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In vitro spleen cell cytokine
responses of adult mice immunized
with a recombinant PorA (major
outer membrane protein [MOMP])
from Campylobacter jejuni

M. John Albert?, Raj Raghupathy?, Islam Khan? & FawazY. Azizieh?

There is no information on cytokine profiles for use as markers of protection in Campylobacter jejuni
infection. To study this, we used outer membrane protein (MOMP [PorA]) as the vaccine for protection
and spleen cell cytokines as markers of protection. We cloned and expressed porA from C. jejunilll
and immunized mice by the intraperitoneal route. Subsequently, mice were orally challenged with live
C.jejuni111. The vaccine induced protection as evidenced by reduced fecal excretion of C. jejunilll.
Cytokines were measured in vitro after stimulation of spleen cells with MOMP. The levels of pro-
inflammatory cytokines, IL-12, TNF-o, IL-17A and IL-17F were similar in control and test mice. The
levels of pro-inflammatory cytokines, IL-2 and IFN-~ were higher in control mice than in test mice, and
the levels of pro-inflammatory cytokines, IL-8 and IL-13 were higher in test mice than in control mice.
Among the two anti-inflammatory cytokines, the levels were similar for IL-10 but higher for IL-4 in test
mice than in control mice. Ratios of pro-inflammatory to anti-inflammatory cytokines showed a bias
towards an anti-inflammatory response in favor of antibody production reflecting the role of antibodies
in immunity. Cytokine production patterns by spleen cells may be used as markers of protection in the
mouse model.

Campylobacter jejuni is a major foodborne pathogen and a cause of diarrhea worldwide including in Kuwait"2
Control and prevention of C. jejuni diarrhea through vaccination is a priority’. Whole cell and subunit antigens
of C. jejuni have been tested as potential candidate vaccines. These are live attenuated vaccines, killed whole cell
vaccines, and subunit vaccines that include flagellar components, outer membrane protein and capsular polysac-
charides*. One such subunit vaccine is a fusion protein — major outer membrane protein (MOMP or PorA) of
C. jejuni fused with a carrier protein, glutathione S transferase (GST). The fusion protein is GST-PorA”. On oral
immunization, GST-PorA imparted protection in an adult mouse intestinal colonization model of infection®. The
side effects of a carrier protein such as GST in humans are not known if GST-PorA were to be used as a potential
human vaccine. Therefore, we evaluated a recombinant PorA (MOMP) alone as a potential vaccine candidate
in the adult mouse colonization model. There are numerous studies which investigated the roles of whole live
or dead C. jejuni or various components such as lipooligosaccharide (LOS), flagellum and cytolethal distending
toxin (CDT) of C. jejuni in inducing cytokines in both in vivo and in vitro models of infection’. But there are no
studies which investigated the role of MOMP of C. jejuni on cytokine production. MOMP is present in abundant
quantity on bacteria and is a surface structure which interacts with various environments with which the bacteria
come into contact. Therefore, we also measured selected pro-inflammatory and anti-inflammatory cytokines in
vitro in the spleen cells from mice immunized with MOMP to investigate how immunization influences their
levels and whether their levels can be used as predictors of immunity. There is a link between cytokines and
immunity as development of immunity is mediated by production of cytokines°.
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Materials and Methods
All methods were carried out in accordance with relevant guidelines and regulations.

Bacteria and culture conditions.  C. jejuni strain 111 (Penner serotype O:1,44) was cultured from the stool
of a diarrheal patient in Kuwait. It was found to colonize mouse intestine in previous studies®!°. Stock culture was
maintained in Brucella broth (Becton & Dickinson, Sparks, MD, USA) with 15% (vol/vol) glycerol at —70°C. The
stock culture was revived on agar with 5% defibrinated sheep blood (Oxoid, Basingstoke, Hampshire, England)
and incubated at 42 °C for 48 h in a microaerobic atmosphere generated by Campigen (Oxoid). The identity of the
bacteria was confirmed by cultural characteristics and molecular methods'!.

Preparation of enriched MOMP (eMOMP). The MOMP of C. jejuni 111 was enriched by the Sarkosyl
method!?. Briefly, the bacteria were grown on blood agar at 42 °C for 48 h in a microaerobic atmosphere. Bacterial
cells were disrupted by sonication and centrifuged at 5000 x g to remove whole cells. The supernatant was cen-
trifuged at 100, 000 x g for 1h at 4°C in an L8-70 ultracentrifuge (Beckman, Fullerton, CA, USA). The resultant
pellet was then treated with sodium lauryl sarcosinate (Sigma, St. Louis, MO, USA). The Sarkosyl-insoluble por-
tion was used as the eMOMP.

Ethics approval. Animal studies were approved by the Animal Ethics Committee of the Health Sciences
Center, Kuwait University, Kuwait (approval number, VDR/HSC/3429). Methods were carried out in accordance
with the relevant guidelines and regulations.

Production of rabbit antibodies to eMOMP of C. jejuni111l. The eMOMP preparation was separated
by discontinuous sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) with a 5% stacking gel
and a 12.0% separating gel according to the method of Laemmli'®, and stained with Coomassie blue. The protein
band corresponding to the MOMP (~ 45-kDa) was excised from the gel. The band was homogenized in PBS (pH
7.2) and approximately 1 ml of the gel suspension containing 50 ug of the protein was mixed with an equal volume
of incomplete Freund’s adjuvant (Sigma) and injected subcutaneously into an adult New Zealand White rabbit.
This first dose was followed by two additional doses at 2-week intervals. The rabbit was bled three weeks after the
last injection®.

Cloning and expression of porA gene.  Chromosomal DNA was purified from blood agar grown C. jejuni
111 using UCP pathogen Mini Kit (Qiagen, Germantown, MD, USA). porA gene was amplified with forward
primer E1: 5" ATG GAT CCA CTC CAC TTG AAG AA G CG 3’ and reverse primer R3: 5’ATG GTA CCG AAT
TTG TAA AGA GCT TGA AG 3’ with attached restriction sites for BamHI and Kpnl respectively (underlined)™
and a high-fidelity platinum Taq polymerase (Invitrogen, Carlsbad, CA, USA). These primers are expected to
amplify the porA gene without the region encoding the signal peptide. The cycling conditions were 95 °C/3 min,
followed by 25 cycles of 95°C/305, 60°C/305, 72 °C/1 s with a last extension at 72 °C/8 min. The PCR product was
separated by electrophoresis on 1% agarose gel and visualized by ethidium bromide staining. The PCR product
was digested with BamHI and Kpnl enzymes and purified with QIAquick PCR Purification Kit (Qiagen). The
cloning vector pQE-30 which expresses the target protein with a His, tag at the N-terminus (Qiagen) was lin-
earized by double-digestion with the same two enzymes, separated on 0.9% agarose gel and purified by using
QIAquick gel extraction kit (Qiagen). The porA gene was ligated to the digested vector with T4 DNA ligase
(Promega, Madison, WI, USA) and used to transform competent Escherichia coli M15 (pREP4) cells (Qiagen).
Transformants were selected on Luria agar containing ampicillin (100 ug/ml) and kanamycin (25 ug/ml). Random
colonies were grown in Luria broth with ampicillin and plasmid extracted with a plasmid extraction mini kit
(Qiagen). The plasmid DNA was digested with BamHI and Kpnl enzymes and separated by electrophoresis on
1% agarose gel.

A 2h culture of porA recombinant E. coli clone in Luria broth with ampicillin (100 pg/ml) and kanamycin
(25 pg/ml) was induced with 1 mM IPTG (isopropyl-3-D-thiogalactoside) (Sigma) for 2h at 37 °C in a shaker
incubator. The proteins from lysed bacterial pellet were analyzed by Western blot. For Western blotting, the
separated proteins by Laemmli method as above, were transferred electrophoretically on to a nitrocellulose
membrane (Bio-Rad, Hercules, CA, USA) and then blocked with 5% bovine serum albumin (BSA) (Sigma) in
phosphate-buffered saline (PBS, pH 7.2) containing 0.1% Tween 20 (PBSTB). The membrane was reacted with
an appropriate dilution of relevant rabbit polyclonal antibody (either His-tag antibody [Qiagen] or MOMP anti-
body) in PBST with 1% BSA (PBSTD). The secondary antibody, peroxidase-conjugated, AffiniPure, goat IgG
anti-rabbit immunoglobulin, Fc fragment-specific (Jackson ImmunoResearch, West Grove, PA, USA), diluted
1 in 50,000, in PBSTDb was added, after which the membrane was developed with enhanced-chemiluminescence
Western blotting detection reagents according to the manufacturer’s instructions (Amersham Pharmacia Biotech,
Little Chalfont, Buckinghamshire, United Kingdom).

Large-scale purification of rPorA (MOMP) preparation was carried out using Ni-NTA affinity column and
elution with denaturing buffers containing 8 M urea by following the procedure supplied with the pQE-30 vector.
Urea was eliminated by filtering through an Amicon ultracel 30-K ultra-4 centrifugal filter (Merck Millipore,
Burlington, MA, USA). The concentration of the protein was measured by a Nanodrop 8000 instrument (Thermo
Fisher Scientific, Waltham, MA, USA) and adjusted to 1 mg/ml with phosphate-buftered saline (PBS, pH 7.2). The
preparation was sterilized by filtering through a disposable filter device with a 0.45um pore diameter polyether-
sulfone membrane (GE healthcare, Marlborough, MA, USA) and stored at —20 °C until used.

Immunization and challenge of BALB/c mice. Six to eight weeks-old female BALB/c mice free of
Campylobacter infection (tested by culturing stool by standard methods as above) were chosen from the Animal
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Resource Center of the Health Sciences Center, Kuwait University. Two days before the experiment, animals were
separated and placed in individual cages. They were given a standard chow?® and water ad libitum throughout
the experiment. Our preliminary studies showed that three doses (each dose containing 300 ug rPorA) given
orally after neutralization of the gastric acidity by sodium bicarbonate, with an interval of a week between doses,
and serum and intestinal antibody responses, tested a week after the third dose, did not result in an immune
response to the antigen. We surmised that rPorA being a protein, was degraded by the enzymes of the digestive
tract. Therefore, we decided to administer the antigen by the intraperitoneal (IP) route. Our preliminary studies
showed that a dose of 100 ug of rPorA was an optimal dose without inducing toxic reaction in the animals. For
protection studies using colonization model or for cytokine studies, mice were immunized by the IP route with
PorA (100 ug per dose) three times at a weekly interval. Control mice were immunized with phosphate-buffered
saline (PBS, pH 7.2).

A week after the third dose, mice for the colonization model study were orally challenged with 0.5 ml of live C.
jejuni 111 in PBS containing 1 x 10° CFU per ml. The preparation of bacteria and oral challenge were as described
previously®. Fecal shedding of the challenge bacteria was monitored daily for 8 days as described previously'®.

Collection of feces and blood for antibody estimation. Five to seven fresh fecal pellets (equivalent
to 100 to 200 mg) were collected from each mouse shortly before vaccination and a week after the third vaccine
dose. To each mg of the feces, 100 ul of IgA extraction buffer (PBS containing 0.05% Tween 20, 0.5% fetal calf
serum, 1 mg/ml ethylenediaminetetraactetic acid [EDTA], 1 mg/ml phenylmethylsulfonyl fluoride, and 200 pg/ml
trypsin soybean inhibitor) (Sigma) was added. After 15min of incubation on ice, fecal pellets were homogenized
and centrifuged at 23,000 X g for 15 min at 4 °C. The supernatant was stored at —70 °C until assayed'®. At the same
times as the collection of feces, tail vein blood was collected. A 50 pl of blood were mixed with 950 ul of PBST.
After one cycle of freezing and thawing, the sample was centrifuged at 400 x g for 15min, and the supernatant
was stored at —70 °C until assayed'”.

Measurement of total IgA in fecal extract. The total IgA in fecal pellets was determined by using an
ELISA'S. The wells of a Maxisorp immunoplate (Nunc, Rochester, NY, USA) were coated with affinity purified,
human serum absorbed, goat anti-mouse IgA (Kirkegaard & Perry Laboratories, Gaithersberg, MD, USA) in car-
bonate buffer and incubated at 37 °C for 1 h followed by 24 h at 4 °C. The wells were washed three times with PBST
and blocked with PBSTB at 37°C for 2 h. Various concentrations (3 to 300 ng/ml) of purified mouse IgA (Bethyl
Laboratories, Montgomery, TX, USA) or serial doubling dilutions (starting from 1 in 100) of fecal extracts (from
pre-immunized and post-immunized mice) in PBSTb were added to the wells and incubated at 37 °C for 2h. The
wells were then washed three times with PBST and then incubated with horseradish peroxidase-conjugated, goat
anti-mouse IgA antibody (Sigma) diluted to 1 in 5,000 in PBSTb at 37 °C for 2 h. Wells were washed three times
with PBST, after which substrate, 2,2’-azino-di (3-ethyl-benzthiazoline sulfonate) (ABTS) (Sigma) was added.
After 30 min at 37 °C, the optical density at 405 nm (OD ;5 ,,,,) was measured in a Powerwave Microplate spectro-
photometer (Biotek Instruments Inc., Vinooski, Vermont, USA). The amount of IgA present in a fecal sample was
determined by interpolation of OD on a standard curve constructed with OD readings of known concentrations
of purified mouse IgA. The pre-and post-immune samples were appropriately diluted so that they contained the
same amount of IgA.

Measurement of serum and fecal antibodies. Serum IgG and IgA antibodies and fecal IgA antibodies
to PorA were assayed by enzyme-linked immunosorbent assays'®. The wells of a Maxisorp immunoplate (Nunc)
were coated with carbonate buffer (pH 9.6) containing 1 pg/ml of rPorA at 4 °C for 24 h. The wells were washed
four times with PBST and blocked with PBSTB at 37 °C for 1 h. A 1: 100 dilution of lysed blood sample or a 1: 10
dilution of fecal IgA in PBSTb was added to the wells and allowed to react at 37 °C for 1h. The wells were washed
four times with PBST and reacted with horseradish peroxidase-conjugated goat anti-mouse secondary antibodies
(that recognize IgG or IgA isotypes) (Kirkegaard & Perry Laboratories) diluted 1: 1000 in PBSTb at 37°C for 1 h.
The wells were washed four times with PBST. The substrate, ABTS (Sigma) was added, and after 30 min of incu-
bation at 37 °C, OD,qs ,,, Was measured.

In addition, agglutinating antibodies in feces were also assayed by the method of Ueki et al."”. Fifty ul of
suspension of C. jejuni 111 in PBS (containing approximately 5 x 108 CFU/ml) was added to each of a 96
V-shaped-well microtiter plate (Nunc), after which 50 pl of 2-fold serially diluted fecal IgA in PBS was added
(with a starting dilution of 1: 10). After incubation at 37 °C for 2 h, the plate was kept at 4 °C for 20h and the agglu-
tination was read. The highest serum dilution showing agglutination was recorded as the titer.

Stimulation of spleen cells from mice immunized intraperitoneally with PorA and control
mice. A week after the third vaccine dose and immediately after collection of feces and blood as above, mice
were killed by cervical dislocation. Abdominal area was sterilized with 70% alcohol. Spleen was removed through
an incision. Connective tissues were removed and spleen rinsed in 70% alcohol and then in RPMI 1640 medium
(Thermo Fisher Scientific) and placed in a petri dish with fresh RPMI 1640 medium. Spleen cells were teased
out with forceps and forced through an 18 G needle and then through a 22 G needle three times each. The cells
were transferred to a tube and centrifuged at 200 x g for 10 minutes to pellet the cells. Cells were washed twice
by re-suspending in RPMI 1640 and centrifugation. The cell pellet was re-suspended in RPMI 1640 with 10%
fetal bovine serum and 1% antibiotics (penicillin, streptomycin, gentamicin) (Thermo Fisher Scientific), cells
were counted in a hemocytometer and diluted to 5 x 10 cells per ml of the medium. Wells of a flat-bottomed
microtiter plate (Nunc) were inoculated with 100 pl of cells and stimulated with 50 ul of PorA (final concentration
of 10 ug/ml). Stimulation with the antigen was done in duplicate wells. The volume in each well was made up to
200 ul by adding 50 pl of RPMI 1640 medium. The plate was incubated in a 5% CO2 incubator at 37 °C for 144 h.
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Figure 1. A representative Western blot of induced proteins. Induced proteins from porA clone (lane 1) and
E. coli host (lane 2) were separated by SDS-PAGE, transferred to a nitrocellulose membrane and probed with
C. jejuni 111 anti-MOMP antibody. The reaction was developed with enhanced-chemiluminescence detection
system (Amersham Pharmacia Biotech). Note a prominent band of about 45-kDa in lane 1 (arrowed), which is
absent in lane 2 (samples in lanes 1 and 2 were run on the adjacent wells of the same gel). Lane 3 has molecular
weight markers labelled as per markers from Bio-Rad.

For cytokine IL-4 only, stimulation with antigen was done for 24 h. At the end of the stimulation, supernatants
were harvested and stored at —80 °C until assayed for cytokines.

Cytokine assays. The following cytokines were assayed- pro-inflammatory cytokines: IFN-~, TNF-q,
IL-12,1L-8, IL-2, IL-17A and IL-17F and IL-1(3; and anti-inflammatory cytokines: IL-10 and IL-4. All cytokines
except IL-4 and IL-8 were assayed using a commercially available multiplex panel mouse cytokine assay kit
(MTH17MAG-47K) (Merck Millipore, Darmstadt, Germany). This is a Luminex multiplex ELISA-based immu-
noassay containing fluorescent dyed beads coated with antibodies specific for cytokines (Luminex, Austin, TX,
USA). Concentrations of the cytokines were measured using a MAGPIX array reader (Luminex) that quantifies
cytokines using very small sample volumes. The cytokine concentrations were calculated using standard curves
with a software provided by the manufacturer (Luminex Manager Software). The detection limits (pg/ml) of the
cytokines were: IFN-~, 1.1; TNFaq, 2.3; IL-12, 3.9; IL-2, 1.0; IL-17A, 0.5; IL-17F, 0.5; IL-1b, 5.4; and IL-10, 2.0.
Quality control tests were included as per the instructions of the manufacturer.

IL-8 after 144 h stimulation, and IL-4 after 24 h stimulation were assayed using respective sandwich ELISA
kits according to manufacturer’s instructions (MyBiosource, San Diego, CA, USA). The cytokine concentration
in the test sample was inferred by interpolating the optical density (OD) of the test well containing the sample to
an OD curve constructed using standards with known quantities of the cytokine. The detection limits were 5 pg/
ml for IL-8 and 1 pg/ml for IL-4.

Statistics. Median levels of cytokines, antibody levels and amount of organisms excreted were compared
by Mann-Whitney U test by SPSSS statistics (Chicago, IL, USA). Bacterial colonization rates were compared by
Fisher’s exact test. A P value of <0.05 was considered significant.

Results

Cloning and expression of porA gene. The porA gene was amplified from C. jejuni 111. It had 1209-
bp and the sequence was identical to that of C. jejuni strain 01-0949 without the first 66-bp corresponding to
the N-terminal 22 amino acids constituting the signal peptide (Accession number CP010301.1). The nucleotide
identity of porA gene of strain 111 varied from 94 to 100% with those of the 101 C. jejuni strains deposited in
the National Center for Biotechnology Information (https://blast.ncbi.nlm.nih.gov/Blast.cgi). No similarity with
porA gene of other bacteria was found. The expressed protein from porA gene of strain 111 had a molecular weight
of approximately 45-kDa (corresponded with MOMP) and reacted with anti-His, tag antibody (Invitrogen) and
rabbit polyclonal antibody to gel-purified MOMP from C. jejuni (Fig. 1).

Colonization and excretion of C. jejuni111. Ten mice were immunized by the IP route by MOMP and
an equal number of mice with PBS as controls. One control mouse died. The colonization rates in test and control
mice for 8 days are shown in Table 1. Even though the colonization rate in test mice showed variation, it was lower
for all days compared to in control mice, and the difference achieved significance for day 7. Excretion of challenge
bacteria showed variation in both control and test mice, but was lower in test mice for all days and this was statis-
tically significant for 4/8 days and for mean excretion (Table 2).
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No. of control mice | No. of test mice P value for

Day colonized/total no. | colonized/total no. | difference
1 719 7/10 1.00

2 8/9 8/10 1.00

3 9/9 7/10 0.21

4 9/9 9/10 1.00

5 9/9 6/10 0.08

6 8/9 8/10 1.00

7 9/9 3/10 0.003

8 9/9 9/10 1.00

Mean 9/9 7/10 0.21

Table 1. Colonization rates of C. jejuni 111 in control mice and in test mice vaccinated intraperitoneally with

MOMP. P value by Fisher’s exact test.

Excretion (cfu/mg) Excretion (cfu/mg) | P value for difference
Day (SD) in control mice | (SD) in test mice in excretion
1 2.7 x 10* (1.8 x 10%) 1.1 x 10* (1.3 x 10%) 0.5
2 1.2 x 10* (1.1 x 10%) 1.1 x 10* (9.0 x 10°) 0.96
3 3.0x 104 (1.4x10%)  |2.1x10°(2.9% 10%) |0.004
4 4.1 x 10* (3.7 x 10%) 1.2 x 10* (1.5 x 10%) 0.022
5 49x10*(27x10%) | 4.4x10°(L.1x 10%) | 0.002
6 2.8 x 10* (2.9 x 10%) 1.3 x 10 (1.6 x 10%) 0.28
7 8.1 x 10% (6.8 x 10%) 8.8 x 10% (1.8 x 10%) 0.008
8 3.1 x 10* (2.7 x 10%) 1.3 x 10* (1.1 x 10%) 0.31
Mean 2.8 x10* (1.3 x 10%) 8.4x 10°(5.0 x 10°) | 0.011

Table 2. Fecal excretion of C. jejuni 111 in control mice and in test mice vaccinated intraperitoneally with
MOMP. cfu: Colony forming unit. SD: Standard deviation. P value by Mann-Whitney U test.

Mean (SD) OD readings in
Antibody class in Pre-immune Post-immune P value for differences
sample sera sera in OD readings
Serum IgG 0.077 (0.003) 2.725(0.272) 0.00018
Serum IgA 0.105 (0.017) 0.170 (0.045) 0.00152
Fecal IgA 0.111(0.023) 0.198 (0.041) 0.00044

Table 3. Antibody responses in test mice vaccinated intraperitoneally with MOMP. SD: Standard Deviation.
OD: Optical Density. P value by Mann-Whitney U test.

Antibody responses to C. jejuni MOMP.  There were significant increases in serum and fecal antibodies
as measured by ELISA in post-immune sera compared to pre-immune sera in test animals (Table 3). The ELISA
antibody levels in pre-and post-immune samples in control mice were similar and negligible (data not shown).
In test animals, pre-immune fecal mean agglutinating antibody titer was 0, whereas post-immune fecal mean
agglutinating antibody titer was 58 (range, 20-80; standard deviation, 23.94) (P =0.0002 by Mann-Whitney U
test). The agglutinating antibody titers in pre-immune and post-immune fecal samples in control animals were 0.

Cytokine production by splenocytes from mice immunized intraperitoneally with MOMP.  Eight
mice were immunized with MOMP and seven mice with PBS. The test mice immunized with MOMP mounted
good antibody responses in sera and feces similar to those seen in samples of test mice in colonization model
of protection (data not shown). The levels of cytokines present in the supernatants of splenocytes from test and
control mice after stimulation with MOMP are shown in Fig. 2. For pro-inflammatory cytokines, IL-12, TNF-q,
IL-17A and IL-17F, the levels in control and test animals were similar. Among pro-inflammatory cytokines, the
levels of IL-2 and IFN-~ were higher in the control mice than in test mice, and the levels of IL-8 and IL-1(3 were
higher in test mice than in control mice. Among the two anti-inflammatory cytokines, the levels were similar for
IL-10 but higher for IL-4 in test mice than in control mice. Differences in the ratios of levels of pro-inflammatory
cytokines to levels of anti-inflammatory cytokines in immunized mice compared to in control mice are shown
Table 4. The ratios of IL-12, IL-2, TNF-q, IL-17A and IL-17F to IL-10 were similar in test and control mice. The
ratios of IFN-~ to IL-10, and those of IFN-~, IL-12, IL-2, TNF-q, IL-17A, IL-17F and IL-8 to IL-4 were signif-
icantly higher in control mice than in test mice. The ratio of IL-8 to IL-10 was significantly higher in test mice
than in control mice. Since many samples did not have measurable IL-18, this cytokine was not included in the
calculation of ratios.
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Figure 2. Levels of cytokines in the supernatants of splenocytes from control mice (C) and test mice
immunized with MOMP (I). Lines in the boxplot indicate median values. P values (calculated by Mann-
Whitney U test) for significantly different comparisons are indicated.

Ratio in

Immmmunized Control P-value for
Cytokine ration | mice mice difference
IEN-~/IL-10 6.9 190.3 0.002
IL-12/IL-10 0.3 0.3 0.817
IL-2/IL-10 0.1 0.3 0.083
TNF-o/IL-10 4 3.8 1
IL-17A/IL-10 2.5 4.3 0.355
IL-17F/IL-10 8.5 52 0.908
IFN-~/IL-4 33 12536 0.001
IL-12/1L-4 22 26.2 0.001
IL-2/IL-4 0.6 13.6 0.001
TNEF-o/IL-4 264 243.3 0.001
IL-17A/1L-4 19.3 304.7 0.008
IL-17F/IL-4 76.2 290.6 0.064
IL-8/IL-10 0.4 0.3 0.008
IL-8/IL-4 3.1 12.5 0.001

Table 4. Differences in the ratios of pro-inflammatory cytokine levels to anti-inflammatory cytokine levels in

immunized mice compared to in control mice. P value by Mann-Whitney U test.

Discussion

We have successfully cloned and expressed MOMP from C. jejuni 111. Since oral administration of MOMP did
not elicit an antibody response because of possible degradation of the protein in the digestive tract, we immunized
mice by the IP route. The IP route seems to have preserved the antigen as significant serum and fecal antibody
responses were elicited. The intraperitoneally immunized animals were then subjected to oral challenge in the
colonization model of infection. There was a reduced colonization rate of immunized mice. The immunized mice
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also excreted reduced amounts of C. jejuni. However, there was a variability in the colonization rate and excretion
rate of the organism. This seems to be a feature of this mouse model for C. jejuni infection, as we have observed a
similar trend when other immunogens were used'>'%. However, our study suggested that immunization by the IP
route imparted protection against C. jejuni infection. Therefore, we used this model to study cytokine responses
by spleen cells, and whether spleen cell cytokine responses can be used as a marker of immunity.

The porA gene of strain 111 shares a very high homology with those from other strains. Homology among
porA genes has been shown by another study'%. Homology leads to sharing of common epitopes among MOMPs
of different strains of C. jejuni. Shared epitopes impart heterologous protection®. Therefore, it is likely that MOMP
expressed from the porA gene of strain 111 will offer cross-protection against heterologous strains.

Spleen is a lymphatic organ in the blood stream. The immune system of the spleen protects the body from
invading pathogens. Innate and adaptive immune responses take place in the spleen'® and thus, generally the
measurement of immune reactivity of splenocytes is a reflection of the immune responses in the host. Therefore, it
was appropriate to study cytokine responses of the spleen cells after immunization of the animals and stimulation
of the spleen cells by MOMP.

The levels of pro-inflammatory cytokines, IL-12, TNF-q, IL-17A and IL-17F in control and test animals were
similar. However, the levels of pro-inflammatory cytokines, IL-2 and IFN-~, were higher in control mice than in
test mice, while the levels of the pro-inflammatory cytokines, IL-8 and IL-1(3, were higher in test mice than in con-
trol mice. As for the two anti-inflammatory cytokines, the levels of IL-10 were similar in the two groups, but levels
of IL-4 were higher in test mice than in control mice. Comparisons of pro-inflammatory to anti-inflammatory
cytokine ratios between test mice and control mice reflected comparisons of absolute levels of cytokines in all
instances except in two comparisons. IL-8 levels were higher in test mice and IL-12 levels were similar in both
groups of mice, but their ratios with regard to IL-4 showed higher values for control mice.

In human volunteers orally vaccinated with killed Campylobacter whole cell (CWC) vaccine plus single mutant
(m) LT (LTR192G), in vitro IFN-~ cytokine production by peripheral blood monocytes was deemed important
for protection?. Similarly, in a human volunteer study of C. jejuni diarrhea, protection was associated with IFN-~
cytokine response by peripheral monocytes?.. However, in our study, contrary to our expectation, splenocytes
from immunized mice produced significantly less amount of IFN-~ compared to control mice. The differences
with our studies are many including the type of vaccine, route of administration, the cells used for induction
of cytokines and the species of experimental models. C. jejuni infection elicits Th1l-promoting cytokines from
APCs. Dendritic cells (DCs) increase the production of IL-2 after contact with and internalization of C. jejuni*>*.
TNF-a is one of the cytokines that signals the early inflammatory response to C. jejuni. It is increased in the
acute phase of gastroenteritis* and in in vivo models of C. jejuni infection*>?. It is produced as early as 4-6h by
DCs?? and intestinal epithelial cells (IECs)*. IL-17A and IL-17 F are Th17 cytokines. Both Th1 cytokine (IFN-~)
and Th17 (IL-17) responses were seen in in vivo models during colonization and immune infiltration of intes-
tine?®?8, There is also increased infiltration of several immune cells. The number of apoptotic cells also increases®.
IL-17A and IL-17F reduced the number of intracellular bacteria in an ex vivo model of infection using pediatric
intestinal biopsies suggesting their importance in intestinal immunity®. Studies on the role of IL-2 in C. jejuni
are rare. In a study where a human recombinant IL-2 was fed to mice, it resisted intestinal colonization with C.
jejuni®'. IL-8 also signals early inflammatory response to C. jejuni**. High levels of this cytokine were found in
stool in acute stage of natural infection®?. IECs produce this cytokine whose level continues to rise until 24-48h
post-infection®’. Adherence/invasiveness of C. jejuni induces IL-8 from intestinal cells*. Killed bacteria also
induce IL-8 from the monocytic cell line, THP-1*. CDT of C. jejuni induces IL-8 from IECs*. IL-8 plays a role in
immune cell infiltration®’. IL-13 is one of the cytokines of APCs and a promoter of pro-inflammatory response.
High levels of this cytokine are present in the stools of patients with acute gastroenteritis**** and decreased during
convalescence and recovery®*?®. Its levels are increased in tissues in acute stage®. It is produced in vitro within
4 to 24h from cultured DCs?? and macrophages* on stimulation with killed C. jejuni. LOS of C. jejuni is an
inducer of IL-13%2. The increased level of IL-1(3 coincides with accumulation of neutrophils and macrophages®
which will lead to exaggerated inflammation and pathology?. IL-10 controls inflammatory response. Infection of
IL-10—/— mice with C. jejuni is characterized by increased levels of pro-inflammatory cytokines (TNF-a, IL-13,
IL-6, IFN-~ and IL-22) and infiltration of inflammatory cells in the colon®**’. IL-10 may also increase recruitment
of Treg cells*. Concurrent production of IL-10 and pro-inflammatory cytokines (TNF-q, IL-6, IFN-~) has been
reported in tissue culture systems*"*2. This is more so with live bacteria while sonicated bacteria produced less
pro-inflammatory cytokines*!. DCs and immune cells produce pro-inflammatory cytokines in response to C.
jejuni infection®”. IL-4 is a Th2 cytokine and is important for development of humoral immunity. It is produced in
in vitro and in vivo models of infection*"*’. DCs stimulated with LOS of C. jejuni can promote B cell proliferation
inaT cell independent manner*. B cell responses are thought to be beneficial to control C. jejuni infection. IL-4 is
involved in the resolution of pro-inflammatory response. Its level rose later in the infection which coincided with
a decrease in the level of pro-inflammatory cytokines in many organs including spleen in a mouse lung model of
infection®*.

An interesting observation in this study is the bias towards a lower pro-inflammatory cytokine production
pattern in immunized mice, based on the comparison of cytokine ratios. The ratios of IFN-a/IL-10, IFN-o/IL-4,
IL-12/IL-4, IL-2/IL-4, TNF-o/IL-4, IL-17A/IL-4 and IL-8/IL-4 were all significantly lower, which is suggestive of
a stronger bias towards anti-inflammatory Th2 cytokines and by corollary a stronger bias towards antibody pro-
duction rather than cell-mediated immunity. A lower incidence of Campylobacter infection in breast-fed children
in Mexico could be correlated with the presence of specific secretory IgA antibodies in mother’s milk*’. In indus-
trialized countries, there is a reduced incidence of C. jejuni diarrhea and increased levels of specific antibodies in
chronic raw milk drinkers compared to first time drinkers*. Expatriate residents in Thailand were observed to
have a reduced prevalence of Campylobacter-associated diarrheal illness related to a longer duration of residency
with increased antibody levels*®. In human volunteer studies, protection could be correlated with higher levels

SCIENTIFIC REPORTS |

(2019) 9:12024 | https://doi.org/10.1038/s41598-019-48249-3


https://doi.org/10.1038/s41598-019-48249-3

www.nature.com/scientificreports/

of serum and intestinal antibodies to the bacteria®. These observations suggested that immunization resulted
in a shift towards an anti-inflammatory cytokine dominance in favor of humoral immunity. Feces of test mice
contained significant titers of agglutinating antibodies. These fecal antibodies might have agglutinated C. jejuni,
prevented colonization of the intestine and reduced the fecal bacterial load.

There are no studies which investigated the effect of MOMP on cytokine response. Our study suggested that
on intraperitoneal immunization of adult mice, there is no alteration in the levels some cytokines (IL-2, TNF-q,
IL-17A and IL-17F, IL-10), the levels of some cytokines are elevated (IL-4, IL-8 and IL-13) and the levels of some
cytokines are decreased (IL-2 and IFN-~) in the spleen. The varying levels of these cytokines produced by spleen
cells in this mouse model of infection may be used as markers of immunity when MOMP is used as the vaccine.
We measured these cytokines one week after the 3™ dose of the vaccine at which time we could demonstrate a
significant antibody response and protection. The antibody response correlates well with the bias towards an
anti-inflammatory or Th2 cytokine profile.

Data Availability
All data generated or analyzed during this study are included in this published article.

References
1. Albert, M. J., Rotimi, V. O., Igbal, J. & Chehadeh, W. Evaluation of the XTAG gastrointestinal pathogen panel assay for the detection
of enteric pathogens in Kuwait. Medical Principles and Practice 25, 472-476 (2016).
2. Kaakousch, N. O., Castano-Rodriguez, N., Mitchell, H. M. & Man, S. M. Global epidemiology of Campylobacter infection. Clinical

Microbiology Reviews 28, 687-720 (2015).

World Health Organization. State of the art of vaccine research and development. WHO/IVB/05. Xx. World Health Organization,

Geneva, Switzerland (2005).

Albert, M. J. Vaccines against Campylobacter jejuni. Austin Journal of Clinical Immunology 1, 3 (2014).

5. Lee, L. H. et al. Evaluation of a truncated recombinant flagellin subunit vaccine against Campylobacter jejuni. Infection and Immunity

67,5799-5805 (1999).

6. Riddle, M. S. & Guerry, P. Status of vaccine research and development for Campylobacter jejuni. Vaccine 34, 2903-2906 (2016).

7. Khan, I., Adler, B., Haridas, S. & Albert, M. J. PorA protein of C. jejuni is not a cytotoxin mediating inflammatory diarrhoea.
Microbes and Infection 7, 853-859 (2005).

. Islam, A., Raghupathy, R. & Albert, M. ]. Recombinant PorA, the major outer membrane protein of Campylobacter jejuni, provides
heterologous protection in an adult mouse intestinal colonization model. Clinical and Vaccine Immunology. 17, 1666-1671 (2010).
9. Al-Banna, N. A, Cyprian, F. & Albert, M. J. Cytokine responses in campylobacteriosis: linking pathogenesis to immunity. Cytokine

Growth Factor Review 41, 75-87 (2018).

10. Banger, J. L., Hamilton, N. H. R., Ramshaw, I. A. & Ramsay, A. Cytokines in innate and adaptive immunity. Reviews in
Immunogenetics 2, 359-373 (2000).

. Albert, M. ], Udo, E,, Jose, B. T., Haridas, S. & Rotimi, V. O. Tetracycline resistance is frequent among Campylobacter jejuni isolates
from Kuwait. Microbial Drug Resistance 15, 115-120 (2009).

12. Blaser, M. J., Hopkins, J. A., Berka, R. M., Vasil, M. L. & Wang, W. L. Identification and characterization of Campylobacter jejuni
outer membrane proteins. Infection and Immunity 42, 276-284 (1983).

13. Laemmli, U. K. Cleavage of structural proteins during the assembly of the head of bacteriophage T4. Nature. 227, 680-685 (1970).

14. Zhang, Q., Meitzler, J. C., Huang, S. & Morishita, T. Sequence polymorphism, predicted secondary structures, and surface-exposed
conformational epitopes of Campylobacter outer membrane protein. Infection and Immunity 68, 5679-5689 (2000).

15. Albert, M. J., Mustafa, A. S., Islam, A. & Haridas, S. Oral immunization with cholera toxin provides protection against Campylobacter
Jjejuni in an adult mouse intestinal colonization model. mBio 4, €00246-002413 (2013).

16. Baqar, S. et al. Immunogenicity and protective efficacy of recombinant Campylobacter jejuni flagellum-secreted proteins in mice.
Infection and Immunity 76, 3170-3175 (2008).

17. Ueki, Y., Umeda, A., Fujimoto, M., Mitsuyama, M. & Amako, K. Protection against Campylobacter jejuni infection in suckling mice
by anti-flagellar antibody. Microbiology and Immunology 31, 1161-1171 (1987).

18. Albert, M. J., Haridas, S., Ebenezer, M., Raghupathy, R. & Khan, I. Immunization with a double-mutant (R192G/L211A) of the heat-
labile enterotoxin of Escherichia coli offers partial protection against Campylobacter jejuni in an adult mouse intestinal colonization
model. Plos One 10, e0142090 (2015).

19. Wluka, A. & Olszewski, W. L. Innate and adaptive processes in the spleen. Annals of Transplantation 11, 22-29 (2006).

20. Campylobacter 3rd edition (eds Nachamkin, I., Szymanski, C. & Blaser, M. J.) (American Society for Microbiology, Washington, DC,

2008).
. Tribble, D. R. et al. Assessment of the duration of Campylobacter jejuni experimental infection in humans. Infection and Immunity
78, 1750-1759 (2010).

22. Hu, L., Bray, M., Osorio, D. M. & Kopecko, D. Campylobacter jejuni induces maturation and cytokine production in human dendritic
cells. Infection and Immunity 74, 2697-2705 (2006).

23. Hu, L., Bray, M. D., Geng, Y. & Kopecko, D. J. Campylobacter jejuni-mediated induction of CC and CXC chemokines and chemokine
receptors in human dendritic cells. Infection and Immunity 80, 2929-2939 (2012).

24. Enocksson, A., Lundberg, J., Weitzberg, E., Norrby-Teglund, A. & Svenungsson, B. Rectal nitric oxide gas and stool cytokine levels
during the course of infectious gastroenteritis. Clinical and Diagnostic Laboratory Immunology 11, 250-254 (2004).

25. Al-Banna, N., Raghupathy, R. & Albert, M. J. Correlation of proinflammatory and anti-inflammatory cytokine levels with
histopathological changes in an adult mouse lung model of Campylobacter jejuni infection. Clinical and Vaccine Immunology 15,
1780-1787 (2008).

26. Stahl, M. et al. A novel mouse model of Campylobacter jejuni gastroenteritis reveals key proinflammatory and tissue protective roles
for toll-like receptor signaling during infection. Plos Pathogen 10, 9-11 (2014).

27. Zheng, J., Meng, ]., Zhao, S., Singh, R. & Song, W. Campylobacter-induced interleukin-8 secretion in polarized human intestinal
epithelial cells requires Campylobacter-secreted cytolethal distending toxin-and toll-like receptor-mediated activation of NF-KB.
Infection and Immunity 76, 4498-4508 (2008).

28. Bereswill, S. et al. Novel murine infection models provide deep insights into the Menage a trois of Campylobacter jejuni, microbiota
and host innate immunity. Plos One 6, €20953 (2011).

29. Maue, A. C. et al. The polysaccharide capsule of Campylobacter jejuni modulates the host immune response. Infection and Immunity
81, 665-672 (2013).

30. Edwards, L. A. et al. Delineation of the innate and adaptive T-cell immune outcome in the human host in response to Campylobacter
jejuni infection. Plos One 5, €15358 (2010).

e

>

el

1

—_

2

—

SCIENTIFIC REPORTS |

(2019) 9:12024 | https://doi.org/10.1038/s41598-019-48249-3


https://doi.org/10.1038/s41598-019-48249-3

www.nature.com/scientificreports/

3

—

. Baqar, S., Pacheco, N. D. & Rollwagen, E M. Modulation of mucosal immunity against Campylobacter jejuni by orally-administered
cytokines. Antimicrobial Agents and Chemotherapy 37, 2688-2692 (1993).

32. Islam, D. et al. Inmune responses to Campylobacter (C. jejuni or C. coli) infections: a two-year study of US forces deployed to
Thailand. APMIS 122, 1102-1113 (2014).

33. Fonseca, B. B. et al. Participation of the cytoskeletal and lysosomal compartments in Campylobacter jejuni invasion of Caco-2 cells,
the cellular response by morphometric analysis and the presence of cytokine and chemokine transcripts. Indian Journal of
Microbiology 53, 155-162 (2013).

34. Hickey, T. E., Baqar, S., Bourgeois, A. L., Ewing, C. P. & Guerry, P. Campylobacter jejuni-stimulated secretion of interleukin-8 by
INT407 cells. Infection and Immunity 67, 88-93 (1999).

35. Jones, M. A. et al. Induction of proinflammatory responses in the human monocytic cell line THP-1 by Campylobacter jejuni.
Infection and Immunity 71, 2626-2633 (2003).

36. MacCallam, A. J., Harris, D., Haddock, G. & Everest, P. H. Campylobacter jejuni-infected human epithelial cell lines vary in their
ability to secrete interleukin-8 compared to in vitro-infected primary human intestinal tissue. Microbiology 152, 3661-3665 (2006).

37. Bakhiet, M. et al. Induction of alpha and beta chemokines by intestinal epithelial cells stimulated with Campylobacter jejuni. Journal
of Infection 48, 236-244 (2004).

38. Thornley, J. P., Wright, T., Neal, K., Jenkins, D. & Spiller, R. A prospective cohort study of Campylobacter diarrhoea with the use of
faecal inflammatory and leukocyte markers to investigate resolution of disease. Journal of Medical Microbiology 47, 468 (1998).

39. Haag, L. M. et al. Campylobacter jejuni induces acute enterocolitis in gnotobiotic IL-10-/- mice via Toll-like receptor-2 and -4
signalling. Plos One 7, €40761 (2012).

40. Malik, A., Sharma, D., St. Charles, J., Dybas, L. A. & Mansfiled, L. S. Contrasting immune responses mediate Campylobacter jejuni-

mediated colitis and autoimmunity. Mucosal Immunology 7, 802-817 (2014).
. Al-Salloom, F. S., Mahmeed, A. A., Ismaeel, A., Botta, G. A. & Bakhiet, M. Campylobacter-stimulated INT407 cells produce
dissociated cytokine profiles. Journal of Infection 47, 217-224 (2003).

42. Bahrami, B., Macfarlane, S. & Macfarlane, G. T. Induction of cytokine formation by human intestinal bacteria in gut epithelial cell
lines. Journal of Applied Microbiology 110, 353-363 (2011).

43. Mansfield, L. S., Brakel, K. A., Malik, A. & Bell, J. A. A human microbiome enhanced Campylobacter jejuni-induced autoantibodies
and Th-2 skewing of adaptive immunity after fecal transplant. Journal of Allergy and Clinical Immunology 135, AB99 (2015).

44. Huizinga, R. et al. Sialylation of Campylobacter jejuni endotoxin promotes dendritic cell-mediated B cell responses through CD14-
dependent production of IFN-8 and TNF-a. Journal of Immunology 191, 5636-5645 (2013).

45. Al-Banna, N. A, Raghupathy, R. & Albert, M. J. Induction of cytokines in different organs after intranasal inoculation of
Campylobacter jejuni in mice. Gut Pathogens 4, 23 (2012).

46. Ruiz-Palacios, G. M. et al. Protection of breast-fed infants against Campylobacter diarrhea by antibodies in human milk. Journal of
Pedatrics 116, 707-713 (1990).

47. Blaser, M. ], Sazie, E. & Williams, L. P. Jr. The influence of immunity on raw-milk-associated Campylobacter infection. JAMA 257,
43-46 (1987).

48. Gaudio, P. A., Echeverria, P, Hoge, C. W,, Pitarangsi, C. & Goff, P. Diarrhea among expatriate residents in Thailand: correlation
between reduced Campylobacter prevalence and longer duration of stay. Journal of Travel Medicine 3, 77-79 (1996).

49. Black, R,, Perlman, D., Clements, M., Levine, M. & Blaser, M. Human volunteer studies with Campylobacter jejuni. In Campylobacter

jejuni: current status and future trends (eds Nachamkin, I., Blaser, M., & Tomkins. L.) (American Society for Microbiology,

Washington DC, 1992).

4

—

Acknowledgements

This work was supported by grant MI03/13 from the Research Sector, Kuwait University, Kuwait. This work also
used some equipment from the Kuwait University Health Sciences Center Research Core Facility (funded by
grant GMO01/15 by the Research Sector, Kuwait University). Staff of the Kuwait Animal Resource Center, Kuwait
University, provided and took care of, the animals used in this study.

Author Contributions
M.A. conceived the studies and wrote the manuscript; R.R. and LK. supervised studies; and F.A. analyzed data
on cytokines.

Additional Information
Competing Interests: The authors declare no competing interests.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

T ] icense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFIC REPORTS |

(2019) 9:12024 | https://doi.org/10.1038/s41598-019-48249-3


https://doi.org/10.1038/s41598-019-48249-3
http://creativecommons.org/licenses/by/4.0/

	In vitro spleen cell cytokine responses of adult mice immunized with a recombinant PorA (major outer membrane protein [MOMP ...
	Materials and Methods

	Bacteria and culture conditions. 
	Preparation of enriched MOMP (eMOMP). 
	Ethics approval. 
	Production of rabbit antibodies to eMOMP of C. jejuni 111. 
	Cloning and expression of porA gene. 
	Immunization and challenge of BALB/c mice. 
	Collection of feces and blood for antibody estimation. 
	Measurement of total IgA in fecal extract. 
	Measurement of serum and fecal antibodies. 
	Stimulation of spleen cells from mice immunized intraperitoneally with PorA and control mice. 
	Cytokine assays. 
	Statistics. 

	Results

	Cloning and expression of porA gene. 
	Colonization and excretion of C. jejuni 111. 
	Antibody responses to C. jejuni MOMP. 
	Cytokine production by splenocytes from mice immunized intraperitoneally with MOMP. 

	Discussion

	Acknowledgements

	Figure 1 A representative Western blot of induced proteins.
	Figure 2 Levels of cytokines in the supernatants of splenocytes from control mice (C) and test mice immunized with MOMP (I).
	Table 1 Colonization rates of C.
	Table 2 Fecal excretion of C.
	Table 3 Antibody responses in test mice vaccinated intraperitoneally with MOMP.
	Table 4 Differences in the ratios of pro-inflammatory cytokine levels to anti-inflammatory cytokine levels in immunized mice compared to in control mice.




