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rIL-22 as an adjuvant enhances the immunogenicity of
rGroEL in mice and its protective efficacy against S. Typhi
and S. Typhimurium

Gurpreet Kaur, Chitradevi, Charu and Anju Bansal

Salmonella infection, ranging from mild, self-limiting diarrhea to severe gastrointestinal, septicemic disease and enteric

fever, is a global health problem both in humans and animals. Rapid development of microbial drug resistance has led to a

need for efficacious and affordable vaccines against Salmonella. Microbial heat shock proteins (HSPs), including HSP60

and HSP70, are the dominant antigens that promote the host immune response. Co-administration of these antigens with

cytokines, such as IL-22, which plays an important role in antimicrobial defense, can enhance the immune response and

protection against pathogens. Therefore, the aim of the present study was to determine the immunogenicity of rGroEL

(Hsp60) of S. Typhi, alone or administered in combination with murine rIL-22, and its protective efficacy against lethal

infection with Salmonella, in mice. There was appreciable stimulation of the humoral and cell-mediated immune

responses in mice immunized with rGroEL alone. However, co-administration of rGroEL with rIL-22 further boosted the

antibody titers (IgG, IgG1 and IgG2a), T-cell proliferative responses and the secretion of both Th1 and Th2 cytokines.

Additionally, rGroEL alone accorded 65%–70% protection against lethal challenge with S. Typhi and S. Typhimurium,

which increased to 90% when co-administered with rIL-22.
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INTRODUCTION

Intestinal bacterial infections are a major cause of mortality

worldwide and continue to threaten global health. Salmonella

is an important zoonotic pathogen, spreading from contami-

nated food products to humans. Typhoid fever, an acute life-

threatening febrile illness caused by infection with Salmonella

enterica serovar Typhi, is still an unsolved problem in most of

the world, with an annual global incidence of 22 million cases

and nearly 200 000 deaths, predominantly in infants, young

children, the elderly and immune-compromised patients,1,2

indicating that the global burden of this disease has increased

steadily from a previous estimate of 16 million.3 Non-availabi-

lity of relevant drugs and rapid development of microbial drug

resistance has led to a need for efficacious and affordable vac-

cines to control typhoid fever. There have been several vaccina-

tion strategies against serovar Typhi; however, none of them is

optimal in all aspects. Two new-generation typhoid vaccines have

replaced the old, reactogenic inactivated whole-cell, vaccines used

in the past. These new-generation vaccines, live oral Ty21a and

injectable Vi polysaccharide, have been shown in large-scale clini-

cal trials to be moderately efficacious. The single-dose injectable

Vi vaccine induces only humoral immunity, provides approxi-

mately 65%–70% protection that lasts only three years and is not

immunogenic in children less than 2 years of age.4 Moreover, it

can lead to side effects such as pain, swelling, redness, tenderness,

etc. and sometimes results in a mild fever lasting for 24 h. Ty21a

has been used as an orally administered, live, attenuated vaccine

and is recommended after the age of 4–6 years. It is contraindi-

cated in immune-compromised hosts as it is a live vaccine. The

liquid formulation of Ty21a is given in 3–4 doses and provides

53%–78% protection for 5 years.5 Thus, a potent vaccine capable

of inducing humoral and cellular immunity against typhoid fever

is an immediate global health need.6

As a novel vaccination approach, heat shock protein (HSP)-

based vaccines have become an attractive strategy for disease

prevention. HSPs or stress proteins, are among the most highly
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conserved molecules of the biosphere and help maintain home-

ostasis in eukaryotic and prokaryotic cells. They function as

molecular chaperones, binding to and refolding other cellular

polypeptides, preventing their aggregation and misfolding,7 and

play an important role in both innate and adaptive immunity.8

Microbial HSPs are the dominant antigens to promote the host

immune response.9,10 A number of studies have reported sig-

nificant protection by using pathogen-derived Hsps as vaccine

candidate molecules in various infectious disease models, e.g.,

recombinant GroES and GroEL from Helicobacter pylori,11

HSP60 from Histoplasma capsulatum,12 HSP60 from Y. enter-

ocolitica13 and HSP60 and 70 from Piscirickettsia salmonis.14 We

have already reported the development and efficacy of recom-

binant GroEL of S. Typhi in protection against Salmonella

infection.15 Immunization of mice with rGroEL alone conferred

65%–70% protection against lethal infection with S. Typhi and

S. Typhimurium, whereas 80%–90% protection was seen with

immunization by rGroEL along with Complete Freud’s

Adjuvant.15,16

The current adjuvant licensed for human use, alum, has

several side effects. Co-immunization with cytokines has been

reported to enhance the immune response and protection

against pathogens.17–19 Cytokines are small secretory protein

molecules that are involved in various pro-inflammatory func-

tions against the invading pathogens. They induce the secretion

of chemokines and several antimicrobial proteins, thereby cre-

ating a protective layer against gastrointestinal pathogens. The

use of these key molecules as immune potentiators (adjuvants)

is crucial for vaccine effectiveness to obtain the appropriate

immune response, thereby ensuring a protective outcome.

Several cytokines have already been shown to be efficient adju-

vants in animal models and/or in clinical trials.20–22

Interleukin 22 (IL-22), a member of the IL-10 family of

cytokines discovered in 2000, is an important effector molecule

of activated Th17, Th1 and Th22 cells, cd T cells, natural killer

cells and natural killer T cells.23 It has been found to have a

critical role in regulating host defense, tissue homeostasis and

inflammation. Several researchers have reported anti-inflam-

matory and tissue protective properties of IL-22 in addition to

its protective role against bacterial infections.24–27 Studies sug-

gest that this mediator might have an important role in the

avoidance and clearance of epithelial and mucoepithelial infec-

tions, regeneration and protection against damage in some

chronic inflammatory cutaneous, pulmonary and intestinal dis-

eases. The beneficial role of IL-22 in host defense has been

studied in various infections of the lung and intestine, includ-

ing Klebsiella pneumonia,24 C. rodentium,25 Salmonella Typhimurium28

and Mycobacterium tuberculosis.29

Recently, we have reported the immunomodulatory effect of

IL-22 expressing plasmid either by co-delivery or by fusion

with the GroEL gene of S. Typhi in mice.30 In continuation

of this study, here we report that co-administration of the rIL-

22 protein can modulate the rGroEL-mediated immune res-

ponse against S. Typhi and can augment protection against

lethal Salmonella infection in mice.

MATERIALS AND METHODS

Mice

Four- to six-week-old female BALB/c mice were maintained in

the Experimental Animal Facility of the Institute under stand-

ard laboratory conditions. Food and sterile water were given ad

libitium. Mice were handled and disposed of according to the

guidelines of the Institute Animal Ethical Committee.

Bacterial strains, vectors and reagents

S. Typhi MTCC 733 procured from the Institute of Microbial

Technology (Chandigarh, India) was used for the isolation of

genomic DNA. The E. coli DH5a strain (Invitrogen, Carlsbad,

CA, USA) was used for plasmid preparations, and the E. coli

BL21 (DE3) strain (Novagen, Dermstadt, Germany) was used as

a host for the expression of recombinant proteins. Pathogenic

strains of S. Typhi and S. Typhimurium were clinically isolated

at All India Institute of Medical Sciences (New Delhi, India).

The pTZ57R/T (MBI Fermentas) PCR cloning vector and

pET28c (Novagen, Dermstadt, Germany) were used for cloning

of PCR products and expression, respectively. All enzymes used

in the present study were from MBI Fermentas, and all chemi-

cals and kits, unless otherwise stated, were purchased from

Sigma-Aldrich (St. Louis, MO, USA). All of the kits were used

as recommended by the manufacturer’s instructions.

Bacterial cultivation and DNA purification

The bacterial strains were grown in Luria Bertani (LB) medium

(Difco, Sparks, MD, USA) at 37 uC. The rGroEL (HSP60) and

IL-22 cultures were supplemented with ampicillin (100 mg/ml)

and kanamycin (50 mg/ml), respectively. Genomic and plasmid

DNA were isolated using the GenElute genomic DNA isolation

kit and GenElute plasmid DNA isolation kit (Sigma, St. Louis,

MO, USA), respectively, as per the manufacturer’s instructions.

Cloning, expression and purification of recombinant GroEL

and IL-22 proteins

Cloning, expression and purification of IL-22. IL-22 cDNA was

reverse transcribed from the extracted RNA of mouse splenocytes.

In brief, total RNA was isolated from Mus musculus splenocytes

activated with concanavalin A (ConA) using an RNeasy Kit

(Qiagen, Hilden, Germany). Total RNA was used as a template

for the synthesis of first strand cDNA using a cDNA synthesis kit

(Fermentas, Hanover, MD, USA) according to the manufacturer’s

instructions. A 540 bp-long open reading frame of IL-22 was

amplified by PCR using gene-specific primers, as specified below

with NheI and BamHI at the 59 and 39 ends, respectively.

mIL-22 sense: 59-AAGCTAGCGAGCTCACCATGGCTGT-

CCTGCAGAAATCTATG-39;

mIL-22 antisense: 59-AAGGATCCGACGCAAGCATTTCT-

CAGAGAC-39.

The PCR product of 540 bp was ligated into the pET28c express-

ion vector and was expressed by transformation into E. coli BL21

(DE3) cells. The recombinant plasmid was confirmed by colony

PCR, restriction digest and DNA sequencing. A single colony of

transformed E. coli was grown in LB medium supplemented with

50 mg/ml kanamycin and cultured at 37 uC with constant shaking
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at 200 r.p.m. until the OD600 reached 0.6. Isopropyl-b-D-thioga-

lactopyranoside was added to a final concentration of 1 mM and

the culture was further incubated at 37 uC for 4–5 h.

Bacterial cells were collected by centrifugation at 5000g for

10 min, suspended in lysis buffer (100 mM Tris, 500 mM ethyl-

ene diamine tetraacetic acid (EDTA), pH 8.0) and 100 mM phe-

nylmethylsulfonyl fluoride and lysed by sonication (Vibra, Sonics

and Materials Inc, CT, USA) in an ice water bath. The IL-22

inclusion bodies were collected by centrifugation at 10 000g for

20 min at 4 uC. Inclusion bodies were washed first with Tris-

EDTA buffer with 1% sodium deoxycholate, then in buffer con-

taining 8.5 mM sodium dodecyl sulfate/N-lauryl sarcosine, 6 M

urea, 2 M thiourea, 0.5 M NaCl and 30 mM NaH2PO4 (pH 8.0).

After 1 h of gentle vortexing, the suspension was centrifuged at

12000g for 20 min at 4 uC to recover inclusion bodies in pellet.

The pellet was then solubilized in solubilization buffer containing

100 mM Tris-Cl, 65 mM dithiothreitol and 8 M urea, pH 6.5, for

72 h with constant stirring at 4 uC and refolded in refolding

buffer (100 mM Tris-HCl, 2 mM EDTA, 0.5 M L-arginine,

1 mM GSH, 0.1 mM GSSG, pH 8.0). The solution was incubated

for 72 h at 4 uC with slow stirring followed by dialysis against

Tris-EDTA buffer at 4 uC overnight and finally concentrated

using Amicon filters (Millipore, Billerica, MA, USA). The con-

centration of the purified recombinant protein was estimated by

the Folin-Lowry method31 and the protein stored at 280 uC until

further use. The amount of lipopolysaccharide in the purified

protein was determined by a Limulus amebocyte lysate assay32–34

and was found to be negligible (,1 EU/mg protein).

Cloning, expression and purification of GroEL. The full-length

1.6 kb coding region of GroEL was amplified from the genomic

DNA of S. Typhi by PCR using the following set of primers with

BamHI and HindIII sites at the 59 and 39 ends:

Forward primer: 59-AAGGGAAAGGATCCATGGCAGCT-

AAAGACG-39;

Reverse primer: 59-TGCAGGGGGTAAGCTTTTACATCATGC-39.

The amplicon was cloned into the expression vector pQE30,

transformed and expressed in E. coli BL21 (DE3), as reported

earlier in our laboratory.15 Briefly, transformed E. coli BL21 cells

were grown in LB medium (500 ml) until the OD600 reached

0.5–0.6 and then induced with 0.5 mM isopropyl-b-D-thioga-

lactopyranoside for 4 h. The expressed recombinant GroEL pro-

tein was purified by Ni-NTA chromatography under denaturing

conditions according to the manufacturer’s instructions

(Qiagen). The purified protein was then refolded in vitro using

refolding buffer (100 mM Tris-HCl, 2 mM EDTA, 1.0 M L-

arginine, 1 mM GSH, 0.1 mM GSSG, pH 8.0), dialyzed against

Tris-EDTA buffer at 4 uC for 48 h and concentrated using

Amicon filters. The amount of lipopolysaccharide in purified

GroEL protein was determined by Limulus amebocyte lysate

assay32–34 and was found to be negligible (,1 EU/mg protein).

Biological activity of recombinant IL-22

The mitogenic activity of recombinant IL-22 was determined

using a 3-(4,5-dimethylthiazolyl-2)-2, 5-diphenyltetrazolium-

bromide (MTT) assay and compared to commercial available

IL-22 (R&D, Minneapolis, USA).35,36 Splenocytes were col-

lected and cultured in RPMI 1640 medium with 10% (v/v) fetal

bovine serum. Approximately 13106 cells/well were seeded in

96-well tissue culture microtiter plates and stimulated in vitro

with varying concentrations of recombinant IL-22 and com-

mercial IL-22 (5 ng–1.0 mg) in each well; 5 mg/ml ConA was

used as a positive control. The cells were incubated at 37 uC
under 5% CO2 for 72 h. After 72 hrs of incubation, 20 ml MTT

was added in each well and the cells were incubated for another

4 h at 37 uC. The supernatant was discarded and 200 ml

dimethyl sulfoxide was added in each well to dissolve the purple

formazan crystals at the bottom of the wells. Absorbance at

570 nm was measured with the microplate reader (Fluostar

Omega, BMG Labtech GmBH, Ortenberg, Germany).

Immunization of mice

Four- to-six week-old female BALB/c mice (n56/group) were

immunized with three doses of antigen/IL-22 on days 0, 7 and

28 intraperitoneally (i.p.). The groups were as follows: Group 1,

injected with phosphate-buffered saline (PBS) only, serving as

a negative control; Group 2, immunized with rGroEL alone

(40 mg/animal); and Group 3, Co-immunized with rGroEL

antigen (40 mg) and rIL-22 (20 mg)

Antibody responses in mice immunized with formulations

of GroEL alone or with IL-22

On the seventh day after the last immunization, blood was

collected and serum separated. Antigen-specific ELISAs were

performed in the sera of the control and experimental groups

to determine the antibody titers. Briefly, 96-well microtiter

plates (Grenier, Frickenhausen, Germany) were coated with

antigen (1 mg GroEL) by overnight incubation at 4 uC followed

by washing three times with wash buffer (PBS with 0.05%

Tween-20) and blocking with 5% bovine serum albumin in

PBS–Tween for 2 h at 37 uC. Plates were washed three times

and incubated at 37 uC for 2 h with serially diluted serum

samples (200 ml) collected from control and immunized ani-

mals, followed by incubation with horseradish peroxidase-con-

jugated goat anti-mouse IgG, IgG1 or IgG2a secondary

antibodies (Santacruz, CA, USA) at 37 uC for 1 h. After wash-

ing, 100 ml of TMB/H2O2 substrate (BD Biosciences, San Diego,

CA, USA) was added to each well and incubated for 20–30 min

in the dark. Finally, the reaction was terminated by the addition

of 50 ml 2 N H2SO4 and the absorbance was read at 450 nm in a

microplate reader (Molecular devices, Sunnyvale, CA, USA).

Cell-mediated immune responses

One week after the last immunization, the animals were sacri-

ficed in each group and the spleens were collected aseptically.

Splenocytes (13106 cells/well) were cultured in duplicate 96-

well tissue culture plates for the cell proliferation assay and

cytokine estimation, respectively, and stimulated with rGroEL

(5 mg/well). Splenocytes stimulated with ConA (5 mg/ml) or

RPMI media alone (unstimulated control) were kept as a con-

trol. After incubation at 37 uC for 72 h, cell proliferation was

studied in one plate using an MTT assay as described above.
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Estimation of cytokines

Levels of IFN-c, IL-4, IL-6 and IL-10 were measured in the

supernatants of duplicate tissue culture plate by ELISA accord-

ing to the manufacturer’s instructions (BD Biosciences). IL-1b
was assayed in the supernatants of peritoneal macrophages

isolated from control and immunized animals.37 Briefly, the

animals were injected with 4% thioglycollate i.p. 3 days before

killing to induce peritoneal macrophages. The animals were

killed and 5 ml of cold PBS was flushed into the peritoneal

cavity, gently aspirated and collected in a centrifuge tube.

The fluid containing peritoneal macrophages was centrifuged

at 2000 r.p.m. for 10 min and the pellet was suspended in RPMI

medium. The macrophages were counted and 13106 cells/ml

were cultured in 96-well plates, stimulated with rGroEL as

described above and incubated for 72 h at 37 uC and 5%

CO2. The supernatant was collected and analyzed for the pre-

sence of IL-1b by reading the absorbance at 450 nm, as directed

in the manufacturer’s instructions (BD Biosciences).

Assessment of protective efficacy against S. Typhi and S.
Typhimurium

Two additional sets of mice divided into three groups each

(n510/group) were immunized as described previously. The

lethal dose of the pathogenic strains was established by serial

dilutions and colony counting. To assess the protective efficacy,

15 days after the last immunization, one set of animals was

challenged with a lethal dose of S. Typhi (13107 colony form-

ing units (CFU)/mouse) and another set with S. Typhimurium

(13104 CFU/mouse) through i.p. injection. The mice were

observed for morbidity and mortality for 30 days.

Organ burden estimation

To assess the bacterial load, four animals from each immunized

group were killed 5 weeks after challenge and spleen, liver and

intestine were removed. The control animals were sacrificed 3

days after challenge and different tissues collected. The tissues of

all the groups were homogenized in 5 ml of ice cold PBS contain-

ing 0.5% Tween 80 using a tissue homogenizer (Kinetimatica

AG, Luzern, Switzerland). The resulting homogenates were 10-

fold serially diluted in PBS and 100 ml from each dilution was

plated on LB agar plates in duplicate followed by incubation at

37 uC for 16–18 h. The number of CFU was counted and

expressed as log10 CFU.

Histopathology

For histopathology studies, the spleen, liver and intestine

were collected from another three animals from each group chal-

lenged with S. Typhimurium as described above. The tissues were

excised, fixed in 10% formalin and embedded in paraffin blocks.

Sections were stained with hematoxylin and eosin. Analysis of the

sections was performed by microscopic examination.

Statistical analysis

Data are presented as the mean6s.d.. The data were subjected

to statistical analysis using SPSS 16.0 by applying one-way

analysis of variance with post-hoc Bonferroni analysis or t-test

(wherever applicable). P,0.05 was considered as significant.

Data from the challenge studies are expressed as Kaplan–Meier

survival curves and are analyzed by log-rank test. All the experi-

ments were repeated on three different occasions.

RESULTS

Cloning, expression and purification of recombinant GroEL

and IL-22

Single bands of 58 kDa and 20 kDa of GroEL and IL-22,

respectively, were observed after overexpression and purifica-

tion of these recombinant proteins and confirmed by western

blotting (Figure 1a and b). The biological activity of rIL-22 was

tested by in vitro proliferation of mouse spleen cells. MTT

results showed that rIL-22 stimulated mouse splenocytes in

vitro over a wide range of concentrations, from 10 ng to

1.0 mg (P,0.001 vs. control), and the results were comparable

to commercially available IL-22 (Figure 1c)

GroEL-specific serum antibody response

The GroEL-specific serum antibody responses in different

groups of immunized and control mice were determined by

measuring IgG, IgG1 and IgG2a antibody titers by ELISA. We

observed an appreciable increase in the total IgG response in

rGroEL-immunized animals compared to controls (Figure 2a).

Co-administration of rGroEL antigen with rIL-22 resulted in a

further increase in the antibody response compared to mice

immunized with rGroEL alone (P,0.001). No detectable IgG

response was observed in the PBS control group. To determine

the type of immune response, the levels of the antibody isotypes

IgG1 and IgG2a were also estimated. Increased levels of both

IgG1 and IgG2a were observed in rGroEL1rIL-22-immunized

group followed by the rGroEL alone group (Figure 2b). The

IgG1 response was predominant in both of the groups, with

levels significantly higher in the co-administration group.

Antigen-specific cellular responses

For evaluation of cellular responses, lymphocyte proliferation

was studied in response to in vitro stimulation with rGroEL in

splenocytes isolated 1 week after the last immunization.

Significantly higher proliferation was seen in mice co-adminis-

tered with rGroEL antigen and IL-22 compared to those immu-

nized with rGroEL alone or PBS control animals (P,0.01) in

response to in vitro stimulation with rGroEL (Figure 3) or

ConA-stimulated control animals.

There was a marked increase in interleukins levels in lym-

phocytes isolated from both of the immunized groups as shown

in Figure 4. Furthermore, levels of IL-6, IFN-c, IL-4, IL-10 and

IL-1bwere found to be significantly higher in the rGroEL1rIL-

22 co-administered group (p,0.01) compared to the group

immunized with rGroEL alone. These findings indicate that

codelivery of rGroEL with rIL-22 enhances both humoral

and cellular immune responses in mice.

Protective efficacy against S. Typhi and S. Typhimurium

Experiments were carried out to study the protective efficacy

of the combined action of rIL-22 and rGroEL against lethal
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infection of mice with Salmonella. Fifteen days after the last

immunization, one set of mice was challenged with 13107

CFU/mouse of S. Typhi and observed for morbidity and mor-

tality for 30 days. Control mice showed signs of weakness,

inactivity, decreased food and water intake and died within

4–5 days of infection. In the group immunized with rGroEL

alone, 65%–70% mice survived the lethal infection until the

end of the study (Figure 5a). Only 1–2 animals showed signs of

lethargy initially and food and water intake were normal. In the

group immunized with rGroEL1rIL-22, 85%–90% survival

was observed. All of the animals that survived were normal

and active. Similarly, another set of mice was challenged with

13104 cells of S. Typhimurium. Control mice died within 5

days of infection, whereas only 20% mortality was observed in

the co-immunized group; rest of the immunized mice survived

the infection (Figure 5b). Approximately 60%–65% protection

was observed in mice immunized with rGroEL alone.

Bacterial burden

To determine the efficacy of rGroEL and rGroEL1rIL-22 in

reducing the bacterial load, the immunized and control ani-

mals were challenged with S. Typhi and S. Typhimurium and

the bacterial load was estimated from the spleen, liver and

intestine collected from different groups of mice. Co-admini-

stration of rGroEL antigen with IL-22 led to a significant

decrease in the CFU in different tissues of the animals com-

pared to animals immunized with rGroEL alone and control

groups (P,0.001). The level of protection of each treatment

was calculated based on the reduction of the bacterial load. As

evident from Table 1, mice immunized with rGroEL1rIL-22

elicited significantly higher protection than rGroEL alone. As

similar protection was observed against both of the pathogens,

the data from the S. Typhimurium infection are shown.

Histopathological studies

In the control group challenged with Salmonella, intestinal

sections showed chronic inflammatory cell infiltration in the

serosal layer. The liver cells had inflammation and necrosis in

the hepatocytic parenchyma, while spleen sections showed

heavy necrosis with loss of cellular outlines (Figure 6ai–iii).

In the rGroEL-immunized group, the intestinal cells had acute

inflammatory cell infiltration in the serosal layer, the liver

showed a normal portal triad and the splenic tissues had nor-

mal morphology, with sinusoids containing red blood cells

(Figure 6bi–iii). In the group co-administered with rGroEL

antigen and rIL-22, normal morphology was observed, with

no inflammatory infiltrates in the intestine, normal liver portal

triad and normal splenic tissues, showing the red pulp zone

with sinusoids containing red blood cells (Figure 6ci–iii).

DISCUSSION

An effective vaccine is composed of a strong immunogen

(antigen) and a potent adjuvant (immunopotentiator) that

can trigger early innate defense mechanisms to aid in the
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generation of robust and long-lasting immune responses.

However, most known effective adjuvants are unsuitable for

human use owing to their toxicity. co-administration of cyto-

kines with recombinant antigens is a novel strategy to enhance

immunization and regulate Th1- or Th2-driven cellular and

humoral immune responses to promote protective immunity

against pathogens, and thus, cytokines have the potential to be

used as adjuvants. IL-22 is a novel immune mediator that

increases the innate immunity of tissue cells by upregulating

the expression of numerous antimicrobial molecules, protects

tissues from damage and enhances their regeneration.38–40

However, there are few reports of the potential use of IL-22

as an adjuvant. We recently reported that a fusion DNA con-

struct of the IL-22 gene with GroEL of S. Typhi generates robust

immune responses and provides protection against lethal

infection of mice with Salmonella, thus circumventing the need

for an adjuvant.32 Use of IL-22 as an effective adjuvant to

enhance the cellular immune responses during HBsAg DNA

vaccination and to provide protection against leishmaniasis in

mice has also been demonstrated by Wu et al.41 and Hezaejaribi

et al.42

In our previous study, we report that codelivery of rIL-22

with rGroEL of S. Typhi modulates the antigen-specific

immune responses in mice and increases the protective efficacy

of rGroEL against lethal Salmonella infections. Therefore, in

this study, we cloned, expressed and purified GroEL of S.

Typhi and mouse IL-22 and studied the immunogenicity and

protective efficacy of the rGroEL antigen alone or with rIL-22

as an adjuvant against lethal challenge of S. Typhi and S.

Typhimurium in mice.

Immunization with rGroEL resulted in a significant increase

in antibody titer (IgG) compared to the control group. During

microbial infections, HSP determinants are expressed on the

cell surface and can be recognized by antibodies. The mech-

anism required for the translocation of HSPs to the cell surface

is still not understood because HSPs are cytosolic proteins and

lack the specific leader sequences that are normally required

for surface expression. However, studies suggest the existence

of a novel antigen processing pathway in which exogenous

antigens gain access to the cytosolic MHC class I processing

machinery.43 Therefore, a similar mechanism may be involved

in presenting GroEL to MHC class I, and the observed anti-

body-mediated protection against Salmonella infections could

be attributed to the surface localization of GroEL. However,

the antibody response was further increased with the codelivery

of rIL-22 in mice, which indicates that the co-administration of

rIL-22 significantly enhanced IgG production. As the type of

immune response generated is critical to the effectiveness and

safety of a vaccine, we evaluated the antibody isotypes (IgG1

and IgG2a) produced in response to immunization with
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Figure 2 Anti-GroEL antibody response after immunization with rGroEL
in the presence of IL-22. Groups of mice (n56) were immunized on day
0 with rGroEL/rIL-221rGroEL followed by two booster doses on the
seventh and twenty-eighth days. Control animals were injected with
PBS. One week after the last immunization, blood was drawn, and
antibody titers were measured in the serum of control and immunized
animals by ELISA using either (a) goat anti-mouse IgG–HRP conjugate
or (b) rabbit anti-mouse IgG1/IgG2a–HRP conjugate. No detectable
antibody isotypes (IgG1 and IgG2a) were observed in the control group.
The data are presented as the mean6s.d. of six mice per group of three
independent experiments, and statistical analysis was performed
between the control and different immunized groups by one-way
ANOVA. *P,0.001 vs. control, #P,0.001 vs. rGroEL. ANOVA, analysis
of variance; HRP, horseradish peroxidase; PBS, phosphate-buffered
saline.
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Figure 3 Lymphocyte proliferation in mice immunized with rGroEL in
the presence of IL-22. Groups of mice (n56 each) were immunized with
rGroEL/rGroEL1rIL-22 on days 0, 7 and 28. Control animals were
injected with PBS. Seven days after the last immunization, splenocytes
were isolated from mice and cultured (13106 cells/well) in the absence
(unstimulated) or presence (stimulated) of rGroEL for 72 h in a CO2

incubator at 37 uC. Lymphocyte proliferation was determined by MTT
assay and absorbance was measured at 570 nm. The data were com-
pared by one-way analysis of variance between different immunized
groups. *P,0.01 vs. control, #P,0.01 vs. rGroEL. MTT, 3-(4,5-
dimethylthiazolyl-2)-2,5-diphenyltetrazoliumbromide; PBS, phos-
phate-buffered saline.
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rGroEL alone and co-administration of rGroEL antigen with

IL-22. Production of IgG1 is primarily induced by Th2 type

cytokines, whereas the production of IgG2a reflects the induc-

tion of Th1 cytokines. We observed the production of both

IgG1 and IgG2a isotypes in the immunized groups, indicating

the induction of both the Th1 and the Th2 immune responses,

though the levels of IgG1 were higher than IgG2a. The res-

ponses were augmented by co-administration of rGroEL anti-

gen with rIL-22, as seen by increased IgG1 and IgG2a antibody

isotype levels (Figure 2b).

Although antigen-specific antibodies are important for the

immune response to Salmonella infections, they are not suf-

ficient for complete protection. The immunity against

Salmonella involves both cell-mediated44,45 and humoral

immunity.46,47 Additionally, the identification of the antigen-

specific cellular immune response provides an important tool

for developing effective subunit vaccines against intracellular

pathogens such as Salmonella. Therefore, we assessed the cell-

mediated immune response by studying lymphocyte prolifera-

tion and cytokine levels in the cell supernatants. The data

obtained from the cell proliferation assay suggest that co-

administration of rGroEL antigen with rIL-22 resulted in

higher antigen-specific proliferative T-cell responses than

administration of rGroEL antigen alone. The levels of various

Th1 (IFN-c, IL-1b) and Th2 (IL-4, IL-6, IL-10) cytokines were

also found to be higher in the rGroEL1rIL-22 group than in

the rGroEL alone group. The primary host defense against

Salmonella occurs through neutrophils, followed by mononuc-

lear cells. These inflammatory cells produce cytokines such as

IFN-c, IL-1 and IL-6, which help in the neutralization of inva-

sive bacteria. Consequently, the production of macrophage-

activating cytokines, particularly IFN-c, is a major hallmark

of the host response against all intracellular bacteria.48 IFN-c
is an important macrophage activating factor that increases the

expression of the Fc receptor for the mouse IgG2a subclass and

induces potent microbicidal activity. Significant upregulation

of IFN-c was observed in splenocytes collected from the group

to which rGroEL and rIL-22 were co-administered compared

to the rGroEL alone group (P,0.01). IL-1b has been shown to

be protective in several bacterial, viral and fungal infection

models. The protective action of IL-1b is mediated by activa-

ting several responses, including the rapid recruitment of neu-

trophils to inflammatory sites, activation of endothelial adhesion

molecules, induction of cytokines and chemokines, induction
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Figure 4 Effect of codelivery of rGroEL antigen and IL-22 on cytokine levels. Mice were immunized with rGroEL or rGroEL1rIL-22. One week after
the last immunization, splenocytes/peritoneal macrophages isolated from mice were cultured (13106 cells/well) in the absence (unstimulated) or
presence (stimulated) of rGroEL for 72 h. Cytokines were estimated in culture supernatants collected from control and immunized groups by ELISA:
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independent experiments and compared by one-way ANOVA. *P,0.01 vs. control, #P,0.01 vs. rGroEL. ANOVA, analysis of variance.
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of the febrile response and stimulation of specific types of

adaptive immunity, such as the Th17 response.49 However,

the inflammatory Th1 response can be destructive for host cells

and progressively coincides with an increase in Th2-type

immune responses. The increase in the concentrations of IL-

6 and IL-4 cytokines in immunized animals shows an induc-

tion of the Th2 immune response. IL-4 is a potent helper factor

for the generation of cytotoxic T lymphocytes in both the

primary and the memory response to alloantigens50 and can

stimulate B- and T-cell proliferation. IL-4 signaling is very

important for the development of plasma cells from pre-B cells,

which is the most important step in the development of effec-

tive humoral immunity. IL-6, another Th2 cytokine, is a pleio-

tropic cytokine capable of having multiple effects on many

target cells. IL-6 is involved in the differentiation and prolif-

eration of T and B cells51 and acts in conjunction with other

proinflammatory cytokines, such as TNF-a and IL-1, to initiate

the early inflammatory response following infection.52 Studies

have reported that IL-6 depletion results in the exacerbation of

M. avium infection51 and also reduces the protective effect of

culture filtrate protein vaccination against aerogenic M. tuber-

culosis infection.53 Induction of the anti-inflammatory cytokine

IL-1054 by IL-22 may also be crucial for fine-tuning local inflam-

mation at epithelial sites of tissue damage. Hence, the develop-

ment of protective immunity against Salmonella infection is

bidirectional, linking the cellular and humoral immune res-

ponses, and relies on crosstalk between the two components of

the adaptive immune system, as also suggested by Mastroeni.55

Therefore, a balanced Th1–Th2 response induced by IL-22 might

be an important factor for the generation of protective immunity

against pathogens.

Because we observed robust immune responses in both of

the immunized groups, we evaluated the protective efficacy of

co-administration of rGroEL with rIL-22 or rGroEL alone by

challenging the mice with S. Typhi or S. Typhimurium. The

results revealed that immunization with the rGroEL antigen

alone conferred 65%–70% protection, while co-administration

with rIL-22 provided 85%–90% protection against S. Typhi

and 80% against S. Typhimurium. Organ burden studies fur-

ther revealed a reduction in the bacterial load in different tis-

sues of mice immunized with rGroEL alone or co-administered
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Figure 5 Effect of immunization with rGroEL with co-administration of
IL-22 on the survival of mice against lethal challenge with Salmonella.
Groups of mice (n510 each) were immunized with rGroEL/rGroEL1rIL-
22 on day 0 and followed by two booster doses on the seventh and
twenty-eighth day. Control mice were immunized with sterile PBS.
Fifteen days after the last immunization, mice were challenged with (a)
13107 CFU/ml of S. Typhi or (b) 13104 CFU/ml of S. Typhimurium i.p.
Animals were observed for mortality for 30 days. The data were com-
pared by log-rank test and are presented as Kaplan–Meier survival
curves. CFU, colony forming units; i.p., intraperitoneally; PBS, phos-
phate-buffered saline.

Table 1 Organ burden studies for controls and animals immunized with rGroEL/rGroEL1rIL-22

Intestine Spleen Liver

Experimental Groups

(n54)

Mean log10

CFU6s.d.

Log10 unit of

protection

Mean log10

CFU6s.d.

Log10 unit of

protection

Mean log10

CFU6s.d.

Log10 unit of

protection

Control 8.0060.01 — 7.6960.01 — 7.6560.01 —

rGroEL 7.5360.01* 0.47 7.4760.02
$

0.22 7.0060.04* 0.65

rGroEL1rIL-22 6.3060.08*
#

1.71 6.0060.09*
#

1.70 6.4760.14*
#

1.18

Abbreviation: CFU, colony forming units.

The liver, spleen and intestine of control (injected with PBS) and recombinant protein-immunized mice challenged with S. Typhi and S. Typhimurium

were removed aseptically and homogenized in 0.5% Tween 80–PBS buffer, serially diluted and plated on growth medium (LB agar) plates at 37 uC. The

mean CFU/organ in each experimental group was determined. Data are presented as the mean log10 CFU6s.d. The level of protection was determined by

subtracting the mean log10 CFU value of the experimental group from the mean of log10 CFU value of the negative control group. Statistical significance

was determined by one-way analysis of variance between the control group and each immunized group.

*P,0.001 vs. control.
$ P,0.05 vs. control.
# P,0.001 vs. rGroEL (as similar protection was observed against both S. Typhi and S. Typhimurium, only the data from S. Typhimurium infection are

shown).
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with rIL-22. The bacterial count was significantly decreased

(P,0.001 vs. control) in the intestine, spleen and liver of immu-

nized animals challenged with S. Typhi and S. Typhimurium

compared to un-immunized controls. The decrease in the organ

burden was more pronounced in the group co-administered

with rGroEL and rIL-22, as seen by maximum protection in

this group, indicating the adjuvant effect of rIL-22. This also

correlated with the results of the histopathological analysis.

Animals administered with rGroEL along with rIL-22 had

more normal tissue morphology compared to animals immu-

nized with rGroEL alone and the control group. Overall, the

results demonstrated that co-administration of rGroEL antigen

with rIL-22 as an effective adjuvant can enhance its protective

efficacy against Salmonella infection.

In conclusion, this study showed that the administration of

rGroEL antigen and rIL-22 to mice resulted in enhanced Th1

and Th2 cell immune responses, together with IgG1 and IgG2a

humoral responses, compared with rGroEL alone. The protec-

tion against infection conferred by co-administration was also

higher (80%–90%) than that of rGroEL alone (70%), signifying

that IL-22 holds promise for use as a potent immunopotentia-

tor in recombinant vaccines against bacterial infections. Thus,

our study supports the development of IL-22 as a novel and

effective adjuvant for HSP60 antigen, enhancing the immune

response and protection against Salmonella infection.

However, further studies are required to understand the

mechanisms of the adjuvanticity of IL-22 against various

microbial infections.
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