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Loss of Trefoil Factor 2 Sensitizes Rat Pups to Systemic
Infection with the Neonatal Pathogen Escherichia coli K1
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ABSTRACT Gastrointestinal (GI) colonization of 2-day-old (P2) rat pups with Esche-
richia coli K1 results in translocation of the colonizing bacteria across the small intes-
tine, bacteremia, and invasion of the meninges, with animals frequently succumbing
to lethal infection. Infection, but not colonization, is strongly age dependent; pups
become progressively less susceptible to infection over the P2-to-P9 period. Coloni-
zation leads to strong downregulation of the gene encoding trefoil factor 2 (Tff2),
preventing maturation of the protective mucus barrier in the small intestine. Trefoil
factors promote mucosal homeostasis. We investigated the contribution of Tff2 to
protection of the neonatal rat from E. coli K1 bacteremia and tissue invasion. Dele-
tion of tff2, using clustered regularly interspaced short palindromic repeats (CRISPR)-
Cas9, sensitized P9 pups to E. coli K1 bacteremia. There were no differences between
tff2=/~ homozygotes and the wild type with regard to the dynamics of GI coloniza-
tion. Loss of the capacity to elaborate Tff2 did not impact Gl tract integrity or the
thickness of the small-intestinal mucus layer but, in contrast to P9 wild-type pups,
enabled E. coli K1 bacteria to gain access to epithelial surfaces in the distal region of
the small intestine and exploit an intracellular route across the epithelial monolayer
to enter the blood circulation via the mesenteric lymphatic system. Although primar-
ily associated with the mammalian gastric mucosa, we conclude that loss of Tff2 in
the developing neonatal small intestine enables the opportunistic neonatal patho-
gen E. coli K1 to enter the compromised mucus layer in the distal small intestine
prior to systemic invasion and infection.

KEYWORDS Escherichia coli, gastrointestinal colonization, knockout rat, meningitis,
neonatal pathogens, septicemia, trefoil factor 2

Ithough Escherichia coli is a ubiquitous commensal inhabitant of the human

gastrointestinal (Gl) tract, some strains of this versatile species display a capacity to
cause severe Gl and extraintestinal infections. Some are well-adapted opportunistic
pathogens that cause systemic infection in vulnerable hosts. For example, strains
expressing the polysialic acid K1 capsule are harmless constituents of the adult Gl tract
but may cause life-threatening septicemia, sepsis, and meningitis in the newborn infant
following transmission from mother to neonate at or shortly after birth (1, 2). Maternally
derived E. coli K1 colonizes the Gl tract of the susceptible neonate; bacteria from the
Gl-colonizing cohort may translocate from the gut lumen to the blood, eliciting
symptoms of sepsis and septic shock (2), and then invade the central nervous system
to induce inflammation of the meninges (3).

The strong age dependency associated with E. coli K1 human systemic infection can
be replicated in the neonatal rat (4, 5). Oral administration of K1 bacteria to 2-day-old
(P2) pups initiates stable colonization of the Gl tract, and lethal systemic infection
develops due to the capacity of a small number of E. coli K1 bacteria to translocate
across the epithelium of the middle section of the small intestine (MSI) to the submu-
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cosa, avoid capture by the mesenteric lymphatic system, enter the blood circulation,
and establish infection in the brain and other organs (6-9). Pups become progressively
less susceptible to systemic infection when colonized over the P2-to-P9 period, even
though Gl colonization can be established as readily in resistant P9 animals as in
susceptible P2 pups (5). In P2 animals, the mucus barrier of the small intestine is poorly
developed, allowing E. coli K1 bacteria to gain access to the enterocyte surface of the
MSI lumen and translocate through the epithelial cell monolayer by an intracellular
pathway to the submucosa (8). The protective mucus layer matures to full thickness
over P2 to P9, coincident with the development of resistance to infection. At P9, K1
bacteria are physically separated from villi by the mucus layer, and their numbers are
controlled by mucus-embedded antimicrobial peptides, preventing invasion of host
tissues.

P2 and P9 pups respond differently to the threat posed by colonizing E. coli K1,
reflecting substantial changes in developmental gene expression postpartum (10). A
large number of genes expressed in the Gl tract were upregulated (241 for P2 and 354
for P9) or downregulated (36 for P2 and 240 for P9) following initiation of colonization,
but the transcriptomic responses were very different, with virtually no commonality of
modulation of gene expression between the two age groups. Notably, the a-defensin
genes defa24 and defa-rs1 were upregulated in P9 Gl tissues in response to coloniza-
tion, but no changes in a-defensin gene expression occurred in the P2 GI tract. These
mucus-embedded antimicrobial peptides are produced by Paneth cells and contribute
to the barrier function of the mucus layer (11), as evidenced by the demonstration that
chemical ablation of Paneth cells reduces the Gl concentration of a-defensins and
sensitizes normally resistant P9 pups to systemic infection (8).

Conversely, developmental expression of the gene encoding trefoil factor 2 (Tff2)
was highly downregulated by E. coli K1 colonization in P2, but not in P9, rats; no
evidence for modulation of tff7 and tff3, genes for other members of the trefoil factor
family, was found (10). Mucin-associated trefoil factor proteins mediate maintenance
and restoration of Gl mucosal homeostasis, stabilizing the mucus layer, enhancing
intestinal epithelial repair, and responding to Gl mucosal injury and inflammation (12,
13). As tff2 expression in the Gl tract (including the stomach) of noncolonized neonates
increases incrementally over P1 to P9, with a substantial decline from P9 to P11 (10), it
is likely that tff2 downregulation induced by E. coli K1 colonization further compromises
innate Gl defenses in susceptible P2 pups. In adult humans (14) and rodents (15), Tff2
appears to be associated primarily with the stomach and duodenum, although intra-
venously administered Tff2 also distributes rapidly to Paneth cells in the small intestine
and to crypt colonic cells before appearing within the associated mucus layer (16). Tff1
is localized predominantly in gastric foveolar cells and surface epithelium throughout
the stomach (17), and Tff3 is localized predominantly within goblet cells of the small
intestine and colon (18), although species differences are evident (19), and these
structurally related proteins may be functionally interchangeable (13). Little is known of
the roles or distribution of trefoil factors during GI maturation. Trefoil mRNAs are
expressed in early embryonic rat intestine and stomach before overt differentiation of
epithelial cells (20); Tff3 appears around gestational day 17 in the rat intestine and
increases further postnatally and during the weaning period (21). These observations
provide further evidence that the mucosal barrier is not fully formed at birth and may
render the neonate vulnerable to infection following colonization of the Gl tract.

In this study, we examine the role of the tff2 gene product in protection of the
neonatal rat from experimental systemic infection using a tff2=/— knockout rat. We
show that P9 pups, normally resistant to infection due to the barrier function of the MSI
mucus, become vulnerable to bacteremia following Gl colonization with E. coli K1 strain
A192PP, and we relate this to changes in Gl tract physiology elicited by lack of Tff2.

RESULTS
Tff2 rat knockout. tff2 knockout Sprague-Dawley rats were generated commercially
using the clustered regularly interspaced short palindromic repeats (CRISPR)-Cas9

May 2019 Volume 87 Issue 5 e00878-18

Infection and Immunity

iaiasm.org 2


https://iai.asm.org

Tff2 and E. coli K1 Neonatal Infection

system (22). Nonproprietary details are provided in Materials and Methods. Guide RNA1
(gRNA1) was targeted to exon 1, and gRNA11 was targeted to exon 3 (see Fig. STA in
the supplemental material). Four rats bearing tff2 mutations were identified and
confirmed by PCR-mediated amplification and sequencing analysis (see Fig. S1B). We
backcrossed founder 2, which carried the most extensive deletion (1,933 bp), with a
wild-type (WT) Sprague-Dawley rat (see Fig. S1C). The resulting F1 heterozygotes were
identified by PCR-mediated genotyping and were subsequently crossed. F2 tff2=/~
homozygotes were identified, and homozygote breeding colonies were maintained.
Previous studies have demonstrated higher tff2 expression in the stomach than in
intestinal tissues in humans and rats (14, 23). Expression of the rps23 and tff2 genes was
therefore measured using quantitative reverse transcriptase PCR (qRT-PCR) analysis of
stomach samples from wild-type and tff2=/~ animals. There was a 16-fold reduction in
stomach tff2 gene expression in tff2=/~ homozygotes compared to WT rats (see Fig.
S1D), indicative of a knockdown in tff2 gene expression. We were unable to detect
sufficient Tff2 protein in tissue extracts by Western blotting and therefore could not
directly compare the Tff2 contents of WT and tff2=/~ tissues. Homozygote litters
comprised 3 to 20 neonatal pups, and all the animals appeared healthy, gained weight
identically to WT pups of comparable age, and were maintained in a healthy condition
for up to 3 months. As loss of Tff2 could compromise defenses against bacterial
invasion of the rodent Gl tract (10, 12, 24), we examined changes in expression of genes
encoding selected proteins known to impact Gl tract protection. Thus, genes encoding
Tff1 and Tff3 (tff1 and tff3), the a-defensins DefaRS1 and Defa24 (defaRS1 and defa24),
and tumor necrosis factor alpha (tfna) were upregulated 0.5- to 3.5-fold in the proximal
(PSI), MSI, and distal (DSI) regions of the P9 small intestine compared to their expression
in WT P9 rat pups (Fig. 1). In contrast to tff1, tff3, and tfna, the two a-defensin genes
were downregulated in colonic tissue; these antimicrobial peptides are known to play
a role in the small intestine rather than the colon (25). Conversely, the interferon
gamma gene (ifng) was marginally downregulated in the small intestine and marginally
upregulated in the colon. Thus, there appears to be some reprogramming of antimi-
crobial defenses in the neonatal Gl tract following knockout of tff2 against a back-
ground of developmental modulation of trefoil factor expression in the stomach, PSI,
MSI, DSI, and colon during the immediately postpartum period (Fig. 1; see Fig. S2 in the
supplemental material).

Susceptibility of tff2—/— rat pups to E. coli K1 infection. Colonization of each
member of a litter of P2 Sprague-Dawley rat pups by oral administration of 2 X 10° to
6 X 10 CFU E. coli K1 strain A192PP bacteria resulted in disseminated systemic
infection highly comparably to our previous data obtained using Wistar rats (5, 26).
Pups become progressively less susceptible to infection after colonization over the
P2-to-P9 period and by P8-P9 are resistant, even though the degrees of Gl colonization
are comparable to those for P2-susceptible neonates (8, 26). As expected, WT Sprague-
Dawley rats that received a single colonizing dose at P9 did not succumb to infection.
In contrast, tff2=/~ pups colonized at P9 exhibited significantly increased susceptibility
to the neonatal pathogen (Fig. 2A). Although a proportion of colonized tff2~/~ pups
survived for the 25-day observation period without significant symptoms, all the pups
examined were bacteremic by day 7 after oral administration of the colonizing dose
(Fig. 2B); only a small proportion of WT pups displayed bacteremia during the first 2
days following initiation of colonization. To confirm that systemic invasive disease arose
in tff2=/~ but not WT neonates, we tracked colonization and invasion in P9 pups using
the well-characterized bioluminescent isogenic strain E. coli A192PP-lux (27) and two-
dimensional (2D) bioluminescent imaging (Fig. 2C and D). The bioluminescent signals
from the torso foci were comparable between WT and tff2=/— mice, suggesting that the
total bacterial loads in the intestine and/or colon were comparable. We then measured
bioluminescent signals 8 days after colonization, a time point at which we anticipated
that tff2=/~ pups would be bacteremic and WT pups abacteremic. Wider systemic
bioluminescent signals were detected only in tff2=/~ pups; notably, the bioluminescent
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FIG 1 tff2 knockout (KO) rat pups increase expression of intestinal defense proteins. qRT-PCR data for tff1,
tff3, defaRS1, defa24, tnfa, and ifng were normalized to the rps23 gene, and data from P9 tff2=/~ pups
were standardized to expression levels in P9 wild-type animals using the AC; method for relative
quantification of qPCR data. Shown are means * standard errors of the mean (SEM); n =3 to 5. AC;
values were determined by Student’s t test. ns, nonsignificant; *, P < 0.05; **, P<0.01. The spots
represent data from individual littermates. DC, distal colon.

signal from the head region was significantly higher in tff2=/~ than in WT pups (Fig. 2C
and D), most probably reflecting meningeal colonization and/or invasion (7). These data
confirm that tff2=/= P9 pups were more susceptible to systemic invasive infection than
wild-type P9 pups. The extent of Gl colonization of the PSI, MSI, and DS, as well as the
colon and the mesenteric lymphatic system, of tff2=/~ P9 pups was comparable to that
of the WT, with only a small but significant difference in the number of CFU in the DSI
24 h after initiation of colonization (Fig. 3).

Gl integrity and the mucus layer in tff2—/— neonatal rats. As colonizing bacteria
disseminate from the tff2=/~ neonatal gut, the barrier function of the GI tract in
noncolonized P9 animals was determined by oral administration of small-molecule
(fluorescein isothiocyanate [FITC]; 389-Da) and polymeric (FITC-dextran; 4-kDa) fluores-
cent probes and quantification of serum fluorescence for 4 h after feeding of the probes
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FIG 2 Tff2-deficient neonatal rat pups exhibit increased susceptibility to E. coli K1 systemic infection. (A) Survival of wild-type and tff2—/~
rats dosed orally with 2 X 10° to 6 X 10¢ CFU E. coli A192PP at P9; n = 13 (wild type) and 25 (tff2=/~). (B) Presence of E. coli K1 bacteria
in blood samples from pups dosed with E. coli A192PP at P9 as determined by culture. E. coli K1 colonies were identified using
bacteriophage K1E. Day 1, WT, n = 12; day 2, WT, n = 10; day 1, tff2=/=, n = 11; day 2, tff2=/=,n = 13; day 7, WT, n = 12; day 7, tff2=/~,
n = 15. 2 test; *, P < 0.05. (C and D) 2D bioluminescent imaging of pups dosed orally with 2 X 10 to 6 X 10 CFU E. coli A192PP-lux2
at P9. (C) Images showing photoemissions collected from the entire bodies of live animals at day 8 after initiation of colonization (P17).
(D) Distribution of bioluminescent bacteria between torso and head. Bioluminescence values were determined as log,, (flux + 1); flux was
measured in photons per second (p/s). Shown are means * standard deviations (SD) (Student’s t test); *, P < 0.05 (Mann-Whitney U test).

(Fig. 4A). There were no significant differences in the uptake of either probe; increased
susceptibility to systemic infection of tff2=/— neonates is therefore unlikely to be due
to a nonspecific increase in intestinal permeability. The small increases in uptake of
both probes over the 4-h incubation period are most likely due to macropinocytosis of
luminal content by neonatal enterocytes (8, 28, 29). Similarly, histological analysis
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FIG 3 Comparable degrees of Gl colonization in WT and tff2=/~ rats administered 2 X 106 to 6 X 10° CFU E. coli A192PP at P9. CFU in PSI,
MSI, DSI, mesenteric lymphatics (MLN), and colon are shown 24 h (A) and 48 h (B) after initiation of colonization. *, P < 0.05 (Mann-Whitney
U test); all the other values were nonsignificant. Segments of the small intestine were obtained as follows (25). The small intestine was
aligned from the midpoint. The last 2 cm of tissue prior to the cecum was collected as the DSI, the tissue from 5 to 7 cm above the
midpoint was collected as the PSI, and the tissue from 3 to 5 cm below the midpoint was collected as the MSI.
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FIG 4 Loss of Tff2 does not affect Gl permeability or the appearance of the GI mucus layer. (A) Intestinal permeability in
noncolonized P9 wild-type and tff2=/~ pups; plasma fluorescence was determined for 4 h following oral administration of
FITC or FITC-dextran. Plasma fluorescence was expressed as log,, relative fluorescence units (RFU). (B and C) Representative
confocal micrographs of methacarn-fixed PSI, MSI, DSI, and colonic tissue sections from noncolonized P9 WT and tff2~/~
rats obtained 48 h after colonization with E. coli A192PP at P9 and probed for Apo-Muc2 (B) and Muc2 (C). In panel C, the
red arrowheads in the small-intestine images show secreted Muc2, and the red dashed lines in the colonic images shows
the approximate border of the inner mucus layer. Scale bars, 100 um.
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demonstrated that there were no differences in the synthesis or secretion of the major
mucus structural protein Muc2, as determined by immunostaining using antibodies
detecting intracellular Apo-Muc2 (Fig. 4B) or the mature secreted protein (Fig. 4C). Thus,
we could detect no differences in the appearance of either the small-intestinal or
colonic mucus layer between WT and tff2=/~ neonates that would reflect changes in
intestinal integrity. In similar fashion, hematoxylin and eosin (H&E) staining failed to
reveal any abnormalities in the appearance of tissues from regions of the Gl tract (see
Fig. S3 in the supplemental material).

Enterocyte-internalized E. coli A192PP is found only in the distal portion of the
small intestine. E. coli K1 bacteria cross the epithelial barrier and gain access to the
blood circulation at low frequency (6, 8, 9). We searched for bacteria expressing the 018
lipopolysaccharide (LPS) antigen in methanol-Carnoy’s fixative (methacarn)-fixed sec-
tions of the small intestines and colons of WT and tff2=/~ pups 48 h after colonization
with E. coli A192PP (O18:K1) at P9. We employed a commercial 018 antibody; bacteria
in Gl tissues from noncolonized wild-type and tff2=/~ P9 animals failed to react with the
antibody, indicating that no bacteria expressing the O18 antigen were present in
detectable numbers in these tissue samples. No O18 antigen was found in close
association with epithelial cells in the small intestines of WT P9 rat pups, and the dense
population of O18 antigen-bearing E. coli A192PP in the colon was kept at a distance
from the enterocytes lining the lumen (Fig. 5A) by the thick mucus layer in this region
of the GI tract (Fig. 4C). In contrast, O18 bacteria were consistently found in close
proximity to the Gl epithelium in the DSI, but not the PSI, MSI, or colon, in tff2=/~ pups,
and 018 staining showed bacteria at locations deep within the mucus layer (Fig. 5A and
B). Higher-magnification images indicated that some of these bacteria were contained
within intracellular compartments and were present in numbers suggestive of replica-
tion within vesicles (Fig. 5B). Analysis of DSI tissue sections clearly demonstrated a
significantly higher number of tissue-associated O18-positive bacterial cells in tff2=/~
than in WT neonates (Fig. 5C). We have previously shown that ablation of Paneth cells
sensitizes resistant pups to E. coli A192PP small-intestinal infection (8). We therefore
assessed the possibility that Paneth cell function was compromised in the tff2=/— DSI
by quantifying Apo-Muc2-positive cells present at the epithelial crypt base (Fig. 5D and
E); however, no differences between WT and tff2=/~ tissues were detected. Together,
these data indicate that colonizing E. coli K1 bacteria gain entry to the systemic
circulation in tff2=/~ rats by exploiting a transcellular route across the DSI that contrasts
with the MSI-restricted transepithelial route adopted by E. coli A192PP in susceptible
WT P2 neonatal rat pups (8). Intriguingly, the capacity of the pathogen to infect the DSI
of neonates lacking Tff2 appears to be independent of the postnatal mucus barrier
formation that is thought to confer resistance in WT neonates.

DISCUSSION

Initiation of GI colonization of P2 rat pups with E. coli A192PP elicited a substantial
(26.4-fold) downregulation of tff2 in the Gl tract within 12 hours of bacterial seeding;
there was no modulation of expression of other genes encoding trefoil factors or of
those involved in GI mucus homeostasis (10). The susceptibility of P9 tff2=/~ knockouts
to bacteremia and, in the majority of cases, lethality (Fig. 2) supported our earlier
microarray data (10) indicating that Tff2 contributes to mucosal barrier function in the
small intestine by ensuring that potentially invasive bacteria are unable to make close
contact with the epithelial surface. E. coli K1 bacteria were found in close proximity to
epithelial surfaces within the DSI region of the P9 tff2=/~ Gl tract and appeared to gain
entry to the blood circulation by an intracellular route (Fig. 5). At least some bacteria
accessing the submucosal space were able to avoid capture by the mesenteric lym-
phatic system to cause systemic infection. Mucosal barrier function appeared to be lost
only in the DSI, in contrast to WT P2 pups, in which Gl transit occurred in the MSI (8).
The lesion enabling E. coli A192PP to interact with the DSI epithelial surface was clearly
discrete: we detected no histological changes in this region attributable to loss of tff2
and no increase in overall Gl permeability. Although the invading bacteria were able to
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FIG 5 E. coli K1 bacteria gain entry to enterocytes only from the DSI. (A) Representative confocal micrographs of methacarn-
fixed PSI, MSI, DSI, and colonic tissue sections from WT and tff2=/~ neonatal rats administered 2 X 10° to 6 X 10° CFU E. coli
A192PP at P9. Tissues were harvested 48 h after initiation of colonization, and sections were stained for 018 LPS and DNA. (B)
Enlargements of the boxed areas in panel A. No O18-positive bacteria were visualized in proximity to the enterocyte layer in
the DSI or other regions of the WT Gl tract. Small numbers of O18-positive bacteria were associated with enterocytes in the
tff2=/= DSI, but not with other Gl tissues (A), and could be seen in intracellular locations within villi (B). (C) Quantification of
018-positive bacterial cells in contact with DSI tissue of WT and tff2~/— neonates 24 and 48 h after the K1 dose. (D and E)
quantification of immature Paneth cells in DSI. Sections were stained for Apo-Muc2 and DNA; the crypt base (green dashed
line) is indicated. n = 3 or 4 animals/group, and means = SEM are shown. *, P < 0.05 as determined by 2-way analysis of
variance (ANOVA) and Sidak’s multiple comparison.

penetrate the DSI mucus layer, in contrast to the P9 wild type, there were no differences
in mucosal thickness, morphological appearance, or Paneth cell numbers, as deter-
mined by immunohistochemistry, that could account for increased susceptibility to
invasive infection. In addition, there were no major differences in the numbers of
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colonizing bacteria and their distribution in the Gl tract between P9 wild-type and
tff2=/— animals (Fig. 3), indicating that Tff2 played no significant role in controlling the
population of colonizing E. coli K1 bacteria. It has been reported that basal gastric acid
secretion is increased and gastric mucosal thickness is decreased in otherwise healthy
tff2=/~ mice (30). For technical reasons, tff2~/~ homozygotes were generated in
Sprague-Dawley rats. Our previous studies of the susceptibility of the neonatal rat to E.
coli K1 infection were undertaken in Wistar rats, and although we compared the
dynamics of infection following E. coli A192PP colonization in the two breeds and found
no qualitative or quantitative differences in susceptibility, this should be borne in mind
when comparing our previous work with data from this study.

Tff2, as the naturally occurring dimer, is most frequently found in association with
the mammalian gastric mucosa (13, 31) but has been reported in human adult
pancreatic, colonic, and skeletal tissues (14). PCR has indicated that tff2 gene expression
is less restricted, with relatively low expression in human (14) and rat (15) small-
intestinal tissue, and the partial redistribution of intravenously administered Tff2 to the
mucus layer of the small intestine (16) suggests a capacity to interact in situ with Muc2,
the predominant intestinal mucin. Our data (see Fig. S2) confirm tff2 expression in all
regions of the small intestine and suggest that loss of the capacity to elaborate Tff2 in
the P9 rat DSI leads to loss of mucosal barrier function, even though the mucus layer
appears normal. In the stomach, Tff2 is secreted in concert with Muc6 by deep gastric
glands and the gastric glycoform binds with high specificity to O-linked «1,4-GIcNAc-
capped hexasaccharides on Muc6-rich stomach mucus (24). These motifs could facili-
tate Tff2 binding in other regions of the Gl tract, particularly during embryonic and
early postpartum development. We attempted to localize Tff1, Tff2, and Tff3 in regions
of the Gl tract from wild-type and tff2=/~ homozygotes while preserving the integrity
of the mucus layer by methacarn fixation but were unable to do so, as methanol-
induced precipitation of the proteins abrogated their capacity to react with polyclonal
antibodies (unpublished observations).

Loss of the capacity to elaborate Tff2 led to upregulation in the P9 small intestine
of genes associated with mucosal defense (Fig. 1), but these increases in gene expres-
sion did not prevent rapid translocation of colonizing E. coli K1 from the DSI to the
blood compartment. Interestingly, 60% of P9 pups were bacteremic within 24 h of
initiation of colonization (Fig. 2B), a significantly higher rate than for E. coli A192PP-
colonized WT P2 pups (5, 8). All the P2 pups succumbed to lethal infection within 7 days
of initiation of colonization, but a significant proportion of tff2=/= P9 pups survived for
at least 25 days, in all probability reflecting maturation of other components of the Gl
tract defense repertoire in the older, albeit genetically compromised, animals (8, 10). It
is clear that the GI defense in these rapidly maturing animals is a highly cooperative
phenomenon and that disruption of one or more key defense determinants provides
opportunities to pathogens such as E. coli K1 for invasion of deeper tissues (Fig. 2C), as
was also shown by the increased susceptibility of P8-P9 pups to infection induced by
chemical ablation of Paneth cells (8).

Tff2 has been used in rodent models to repair gastric injury (32, 33) and
inflammation-induced colonic damage (34). The protein is highly resistant to adverse
conditions in the Gl tract and in these studies was administered intravenously, intrar-
ectally, or orally, in all cases accelerating Gl repair. These observations raise the
possibility that exogenous administration of recombinant Tff2 could repair the lesions
induced by tff2 knockout and eventually accelerate small intestine maturation in
neonates deemed at risk from opportunistic infections arising from bacterial coloniza-
tion of the gut. Such an approach could be particularly relevant if suppression of tff2
expression is a common feature of colonization of the gut of the newborn by neonatal
pathogens such as E. coli K1.

MATERIALS AND METHODS

Bacteria. E. coli A192PP (O18:K1; ST95) was obtained by two rounds of serial passage through P2 rat
pups of the septicemia isolate E. coli A192 (5, 35). The passaged derivative was significantly more virulent
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in the neonatal rat model of infection than the parent isolate (36). The strain was cultured in Luria-Bertani
(LB) or Mueller-Hinton (MH) broth or agar at 37°C. Engineering of E. coli A192PP to stably and
constitutively express the Photorhabdus luminescens-derived lux operon (luxCDABE) with minimal loss of
virulence was described previously (26, 36). E. coli A192PP-lux was cultured in LB medium containing
50 ng/ml kanamycin and used to colonize rat pups as described below.

Generation of tff2 knockout rats. tff2 knockout Sprague-Dawley rats were generated by Horizon
Discovery (St. Louis, MO, USA). In brief, two pairs of single guide RNAs (sgRNAs) were designed to cleave
together in order to generate an ~1.8-kb deletion (4,894 bp) between the target sites, removing the
gene encoding Tff2 from the NC 005119 region of the genome. The most active sgRNAs were selected
in cultured eukaryotic cells; the design and synthesis of donor DNA containing the desired mutation were
facilitated by Horizon in-house bioinformatic programs and were validated by sequencing. Donor DNA,
along with Cas9/sgRNA reagent, was delivered by microinjection into fertilized embryos to create the
desired mutation; a maximum of two microinjection sessions were conducted. The most potent sgRNA
with minimal off-target potential was assembled into a ribonucleoprotein complex with Cas9 endonu-
clease and, together with the donor DNA, was delivered into zygotes from Sprague-Dawley rats, followed
by embryo transfer into pseudopregnant females. For gestation and identification of the founder mutant
phase, tissue biopsy specimens were obtained at approximately 2 weeks postpartum. Viable progeny
were analyzed for the presence of the desired mutation by genomic PCR and DNA sequencing. Fifteen
animals were screened, and four founders contained a 1.8-kb deletion; two rats were bred to the F1
heterozygous stage with wild-type Sprague-Dawley rats, and 19 F1 heterozygotes were identified as
carrying the tff2 mutation by PCR-mediated genotyping and DNA sequence analysis. Loss of Tff2 did not
impact the wellbeing of tff2=/~ animals, at least during the first 14 weeks of life: pups remained healthy,
and homozygous adults bred in comparable fashion to the wild type.

PCR. Genotyping of offspring from tff2 mutant mating pairs was determined by PCR. For upstream
sgRNA nonhomologous-end-joining (NHEJ) detection by sequence analysis, the following primers were
used: Tff2 Cell F1 (5'-GGAGCCATGTCAGCATTTCT) and Tff2 Cell R1 (5'-GTCCTTTGCGGGAACATAGA)
(expected wild-type band, 349 bp); for downstream sgRNA NHEJ detection by sequence analysis, the
following primers were used: Tff2 Cel1 F2 (5'-CCCTAAGAAGGCAGAACTGG) and Tff2 Cel1 R2 (5'-ACAG
AGGCACACACAGATGC) (expected wild-type band, 364 bp); for large deletions between sgRNAs by
electrophoresis analysis, the following primers were used: Tff2 Cel1 F1 (5'-GGAGCCATGTCAGCATTTCT)
and Tff2 Cel1 R2 (5'-ACAGAGGCACACACAGATGC) (expected mutation band, 341 bp). Reaction mixtures
(total volume, 25 ul) contained 1 ul DNA template (extracted using Epicentre QuickExtract solution),
2.5 pl of 10 uM forward primer, 2.5 ul of 10 uM reverse primer, 12.5 ul Sigma JumpStart Tag ReadyMix
(P2893), and 6.5 ul H,0. Thermal cycling was undertaken at 95°C for 5 min, followed by 35 cycles at 95°C
for 30's, 60°C for 30's, and 68°C for 40 s, with a final extension step of 5 min at 68°C. PCR products were
detected following separation by electrophoresis on 2% agarose gels by staining with ethidium bromide.

Semiquantitative reverse transcriptase PCR (RT-PCR) was used to evaluate expression of key host
genes during early postpartum (P2 to P9) development of the neonatal rat. RNA was extracted using an
RNeasy Midi kit (Qiagen), and cDNA was amplified from 25 ng RNA by RT-PCR. RNA was mixed with
Brilliant Il RT-PCR master mix (Agilent), gene-specific forward and reverse primer pairs (see Table S1 in the
supplemental material), and AffinityScript RT-RNase block enzyme mixture (Agilent) to a final volume of
25 pl. The thermocycling program comprised 30 min at 50°C and 10 min at 95°C, followed by 35 cycles
of 30 s at 95°C, 1 min at 60°C, and 30 s at 72°C. Experiments were performed using Mx3000P v2.0 software
(Stratagene) to normalize SYBR1 to ROX (BioRad) fluorescence and to determine cycle threshold values
using adaptive baseline and amplification-based threshold algorithm enhancements. Expression was
examined by normalizing gRT-PCR data from noncolonized animals to RNA data obtained from non-
colonized P2 intestinal tissues. qRT-PCR was undertaken as described previously (10).

Colonization of neonatal rats. Animal experiments were approved by the Ethical Committee of
University College London and were conducted in accordance with national legislation under United
Kingdom Home Office Project License PPL 70/7773. All experiments were conducted in accordance with
the United Kingdom Animals (Scientific Procedures) Act, 1986, and the Codes of Practice for the Housing
and Care of Animals used in Scientific Procedures, 1989. All animal experiments were undertaken with
E. coli K1 A192PP or the bioluminescent derivative A192PP-lux (27, 37). Sprague-Dawley rats were used
to generate tff2 knockouts and served as WT controls. Susceptibility of genetically unaltered Sprague-
Dawley pups to infection following Gl colonization was comparable to that obtained with Wistar rats in
our previous studies of neonatal rat infection (8). Litters comprised 12 to 14 pups and were retained in
a single cage with their natural mothers. The animal model of colonization and infection has been
described in detail (26). Each pup was fed 20 ul of MH broth culture of E. coli AT92PP (2 X 106 to 6 X 10°
CFU; 37°C) from an Eppendorf micropipette. Controls were fed 20 ul of sterile broth. Colonization was
determined by MacConkey agar culture of perianal swabs and bacteremia by culture of daily blood
samples taken from the footpad. Disease progression was monitored by regular evaluation of symptoms
of systemic infection, and pups were culled and recorded as dead once a threshold, described previously
(26), had been reached.

Intestinal permeability. The Gl tract permeability of rat pups was assessed using FITC and FITC-
dextran (Sigma). The pups were fed 15 ul of probe solution (800 mg/ml in sterile phosphate-buffered
saline [PBS]) and culled 1, 2, or 4 h after administration. Plasma fluorescence was determined against
plasma from control rat pups, and values were normalized for total blood volume for each pup.

2D bioluminescent imaging. Quantitative bioluminescent imaging was performed using an IVIS
Lumina series Il (PerkinEImer) incorporating a prewarmed imaging platform. Anesthesia was induced
with 5% isoflurane and maintained with 2.5% isoflurane. Animals were not subjected to repeated
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anesthesia. Bioluminescence was measured within standardized regions of interest, and the data were
expressed as flux (photons per second), adjusted using the following formula to ensure all measurements
had positive values: log,, (flux + 1).

Histology, immunohistochemistry, and microscopy. Neonatal rats were killed by decapitation, and
the Gl tissues were segmented into stomach, mesentery, colon, and small intestine; 2-cm segments from
the proximal, middle, and distal small intestine were excised without washing as described previously
(26). Tissue samples were placed in methacarn and maintained at room temperature for at least 3 h.
Paraffin-embedded sections were dewaxed and hydrated. Some sections were stained with H&E. Muc2
was stained using polyclonal rabbit antiserum raised against either nonglycosylated Apo-Muc2 protein
(PH497) or mature glycosylated Muc2 protein (Muc2C3); Alexa Fluor 555/488-conjugated goat anti-rabbit
1gG (ThermoFisher) was used as a secondary antibody. Immunofluorescent sections were counterstained
with Hoechst 33258 (Sigma). E. coli A192PP was visualized in tissue sections with rabbit polyclonal
antibody raised against the O18 LPS surface antigen (7). Stained sections were mounted in Prolong
Anti-Fade (Life Technologies); images were acquired using an LSM 700 confocal microscope equipped
with an oil immersion lens and 488-nm and 555-nm lasers (Zeiss). Contact of E. coli A192PP with tissue
was quantified by counting the extracellular and intracellular O18-positive cells in contact with the
epithelial cell layer in micrograph fields at X20 magnification.
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