 

in PBS and was put on Difco MacConkey agar plate. After overnight incubation in 37 °C, 

colony forming unit (CFU) was counted.
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FTY720 treatment

FTY720 treatment was modified from previous research (43, 76). Briefly, FTY720 (Sigma) 

was dissolved in distilled water following manufacture instruction. 1 mg/kg bodyweight 

FTY720 was i.p. injected into mice one day before bladder infection. Then it was injected 

daily till mice were euthanized.

Cross section and immunofluorescence staining

Bladders or lymph nodes were collected at different time point post infection as indicated in 

the figure legends, put into OCT compound, and immediately frozen. Then, 10um tissue 

sections were made in CM1850 Leica Biosystems cryostat (Leica Biosystems Inc) and put 

onto positive charged slides. The samples were then fixed in acetone for 20min in 4°C. After 

fixation, the samples were blocked with 1% anti-mouse CD16/CD32 (BD biosciences) or 

5% Normal Donkey Serum (Sigma) and 1% BSA in PBS for 1 hour in room temperature. 

Bladder samples were incubated with 0.1% anti-cytokeratin 5 antibody (Abcam), 1% Anti-

GATA3 antibody (ab106625, Abcam), 1% Anti-T-bet antibody (ab91109, Abcam), or 1% 

isotype control antibody overnight in 4°C, the next day, were incubated with 0.1% secondary 

antibody conjugated with fluorescence phore (Jackson ImmunoResearch), 1% anti-CD4 

antibody conjugated with APC (BD biosciences), 1% anti-CD301b antibody conjugated 

with PE (Biolegend), or Anti-Mouse OX40L conjugated with Alexa Fluor 647(BD 

biosciences) for one hour in room temperature, light was avoided. Lymph node samples 

were incubated with 1% anti-CD11c antibody conjugated with FITC (BD biosciences), 1% 

anti-CD301b antibody conjugated with PE (Biolegend) and 1% anti-CD4 antibody 

conjugated with APC (Biolegend) for one hour in room temperature, light was avoided. The 

slides were mounted with Fluoroshield with DAPI reagent (Sigma) and examined using a 

Leica SP5 confocal microscope. The collected pictures were analyzed and quantified by 

ImageJ.

Flow cytometry analysis

Bladders, kidneys and lymph nodes were collected at different time point post infection as 

indicated in the figure legends. Single-cell suspensions were prepared as stated below, and 

light was avoided in the whole process. Bladder was digested with 1 mg/ml Collagenase 

(C7657; Sigma), 200 ug/ml DNase I (DN25; Sigma) in RPMI 1640 for 1 hour at 37°C. 

Kidney was digested with 1 mg/ml Collagenase (C7657; Sigma), 200 ug/ml DNase I (DN25; 

Sigma) in RPMI 1640 for 15min at 37°C. Lymph node was smashed and filtered through 

70um cell strainer in FACS buffer (3% heat inactivated fetal bovine serum and 5mM EDTA 

in PBS). Samples were blocked with 1% Anti-mouse CD16/CD32 (BD biosciences), 5% 

normal mouse serum and 5% normal rat serum in FACS buffer for 15min at 4°C. Then, 

surface staining was performed with 7-AAD (BD biosciences) and the following antibodies. 

APC conjugated to anti-mouse TCR γ/δ (GL3), APC-Cy7 conjugated to anti-mouse CD8a 

(53–6.7) were from BioLegend. PE conjugated to anti-mouse Gr1 (RB6–8C5), PECy7 

conjugated to anti-mouse CD3e (145–2C11), Pacific Blue conjugated to anti-mouse CD4 

(RM4–5), BV510 conjugated to Anti-Mouse NK-1.1 (PK136), BB515 conjugated to anti-

mouse CD326 (G8.8), FITC conjugated to anti-mouse CD11c (HL3), APC conjugated to 

anti-mouse CD11c (HL3), APC-Cy7 conjugated to anti-mouse CD45 (30-F11), BV510 

Wu et al. Page 12

Nat Immunol. Author manuscript; available in PMC 2020 November 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



conjugated to anti-mouse I-A/I-E (M5/114.15.2) were from BD Biosciences. All the samples 

were pre-gated by size and granularity based on forward and side scatter to select single 

cells, and then gated on 7-AAD negative cells. Data were collected by FACSCanto (BD 

Biosciences) and analyzed with FlowJo software (TreeStar).

ELISA

Bladders were collected at different time point post infection as indicated in the figure 

legends. Then bladders were homogenized by using zirconia silica beads for three cycles of 

1.5 min each in an automatic homogenizer, and enzyme-linked immunosorbent assay was 

performed by using TH1/TH2 ELISA Kit (88–7711-44, ThermoFisher), IL-12p70 ELISA Kit 

(BMS6004, ThermoFisher), EGF ELISA Kit (EMEGF, ThermoFisher), IGF-1 ELISA Kit 

(EMIGF1, ThermoFisher), or TGFα ELISA Kit (EHTGFA, ThermoFisher) following 

manufacture’s instruction. Concentrations were determined by standard curve. The level of 

IFN-γ and IL-4 at various time points was normalized to the level at day 0 without infection.

Dextran penetration and whole mount staining

Dextran penetration and whole mount staining were modified from previous research (22, 

77). 1×108 CFU UPEC strain J96 were given to the mouse bladders to induce cystitis. On 

day 0, day 1 and day 3 post infection, 50ul dextran-Texas Red (1mg/ml in PBS, D1828, 

Invitrogen) was given into bladder through catheter inserted in urethra while mouse is under 

anesthesia. 30min after dextran delivery, mice were euthanized by CO2 and bladders were 

collected. Bladders were cut from the middle to be fully unfolded and the whole epithelium 

was exposed. The samples were then fixed in 4% paraformaldehyde solution for 2 hours. 

Next, the samples were washed three times in PBS and incubated in blocking buffer (0.3% 

Triton, 5% donkey serum in 1% BSA-PBS solution) for 2 hours with shaking in room 

temperature. Then, samples will be incubated with anti-cytokeratin 5 antibody (1:200 

dilution in blocking buffer, Abcam) overnight in 4°C. The next day, after washed three times 

with PBS, samples were further incubated with wheat germ agglutinin conjugated with FITC 

(1:200 dilution, Molecular Probes) and secondary donkey anti-rabbit antibody conjugated 

with Alexa Fluor 647 (1:1000 dilution, Jackson ImmunoReseaerch) in blocking buffer for 2 

hours in room temperature. Then they were washed in PBS twice, mounted on slides with 

ProLong Gold antifade mounting agent. Slides were examined using a Leica SP5 confocal 

microscope. The collected pictures were analyzed and quantified by ImageJ.

Trypan blue assay

1×108 CFU UPEC strain J96 were given to the mouse bladders to induce cystitis. Trypan 

blue assay was then performed based on previous research (78). Briefly, on Day 0, Day 1 

and Day 3 post infection, 1% trypan blue in PBS (50ul) was slowly given into bladder 

through a catheter inserted in mouse urethra while mouse is under anesthesia. 30min after 

trypan blue delivery, bladder were collected and pictures were taken on the bladders. The 

trypan blue intensity was measured in ImageJ, and the intensity on Day 1 and Day 3 was 

normalized to the intensity on Day 0.
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CD4 T cell in vitro differentiation and adoptive transfer

For TH0 and TH2 cell culture experiment, 1×108 E.coli J96 in 30μl PBS were delivered into 

the bladders of 4get mice to induce cystitis. A second infection was given two weeks after 

the first one in the same way. Three days after the second infection, the iliac lymph nodes 

were collected, smashed and filtered through 70μm cell strainer. Then CD4 T cells were 

concentrated by EasySep Mouse CD4+ T Cell Isolation Kit (19852, Stemcell). The 

concentrated CD4 T cells were immediately seeded in anti-CD3/anti-CD28 antibodies (BD 

bisosciences) coated plate in RPMI 1640 with 10% heat inactivated fetal bovine serum. 

10μg/mL anti-IFN-γ antibody (BD bisosciences), 1μg/mL IL-2 (Biolegend) and 1μg/mL 

IL-4 (Biolegend) were added to polarize the CD4 T cells for Th2 culture; 1μg/mL IL-2 

(Biolegend) was added for TH0 culture. Cells were cultured for four days at 37°C with 5% 

CO2. The cells were harvest on day 4, and TH2 polarity was assessed by flow cytometry. 

Then 1×106 cells in 100μl PBS were i.v. injected into each Il4−/− mouse. For sorting-out TH2 

cell experiment, 1×107 E.coli J96 in 100ul PBS were i.p. delivered into 4get mice. A second 

infection was given two weeks after the first one in the same way. Two days after the second 

infection, lymph nodes and spleen were collected, smashed and filtered through 70μm cell 

strainer. Then CD4 T cells were concentrated by EasySep Mouse CD4+ T Cell Isolation Kit 

(19852, Stemcell) and GFP+ cells were sorted out by Sony SH800 cell sorter. 1×105 GFP+ 

cells were i.v. injected into each Il4−/− mouse. As control, CD4 T cells isolated from iliac 

lymph nodes of naïve 4get mice were stimulated by anti-CD3/anti-CD28 antibodies and 

cultured under TH2 condition for four days. 1×105 GFP+ cells were sorted out from the 

cultured cells and i.v. injected into Il4−/− mouse. For sorting-out Th1 cell experiment, 1×107 

E.coli J96 in 100ul PBS were i.p. delivered into Great mice. A second infection was given 

two weeks after the first one in the same way. Two days after the second infection, lymph 

nodes and spleen were collected, smashed and filtered through 70μm cell strainer. Then CD4 

T cells were concentrated by EasySep Mouse CD4+ T Cell Isolation Kit (19852, Stemcell) 

and YFP+ cells were sorted out by Sony SH800 cell sorter. 2X105 YFP+ cells were i.v. 

injected into each Ifng−/− mouse.

RT-PCR

Bladders were collected at different time point post infection as indicated in the figure 

legends. Total RNA was extracted by using RNeasy mini kit (Qiagen) following 

manufacture’s instruction. 1ug extracted RNA was used to synthesize cDNA in a 20ul 

solution system by using SuperScript IV Reverse Transcriptase (ThermoFisher) and Oligo 

d(T)20 (ThermoFisher). Synthesized cDNA was 1:10 diluted in DNAase and RNAase free 

water. 5ul cDNA dilution was then used for RT-PCR with iQ SYBR Green Supermix 

(1708882, Bio-Rad), following manufacture’s instruction. The PCR reactions were initiated 

with denaturation at 95°C for 3 min; followed by 40 amplification cycles at 95°C for 15 s 

and 60°C for 30 s. Samples were run in duplicate, data were collected in LightCycler 480 

Instrument II (Roche) and analyzed by software LightCycler 480 sw 1.5.1 (Roche).

Gene expression level was normalized to either uninfected samples or Wt samples as 

indicated in the figure legends. The following primers were used based on previous 

publications. EGF-F: 5’-AGAGCCAGTTCAGTAGAAACTGGG-3’, EGF-R: 5’-

ACTTTGGTTTCTAATGATTTTCTCC-3’ (79); HB-EGF-F: 5’-
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ATGAAGCTGCTGCCGTCGGTGATGCTGA-3’, HB-EGF-R: 5’- 

GGTATCTGCACTCCCCGTGGATGC-3’ (80); TGFα-F: 5’-

CCAGATTCCCACACTCAGT-3’, TGFα-R: 5’-GGAGGTCTGCATGCTCACA-3’ (81); 

IGF1-F: 5’-GTCTTCACACCTCTTCTACC-3’, IGF1-R: 5’- 

CCTTCTGAGTCTTGGGCATGTCAG-3’ (82); IGF2-F: 5’-

TCCTGTCTTCATCCTCTTCCAGCCCC-3’, IGF2-R: 5’-

CGGTCCGAACAGACAAACTGAAGCGT-3’ (83); Arg1-F: 5’-

CTCCAAGCCAAAGTCCTTAGAG-3’, Arg1-R: 5’-AGGAGCTGTCATTAGGGACATC-3’ 

(84); Fizz1-F: 5’-TCCCAGTGAATACTGATGAGA-3’, Fizz1-R: 5’-

CCACTCTGGATCTCCCAAGA-3’ (52); Ym1-F: 5’- 

AGAAGGGAGTTTCAAACCTGGT-3’, Ym1-R: 5’-

GTCTTGCTCATGTGTGTAAGTGA-3’ (84); b-actin-F: 5’-

GATTACTGCTCTGGCTCCTAGC-3’, b-actin-R: 5’-GACTCATCGTACTCCTGCTTGC-3’ 

(6).

BrdU assay

Primary human bladder epithelial cells were seeded on 22×22 mm glass coverslips and were 

cultured with 10uM 5-Bromo-2’-deoxyuridine (Sigma) and different concentrations of 

various growth factors as indicated in the figure legends for 24 hours in Keratinocyte SFM 

medium. The next day, the cells were fixed in 4% paraformaldehyde and permeabilized in 

blocking buffer (0.1% saponin, 1% fish gelatin, 5% normal mouse serum in PBS) for 30 min 

in room temperature. Then the samples were incubated in 1M HCL for 1 hour at room 

temperature, followed by three times PBS wash and another 30 min incubation with 

blocking buffer. The cells were then incubated with FITC conjugated Mouse Anti-Human 

BrdU antibody with DNase (1:100 dilution in blocking buffer) overnight in 4°C. Then 

coverslips were mounted with Fluoroshield with DAPI reagent (Sigma) and examined using 

a Leica SP5 confocal microscope. In ImageJ, the cells with positive staining of BrdU were 

counted.

GW2580 treatment

GW2580 treatment was performed as described by previous research(54–56). GW2580 

(Sigma) suspended in 0.5% hydroxypropylmethylcellulose and 0.1% Tween 80 or vehicle 

solution alone was delivered at 50mg/kg bodyweight twice everyday by oral gavage. The 

delivery was started one day before infection and continued till mice were euthanized.

CD301b+ DC knock-out

CD301b+ DC knock-out was performed following the previous publication (57, 58). Briefly, 

500ng DT in 100ul PBS were i.p. given to CD301b-DTR mice. Two days later, 1×108 J96 in 

30ul PBS were delivered into the mouse bladders to induce cystitis. The day with J96 

delivery was referred as Day 0. Bladders and lymph nodes were collected at Day 0, Day 1, 

Day 3 for flow cytometry analysis. CD301b+ DC depletion was confirmed by flow 

cytometry on Day 0 and Day 3 as shown in supplementary information. For a second 

infection, DT treatment was continued once a week between the first and second infection.
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Ligand neutralization

200μg anti-ICOSL, anti-PD-L2, anti-OX40L or a collection of isotype control antibodies 

were i.p. injected into 4get or Great mice. 24h later, UPEC strain J96 (1×108 CFU) was 

administered to the bladders of these mice and antibodies were i.p. injected again. Another 

three days later, bladders were collected for flow cytometry analysis.

Cystometry

CD301b+ DC knock-out was performed following the previous research (85, 86). 8–10 week 

old female C57BL/6J mice were infected once weekly for three total infections. 14 days or 2 

months following the third infection, cystometry was performed in conscious restrained 

mice. Briefly, PE-10 catheters were implanted into the bladder dome of mice 7 days before 

cystometry. The catheter was routed from the bladder to the interscapular region and sealed. 

For cystometry, mice were restrained using a Ballman-type restrainer (Natsume Seisakusho 

Co., Tokyo, Japan) and placed inside a Small Animal Cystometry Lab Station (Med 

Associates, St. Albans, VT). An analytical balance was used to measure void volume. Saline 

was infused into the bladder at a fixed rate of 15 uL/min for 2 hours by utilizing a syringe 

pump equipped with an in-line pressure transducer. Scale and pressure measurements were 

recorded with Med-CMG software (Med Associates). At least 10 voiding cycles were 

recorded. CMG Analysis software (version 1.06; Med Associates) was used to analyze void 

frequency, defined as the number of voids per hour, and void volume, defined as the amount 

of change on the analytical balance.

Repeated infections and epithelium thickness measurement

1×108 CFU UPEC strain J96 were intravesically administered to induce cystitis once every 

week for three times. PBS was intravesically administered in control mice. At various time 

points after the final infections, cystometry, flow cytometry, or cross section were 

performed. For measurement of epithelium thickness, cross section and immunofluorescence 

staining were done on bladder samples. Then, Measurement was performed by ImageJ on 

pictures obtained from Leica SP5 confocal microscope. The thickness from the top of 

superficial BEC layer to where BEC staining ends was measured. DAPI staining is also used 

as a reference for the thickness measurement.

Statistics and reproducibility

Statistical analyses were performed using v.8.4.1 (GraphPad Software, La Jolla, CA, USA). 

A two-tailed unpaired t test was used for comparison between two groups; An ordinary 

ANOVA with a post test corrected for multiple comparison was used for comparisons among 

more than two groups. Each experiment was repeated independently with similar results for 

two to three times. Detailed information is in each figure legend. p<0.05 was considered 

statistically significant. Post-test p values are as follows: * p < 0.05; ** p < 0.01; *** p < 

0.001, **** p < 0.0001

Data availability statement

All data supporting the findings of this study are available within the article and its 

supplementary information and from the corresponding author upon reasonable request.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Il4−/− but not Ifng−/− mice initiate bacteria clearance within three days post bladder 
infection.
a, UPEC was administered into the bladders of WT, Ifng−/− or Il4−/− mice. Bacterial load of 

the whole bladder was assessed on Day 1, 3, and 7 post infection, n=10 mice per group. b, 

Bacterial load was assessed three weeks after infection, n=7 mice. c, Three weeks after the 

first infection, a second infection was given to the mice. Bacterial load was assessed on Day 

3 after the first and second infections, n=8 mice. d, Bladders were collected on Day 0, 1, 3 

and 7 post infection for cross section and immunofluorescence staining of nuclei (DAPI, 
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blue), uroepithelium (cytokeratin 5, red) and CD4 T cells (CD4, green). White arrow 

indicates CD4 T cells. White bar marks 25μm. CD4 T cell numbers per field were counted 

(right). n=16 field, and each group has 4 mice. e, Three bladders (upper panels) or six BLNs 

(lower panels) from GF 8-week-old C57BL/6J mice, WT 8-week-old C57BL/6J mice, or 

WT 52-week-old C57BL/6J mice were pooled for flow cytometry analysis. Gating strategy 

is shown in the left, and quantified cell number are shown below the flow cytometry plot. 

Each data point represents the average number in a single pool and n= 9 mice. f, FTY720 or 

dH2O alone was injected intraperitoneally, then mouse bladders were infected by UPEC 

(Day 0) and collected for flow cytometry analysis on Day 3. Gating strategy is the same as e. 

Quantification of cell numbers is shown below. Data represent three independent 

experiments and are shown as mean ± SD. Data were analyzed by an ordinary one-way 

ANOVA with a Dunnett’s post-test comparing each group with a control group (a, b, d, e), 

an ordinary two-way ANOVA with a Turkey’s multiple comparison post-test (c), or an 

unpaired two-tail t test (f). *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, ns=not 

significant.
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Figure 2. CD4 T cells are preferentially differentiated into TH2 cells in the bladder particularly 
after a second infection.
UPEC was administered into the bladders and kidneys of Great mice (a) or 4get mice (b), 

and on Day 1, 3, 7 post infection, bladders and kidneys were collected for flow cytometry 

analysis. WT C57BL/6J mice intravesically infected with UPEC for three days serve as 

negative control for fluorescence protein intensity level. The IL-4+ CD4 T cell percentage 

among total CD4 T cells are quantified below, n=8 mice per group. Three weeks after the 

first infection, a second infection was given to Great mice (c, n=8 mice) or 4get mice (d, n=7 

mice), bladders and kidneys were collected on Day 1 after the first and second infections for 
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flow cytometry analysis. WT C57BL/6J mice intravesically infected with UPEC for three 

days serve as negative control for fluorescence protein intensity level. The quantification of 

these results is shown (right). The first and second bladder infections were induced in the 

bladders of C57BL/6J (e) or BALB/cJ mice (f), then bladders were collected and lysed at the 

indicated time points. IFN-γ and IL-4 levels in whole bladder lysates were assessed by 

ELISA and normalized to levels on Day 0, n=6 mice. Black arrows indicate the time point of 

bacteria delivery. Data are shown as mean ± SD and were analyzed by an unpaired two-tail t 

test (a, b), or an ordinary two-way ANOVA with a Turkey’s multiple comparison post-test 

(c-f). *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, ns= not significant.
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Figure 3. TH2 cells are necessary for superficial bladder epithelium regeneration.
a, Superficial BECs were labeled by WGA-FITC on Day 0, 1 and 3 after infection. White 

bar marks 50μm. The mean fluorescence intensity (MFI) of superficial BEC staining was 

quantified, n=6 mice per group. b, On Day 0, 1 and 3 after infection, dextran-Texas Red was 

applied into the bladder. The pictures showed the sideview of superficial BEC (WGA-FITC, 

green), general BEC (cytokeratin 5, blue) and dextran (dextran-Texas Red, red). White arrow 

indicates leaked dextran. White bar depicts 25μm. MFI of dextran-Texas Red underneath 

BEC was shown (right), n=6 mice. c, On Day 0, 1 and 3 after infection, trypan blue staining 
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of bladder was quantified, n=7 mice. d, TH0 or TH2 type cells were adoptively transferred 

into Il4−/− mice. The recipient mice were collected for superficial BEC staining on Day 3 

after infection. WT and Il4−/− mice without transfer served as control. White bar marks 

50μm and n=7 mice. e, Bladders were collected from FTY720 or dH2O treated mice for 

superficial BEC staining on Day 3 after infection. White bar marks 40μm and n=6 mice. f, 
WT, Il4−/−, Il4−/− mice with TH2 cells from infected 4get and Il4−/− mice with control TH2 

cells from culture received bladder infections. Bladders were collected for superficial BEC 

staining on Day 3 after infection. White bar indicates 50μm and n=6 mice. g, Three days 

after infection, bladders of Mcpt4+/+ and Mcpt4−/− mice were analyzed by flow cytometry. 

The IL-4+ percentage among total CD4 T cells was quantified, n=6 mice. h, IFN-γ+ 

percentage among total CD4 T cells was quantified, n=6 mice. Data are shown as mean ± 

SD and were analyzed by an unpaired two-tail t test (a-c, e, g, h), or an ordinary one-way 

ANOVA with a Turkey’s multiple comparison post-test (d, f). *p< 0.05, **p<0.01, 

***p<0.001, ****p<0.0001, ns=not significant.
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Figure 4. IL-4 regulated growth factors are important for epithelial repair.
a, UPEC was administered into the bladders of WT mice. Bladders were collected on Day 0, 

1, 3, and 7 after infection. The level of different growth factor mRNA was assessed by RT-

PCR and normalized to levels on Day 0, n=3 mice per time point. b, Primary human BECs 

were co-cultured for 24 hours with BrdU and different concentrations (0, 0.5, 5, 50 ng/ml) of 

EGF. Cells were stained for BrdU (green) and nuclei (blue). White arrow indicates BrdU+ 

cells, white bar marks 50μm. The quantification of results is shown (right), n=15 cultures per 

group. c, Culture with TGFα was shown, n=10 cultures. d, Culture with IGF-1 was shown, 

n=10 cultures. e, UPEC was used to infect the bladders of WT, Il4−/− and Il4−/− mice with 

Th2 transfer. Bladders were collected on Day 3 after infection. The level of different growth 

factor mRNA was assessed by RT-PCR and normalized to the levels in WT mice, n=4 mice. 

f, The mRNA level of Arg1, Fizz1, and Ym1 of bladders from e was assessed by RT-PCR 

and normalized to the levels in WT mice, n=4 mice. g, GW2580 or vehicle control were 

orally given to WT and the bladders were collected on Day 3 after infection. The 

concentration of different growth factors in bladder lysate was determined by ELISA, n=6 

mice. Data are shown as mean ± SD and were analyzed by an ordinary one-way ANOVA 
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with a Dunnett’s post-test (b-d), an ordinary one-way ANOVA with a Turkey’s multiple 

comparison post-test (e,f) or an unpaired two-tail t test (g). *p<0.05, **p<0.01, ***p<0.001, 

****p<0.0001, ns=not significant.
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Figure 5. Tissue resident CD301b+ DCs activate TH2 cells during bladder infection.
a, Bladders were collected at 0h or 12h after infection for staining of CD301b (green), 

uroepithelium (red) and nuclei (blue). White arrow indicates CD301b+ DC infiltration into 

epithelium. White bar marks 50 μm. The number of CD301b+ cells per field was counted, 

the ratio between the number of CD301b+ cells in epithelium and the number of those cells 

in lamina propria (LP) was determined. n=18 field, and each group has 6 mice. b, Samples 

were collected on Day 0 and Day 1 after infection for flow cytometry analysis. The 

population shown was pre-gated on 7AAD-CD45+ MHC class II+ single cells and n=7 mice 
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per group. c, Bladders from WT 4get mice with DT, CD301bDTR 4get mice with PBS and 

CD301bDTR 4get mice with DT were collected on Day 3 after infection for flow cytometry 

analysis. The quantification of IL-4+ percentage was shown, n=8 mice. d, Flow cytometry 

analysis after second infection was shown. n=6 mice. e, Bladders from WT Great mice with 

DT, CD301bDTR Great mice with PBS and CD301bDTR Great mice with DT were collected 

on Day 3 after infection for flow cytometry analysis. The quantification of IFN-γ+ 

percentage was shown, n=6 mice. f, Flow cytometry analysis after second infection was 

shown, n=5 mice. g, Three days after the first or second infection, bladders from WT and 

CD301bDTR mice were collected for superficial BEC staining. White bar represents 25 μm. 

MFI of superficial BECs was quantified (right), n=6 mice. h, Three days after the first or 

second infection, bladders from WT and CD301bDTR mice were collected to determine CFU 

count. Data are shown as mean ± SD and were analyzed by an unpaired two-tail t test (a,b), 

an ordinary one-way (c-f) or two-way (g,h) ANOVA with a Turkey’s multiple comparison 

post-test. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, ns=not significant.
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Figure 6. OX40L on CD301b+ DCs is responsible for the induction of TH2 bias in bladder.
a, Bladders were collected at 0h, 12h, 24h after infection for flow cytometry analysis. The 

cells were stained for different surface ligands, and cells stained with isotype antibodies 

served as controls. The quantification results are shown below, in which the percentage of 

ligand positive cells was shown among the three different APC population for each ligand, 

n=6 mice. b, UPEC was administered to the mice treated with anti-ICOSL Ab, anti-PD-L2 

Ab, anti-OX40L Ab or a collection of isotype control antibodies. Three days later, bladders 

were collected for flow cytometry analysis. The quantification result of IL-4+ (n=6 mice per 
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group) or IFN-γ+ (n=4 mice per group) cell percentage among total CD4 T cells was shown 

in the right. c, Bladders were collected at 0h, 12h, 24h after infection for cross section. 

Samples were stained with nuclei (blue), CD301b (green), OX40L (red), and uroepithelium 

(magenta). White bar marks 10 μm. The percentage of OX40L+CD301b+ cells among 

CD301b+ cells within uroepithelium at 12h and 24h was shown (right). n=16 field, and each 

group has 4 mice. Data are shown as mean ± SD and were analyzed by an ordinary one-way 

ANOVA with a Dunnett’s post-test comparing each group with a control group (b), or an 

unpaired two-tail t test (c). *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, ns=not 

significant.
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Figure 7. Repeated bladder infections promote TH2 mediated bladder epithelium repair at the 
expense of bacterial clearance.
a, UPEC was administered into the bladder of Great mice with Il4+/+, Il4+/− or Il4-/−. Three 

days later, bladders were collected for flow cytometry analysis. n=6 mice per group. b, Cross 

section and immunofluorescence staining were done after each infection. Blue is nuclei 

(DAPI), green is superficial BEC (WGA-FITC), red is total BEC (Cytokeratin 5), magenta is 

CD4 T cell (CD4). White label indicates the thickness of the epithelium, white bar marks 

50μm. Quantification of the epithelium thickness is shown (right), n=4 mice. c, Mice 
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bladders were given three times of UPEC or PBS, and analyzed via bladder cystometry 14 

days following the final infection. Representative tracings of intraluminal pressure and void 

volume are shown (left). The quantitative result of mouse voiding frequency is also shown 

(right), n=6 mice. d, Two months later, bladders were collected for cross section and 

immune fluorescence staining. Blue is nuclei (DAPI), green is superficial BEC (WGA-

FITC), red is total BEC (Cytokeratin 5), magenta is CD4 T cell (CD4). White label indicates 

the thickness of the epithelium, white bar marks 50μm. Quantification of the epithelium 

thickness is shown (right), n=5 mice. e, IL-4+ CD4 T cell number in bladder was determined 

at 3 days or 2 months after three infections or after PBS treatment. n=6 mice. f, Mice 

bladders were treated three times with UPEC or PBS and analyzed via bladder cystometry 

two months later. The quantitative result of mouse voiding frequency is shown, n=4 mice. 

Data are shown as mean ± SD and were analyzed by an ordinary one-way ANOVA with a 

Turkey’s multiple comparison post-test (a, b, e), or an unpaired two-tail t test (c, d, f). 
*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, ns=not significant.
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