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Abstract

Background

Polymeric immunoglobulin receptor (pIgR) transport of secretory immunoglobulin A (SIgA)

to mucosal surfaces is thought to promote gut integrity and immunity to Salmonella enterica

serovar Typhimurium (S. Typhimurium), an invasive pathogen in mice. To elucidate poten-

tial mechanisms, we assessed intestinal barrier function and both oral and systemic S.

Typhimurium virulence in pIgR knockout (KO) and wildtype (WT) mice.

Methods

In uninfected animals, we harvested jejunal segments for Ussing chamber analyses of

transepithelial resistance (TER); mesenteric lymph nodes (mLN) for bacterial culture; and

serum and stool for IgA. Separately, we infected mice either orally or intravenously (IV) with

S. Typhimurium to compare colonization, tissue dynamics, and inflammation between KOs

and WTs.

Results

Uninfected KOs displayed decreased TER and dramatically increased serum IgA and

decreased fecal IgA vs. WT; however, KO mLNs yielded fewer bacterial counts. Remark-

ably, WTs challenged orally with S. Typhimurium exhibited increased splenomegaly, tissue

colonization, and pro-inflammatory cytokines vs. pIgR KOs, which showed increased sur-

vival following either oral or IV infection.

PLOS ONE | https://doi.org/10.1371/journal.pone.0198434 June 1, 2018 1 / 16

a1111111111

a1111111111

a1111111111

a1111111111

a1111111111

OPENACCESS

Citation: Betz KJ, Maier EA, Amarachintha S, Wu

D, Karmele EP, Kinder JM, et al. (2018) Enhanced

survival following oral and systemic Salmonella

enterica serovar Typhimurium infection in

polymeric immunoglobulin receptor knockout

mice. PLoS ONE 13(6): e0198434. https://doi.org/

10.1371/journal.pone.0198434

Editor: Nicholas J. Mantis, New York State

Department of Health, UNITED STATES

Received: September 24, 2017

Accepted: May 20, 2018

Published: June 1, 2018

Copyright: © 2018 Betz et al. This is an open

access article distributed under the terms of the

Creative Commons Attribution License, which

permits unrestricted use, distribution, and

reproduction in any medium, provided the original

author and source are credited.

Data Availability Statement: All files are available

from the Harvard Dataverse database (https://

dataverse.harvard.edu/dataset.xhtml?persistentId=

doi:10.7910/DVN/VO83CA).

Funding: This work was supported by Phase 1 and

2 Grand Challenges Explorations Award from the

Bill & Melinda Gates Foundation [grant number

OPP1109785 to S.R.M.], a Fogarty International

Center/National Institutes of Health Independent

Scientist in Global Health Award [grant number

https://doi.org/10.1371/journal.pone.0198434
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0198434&domain=pdf&date_stamp=2018-06-01
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0198434&domain=pdf&date_stamp=2018-06-01
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0198434&domain=pdf&date_stamp=2018-06-01
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0198434&domain=pdf&date_stamp=2018-06-01
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0198434&domain=pdf&date_stamp=2018-06-01
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0198434&domain=pdf&date_stamp=2018-06-01
https://doi.org/10.1371/journal.pone.0198434
https://doi.org/10.1371/journal.pone.0198434
http://creativecommons.org/licenses/by/4.0/
https://dataverse.harvard.edu/dataset.xhtml?persistentId=doi:10.7910/DVN/VO83CA
https://dataverse.harvard.edu/dataset.xhtml?persistentId=doi:10.7910/DVN/VO83CA
https://dataverse.harvard.edu/dataset.xhtml?persistentId=doi:10.7910/DVN/VO83CA


Conclusions

Absence of pIgR compromises gut integrity but does not exacerbate bacterial translocation

nor S. Typhimurium infection. These findings raise the possibility that immune adaptation to

increased gut permeability and elevated serum IgA in the setting of SIgA deficiency provides

compensatory protection against invasive gut pathogens.

Introduction

IgA is the most abundant immunoglobulin class in humans and mice, and the predominant

antibody found at mucosal surfaces [1]. Further, selective IgA deficiency is the most common

human primary immunodeficiency [2]. The majority of IgA is produced by plasma cells in the

lamina propria, where it is subsequently transported to the gut lumen by the polymeric immu-

noglobulin receptor (pIgR) [3]. pIgR is a glycoprotein expressed on the basolateral side of

intestinal epithelial cells, where it binds to the J-chain of dimeric IgA and is transported to api-

cal surfaces [4]. It is next cleaved by proteases, leaving part of the pIgR molecule—the secretory

component—bound to the antibody to produce secretory IgA (SIgA) [5].

The mucosal surface of the gastrointestinal (GI) tract is exposed to numerous antigens and

microbes, hence the GI epithelium acts as a barrier between infectious and noxious contents of

the gut lumen and sterile body compartments, while allowing for the absorption of fluids, electro-

lytes, and nutrients [6],[7]. SIgA promotes innate immune functions, including immune exclu-

sion, anti-inflammatory processes, and symbiosis with commensals [8,9]. Hence, SIgA is thought

to play a crucial role in preserving the balance between immunity and tolerance [10,11].

Intestinal barrier (IB) dysfunction has been previously reported in pIgR knockout (KO),

which lack SIgA (as well as pentameric IgM, thought to be less important) at mucosal surfaces.

Evidence for IB dysfunction includes: increased E. coli specific serum IgG [12], increased bac-

terial growth from mesenteric lymph nodes [13], and increased serum IgA and IgG against

commensal and food antigens [13]—all suggesting increased gut permeability and concomi-

tant bacterial translocation in pIgR KO mice.

Beyond promoting gut integrity, SIgA is thought to protect against invasive gut pathogens

by additional mechanisms, including: preventing pathogen-epithelial interactions[7,14]; inhib-

iting motility [15]; bacterial trapping within the mucus layer [16]; and retrograde transport of

antigens from the basolateral epithelium to the GI lumen [17,18]. Wijburg et al. found pIgR

KO mice were profoundly sensitive to low doses of oral S. Typhimurium infection vs. wildtype

(WT), and pIgR KO mice transmitted S. Typhimurium more readily to other mice [19].

We conducted experiments to test the hypothesis that absence of SIgA directly impairs

small IB function and resistance to S. Typhimurium invasiveness. Here, we report: 1) pIgR KO

mice show decreased small intestine transepithelial resistance but fewer bacterial colonies in

mesenteric lymph nodes; 2), pIgR KO mice display decreased colonization of extraintestinal

tissues, milder splenomegaly, and reduced systemic inflammation relative to wild type controls

following oral infection with S. Typhimurium; and 3) Surprisingly, pIgR KO mice survive sig-

nificantly longer when challenged either orally or systemically with S. Typhimurium.

Methods

Mice

pIgR KO mice (purchased from MMRRC) on a C57BL/6 background were bred with in-house

C57BL/6j mice to create heterozygotes. Heterozygotes were bred to produce homozygous

S. Typhimurium infection in pIgR KO mice
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dams and homozygous sires which were subsequently crossed to generate full litters of pIgR

KO pups. Wild type C57BL/6j (WT) were bred in-house as controls. Uninfected mice were

housed in a specific-pathogen free barrier room with a 6am-6pm light schedule. WT and KO

mice were transferred to a containment mouse room with microisolator cages immediately

prior to infection. To avoid pIgR KO consumption of fecal IgA and microbiota from WT con-

trols, pIgR KO and WT mice were bred and housed separately. For euthanasia, terminal blood

collection via cardiac puncture was performed under anesthesia with isoflurane followed by

major organ harvest. Mice in the survival studies were monitored daily for weight, illness, and

signs of obvious discomfort, distress or pain. Mice that exhibited a weight loss of greater than

20% of their starting weight were euthanized via carbon dioxide followed by cervical disloca-

tion. There were no unexpected deaths in any of the studies. All animal procedures were con-

ducted in accordance with Cincinnati Children’s Hospital Research Foundation Institutional

Animal Care and Use Committee and were approved as part of Protocol IACUC2015-0053.

Serum and stool IgA and IgG ELISA; stool IgA flow cytometry

Serum and stool antibody levels were quantified by ELISA as previously described [20]. To

quantify total IgA coating of stool bacteria, 2–3 fecal pellets were collected into 1ml of sterile

phosphate buffered saline (PBS), as previously described [21]. Pellets were homogenized by

vortexing, then centrifuged at 400xg to pellet large debris. The supernatant was passed through

a 70um filter and centrifuged at 8,000xg for 5 minutes. The pellet was resuspended in 1mL of

1XPBS + 5% rat serum + 5uM SYTO BC (Thermo Fisher) to stain bacterial nucleic acid and

incubated for 20 minutes at 4˚C. After incubation, the tube was centrifuged (8,000xg, 3 min-

utes). The supernatant was discarded, and the pellet washed with 1X PBS and centrifuged

(8,000xg, 3 minutes). The pellet was suspended in 1mL of 1XPBS + anti-mouse IgA-PE (1:200

dilution) (Southern Biotech) or anti-mouse IgG-PI (Invitrogen catalog number 88–50400,

concentrated with a Sartorius Vivaspin ultrafiltration spin column per manufacturer instruc-

tions) and incubated for 20 minutes at 4˚C, then centrifuged (8,000xg, 3 minutes), and washed

with 1XPBS. Finally, we centrifuged (8,000xg, 3 minutes) and resuspend in FACS Buffer. Data

were collected on a BD LSR Fortessa I, and analyzed with FlowJo software.

Ex vivo intestinal barrier function

Intestinal permeability was measured using Ussing chambers, as previously described [22].

Following sacrifice, mid-jejunal segments were excised and flushed with PBS, then opened

along the mesenteric border, and mounted in Ussing diffusion chambers (exposure area of

0.30 cm2). Mucosal and serosal reservoirs were filled with 10ml of Krebs Ringer bicarbonate

buffer. Permeability markers (FITC-dextran, 2.2 mg/ml; Sigma-Aldrich) were measured

according to Forbes et al. [23]. Data for transepithelial resistance (TER) (ohm/cm2), short-cir-

cuit current (Isc), and flux of FITC-dextran (fmol�cm2�h-1) were normalized to the average

measurements of C57BL/6 mice in each independent experiment.

Mesenteric lymph node colony counts

Mesenteric lymph node (mLN) colony counts were performed by collection of mLNs from

each mouse using sterile technique. The tissue was weighed, then homogenized in 1ml sterile

PBS then 50ul was plated on TSA 5% blood agar (VWR) and incubated overnight at 37˚C.

Colonies were counted and colony forming units (CFU) divided by mLN weight were

calculated.

S. Typhimurium infection in pIgR KO mice
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S. Typhimurium infection

S. Typhimurium SL1344 was grown overnight in LB broth (Invitrogen) in a shaker at 37˚C.

CFUs were estimated by optical density at an absorbance (A) of 600 and confirmed by growth

on LB agar (VWR) with 50ug/ml streptomycin (Sigma).

Mice 8–10 weeks of age were housed 2–4 mice per cage in disposable cages and fasted in

the morning for 4 hours prior to infection in the afternoon. No pre-treatment with streptomy-

cin or sodium bicarbonate was used. Mice were gavaged with 109 CFU in 150ul 100mM

HEPES buffer (pH = 8.0) (Fischer Scientific) and food was replaced. Mice were followed for 2

weeks for survival.

To measure colonization, mice were sacrificed on day 7 post-infection by isoflurane and

cardiac puncture. The spleen, liver, cecum, and mesenteric lymph nodes were collected and

weighed for determination of bacterial load. Briefly, tissues were collected into 1ml thioglyco-

late (USP Alternative) using sterile technique. A 1/8” steel bead was added to each sample, and

samples dissociated using a TissueLyser (Qiagen) for 3 minutes at 30 Hz for 4 cycles. Samples

were diluted and plated on LB agar with 50ug/ml streptomycin. Plates were incubated for 48

hours at 37˚C and counted.

For IV Salmonella infection, the tail vein was injected with 200ul of PBS containing 102−3

CFU and mice were followed daily for survival.

Intestinal immunohistochemistry

Histological sections from the duodenum, jejunum, ileum, and colon of pIgR KO mice and

WT controls were stained for macrophages and intraepithelial lymphocytes using antibodies

against F4/80 and CD 45, respectively and qualitatively compared.

Immunohistochemistry (IHC) for CD45 was performed on a robotic platform (Ventana

discover Ultra Staining Module, Ventana Co., Tucson, AZ, USA). Tissue sections (4 μm) were

deparaffinized using EZ Prep solution (Ventana). A heat-induced antigen retrieval protocol

set for 64 min was carried out using a TRIS–ethylenediamine tetracetic acid (EDTA)–boric

acid pH 8.4 buffer (Cell Conditioner 1). Endogenous peroxidases were blocked with peroxi-

dase inhibitor (CM1) for 8 min before incubating the section with CD45 antibody (BD Phar-

mingen,Cat# 550286) at 1:100 dilution for 60 min at room temperature. Antigen-antibody

complex was then detected using DISC. OmniMap anti-Rat HRP RUO detection system and

DISCOVERY ChromoMap DAB Kit (Ventana Co.). All the slides were counterstained with

hematoxylin subsequently; they were dehydrated, cleared and mounted for the assessment.

For F4/80 IHC, tissue sections were cut from each block at 4 μm thick intervals. Antigen

retrieval and deparaffinization were performed in PT Link (Dako, Glostrup, Denmark) using

low pH EnVision FLEX Target Retrieval Solution (Dako) for 20 min at 97˚C. Immunohis-

tochemistry was performed on a robotic platform (Autostainer, Dako). Endogenous peroxi-

dases were blocked with peroxidase and alkaline Phosphatase blocking reagent (Dako) before

incubating the sections with F4/80 antibody (AbD Serotech) at 1:200 dilution for 60 minutes

at room temperature. Antigen–antibody complex was detected by using rabbit anti-rat biotin,

and streptavidin HRP (Vector laboratory), and then followed by incubation with 3,3’-diami-

nobenzidine tetrahydrochloride (DAB+) chromogen (Dako). All the slides were counter-

stained with hematoxylin subsequently; they were dehydrated, cleared and mounted for the

assessment.

Serum cytokines

Serum cytokine concentrations were determined by enzyme-linked immunosorbent assay

(ELISA) using MilliplexTM Multiplex kits (Millipore) according to manufacturer’s protocol.

S. Typhimurium infection in pIgR KO mice
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Briefly, in a 96 well black plate, 25μL sample in duplicate was incubated with 25μL antibody

coated beads overnight at 4˚C while shaking. Plates were washed twice and 25μL of secondary

antibody was added and incubated at room temperature for 1 hour while shaking. Finally,

25μL of streptavidin-RPE was added to the secondary antibody and incubated for 30 minutes

at room temperature with shaking. Plates were washed twice and 100μL of sheath fluid was

added. Plates were shaken for 5 minutes and read using Luminex technology on the Bio-

PlexTM (Bio-Rad). Concentrations were calculated from standard curves using recombinant

proteins and reported in pg/ml.

Statistical methods

All statistical analyses were performed using GraphPad Prism, version 5. F-tests were applied

to establish Gaussian distribution of samples. A two-sample t test or ANOVA was applied

when groups displayed equal variances. Where appropriate, log transformation was applied to

normalize antibody levels. The Mann-Whitney or Kruskal-Wallis tests were applied to non-

parametric data. Log-rank test was used to compare survival curves. P values less than 0.05

were considered significant. Error bars on graphs and data represent mean ± SEM.

Results

Increased serum IgA and decreased stool IgA and IgA-coated bacteria in

pIgR KO mice

Serum IgA and IgG antibodies were first measured in 8–10 week old C57BL/6 and pIgR KO

mice to verify expected changes based on pIgR loss. As expected, serum IgA was elevated in

knockout mice compared to controlC57BL/6 mice (8.7x106±1.0x106 and 5.6x105±1.2x105 ng/

ml in pIgR and C57BL/6 mice respectively, P<0.0001, 2-sample T-test) (Fig 1A). However, no

differences were found in serum IgG in KO mice compared to C57BL/6 mice

(2.6x106±2.7x105 vs. 3.1x106±1.8x105 ng/ml, respectively, Mann-Whitney test) (Fig 1B).

As expected, stool IgA is significantly reduced in knockout mice compared to control mice

(2.9x103±4.1x102 vs. 2.5x105±4.5 x104 ng/g of stool, respectively, P<0.0001, Mann-Whitney)

(Fig 1C). In addition, KO mice showed significant reductions in the percentage of stool bacte-

ria coated with IgA (8.6±0.9% for pIgR KO mice and 28.0±3.0% for C57BL/6 mice, P<0.0001,

Mann-Whitney) (Fig 1D, representative plots S1 Fig). Stool IgG is significantly increased in

knockout mice compared to control mice (2.1±0.12 for pIgR KO mice and 1.6±0.0057 for

C57BL/6 mice) (S2 Fig).

Ex vivo intestinal barrier defects in pIgR KO mice

Intestinal barrier function (IB) was measured ex vivo in 8–10 week old mice using mid-jejunal

segments mounted in Ussing chambers to characterize the IB defect in the pIgR KO mice.

Electrophysiological and permeability measurements revealed normalized TER was lower in

pIgR KO mice vs C57BL/6 mice (0.90±0.04 vs.1.00±0.03, respectively, P<0.05, 2-sample t-test)

(Fig 2A). Additionally, normalized Isc, a measure of intestinal ion transport, was similar

between pIgR KO mice and C57BL/6 mice (1.05±0.05 vs. 0.98±0.04, respectively, P = 0.29,

2-sample t-test) (Fig 2B). Finally, we detected no differences in normalized FITC-dextran flux

across the intestinal tissues between pIgR KO mice and C57BL/6 mice (1.02±0.05 vs. 0.99

±0.06, respectively, P = 0.71, 2-sample t-test) (Fig 2C). Non-normalized means are shown in

S1 Table. These data indicate small intestinal barrier function is only mildly impaired in pIgR

KO mice. IB function was also evaluated using colonic segments, with no differences in TER,

Isc, or FITC-dextran flux detected (S3 Fig).

S. Typhimurium infection in pIgR KO mice
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Decreased blood bacterial translocation in pIgR KO mice

Non-specific bacterial counts were quantified from the mesenteric lymph nodes of pIgR KO mice

and control mice as an indirect measure of intestinal permeability and bacterial translocation. We

recovered significantly fewer aerobic colonies from the mesenteric lymph nodes of pIgR KO mice

compared to C57BL/6 mice (0.04±0.03 vs. 0.74±0.42 CFU/g, respectively, P<0.05, Mann-Whit-

ney) (Fig 2D). We detected no significant group differences in lymph node weights (S4 Fig).

Increased survival of pIgR KO mice following oral S. Typhimurium
challenge

To test the susceptibility to infection of pIgR KO mice following an oral S. Typhimurium chal-

lenge, we fasted mice for 4 hours then orally gavaged 109 CFU of S. Typhimurium. The pIgR

Fig 1. Elevated serum IgA, decreased stool IgA, and decreased IgA coating of fecal bacteria in pIgR KO mice. (A) Serum IgA is significantly increased in

pIgR KO mice compared to C57BL/6 mice (P<0.0001, Mann-Whitney). (B) No significant difference in the serum IgG between pIgR KO and C57BL/6 mice.

(C) Stool IgA is significantly decreased in pIgR KO mice compared to C57BL/6 mice (P<0.0001, Mann-Whitney). (D) pIgR KO mice showed a 3-fold

reduction in the percentage of stool bacteria coated with IgA (P<0.0001, Mann-Whitney).

https://doi.org/10.1371/journal.pone.0198434.g001
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KO mice showed an increased median survival (P<0.05 by the log-rank Mantel-Cox test) as

compared to the C57BL/6 mice (undefined for pIgR KO mice and 9 days for C57BL/6 mice,

Fig 3), with 55% of pIgR KO mice and 27% of C57BL/6 mice alive at 16 days post infection.

Protection from systemic colonization by S. Typhimurium in pIgR KO mice

To assess the systemic spread of S. Typhimurium in pIgR KO compared to C57BL/6, we orally

gavaged mice with S. Typhimurium as described above, and sacrificed mice at 7 days post-

infection to collect tissues for evaluation of bacterial growth. C57BL/6 mice had significantly

increased growth based on CFUs from spleen (1.9x107±1.9x107 CFU/g pIgR KO and 3.5x108±
1.4x108 CFU/g for C57BL/6, P<0.001 by the Mann-Whitney test) (Fig 4A), liver (1.5x107±1.4x

107 CFU/g pIgR KO and 2.2x108±1.2x108 CFU/g for C57BL/6, P<0.01 by the Mann-Whitney

test) (Fig 4B), cecum (2.7x108±2.7x108 CFU/g pIgR KO and 1.3x109±1.1x109 CFU/g for

C57BL/6, P<0.05 by the Mann-Whitney test) (Fig 4C), and mLNs (2.4x107±2.3x107 CFU/g

pIgR KO and 8.5x107±3.8x107 CFU/g for C57BL/6, P<0.01 by the Mann-Whitney test) com-

pared to pIgR KO mice (Fig 4D).

Similarly, pIgR KO mice were found to be protected from splenomegaly and reduction in

cecum weight, two known sequelae of S. Typhimurium infection [24,25], relative to C57BL/6.

Fig 2. Small intestinal transepithelial resistance is impaired, but translocation of bacteria is diminished, in pIgR KO mice. Ussing

chamber studies of mid-jejunal sections revealed a modest decrease in (A) transepithelial resistance in pIgR knockout mice as compared

to C57BL/6 mice (P<0.05, by t-test), and no difference in measures of (B) short circuit current, or (C) FITC-dextran flux. Data are

representative of 3 experiments. (D) Fewer aerobic bacterial colonies were recovered from homogenized mesenteric lymph nodes of pIgR

KO mice compared to C57BL/6 mice (P<0.05, Mann-Whitney). Data are representative of 6 experiments.

https://doi.org/10.1371/journal.pone.0198434.g002
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Organ weight was compared between WT and KO uninfected mice, uninfected to infected for

both WT and KO mice, and WT and KO infected groups. No differences were detected in

spleen or cecum weight at baseline between the two groups (Fig 5A and 5B). Spleen weights in

infected pIgR KO mice vs WT mice were significantly lower (0.13±0.0‘g vs. 0.19±0.01g, respec-

tively, P<0.01, ANOVA with Dunn multiple comparisons test) (Fig 5A), while cecum weights

were significantly higher in pIgR KO vs WT mice (0.55±0.03g vs. 0.39±0.48g, respectively,

P<0.05, ANOVA with Dunn multiple comparisons test) (Fig 5B).

Diminished serum cytokines in pIgR KO mice following oral S.

Typhimurium challenge

To assess the systemic inflammatory reaction to S. Typhimurium spread in pIgR KO mice

compared to wildtype mice, serum was collected for cytokine analysis by Luminex arrays 7

days post-oral infection. C57BL/6 mice showed significantly increased TNFα (35.3±9.9 pg/ml

for pIgR KO and 228.9±48.4pg/ml for C57BL/6, P<0.0001, Mann-Whitney) (Fig 6A), IL-1β
(6.2±2.4pg/ml for pIgR KO and 38.0±11.4 pg/ml for C57BL/6, P<0.005, Mann-Whitney) (Fig

6B), and IL-6 (301.7±61.5 pg/ml for pIgR KO and 1898.0±313.0 pg/ml for C57BL/6, P<0.0001,

Mann-Whitney) (Fig 6C) as compared to pIgR KO. We detected no difference in IFNγ levels

between groups (Fig 6D). In addition, serum levels of anti-inflammatory cytokine IL-10 were

significantly decreased in pIgR KO mice relative to controls (S5 Fig). Qualitatively, we detected

no significant differences in the amount or distribution of either macrophages (F4/80 antibody

staining, S6 Fig) or intraepithelial lymphocytes (CD45 antibody staining, S7 Fig) in the duode-

num, jejunum, ileum, or colon of pIgR KO mice as compared to controls.

Increased survival following intravenous S. Typhimurium challenge

The findings of: 1) a baseline gut barrier defect and 2) decreased systemic inflammation, with

enhanced survival following oral S. Typhimurium infection in pIgR KO mice, prompted us to

hypothesize that pIgR KO mice develop compensatory immune mechanisms that confer pro-

tection to systemic S. Typhimurium infections. To test this hypothesis, pIgR KO were

Fig 3. Increased survival of pIgR KO following high-dose oral S. Typhimurium challenge. Mice were gavaged with

109 CFU of S. Typhimurium following a 4-hour fast and followed for 2 weeks. Mean survival for C57BL/6 mice was

statistically significantly shorter than the pIgR KO mice (P<0.05, log-rank Mantel-Cox test). Data are representative of

3 experiments, with equivalent infectious doses between KO and WT in each experiment.

https://doi.org/10.1371/journal.pone.0198434.g003
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challenged with 3.2x102 CFU of S. Typhimurium via tail vein injection. KO mice exhibited dra-

matically prolonged survival compared to WT mice (16.5 days pIgR KO and 6.5 days for

C57BL/6, P<0.0001 by the log-rank Mantel-Cox test) (Fig 7).

Discussion

In this report, we examined intestinal barrier (IB) function and susceptibility to infection of

pIgR knockout mice based on the hypothesis that pIgR plays an important role in gut integrity

and protection against invasive gut pathogens. Indeed, we found that mice lacking pIgR have a

modest decrease in jejunal transepithelial resistance; however, we saw no concomitant increase

in FITC-dextran permeability and recovered fewer commensal bacteria from pIgR KO mesen-

teric lymph nodes, indicating both intact paracellular permeability and enhanced clearance of

translocated commensals. Further, we found pIgR KO mice were less sensitive to high-dose oral

S. Typhimurium infection, as well as low-dose intravenous S. Typhimurium infection. Thus, our

data suggest that although pIgR is a key molecule for SIgA transport but perhaps less critical

than previously thought for IB function or protection against S. Typhimurium infection.

Based on previous studies, we expected to find increased serum IgA and IgG, and decreased

stool IgA in pIgR KO mice [26,27]. We did confirm a significant increase in serum IgA and a

Fig 4. Systemic and intestinal colonization with S. Typhimurium is diminished in pIgR KO mice following oral challenge. S. Typhimurium
CFUs were significantly higher in C57BL/7 mice compared to pIgR KO mice on day 7 post-oral infection in the (A) spleen (P<0.001, Mann-

Whitney test), (B) liver (P<0.01, Mann-Whitney), (C) cecum (P<0.05, Mann-Whitney test), and (D) mLN (P<0.01, Mann-Whitney). Data are

representative of 3 experiments.

https://doi.org/10.1371/journal.pone.0198434.g004

S. Typhimurium infection in pIgR KO mice

PLOS ONE | https://doi.org/10.1371/journal.pone.0198434 June 1, 2018 9 / 16

https://doi.org/10.1371/journal.pone.0198434.g004
https://doi.org/10.1371/journal.pone.0198434


decrease in stool IgA, however we did not find increased serum IgG in pIgR KO mice. Previ-

ous investigators suggested increased serum IgG was due to increased systemic contact with

gut bacteria, as indicated by increased serum IgG against commensals [27]. In contrast, the

pIgR KO mice in our colony showed decreased bacteria in their mesenteric lymph nodes,

which may explain this discrepancy, as well as our findings that pIgR KO mice exhibited

increased fecal IgG levels vs wildtype controls.

We detected an 85-fold decrease in total stool IgA in pIgR KO compared to WT, yet only a

3.5-fold drop in IgA-coated stool bacteria. Two potential explanations for this finding include:

1) leakage of serum IgA to the gut lumen across a damaged gut barrier, with subsequent coat-

ing of gut bacteria and 2) a shift in the gut microbiome of these mice, as has been previously

shown in pIgR KOs [28], and subsequent selection for inflammation-driving bacteria targeted

by IgA [29].

Several studies of pIgR KO mice imply a gut integrity defect based on secondary measures,

including increased serum E.coli-specific IgG [12], increased serum IgA and IgG against com-

mensal and food antigens [13], and increased bacterial growth from mLNs [13,28]. Our pres-

ent studies complement these earlier findings by direct measurements of altered intestinal

physiology in pIgR KO mice using Ussing chambers. Using this technique, we detected modest

decreases in jejunal TER in pIgR KOs. However, we found no differences in Isc or, interest-

ingly, FITC-dextran flux. These data suggest jejunal “leakiness” is increased in the absence of

pIgR [30], yet the epithelium is still able to act as an effective barrier to larger molecules like

FITC-dextran. One limitation of our study is we did not assess other regions of the small intes-

tine, which may have revealed more significant differences.

We found pIgR KOs in our facility yielded significantly fewer bacteria from mLNs. It is

plausible that increased serum and gut lamina propria IgA in pIgR KOs could play a role in

quickly clearing translocated bacteria to suppress mLN colonization. This would also be con-

sistent with the results from our infection studies. The increase in the stool IgG of the pIgR

KO mice may also be serving as a protective compensatory mechanism to prevent bacterial

translocation. Kato-Nagaoka et al. recently confirmed earlier reports of increased bacterial

Fig 5. Intestinal and systemic indicators of S. Typhimurium infection intensity are reduced in pIgR KO mice following oral challenge.

(A) Spleen weight was significantly elevated in C57BL/6 mice 7 days post-oral infection compare to both uninfected C57BL/6 (P<0.001) and

infected pIgR KO (P<0.01, Kruskal-Wallis with Dunn multiple comparison test). (B) Cecum weight was significantly diminished in C57BL/6

mice compared to pIgR KO mice at 7 days post-oral infection (P<0.05, Kruskal-Wallis with Dunn multiple comparison test). Data are

representative of 3 experiments. Baseline weights of spleen and cecum did not differ in uninfected C57BL/6 and pIgR KO mice.

https://doi.org/10.1371/journal.pone.0198434.g005
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counts from the mLNs of pIgR KO mice, however they detected lower values than previous

studies [13,28,31]. Several factors, including technical details of the assay and variability in

local animal facility microbiomes may account for these differences. Additionally, our study

used mice 8–10 weeks of age, which may be too young to detect differences in IB. As reported

by Kato-Nagaoka et al., CD8αβ+αβ-IELs accumulate in the pIgR KOs intestine with aging and

contribute to IB break-down [31].

Wijburg et al. reported pIgR KOs are profoundly sensitive to low-dose S. Typhimurium
challenge compared to C57BL/6 mice [19]. We tested similar doses WT and KO mice but

found no differences between KO and WT (data not shown), so proceeded with a high dose

challenge. We were surprised to find pIgR KOs were partially resistant to S. Typhimurium
lethality, when administered at high doses either orally and intravenously. There are several

potential explanations for these differences. First, pIgR KOs in the present study showed less

Fig 6. Serum pro-inflammatory cytokines TFNα, IL-1β, and IL-6 are significantly lower in pIgR KO mice vs wildtype mice 7 days post oral S. Typhimurium
infection. C57BL/6 mice showed significantly increased (A) TNFα (P<0.0001, Mann-Whitney), (B) IL-1β (P<0.005, Mann-Whitney test), and (C) IL-6 (P<0.0001,

Mann-Whitney) compared to pIgR KO. (D) No difference in IFNγ levels between groups.

https://doi.org/10.1371/journal.pone.0198434.g006
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baseline bacterial translocation compared to previous reports. Second, intestinal microbiota

are critical in mediating the clearance of Salmonella from the intestine, hence local differences

in microbiota might account for different outcomes following infection [32]. Last, we used the

equivalent strain of S. Typhimurium reported by Wijburg et al., however the possibility of sub-

sequent strain mutations may have influenced our results.

In the present study, pIgR KO mice showed decreased bacterial counts in the liver and

spleen following oral infection, suggesting a decreased number of bacteria seeding these tissues

[33,34]. Previous reports demonstrate B-cell deficient mice are more susceptible to S. Typhi-
murium infection and indicate an antibody-independent function of B-cells is protective

against infection [35]. pIgR KO mice have both increased B-cell counts and increased serum

IgA [27]. Supporting Figs 6 and 7 provide preliminary evidence that the number and distribu-

tion of macrophages and lymphocytes are not appreciably different between the pIgR KO mice

and wildtypes. While not addressed in this paper, differences in M cell number or epithelial

cell turnover could also play a role in the immune differences of the mice. Hence, the increase

of B-cell counts, serum IgA, and stool IgG might have played a role in enhancing the survival

of pIgR KO mice following either oral or systemic S. Typhimurium infection.

We found wildtype mice had significantly elevated serum pro-inflammatory cytokines fol-

lowing oral infection. The interaction between S. Typhimurium pathogen-associated molecular

patterns with host receptors leads to the recruitment of macrophages and neutrophils that pro-

duce TNFα, IL-1β, IL-6, and IFNγ [36]. We found three of these four cytokines were signifi-

cantly elevated in the serum of infected wildtype mice compared to pIgR KOs. These data are

consistent with our findings of increased bacterial counts in peripheral organs, as increased

bacterial presence would initiate increased recruitment of phagocytes. Inflammatory mono-

cytes and neutrophils are also known to produce inducible nitric oxide synthase [37]. While

these molecules are important for the killing of S. Typhimurium, uncontrolled activation of the

innate immune system leads to aberrant coagulation, vasodilation leading to hypotension, tis-

sue injury, and finally death. Given the high levels of serum cytokines detected, it is likely these

mechanisms played a role in the early death of the wildtype mice.

Fig 7. Increased survival of pIgR KO following intravenous S. Typhimurium challenge. Mice were injected IV via

the tail vein with 3.2x102 CFU of S. Typhimurium and followed for 26 days. Mean survival for C57BL/6 mice was

statistically significantly shorter than the pIgR KO mice (P<0.0001, log-rank Mantel-Cox test). Data are representative

of 2 experiments.

https://doi.org/10.1371/journal.pone.0198434.g007
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Although we detected significant differences in our infection model, we were limited by

studying only high-dose S. Typhimurium challenges, without the use of sodium bicarbonate

pre-treatment, which might have exerted different effects vs. low-dose challenges with pre-

treatment. We did not characterize the microbiome of pIgR KOs and C57BL/6 mice housed in

our facility, which may have influenced our results. Finally, to better understand the temporal

dynamics of S. Typhimurium infection in the setting of SIgA deficiency, it would be helpful in

future studies to sacrifice mice at earlier time-points following oral infection to quantify bacte-

rial invasion into Peyer’s patches and mLNs in the first few hours of the infection.

The literature supports a critical role for non-functional NRAMP1 in Salmonella suscepti-

bility in C57BL/6 mice [38,39]. However, we identified no articles examining a dual role for

NRAMP1 and pIgR in pathogen susceptibility. We sequenced NRAMP1 in several mice from

our pIgR KO colony and all tested were heterozygous for non-functional NRAMP1, indicating

the functional allele was present (albeit randomly) in our colony, despite 5 backcrosses to

C57BL/6 mice at MMRC and additional crosses to our in-house C57BL/6 mice. Because we do

not know the NRAMP1 status of each animal studied, it is impossible for us to fully ascertain

the degree to which NRAMP1 status modulated the differences we observed between pIgR KO

and WT mice. Nonetheless, we detected remarkably homogeneous effects of pIgR deletion on

key outcomes: tissue injury (Fig 5) and systemic inflammation (Fig 6), suggesting the absence

of pIgR exerted a far stronger protective influence against infection than would be expected if

randomly present, functional NRAMP1 were the primary determinant of the observed out-

comes we observed. However, it is possible the random presence of functional NRAMP1 may

have partially accounted for the wider variability in survival (Figs 3 and 7) and systemic and

intestinal colonization with S. Typhimurium in pIgR KO mice vs WT mice (Fig 4). Thus,

despite a lack of comprehensive data on the potential role of NRAMP1, we feel our findings

represent an advance by revealing the surprising finding of enhanced resistance to invasive

bacteria in pIgR KO mice with compromised intestinal barrier function.

More broadly, our results have implications for understanding why selective IgA deficiency

is a common primary human immunodeficiency with diverse clinical manifestations. Selective

IgA deficiency is associated with an increased risk for common infections and autoimmune

disorders, but only rarely linked to life-threatening bloodstream infections [2]. If our finding

that SIgA deficiency in young mice confers partial protection against invasive gut pathogens is

applicable to human hosts, selective IgA deficiency may therefore represent a balanced poly-

morphism, enhancing survival against deadly infections early in life, but predisposing to com-

mon infections and autoimmunity in older individuals. In conclusion, we have demonstrated

that pIgR promotes IB function but is not critical for protection against S. Typhimurium infec-

tion. Redundancies in innate immunity or adaptation to gut leakiness in the context of SIgA

deficiency may compensate for these losses while maintaining homeostasis and the ability to

fight infection.
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S1 Fig. Representative dot plots of IgA bacterial staining in stool. (A) Isotype control stain-

ing of C57BL6 stool. (B) Representative plot of IgA staining of bacteria in stool of C57BL6

mouse. (C) Representative plot of IgA staining of bacteria in stool of pIgR KO mouse.
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S2 Fig. Elevated stool IgG in pIgR KO mice. Stool IgG is significantly increased in knockout

mice compared to control mice (P<0.0002, Mann-Whitney). Data from eight pIgR KO mice

and age-matched WT controls.
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S3 Fig. No differences in ex vivo measures of colonic ion transport or permeability between

WT and KO mice. Ussing chamber studies of colonic sections revealed no differences in (A)

transepithelial resistance, (B) short circuit current, or (C) FITC-dextran flux.

(TIFF)

S4 Fig. Mesenteric lymph node weight from mice on day 7 following high-dose oral S.

Typhimurium challenge. No difference was detected in the weight of mesenteric lymph nodes

of pIgR KO mice compared to WT mice.

(TIFF)

S5 Fig. Serum anti-inflammatory cytokine IL-10 is significantly lower in pIgR KO mice vs

wildtype mice 7 days post oral S. Typhimurium infection.

(TIFF)

S6 Fig. Similar amount and distribution of CD45 (lymphocyte marker) stained cells in the

intestines of pIgR KO and wildtype mice. (A) duodenum, (B) jejunum, (C) ileum, (D) colon

of wildtype mice and (E) duodenum, (F) jejunum, (G) ileum, (H) colon of pIgR KO mice. Rep-

resentative images chosen from eight pIgR KO mice and age-matched WT controls.

(TIFF)

S7 Fig. Similar amount and distribution of F4/80 (macrophage marker) stained cells in the

intestines of pIgR KO and wildtype mice. (A) duodenum, (B) jejunum, (C) ileum, (D) colon

of wildtype mice and (E) duodenum, (F) jejunum, (G) ileum, (H) colon of pIgR KO mice. Rep-

resentative images chosen from eight pIgR KO mice and age-matched WT controls.

(TIFF)

S1 Table. Non-normalized means of Ussing chamber studies of mid-jejunal sections from

Fig 2.
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