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Abstract
Title of Dissertation: The Role of IRAK-M in Limiting Helicobacter-associated Gastric
Immunopathology
Jessica Shiu, Doctor of Philosophy, 2013
Dissertation Directed By: Thomas G. Blanchard, J.D., Ph.D., Associate Professor,
Molecular Microbiology & Immunology

Recent evidence suggests that Helicobacter pylori evades the host immune response by
modulating DC activation towards the induction of Tregs, a response that may protect the
host from unrelated diseases such as childhood asthma. While immunoregulatory
mechanisms are generally accepted as important in determining the outcome of infection,
the H. pylori-induced molecular mechanisms triggered in the host and the events that
instruct the nature of the ensuing immunopathogenesis remain poorly defined. In this
work, we identified a role for IRAK-M in regulating inflammation during Helicobacter
infection and hypothesized that IRAK-M expression in dendritic cells limits the host
response to H. pylori infection. To evaluate the role of IRAK-M in H. pylori-activation of
dendritic cells, we compared the ability of wild type C57BL/6 and IRAK-M-/- BMDCs to
express cytokines, costimulation markers, and to influence T cell differentiation in vitro.
We found that IRAK-M-/- BMDCs expressed lower levels of IL-10 and PD-L1, and
higher levels of MIP-2 and MHC-II, but were comparable to wild type BMDCs in
inducing T cell differentiation. To assess the role of IRAK-M in vivo, we infected

	
  

C57BL/6 and IRAK-M deficient mice with either H. pylori or H. felis and analyzed the
host response in both short term and chronic infection settings. Lack of IRAK-M led to
increased formation of isolated lymphoid follicles (ILFs) compared to wild type mice
chronically infected with H. pylori,or short term H. felis infection. Consistent with
increased numbers of ILFs, IRAK-M-/- animals expressed higher levels of CXCL13 and
TNFα. Antibody titers in IRAK-M-/- animals chronically infected with H. pylori were
also increased compared to wild type infected animals, and the gastric tissue of IRAK-M/-

animals had significantly higher levels of IL-17A and lower levels of IL-10. Finally, we

determined that along with previously described CD4+ T cells, ILCs contribute to IL17A production in the gastric mucosa, and that depletion of ILCs leads to decreased
levels of antimicrobial peptide expression. Therefore, in addition to its previously
documented role in regulating the host immune response, IRAK-M may play a previously
unappreciated role in regulating lymphoid follicle development in the context of
Helicobacter infection.
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CHAPTER 1. INTRODUCTION AND SPECIFIC AIMS

General Overview of Helicobacter pylori:
H. pylori is a microaerophilic, Gram-negative bacterium that has the unique
ability of colonizing the gastric mucosa and causes a spectrum of gastroduodenal diseases
such as gastritis, peptic ulcer disease, gastric MALT lymphoma, as well as gastric cancer
[1-3]. Marshall and Warren successfully isolated spiral bacilli from the gastric biopsies
from ulcer patients in 1984 and suggested that H. pylori (then called Campylobacter
pyloridis) was associated with gastritis and ulcers [2]. In an attempt to address the
medical community’s skepticism, Marshall tried to fulfill Koch’s postulates by ingesting
a H. pylori culture and undergoing endoscopy to demonstrate the onset of gastritis [4].
Biopsies were retrieved to demonstrate that the bacteria could be isolated from diseased
tissue. Subsequent epidemiological studies as well as the success of antimicrobial therapy
for treatment of patients have confirmed the link between H. pylori and gastric diseases,
and the International Agency for Research on Cancer declared H. pylori as a class I
carcinogen for humans in 1994 [5]. Since its discovery, many studies have focused on
the interaction between H. pylori and the host immune response, yet we still do not
understand why the host fails to eradicate H. pylori from the gastric mucosa [2]. There is
now ample evidence that H. pylori persistence involves dendritic cells (DCs) and DCmediated skewing of the regulatory T cell (Treg) response [6-9]. Recent studies
demonstrate that this H. pylori-induced immune tolerance may also protect the host from
allergic diseases such as asthma [10-12].
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Epidemiology of H. pylori
The prevalence of H. pylori varies with geographic location, but it is estimated
that more than 50% of the world’s population are H. pylori-positive with rates
approaching 80% in developing countries [13,14]. In the US, the overall prevalence of H.
pylori infection in the general population is thought to be around 32% with higher rates
observed in African Americans, Hispanics and populations of lower socioeconomic status
[15]. Diagnosis of infection is usually achieved by noninvasive means such as the urea
breath test or a stool antigen detection test [16]. In general, H. pylori prevalence is
thought to be decreasing globally due to increased treatment and improvements in
medical care and sanitation [17,18]. The age at which infection generally occurs, and the
rates of sero-conversion and re-infection and the associated gastric disease consequences
vary widely with geographical region [19,20]. In most cases, H. pylori infection likely
occurs early in childhood through either oral-oral or fecal-oral contact, although the exact
route of transmission remains controversial [14,21]. Studies have found that the
prevalence of H. pylori infection among family members of infected children is much
higher, and it is thought that transmission occurs within the family setting[18].
Approximately 10-20% of all infected individuals are at risk of developing peptic
ulcer disease and approximately 1% will develop gastric adenocarcinoma [22] (see
Gastric diseases associated with H. pylori infection for more details). Notably, H.
pylori infection persists for the life of the host if left untreated. Current treatment
recommendations involve "triple therapy" consisting of a proton pump inhibitor and two
antibiotics such as amoxicillin and clarithromycin [23,24]. Unfortunately, the
effectiveness of this standard regimen has greatly decreased due to the emergence of
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antibiotic resistance [25-27]. The maximum cure rate is currently around 70% and
therefore alternative treatment regimens such as sequential therapy or quadruple therapies
have been adopted in areas with high antibiotic resistance [16,28]. An additional
complication is the ability of H. pytlori to re-infect subjects after successful treatment
[18]. There is no consensus on how treatment strategies should be adapted in these cases.

Gastric diseases associated with H. pylori infection
H. pylori infection is associated with a variety of gastric conditions, including
nonulcer dyspepsia, peptic ulcer disease, gastric cancer and B cell mucosa-associated
lymphoid tissue (MALT) lymphoma [3,18,29,30]. Although most infected individuals
remain asymptomatic, approximately 10-15% of H. pylori positive individuals will
develop peptic ulcer disease [22]. Peptic ulcer disease develops when gastric acid and
proteolytic enzymes like pepsin overwhelm the normal protective mechanisms including
mucus and bicarbonate secretion. H. pylori infection can lead to changes in acid secretion
in the gastric mucosa [31]. Infection with H. pylori acutely leads to low acid output but
after a few weeks to months, levels of acid secretion return to normal [32]. Depending on
the location of gastritis development however, acid secretory capacity may either be
increased (antrum-predominant gastritis) or decreased (corpus-predominant gastritis).
Once persistent infection is established, chronic inflammation in combination with
decreased bicarbonate secretion leads to epithelial cell destruction and the development
of ulcers[33].
While peptic ulcer disease tends to develop in patients in their 20s and 30s, gastric
cancer arises later in life. Gastric cancer is the fourth most common cancer in the world

	
  

3	
  	
  

	
  

and the second leading cause of death behind lung cancer [34,35]. While gastric cancer
incidence has declined, gastric cancer remains a significant cause of death. It is estimated
that in 2013, there will be 21,600 new gastric cancer cases and 10,990 gastric cancer
deaths in the United States[36]. The burden of H. pylori infection is increased in Asian
countries such as Japan, Korea and China where the incidence of gastric cancer due to H.
pylori can be almost 10-fold higher[37]. Additionally, since gastric cancer patients often
remain asymptomatic and therefore undiagnosed until late stages of disease, the survival
rate of gastric cancer patients remains poor and is estimated to be around 24% at 5 years
post diagnosis. Thus, despite the decrease in incidence, gastric cancer remains a major
malignant disease. The specific mechanisms involved in gastric oncogenesis are poorly
understood but it is thought that ongoing chronic inflammation along with a complex
interplay of host genetics, bacterial and environmental factors are critical components of
gastric cancer development.

H. pylori infection and its inverse association with esophageal disease and asthma
While most consider H. pylori a pathogen, recent phylogenetic analyses
demonstrate that H. pylori has been colonizing the human stomach for ≥ 58,000 years,
and has been prevalent since modern humans first spread from east Africa [38,39]. In this
regard, and considering over 80% of infected individuals remain healthy, H. pylori might
be considered a commensal bacterium, and several groups have questioned whether
efforts to eradicate H. pylori will lead to unanticipated deleterious effects in humans such
as increased childhood asthma and diseases of the upper digestive tract [40-42]. Several
studies have reported an inverse relationship in populations between H. pylori infection
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and esophageal reflux disease [43-45]. Changes in acid output have been assumed to be
the causal link between H. pylori eradication and esophageal disease but the exact
mechanisms remain unknown. In contrast, more is known about how H. pylori infection
may be protective against allergic disease, most likely through immunologic means (see
Dendritic cell promotion of tolerance to H. pylori section).

Helicobacter strain differences in pathogenic bacterial factors
Hundreds of H. pylori isolates exist for the study of Helicobacter-associated
gastric diseases but few have been adapted to mice. The mouse-adapted H. pylori Sydney
Strain 1 (SS1) and the related species H. felis are among the most commonly used strains
but important differences exist and should be taken into account when studying the
interactions between Helicobacter pathogenic factors and host responses [46]. Early
studies utilized H. felis because H. pylori isolated from human clinical isolates failed to
colonize mice persistently [47]. Subsequently, Lee et al. developed the mouse-adapted
H. pylori SS1 by passing a number of clinical isolates in mice[46]. This bacterial strain
colonized at high levels and infection persisted over several months. Subsequent studies
looking at genomic changes that occurred during this host adaptation process showed that
alterations occurred in less than 0.04% of genes, many of which were located in the
plasticity zones in the H. pylori genome [48]. Notably, gene modifications could be found
in adhesion proteins important for H. pylori colonization – babA was lost while changes
to babB resulted in increased hybridization. H. pylori SS1 has been widely used and has
made it possible to study H. pylori in a chronic setting but there are limitations associated
with the use of this strain. Specifically, it is generally accepted that H. pylori SS1 lacks a
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functional cag pathogenicity island (PAI) [49]. The Cag PAI encodes the components of
a type IV secretion system (T4SS) as well as the CagA oncoprotein. The T4SS binds to
the surface of host epithelial cells and injects Cag A into the host cells [50]. The cag PAI,
although not necessary for colonization, can contribute to the development of gastritis via
T4SS interactions as has been demonstrated in other mouse-adapted strains such as
SS2000[48]. The lack of a functional T4SS in H. pylori SS1 has prompted some other
groups to use the pre-mouse SS1 strain (PM-SS1), which still has a functional T4SS to
look at how the Cag PAI may affect host responses and gastric carcinogenesis[51]. PMSS1 does colonize mice but the levels are lower than those acheived by SS1, and no PMSS1 could be found in the stomachs of infected BALB/c mice after 59 days [52].
Development of gastric carcinoma has not been documented in wild type mice
infected with H. pylori but can be achieved with long-term (16-18 month) H. felis
infection [53]. H. felis shares almost 95% similarity with H. pylori [54] but does not
possess virulence factors such as the cag PAI or the vacuolating cytotoxin (VacA)
[55,56]. The advantage of using H. felis in murine models of Helicobacter infection,
however, is that the inflammatory response is more rapid and severe, and readily apparent
in histological sections that closely resemble the events seen in human infection (see
Anatomy and pathology of the stomach during H. pylori infection for details).

Animal models of H. pylori infection
Studies looking at H. pylori-associated gastritis and gastric cancer predominantly
use rodents like mice and Mongolian gerbils as animal models [57]. Mongolian gerbils
develop gastric ulcers and gastric cancer upon H. pylori infection and develop disease
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that closely resembles that seen in humans [58-61]. Treatment of Mongolian gerbils with
antibiotics results in resolution of gastritis and cessation of disease progression. Although
Mongolian gerbils are still used for studies addressing gastric cancer development, their
use is limited due to the lack of immunological reagents available for gerbils. In addition,
Mongolian gerbils are outbred and the genetic backgrounds are more difficult to define in
these models[62]. For these and other reasons, the study of host immune responses to
Helicobacter infection has been mostly studied in mice.
The type of inflammation and the outcome of infection seen in mice varies
depending on the specific mouse strain [57]. Strains such as C57BL/6 mice, which mount
strong TH1 responses to Helicobacter infection, develop increased gastritis and
hyperplasia and harbor lower bacterial loads [46,55,63]. In contrast, TH2-dominant strains
such as BALB/c mice maintain higher bacterial burden with less apparent gastritis
development [63,64]. Long-term infection (approximately 18-28 months) of BALB/c
mice with H. felis leads to the development of lesions that resemble gastric MALT
lymphoma [65]. As mentioned above, wild type mice usually do not develop gastric
tumors with H. pylori infection. However, Insulin-gastrin (INS-GAS) transgenic mice
that constitutively express humanized gastrin under the insulin promoter develop
spontaneous gastric tumors within two years. Infection of INS-GAS mice with H. pylori
results in cancer within six months suggesting that high levels of circulating gastrin can
contribute to H. pylori-mediated gastric cancer development [62,66].
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Anatomy and pathology of the stomach during H. pylori infection
In gross anatomical terms, the glandular stomach can be divided into three parts:
cardia, fundus and antrum (Figure 1-1) [67]. In mice, there is also a forestomach lined by
squamous stratified epithelium instead of the columnar epithelium found in the rest of the
glandular stomach[68]. The glandular stomach epithelium consists of a system of gastric
pits that normally secretes digestive enzymes, hormones, acid and mucus [69]. Mucins
are large, highly glycosylated proteins that constitute the basic building blocks of mucus
[70]. In the murine stomach, three membrance-bound mucins (MUC1, MUC3, MUC4)
and four secreted, gel-forming mucins (MUC2, MUC5AC, MUC5B & MUC6) can be
found.
The gastric wall consists of four layers: the mucosa, submucosa, muscularis
propia and serosa [67]. Unlike the intestines, normal gastric mucosa does not have any
defined lymphoid tissue although a small number of lymphocytes are present. During H.
pylori infection in humans, histologic chronic gastritis, defined by the presence of
lymphocytic infiltrate, predominantly in the antrum is always present despite the lack of
symptoms[71]. In mice, H. pylori infection also results in gastritis, whose severity is
determined by the density of inflammatory cells infiltrating the lamina propia [68]. In
both cases, the activity of the inflammation is determined by the presence of
polymorphonuclear leukocytes. Ongoing inflammation can also lead to elongation of the
gastric glands in H. pylori infected animals. Active chronic gastritis can progress to
atrophic gastritis, defined by the loss of chief and parietal cells but in wild type mice,
progression to gastric adenocarcinoma is rare[57].
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Adapted with permission from Elsevier(License #3145490754165) and Wolters Kluwer Health (License #
3145420613583) [67,68].
Owen. American Journal of Surgical Pathology 10: 48-61. 1986.
Krueger et al. Pathology – Research & Practice 207: 599-607. 2011.

Figure 1-1. Anatomy and pathology of the rodent stomach. Top: The rodent stomach
is generally divided into three main parts: the forestomach (F), the glandular stomach
consists of the fundus (B) and the antrum (A). During preparations for histological
processing, longitudinal sections are cut along the greater curvature of mouse stomachs to
get a relatively straight strip of tissue that encompasses all the different sections. Bottom:
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Histology of the stomach depicting the junction between the forestomach and glandular
stomach.
H. felis, a close relative of H. pylori that is endogenous to cats, infects mice readily and
recapitulates the inflammation seen in humans better than H. pylori [57]. The
inflammation seen in H. felis-infected mice is more readily apparent than seen with H.
pylori infection and closely mirrors the histological events seen in humans, including the
progression to neoplastic transformation, making this a valuable model [57]. The
histopathology induced by H. felis in C57BL/6 mice includes diffuse infiltration of mixed
leukocytes, the formation of lymphoid follicles and microabscesses [72]. Importantly,
long-term infection with H. felis leads to the development of low-grade B cell gastric
lymphomas that resemble the ones seen in humans [65]. The main difference between H.
felis and H. pylori, however, is that H. felis lacks some virulence factors such as CagA
that have been implicated in carcinogenesis.

Innate Immune Responses to H. pylori – TLRs and Gastric Epithelial Cells
Innate immunity is the first line of defense against microbes and plays an
important role in directing adaptive immunity [73-75]. Charles Janeway first proposed
the theory of pattern recognition where highly conserved microbial molecular
constituents called pathogen associated molecular patterns (PAMPs) activate germlineencoded receptors on innate cells coined ‘pattern recognition receptors’ (PRRs) [75]. The
subsequent identification of the antifungal function of Drosophila Toll [76], its
mammalian counterpart [77] and other toll-like receptors (TLRs) have validated the
pattern recognition theory [73]. TLRs are now the most well characterized PRRs and it is
well established that different TLR members recognize a variety of PAMPs (Figure 1-2)
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Modified with permission from Nature Publishing Group (License # 3159511054122).
O’ Neill, Golenbock & Bowie. Nature Reviews Immunology 13(6): 453-60. 2013.

Figure 1-2. Toll-like receptors and their signaling pathways. A few members of the
TLR family, their known ligands and their downstream signaling components. IRAK-M
is also depicted and thought to inhibit downstream signaling by preventing the interaction
between IRAK1 and TRAF6[78].
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[79]. Recognition of H. pylori is also mediated by TLRs although the exact TLRs
involved remain controversial due to conflicting results from many studies.
Given the established role of TLR4 as a PRR, initial studies focused on studying
TLR4-mediated recognition of the H. pylori lipopolysaccharide (LPS), a cell wall
component of gram-negative bacteria that had been shown to be a ligand of TLR4[80]. H.
pylori LPS, however, has 1000-fold lower biological activity compared to E. coli LPS
due to its unique tetra-acylated structure, similar to the LPS of a few other gram-negative
pathogens such as Porphyromonas gingivalis (Figure 1-3) [81-83]. One early study
demonstrated that pig gastric pit cells expressed TLR4 and that H. pylori LPS stimulation
of these cells resulted in TLR4 stimulation [84]. Studies by another group, however,
showed that other essential components of the TLR4 receptor complex such as MD2 are
not expressed in human gastric epithelial cells and that highly purified H. pylori LPS,
similar to P. gingivalis LPS, signaled through TLR2 [83,85]. The debate continued as a
separate laboratory demonstrated that H. pylori LPS signals through TLR4 in
macrophages and suggested that contaminants in LPS preparations maybe the culprit of
any TLR2 activity [86]. More recent studies have demonstrated that highly purified H.
pylori LPS is recognized by TLR2, but a clear interpretation of these results remains
difficult due to the use of different cell types along with modified LPS preparations from
other laboratories [87-89]. It should be noted that while the exact receptor mediating H.
pylori LPS recognition is controversial, TLR2 is generally accepted as the key PRR for
sensing whole H. pylori bacteria [85,86,90,91].
Gastric epithelial cells are most likely the first cell type to encounter H. pylori in
the stomach even though it has been demonstrated that H. pylori usually does not invade
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Adapted with permission from Nature Publishing Group (License # 3147951230622).	
  	
  
Miller et al. Nature Reviews Microbiology 3: 36-46. 2005.

Figure 1-3. H. pylori LPS. Structure of H. pylori LPS with 4 acyl chains on the lipid A
backbone[92].
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epithelial cells and remain in the extracellular space [93]. TLRs expressed on human
gastric epithelial cells include TLR2, TLR4 and TLR5[94-96]. Not surprisingly, H. pylori
has modified bacterial components that enable the bacterium to evade immune
recognition. As mentioned above, H. pylori LPS has low biological activity and is not
recognized by TLR4 [82,97]. Additionally, H. pylori flagellin also lacks PRR-stimulating
activity due to mutations in the TLR5 consensus recognition site[98,99]. It is perhaps not
surprising therefore that TLR2 is the major PRR involved in sensing H. pylori. However,
it is now appreciated that TLR2 has anti-inflammatory effects and is involved in the
upregulation of IL-10, as well as maintaining epithelial cell integrity[90,100].
Accordingly, the loss of TLR2 results in augmented immunopathology with Helicobacter
infection [101]. It should be noted that gastric epithelial cells also express PRRs other
than the TLRs including NOD1, which recognizes H. pylori peptidoglycan that may
affect downstream immune responses[102].

The bridge between Innate & Adaptive Immunity – Dendritic Cells
Other than gastric epithelial cells, there is significant interest in the role of
dendritic cells in Helicobacter infection. Dendritic cells (DCs) are potent antigenpresenting cells that are critical for the induction of downstream adaptive immune
responses[103] . First discovered by Steinman & Cohn, DCs were named for the presence
of unique branch-like projections and their striking ability to stimulate mixed leukocyte
reactions compared to other MHC-expressing cells such as macrophages and B cells
[104,105]. It is now appreciated that DCs comprise a heterogenous population that can be
distinguished based on anatomical location, immunological function (differentiation state,
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antigen uptake, processing and presentation to T cells) and surface marker expression.
Dendritic cells are generally divided into the classical (or conventional) DCs (cDCs), and
the type I interferon-producing plasmacytoid DCs (pDCs) [106,107].
In the steady state, DCs can be found in both lymphoid and nonlymphoid tissues.
The classification of DCs is difficult, and laboratories often adopt various classification
methods. Generally speaking, there are 4 major subgroups in mice: pDCs, CD11b+ DCs,
CD103+(αEβ7)/CD8a+ DCs, and monocyte-derived inflammatory DCs [106]. As
mentioned above, pDCs are major type I IFN producers. CD11b+ and CD8α+ cDCs are
thought to differ in their abilities to cross present antigens and in cytokine production.
CD8α+ cDCs have been shown to be more efficient in cross-presentation as the
phagosomal pH following antigen uptake is less acidic and prevents antigen destruction
[108-110]. The nonlymphoid tissue equivalent of CD8α+ cDCs are marked by the
expression of CD103 [111-113], although a unique subset of CD103+CD11b+ DCs exists
in the small intestine. Finally monocyte-derived DCs are induced by the presence of
“danger signals” such as LPS and other TLR ligands that mimic infections[114]. In
tissues such as the skin, lung and gut, classification is further complicated by the presence
of multiple populations that differ widely in their surface marker expression and
development. The presence of these distinct populations highlight the fact that DCs are
widely distributed and sense various stimuli to fine tune the downstream adaptive
response.
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Dendritic cell subsets and function in the intestinal tract
Gut DCs have been studied extensively and can be found throughout the intestine
between intestinal epithelial cells (IECs), in the lamina propia (LP), Peyers Patches (PP),
isolated lymphoid follicles (ILFs) and mesenteric lymph nodes (mLN) [115]. Generally
speaking, like other non-lymphoid tissues, they can be divided into CD11b+ and CD103+
DCs as well as a unique CD103+CD11b+ DC subset (Figure 1-4)[116]. There is a
complex array of subsets with distinct markers and functions, largely dependent upon
tissue location. For instance, several subsets have been identified within the PP with
either Th1- or Th2-polarizing ability. The CD103+ subset has been found within the small
intestine LP, MLN, and PP in addition to the colonic LP. CD103+ DCs have FoxP3+ Treg
polarizing ability as well as the ability to imprint gut-homing T cells via the induction of
α4β7 and CCR9 [111,117]. CD103+ DCs subsets have also been shown to induce Th17polarization and IgA class switching [112,113]. CX3CR1+CD103- DCs also sample
antigen from the lumen via the extension of dendrites between the cells of the epithelial
monolayer [118] although a subsequent study demonstrated that CD103+ DCs, and not
the CX3CR1+CD103- DCs, migrate to the lymph nodes and present antigens to T cells,
suggesting that they are the key subset that play a role in antigen sensing [119]. Whether
CX3CR1+CD103- DCs are a true subset of DCs or whether they represent a subset of
macrophages remains controversial. Thus, while under certain situations gut DCs
contribute to the activation of T effector cells, owing in large part to their presence at the
environmental interface, they also play a crucial role in promoting oral tolerance and
down-regulating immunity. The function of DCs and their ability to induce tolerance
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Adapted with permission from John Wiley & Sons. (License #3139080339131)
Helft et al. Immunological Reviews 234: 55-75. 2010.

Figure 1-4. DC subsets in the gut. DC subsets present in the intestine under steady state
conditions [116].
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depends on a variety of factors including maturation state, costimulation marker
expression, the nature of the microbial stimuli and tissue microenvironment.
	
  

Dendritic cells in the H. pylori infected stomach
The role of DCs in the host response to H. pylori is poorly defined. The gastric
mucosa lacks the organized and diffuse lymphoid tissues found in the gut and therefore
these cells need to be characterized in the context of their own microenvironment. Since
H. pylori induce histologic gastritis as well as several inflammation-based diseases, DCs
were initially studied for a possible link to promoting inflammation. Algood et al.
employed the mouse model of H. pylori infection to track the cellular infiltrate and early
immune response post-challenge and showed an influx of DCs into the paragrastric
lymph nodes that reached maximal levels at 21 days post-infection [120]. The use of
BMDCs to present H. pylori antigens to freshly isolated paragastric LN cells resulted in
IFNγ production indicative of a Th1 response. This study implicated the paragastric LN
as the priming site for the adaptive immune response to H. pylori. Another laboratory
used immunohistochemical staining for DC-SIGN and CD11c, or direct ZnI2-OsO4
staining to identify DCs among epithelial cells in biopsies of H. pylori-infected subjects
that appeared to extend into the lumen to contact H. pylori in the gastric glands [121]. It
is tempting to imagine that DCs sampling H. pylori from the lumen similar to the way
DCs have been shown to reach between epithelial cells to sample antigen in the gut
lumen and then migrating to draining paragastric LN to initiate the host adaptive immune
response [118].
Two independent laboratories however implicated the small bowel as the priming
site for anti-Helicobacter immunity [122,123]. Both laboratories used mice treated in
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utero with IL-7Rα blocking antibodies to generate PP null animals. Results were
consistent in that infection with either H. pylori, or the more inflammatory H. felis failed
to induce gastritis, or induced significantly less gastritis than wild type mice. These
studies implicate the intestine as the site of T cell priming, and in fact, H. pylori of the
coccoid morphology were shown to interact with CD11c+ DCs in the PPs of WT mice
[123]. However, given that DCs can be isolated from the gastric tissue at steady state, it
raises the question of why sensing of H. pylori and other gastric pathogens and initiation
of downstream adaptive immune responses would not be induced locally.

The influence of H. pylori phenotype on dendritic cell function
Most early studies on the interaction between H. pylori and DCs were performed in vitro
and provided some basic insight into how H. pylori is sensed by DCs and how H. pylori
bacterial proteins may affect DC responses. Kranzer et al. used eight strains of H. pylori
that differed in cag pathogenicity island (PAI) status and vacA genotypes and observed
that neither cytokine production (IL-8, IL-6, IL-12 , TNFα, IL-1β), nor maturation marker
expression (CD80, CD83, CD86) in human peripheral blood DCs were affected by the
presence of these genes or their products[124]. Conversely, Tanaka et al. provided
evidence that the CagA virulence factor may suppress DC function [125]. As described
above (see Helicobacter strain differences in pathogenic bacterial factors), the CagA
oncoprotein is typically translocated into the cytoplasm of gastric epithelial cells via the
T4SS [126,127]. It is subsequently phosphorylated by cytosolic Src family kinases to
activate mitogenic signaling cascades by forming a complex with SHP-2 tyrosine
phosphatase [128,129]. Tanaka et al. demonstrated that similar events occur in BMDCs
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and that BMDCs cultured with ∆cagA H. pylori expressed higher levels of TNFα, IL12p40 subunit (also shared by IL-23), and the costimulation molecule CD86 compared to
BMDCs cultured with wild type H. pylori. Additionally, DCs from CagA-transgenic
(CagA Tg-DC) mice were less inflammatory than wild type DCs in response to LPS
stimulation, and T cells stimulated with CagA Tg-DCs expressed lower levels of Tbet,
the Th1 master transcription factor, and less of Th1 cytokines. A role for virulence factors
such as CagA and VacA in negatively impacting host immunity was also demonstrated
when CagA- and VacA- deficient strains of H. pylori were shown to be more efficiently
cleared than CagA- and VacA- expressing strains in mouse BMDC cultures infected with
H. pylori[130]. These studies have provided important insight into how bacterial factors
may affect multiple aspects of DC biology. It is possible that CagA and VacA affect
human and murine DCs differentially, which may help explain the divergence of results.
Whether these factors play a role in vivo to influence the outcome of the immune
response remains uncharacterized.

Dendritic cell sensing of H. pylori
Similar to epithelial cells, sensing of H. pylori by DCs is dependent on Myd88, an
adaptor molecule used by most TLRs [91]. Myd88-deficient BMDCs fail to upregulate
costimulation molecules CD80 and CD86 or produce proinflammatory cytokines in
response to H. pylori in vitro. Accordingly, Myd88-/- mice infected with H. pylori
harbored higher bacterial loads and exhibited slightly lower levels of gastric
inflammation than wild type mice although there was much variation. It was later
determined that DC expression of TLR2 and to a minor extent TLR4 played a key role in
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the recognition of H. pylori and subsequent cytokine production [90]. Cytokine
production was dramatically diminished in TLR2-/- BMDCs stimulated by H. pylori. This
effect was most dramatic when using bacterial lysates although live H. pylori yielded
similar results. TLR2 was also found to be necessary for IL-10 secretion and for the
expression of several anti-inflammatory genes including Csf3 and Vnn3. It is known that
in other systems such as for yeast infections, TLR2 expression in DCs plays a regulatory
role and is important for the induction of RALDH enzymes that are necessary for
regulatory T cell (Treg) induction [131]. Whether H. pylori utilizes similar signaling
pathways to downregulate the inflammatory response has yet to be determined in vivo,
although a separate study showed that H. felis-infected TLR2-/- mice exhibited an
increased gastric inflammatory responses compared to wild type mice [101]. A recent
study utilizing TLR9 deficient mice has demonstrated that, at least in the early stages of
infection, TLR9 may help down regulate the gastric inflammatory response [132].
Although TLR9 expression was documented in DCs along with other APCs, a direct role
of DCs in promoting TLR9-mediated downregulation of inflammation in response to H.
pylori has not been demonstrated.

Proinflammatory responses in H. pylori stimulated dendritic cells
The role of DCs in H. pylori pathogenesis is complex. Although over 80% of H.
pylori-infected individuals remain asymptomatic, histologic gastritis is present in all H.
pylori infected people. [71]. There is a vast body of literature documenting the nature of
this gastritis as predominantly IFNγ− and more recently IL-17-mediated, consistent with
the type of proinflammatory T cell responses that develop against many bacterial
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infections (see Adaptive Immune Response to H. pylori infection below). Conversely,
there is a growing consensus that the host immune response to H. pylori is activity
suppressed and that, as described in the next section, DCs may play an important role in
promoting tolerance.
Studies demonstrating the proinflammatory potential of H. pylori-stimulated DCs
have been produced in both human and murine systems. Human monocyte-derived DCs
pulsed with H. pylori induced maturation, as demonstrated by increased MHC II and coreceptor expression, and a greater then 50 fold increase in IL-12 production [133]. These
cells induced TNFα and IFNγ production in co-culture systems with purified NK cells or
naïve CD4+ T cells. It was noted however that despite the induction of a Th1 response,
stimulation with H. pylori was not as effective as stimulation with E. coli. Kranzer et al.
also employed human monocyte derived DCs to study the impact of H. pylori antigens on
DC maturation [134]. Their results were similar, observing increased expression of MHC
II and coreceptors, as well as IL-12. Stimulation with live H. pylori was compared to E.
coli LPS instead of whole E. coli, and in this comparison H. pylori induced greater
amounts of IL-12 than E. coli LPS.
Immunohistochemistry on human patient biopsies has revealed the co-localization
of IL-23 with myeloid DC in the gastric mucosa, and the presence of IL-17+ T cells
[135]. In vitro stimulation of monocyte-derived DC with H. pylori organisms was
consistent with these results as it led to an increase in IL-23 production but not IL-12.
Additionally, the activation of autologous CD4+ T cells in co-culture assays induced
significant levels of IL-17-producing T cells. The activation of DCs with isogenic H.
pylori mutants lacking either CagA or CagE resulted in significantly less IL-23
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production from DCs and IL-17 production by CD4+ T cells. More recently, DCs
examined in patient biopsies showed that although DCs are present in the healthy
stomach, the numbers increase during infection and the DCs become activated [136].
Assays performed on DC isolated directly from the gastric mucosa demonstrated
maturation following activation with H. pylori and the induction of IFNγ in autologous T
cells. It should be noted that H. pylori was also able to induce production of the myeloid
cell attractant MIP-3α as well as thymic stromal lymphopoietin (TSLP) in human
epithelial cells lines, and that the use of the conditioned media from these cultures
induced maturation in monocyte derived DCs that induced allogenic T cells to produce
IL-4 and IL-13 as well as TNFα and IFNγ [137]. The induction of Th2 elements in
addition to the Th1 elements would support the formation of B cell aggregates and
follicles typically observed in infected patients.
Similar observations have been made in the mouse, generally with the use of
BMDCs. A comparison of H. pylori outer membrane protein 18 (Omp18) with whole
bacteria for the ability to activate BMDC resulted in the expression of coreceptors CD80
and CD86 and the production of IL-12 [138]. These activated cells could induce
proliferation and IFNγ production when cocultured with syngeneic splenocytes. Whole
bacteria were more effective at activation of DC than the Omp18 preparation, most likely
due to the presence of bacterial PAMPs. A subsequent study by the same laboratory made
an enlightening comparison, demonstrating that while BMDC stimulated with live H.
pylori did induce the production of proinflammatroy IL-1, IL-6, and IL-12, and induced
TNFα and IFNγ production in syngeneic spleen cells, this response was significantly
greater when using another gastric pathogen, Acinetobacter Iwoffi, which also induces
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gastric inflammation but is more susceptible to host defense [139]. These findings
indicated that H. pylori is either a weak activator of BMDC or possibly suppresses the
DC response. In favor of the later theory, they demonstrated that a soluble factor from H.
pylori reduced the amount of IL-12 produced by A. Iwoffi activated DC. Nevertheless,
two additional studies using H. pylori-pulsed DC observed that adoptive transfer to mice
followed by challenge with H. pylori resulted in reduced bacterial load in the gastric
mucosa compared to mice receiving non-pulsed DC [140,141].
Activation of the DC cell line JAWSII with either live, fixed, or lysed H. pylori
all induced similar levels of DC activation but only the cells pulsed with H. pylori lysate
were able to induce a significant reduction in bacterial load by adoptive transfer into H.
pylori challenged mice [140]. Similarly, BMDC pulsed with H. pylori induced Th1
responses in T cells in vitro as others had described [141]. Transfer of these cells to mice
followed by challenge with H. pylori resulted in a Th1 dominant response in the gastric
mucosa that was also associated with a lower bacterial load than mice receiving BMDC
pulsed with PBS.

Dendritic cell promotion of tolerance to H. pylori
As described above, most experiments on H. pylori–induced DC activity have
largely utilized either in vitro generated cells, or freshly isolated cells studied in vitro.
Several protocols have been developed for the growth of DC cells in vitro including the
use of GM-CSF, GM-CSF plus IL-4, or flt3 ligand. The resulting populations however
can vary in maturation and type. For example, GM-CSF generated BMDCs are thought to
resemble monocyte-derived inflammatory DCs and do not reflect the steady state
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population [107]. It is possible that none of these populations accurately reflects DC
activity in the gastric mucosa since the tissue environment itself can greatly influence the
nature of DC phenotype and activity. Indeed, Bimczok et al. elegantly demonstrated that
activation of human monocyte derived DCs with H. pylori in vitro was significantly
inhibited in the presence of stroma-conditioned media derived from cell-depleted gastric
or intestinal tissue digests [142]. The influence of the stromal factors in conditioning the
DC was shown to be most effective during DC differentiation, as opposed to during H.
pylori stimulation. The gastric stroma-conditioned DC had a significantly reduced ability
to activate Th1 cells. This was due, at least partially, to the failure of the conditioned DC
to produce IL-12. Supplementation of media with IL-12 restored the ability of H. pylori
activated DC to prime Th1 cells.
Several recent studies have focused more on the phenotype of gastric DCs and
evaluation of their function in the stomach. Kao et al. employed two-photon microscopy
to demonstrate that CD11c+ DCs are found near the surface of the gastric mucosa and
that there was an increase in the percentage of these CD11c+ DCs following H. pylori
infection, as well as a CD11c+ CD103+subpopulation [7]. The authors also found that
BMDCs stimulated with live H. pylori (HP-DCs) expressed higher levels of the
immunoregulatory cytokine TGFβ than BMDCs stimulated with either E. coli or
Acinetobacter lwoffii. The HP-DCs however expressed lower levels of TGFβ than
unstimulated DCs. The authors attributed the phenomenon to the immature phenotype of
the BMDCs they isolated but given the data it is difficult to imagine how the HP-DCs
differ from unstimulated DCs in this model. Nevertheless, adoptive transfer of HP-DCs
and analysis of gastric tissue following H. pylori challenge revealed increased Foxp3
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expression compared to mice that received PBS-DCs as determined by qPCR. A
subsequent study by this group demonstrated that HP-DCs were able to stimulate Tregs
activation in vitro but the antigen specificity and functional capacity of these T cells were
not examined [9].
The most convincing evidence that gastric DCs play a tolerogenic role in H.
pylori infection comes from DC-depletion studies using the CD11c-DTR transgeneic
mouse model in which CD11c+ cells also express the diphtheria toxin receptor.
Treatment of these mice with DT selectively depletes CD11c+ dendritic cells. Hitzler et
al. applied this model in a H. pylori vaccination study [6]. Although the DT dose applied
resulted in depletion of approximately 50% of CD11c+ DCs in the mesenteric lymph
nodes, they observed that vaccine-induced immunity was associated with more
inflammation as well as IFNγ and IL-17 production, and that bacterial load was decreased
in these mice when challenged with the CagA+ PMSS1 H. pylori strain. When this model
was extended to assess chronic infection in neonatally infected mice, a significant
reduction in CFU was observed in the stomachs of DC-depleted mice compared to wild
type mice [143]. DC-depleted mice also exhibited significantly greater gastritis and IFNγ+
gastric T cells providing proof that DC are important in suppressing the host immune
response to H. pylori. These investigators also demonstrated that BMDCs cultured with
H. pylori were able to convert naïve T cells to FoxP3+ Tregs more efficiently than naïve
BMDCs if the T cells were also treated with anti-CD3 cross linking antibodies and
TGFβ. Conversely, treatment of BMDCs with H. pylori reduced the ability to activate
ovalbumin-specific transgenic T cells with ovalbumin antigen compared to BMDC
without H. pylori.
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The tolerogenic activity of BMDC was also found to be IL-18 dependent as
infection of IL-18-/- mice with H. pylori resulted in enhanced gastric inflammation
compared to wild type mice, and the IL-18 deficiency abrogated the ability of BMDC to
induce CD25+ Treg cells (Figure 1-5). To demonstrate that these effects are also
measurable in vivo, mesenteric lymph node DCs isolated from neonatally infected mice
displayed a similar reduction in their ability to induce CD25+ Treg cells in vitro
compared to wild type mice. The role of IL-18 in these studies is novel since IL-18 is
known as a pro-inflammatory cytokine that is induced as part of the inflammasome
activation pathway [144]. The authors suspected that IL-18 might be involved because
infection of IL-18-/- animals with Helicobacter resulted in an unexpected increase in
immunopathology in a separate study [145]. In this study, the authors showed that IL-18
production from H. pylori stimulated BMDCs only increased at the protein level but not
at the transcriptional level, and this increase was seen when caspase-1 was activated
Using caspase-1-/- animals, the authors demonstrated that in an immunization model
against H. pylori, caspase-1 deficiency led to a defect in bacterial clearance that
coincided with a decrease in CD4+ cell infiltration, suggesting that there was a reduced
inflammatory response in caspase-1 deficient animals. Surprisingly, IFNγ and IL-17
transcript levels in the gastric tissue were comparable between wild type and caspase-1
deficient mice, suggesting that cell types other than the classical Th1 or Th17 cells may
be involved. The authors then infected wild type and caspase-1-/- mice with H. felis and
demonstrated that in contrast to H. pylori, the lack of caspase-1 led to an exaggerated
inflammatory response as evident by increased immunopathology, decreased bacterial
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Reused with permission from John Wiley & Sons. (License # 3136081421254)
Shiu & Blanchard. Pathogens & Disease 67: 46-53. 2013.

Figure 1-5. DCs in H. pylori infection. A summary of dendritic cell function in
generating proinflammatory and regulatory T cell responses during H. pylori
infection[146].
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load and increased expression of IL-17 transcript but this effect was due to IL-1β, another
caspase-1 substrate, and not IL-18.
Perhaps even more demonstrative of the tolerogenic activity of DC induced by H.
pylori infection was the ability of H. pylori-infected mice to suppress the detrimental
inflammation associated with an asthma-challenge model, a model that also highlights the
potential therapeutic applications of H. pylori subunits [10]. The investigators used a
model in which either ovalbumin (OVA) or House Dust Mite (HDM) respiratory
challenge of sensitized mice results in allergic airway disease. Disease associated with
these challenges was significantly abrogated when applied to H. pylori infected mice,
particularly if the mice were infected as neonates. These results are consistent with recent
reports of a negative correlation between H. pylori infection and asthma prevalence in
children [12]. Suppression of asthma in these mice could be abrogated by eradication of
H. pylori with antibiotics or by depletion of Treg cells. Adoptive transfer of Tregs from H.
pylori-infected mice to H. pylori-noninfected but allergen-sensitized mice was sufficient
to confer protection against allergen challenge induced asthma. The authors noted that the
lungs of the mice in these models of suppression included ‘semimature’ dendritic cells
based on reduced expression of MHC II antigens compared to DCs in noninfected
asthmatic mice. In a separate study, semimature DCs were also observed in the gastric
mucosa of H. pylori infected human patients [143]. Although these cells expressed high
levels of MHC II they lacked the co-receptors necessary to activate T cells during antigen
presentation. Consistent with their observations described above regarding the
importance of DC IL-18 in generating Treg cells, Tregs isolated from infected IL-18-/- or
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IL-18r-/- mice could no longer suppress asthma when transferred to allergen sensitized
mice prior to allergen challenge.
	
  

Adaptive Immune Response to H. pylori
Innate immunity is important in controlling the establishment of H. pylori
colonization but adaptive immunity is required for promoting gastritis and mechanisms
that limit H. pylori colonization as demonstrated by the observation that severe combined
immunodeficient (SCID) mice harbor significantly increased bacterial loads [147].
Adaptive immunity is initiated via clonal expansion and differentiation of T cells and
antibody-secreting B cells, which leads to the generation of immunological memory
[148]. Given that H. pylori is an extracellular pathogen that resides in the gastric mucosa,
there was initial interest in whether levels of IgA, the dominant isotype in the mucosal
system, play a role in protection against infection. In a model of vaccine induced
immunity, both IgA-/- and antibody-deficient µMT-/- mice effectively eliminated
Helicobacter as well as wild type mice [149,150]. µMT-/- mice also had comparable
pathology compared to wild type mice when infected with Helicobacter. In contrast,
adoptive transfer of T cells into SCID mice resulted in significant gastritis and decreased
bacterial load [147,151]. MHC-II knockout mice deficient in CD4+ T cell function were
unable to mount an immune response against H. pylori[150].
The above studies highlight the importance of a T cell response in limiting H.
pylori infection. Depending on the cytokine milieu and the transcription factors that
become activated, CD4+ T cells can differentiate into multiple subsets, including TH1,
TH2, TH17, Treg and Tfh, that play various roles in infection and immunity (Figure 1-6)
[152,153]. The TH1-TH2 axis was first defined by Mosmann and Coffman [154] who
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Reused with permission from John Wiley & Sons. (License # 3136090937496)
Yamane & Paul. Immunological Reviews 252: 12-23. 2013.

Figure 1-6. The major CD4+ T cell subsets. Antigen presentation by DCs results in
TCR activation and differentiation into effector functions. The differentiation process is
determined by the cytokines present and leads to upregulation of specific transcription
factors that help to determine T cell fate[155].
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found that different subset of T cells with distinct cytokine profiles and effector functions
exist. A typical TH1 response is characterized by the dominance of interferon-gamma
(IFNγ) while a TH2 response involves IL-4, IL-5. More than a decade later, TH17 cells
were found to be an additional major effector population characterized by their
production of IL-17A, IL-17F and IL-22 [156-159]. While it has long been known that T
cells with suppressor activity exist [160-162], the phenotypic characterization of these
cells was lacking until the identification of CD25 as a marker that led to a resurgence in
interest in regulatory T cells (Tregs) [163]. It was subsequently demonstration that naïve
CD4 T cells could differentiate into iTregs in a TGFβ dependent manner that led to
activation of Foxp3, the Treg transcription factor[164-167].
	
  

The role of T cell subsets in H. pylori infection
Before the discovery of TH17 cells, it was shown that the transfer of T cells to
SCID mice led to the development of gastritis and a decrease in bacterial load and this
was dependent on the TH1 subset [147,151,168]. In support of the notion that Th1 cells
contribute to pathology, only H. pylori-infected C57BL/6, but not BALB/c, mice
developed significant gastritis along with increased IFNγ levels [169].	
  While the TH1
response is associated with increased pathology, it is also important in controlling
bacterial infection since H. pylori load is higher in IFNγ-/- as well as IL-12-/- mice [170].
Skewing the T cell response towards TH2 with helminth infection led to lower levels of
Th1 cytokines such as IFNγ and decreased pathology but led to higher bacterial loads
[171].
The discovery of TH17 and improved identification of Treg subsequently
challenged the initial notion that the T cell response to H. pylori infection was limited to
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the TH1-TH2 axis. Gastric tissue biopsies from humans revealed the upregulation of IL-17
along with the presence of IL-17+ T cells [135,172,173]. In vivo blockade of IL-17 as
well as the targeting of upstream pathways such as IL-23 led to decreased gastritis and
bacterial colonization [174,175]. Conversely, overexpression of IL-17 using a viral vector
led to increased immunopathology. IL-17 was also shown to be important for driving
neutrophil recruitment as IL-17-/--infected mice had significantly lower myeloperoxidase
activity in their tissues[176]. Vaccination of mice also led to high levels of IL-17
expression that mediated neutrophil recruitment and protection [177]. Together, these
studies suggest that TH17 cells also contribute to gastritis development but it should be
noted that T cell interactions in the gastric mucosa during H. pylori infection are complex
and both TH1 and TH17 are involved [178].
The TH1 and TH17 subsets are responsible for promoting protective immune
responses and gastric pathology while Tregs exert downregulatory effects on these
responses. Since H. pylori colonizes humans for life when left untreated, it was
speculated that Tregs may be responsible for bacterial persistence. Corroborating this
notion, it has been shown that Tregs accumulate in the human gastric mucosa with H.
pylori infection [179,180] and that depletion of Tregs in mice leads to increased bacterial
clearance and inflammation [178,181]. As discussed extensively above, Tregs not only
play a role in suppressing immune responses in the gastric mucosa but are also important
in preventing asthma development (see Dendritic cell promotion of tolerance to H.
pylori section). More studies are necessary to better understand of how they are induced
in vivo[10,51].
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Specific Aims
It has been more than 25 years since the discovery that H. pylori plays an
etiologic role in the development of gastritis and peptic ulcer disease yet we still do not
understand why the host fails to eradicate H. pylori from the gastric mucosa
[2,3,29,182,183]. H. pylori has evolved with humans since they first moved out of the
African Continent [38]. Not surprisingly, H. pylori possesses multiple strategies to evade
the immune host response such as modification of molecular structures including LPS
and flagellin to render them less immunostimulatory of their respective TLRs [82,98,99].
It is now appreciated that H. pylori exerts immune regulatory effects on DCs to induce
downstream Treg responses[7,10] and that this H. pylori-induced immune tolerance may
also protect the host from allergic diseases such as asthma [11,12,51].
The DC subsets and molecular changes in DCs affected by H. pylori and how
they affect downstream T cell responses have not been defined. We used a microarray
approach to identify potential molecular pathways involved in DCs that are affected by
H. pylori and found that IRAK-M, a negative regulator of TLR signaling, was
upregulated in BMDCs that were stimulated with H. pylori. We hypothesize that H.
pylori infection upregulates IRAK-M expression in DCs that promotes bacterial
persistence via limiting DC activation and modulation of downstream T cell responses.
For our studies, we were particularly interested in the TH17/Treg balance because recent
studies have demonstrated that H. pylori modulates DC responses to skew the balance
between these two subsets towards the regulatory response[7,10,51].
The first aim of this study was to characterize how activation of WT and IRAKM-/- BMDCs with H. pylori may differ with respect to cytokine production, costimulation
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marker expression, and the ability to induce T cell differentiation. To make this
comparison, we isolated BMDCs from WT and IRAK-M-/- mice and stimulated them in
vitro with various Helicobacter preparations. IRAK-M-/- BMDCs stimulated with H.
pylori secreted higher levels of proinflammatory TNFα and MIP-2 and lower levels of
immunoregulatory IL-10. IRAK-M-/- BMDCs also expressed higher levels of MHCII
upon stimulation and lower levels of PD-L1. In terms of their T cell differentiating
ability, WT and IRAK-M-/- BMDCs were comparable. This was also true when naïve T
cells were adoptively transferred to WT and IRAK-M-/- mice to determine if Treg
induction is impacted by lack of IRAK-M expression in vivo. These data suggest that
IRAK-M-/- BMDCs have a more pro-inflammatory phenotype in terms of cytokine
production and activation markers but not in regulating downstream adaptive immunity
during H. pylori infection.
The second aim of this study was to identify the role of IRAK-M during H. pylori
infection using both short-term and chronic-infection models. WT and IRAK-M-/- mice
were infected with H. pylori for either one month or four months. Gastric pathology as
well as other immunological parameters were measured. Responses at one month were
comparable. IRAK-M-/- mice however, exhibited increased immune pathology in
comparison to WT mice at four months post infection. Notably, there was increased
lymphoid follicle formation in IRAK-M-/- mice, prompting us to further explore the role
of IRAK-M in Helicobacter infection using a H. felis infection model. H. felis infection
led to increased lymphoid follicle formation in IRAK-M-/- animals within one month of
infection and this was associated with an upregulation of CXCL13 expression.
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Collectively, these studies suggest that IRAK-M may have a previously unappreciated
role in suppressing ectopic lymphoid tissue formation during Helicobacter infection.
Since DCs are known to regulate the TH17/Treg balance in response to H. pylori
infection, we were interested in better characterizing the contributions of different IL17A producing populations. We found that both IL-17A+ T cells and IL-17A+ innate
lymphoid cells (ILCs) were present. To our knowledge, this is the first study to identify
the presence of this cell type in the gastric mucosa. In order to determine if these cells
play a role in the host response to Helicobacter infection, we depleted CD90+ cells in
Rag1-/- mice and evaluated gastric tissue for pathology and for changes in antimicrobial
peptide responses. ILCs were demonstrated to modulate the expression of one of these
antimicrobial peptides – calprotectin – in gastric tissue. The role of calprotectin in
Helicobacter infection is unknown and lower expression of calprotectin did not affect
bacterial load or the pathologenesis in an immunodeficient background but whether this
is true in a lymphoreplete setting was not addressed.
In summary, this work aimed to identify molecular pathways upregulated during
H. pylori infection and how one of these molecules, IRAK-M, affects host immune
response to Helicobacter. Work in this study found that IRAK-M plays a role in
suppressing lymphoid follicle formation as well as proinflammatory cytokine expression
in the gastric mucosa during H. pylori infection. We also found novel IL-17 producing
cells in the gastric mucosa that may regulate immune responses to Helicobacter infection.
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CHAPTER 2. MATERIALS AND METHODS
Mice Strains
Six- to ten-week-old female C57BL/6 wild type mice (stock #00664), Rag-1 deficient
(stock # 002216) C57BL/6, TLR2-/- (stock #004650) and TLR4-/- (stock #007227) mice
were purchased from Jackson Laboratory (Bar Harbor, ME). IRAK-M-deficient mice on
a C57BL/6 background were kindly provided by Dr. Kobayashi (Texas A&M University)
[78] and were bred homozygously at the University of Maryland Baltimore (Baltimore,
MD, USA). C57BL/6 Foxp3-GFP and C57BL/6 OT-II TCR transgenic/FoxP3-GFP mice
were gifts from Dr. David Scott (Uniformed Services University of the Health Sciences)
[184].

All animals were housed under pathogen-free conditions in microisolater cages at the
University of Maryland at Baltimore animal facilities. Animal protocols were approved
by the Institutional Animal Care and Use Committees of the University of Maryland
Baltimore.

Microbial Strains
The Sydney Strain of H. pylori (SS1), a mouse-adapted clinical isolate originally
characterized by Dr. Adrian Lee, was used for all mouse infections [46]. For maintenance
of H. pylori SS1, bacteria was grown on Columbia agar (Difco, Detroit, MI supplemented
with 7 % horse blood (Hemostat Laboratories, Dixon, CA) at 37°C. Media was also
supplemented with the following antibiotics: 20 µg/ml trimethoprim (Teknova, Hollister,
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CA), 6 µg/ml vancomycin, 2.5µg/ml amphotericin B, 16 µg/ml cefsolodin (all from
Sigma, St. Louis, MO).

H. felis, isolated by Dr. Steven Czinn (University of Maryland Baltimore) was grown on
Columbia agar supplemented with 7% horse blood, and antibiotics including 125 ηg/ml
Polymyxin B (Research Products International Corp, Mount Prospect, IL), 20 µg/ml
trimethoprim, 6 µg/ml vancomycin and 2.5µg/ml amphotericin B. The plates were
incubated at 37°C in anaerobic jars (Becton Dickinson, Sparks, MD) under microaerobic
conditions generated using CampyPakPlus envelopes (Becton Dickinson).

Antigen lysates were prepared from H. pylori SS1, the 26695 strain of H. pylori, H. felis
and E. coli K12 strain. E. coli K12 was purchased from ATCC (#29425) (Manassas, VA)
and grown on LB plates supplemented with amphotericin B (2.5 µg/ml). Bacteria were
lysed with a probe sonicator at 50% duty cycle and a power setting of 5. The sample was
then separated by centrifugation at 5,000 × g and the supernatant was collected [185].
The supernatant was filtered through a 0.45-µm filter, and its protein concentration was
determined by protein assay. All antigen lysates were stored at −70°C.

Growth in liquid culture of either H. pylori or H. felis was performed by harvesting
bacteria from Columbia blood agar plates in one ml Brucella broth (Difco) and transfer to
10 ml Brucella broth supplemented with 10% fetal bovine serum (FBS) (Invitrogen,
Carlsbad, CA) and 2.5µg/ml amphotericin B (Sigma). Liquid cultures of H. pylori were
established in T25 flasks (Corning, Tewksbury, MA) and maintained at 37°C with 10%
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CO2 as static cultures. H. felis liquid cultures were grown by placing the flasks in an
anearobic jars under microaerobic conditions achieved with the CampyPak envelope gas
generating system.

Candida alibicans CHNI strain was purchased from the ATCC (#MYA-4779). C.
albicans were grown on either Sabouraud dextrose agar plates or Sabouraud dextrose
broth (Sigma) with shaking at 225 rpm at 37°C.

Bacterial challenge of mice by oral inoculation.
Infection of mice with either H. pylori or H. felis was performed using liquid cultures.
The bacterial density was determined by optical density at 450 ηm and comparison to a
previously established growth curve. Approximately 1 x 107 CFU organisms were used to
infect mice. Infections were performed by oral gavage using 21G feeding needles
attached to one cc syringes and delivering 0.5 ml of suspended bacteria.

Infection of mice with C. albicans was accomplished by first pretreating mice with 0.5
mg/ml Cefoperazone (Sigma) administered ad libitum in drinking water for 7 days prior
to infection to ensure gastric colonization[186]. The Cefoperazone-containing drinking
water was replaced with sterile water on day eight in preparation for challenge.
Challenge was administered using fungus from a liquid culture of C. albicans washed in
sterile saline. The fungus was counted using a hemacytometer and mice were inoculated
with 1 x 07 CFU C. albicans in 200 µl by oral gavage using a 21G feeding needle on the
end of a one cc syringe.
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Bacterial load determination
A longitudinal strip of the greater curvature of the stomach was placed into pre-weighed
1.5 ml microcentrifuge tubes and snap frozen in liquid nitrogen before storage at 20oC.
Total DNA was extracted from the frozen gastric tissue samples using DNeasy (Qiagen)
but with an additional step following Proteinase K digestion in which the samples were
incubated at 95°C for 10 min. to help release bacterial DNA. PCR amplification was
performed on an Eppendorf Realplex thermocycler (Hamburg, Germany) using primers
for ureC and comparison to a standard curve consisting of purified chromosomal DNA
from H. pylori SS1[187]. For each sample, the PCR reaction was performed in triplicate
with SYBR Green supermix (Fermentas, Glen Burnie, MD). The number of UreC copies
per gram of tissue was then calculated. H. felis in tissue was quantified in a similar
manner but using primers for the DNA of 16S RNA and comparison to a standard curve
generated from purified chromosomal DNA isolated from H. felis. Bacterial load was
reported as the number of 16S copies per gram of tissue.

Histologic Evaluation
Longitudinal strips encompassing the entire length of the greater curvature of the stomach
were pinned to styrofoam and fixed by floating in 4% paraformaldehyde (Sigma) for a
minimum of 48 hours. Strips were then trimmed, placed into histological cassettes
(Thermo Fisher Scientific, Waltham, MA) and sent to the Histology Core at the
University of Maryland Baltimore for paraffin embedding and sectioning at 5µm.
Sections were Hematoxylin and Eosin (H&E) stained by the Histology Core Services
(University of Maryland). Periodic Acid Schiff (PAS) staining of paraffin-embedded
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gastric tissue was performed by the Histology Core Facility (University of Maryland
Center for Vascular Inflammatory Diseases). All pictures of histological sections were
modified across all sections using Adobe Photoshop CS5.

Histological Scoring
Grading of gastritis using H&E-stained sections from each mouse was performed using a
scale of 0 – 3. The scoring was divided between the corpus and the antrum. Tissue was
assessed for the linear extent of inflammation, the depth of white blood cell penetration,
pan-mucosal vs. focal distribution, changes in tissue architecture, and the cellular makeup
of the inflammatory infiltrate. Then a score was provided for evidence of acute
inflammation, chronic inflammation and signs of dysplasia in the two regions.
Enumeration of lymphoid follicles was also performed using H&E stained sections from
each mouse and counting the number of follicles along the gastric wall from the
forestomach/fundus junction to the pylori junction at the entrance to the small intestine.

Collection of Serum Samples
Blood was collected at necropsy from the Inferior Vena Cava of mice using 1 ml
tuberculin syringes. Samples were stored overnight at 4°C and the serum was removed
from the blood clots by pipetting and stored at -20°C.

Determination of Serum Antibody Titers
Serum IgG titers for reactivity to H. pylori lysate antigens were measured by endpoint
titer determination. Ninety six-well microtiter plates (Nalgene NUNC International,
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Rochester, NY) were coated with 100 µl of H. pylori lysate in PBS (10 µg/ml) overnight
in a humidified chamber at 4°C. Wells were washed the following day prior to blocking
and between all subsequent steps three times with PBS containing 0.05% Tween-20
(Thermo Fisher Scientific). Plates were blocked with 300 µl/well 1% BSA in PBS for 2
hours at room temperature. Wells were subsequently incubated for one hour with 100
µl/well of serum prepared in serial half log dilutions and then anti-H. pylori serum IgG
was detected by incubation for one hour with 100 µl/well horseradish peroxidaseconjugated goat anti-mouse antibody (Southern Biotechnology Assoc., Inc, Birmingham,
AL) .The assay was developed with TMB Microwell 1-component peroxidase substrate
and TMB stop solution (KPL, Gaithersburg, MD). The optical density at 450 nm was
measured and recorded on a microtiter plate reader (BioTek Instruments, Winooski, VT).
End-point titers were deﬁned as the highest dilution of sample that generated a signal of
at least 0.05 OD units above the conjugate control (no sample).

Gastric cell isolation
Single cell suspensions from mouse stomach tissue were prepared by gently scraping the
mucosa and homogenizing the tissue between frosted glass slides, and then filtering the
tissue through a 100µm nylon mesh strainer (Fisher). The homogenate was then digested
for 1 hour in a solution consisting of 1 mmol/L dithithreitol (Sigma), 2mM EDTA (USB
Corporation, Cleveland, OH), HEPES (Invitrogen), 10% FBS in PBS (Corning) and 100
U/ml of collagenase from Clostridium histolyticum type VIII (Sigma) at 37°C. The cell
mixture was then filtered through a 70 µm nylon mesh strainer. DCs were then enriched
with a mouse CD11c-positive selection kit (#18758 from StemCell Technologies,
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Vancouver, BC, Canada) according to manufacturer’s instructions. For Lymphocyte
isolation, cells were isolated from gastric single cell suspensions using the MagCellect
mouse CD4+ T cell isolation kit (R&D Systems, Minneapolis, MN) according to kit
directions.

Flow cytometry analysis
Single cell suspensions in PBS with 5% FBS were incubated with 5 µg/ml Fc Block
(#93; eBioscience) at 4°C for 5-10 minutes. Cells were collected after each wash step by
centrifugation at 550 xg for 10 minutes at 4°C. Surface staining chromagen-labeled
antibodies were added at approximately 1 µl per million cells (see Table 1 for list of
antibodies) for 30 minutes at 4°C in the dark. Cells were washed twice with 5% FBS in
PBS. For intracellular staining, cells were fixed and permeabilized in 1 ml of
cytofix/cytoperm solution for 20-30 minutes at 4°C protected from light (BD
Biosciences, San Jose, CA). Cells were then washed twice in 1X Perm Wash Buffer (BD
Biosciences) and intracellular staining was performed by resuspending cells in 100 µl
Perm Wash Buffer with chromagen-labeled antibodies added at 1 µl per million cells at
4°C for 30 minutes in the dark (see Table 1 for list of antibodies). Cells were washed and
resuspended in a final volume of 350 µl. Cells were detected using a LSRII flow
cytometer (BD Biosciences) gated on live cells based on forward and side scatter, or
using a live/dead fixable marker (LIVE/DEAD Fixable Dead Cell Stain Kit; Invitrogen).
Data were analyzed by FlowJo7 software (Tree Star). Median fluorescence intensity was
calculated as the difference in stimulated samples from unstimulated controls.
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Table 1. Antibody List
Surface Antibodies
Target
CD8a
MHC II (I-A/I-E)
CD3ε
LINEAGE
CD11c

Fluorophore
eFluor 450
eFluor 450
eFluor 450
Pac-Blue
APC

Clone
53-6.7
M5/114.5.2
145-2C11
Multiple
HL3

CD11c
APC
CD4
APC
CD103
APC
CD3ε
PE
CD117 (c-Kit)
PE
CD11c
PE
CD11b
PE
B7-H1(PD-L1)
PE
CTLA-4
PE
CD8a
PE-Cy5
MHC II (I-A/I-E)
PE-Cy5
CD86
PE-Cy5
CD40
PE-Cy5
B220
FITC
CD90.2 (Thy-1.2)
FITC
CD11b
FITC
CD11c
FITC
CD117 (c-Kit)
FITC
Intracellular Staining Antibodes
Target
Fluorophore
IFNϒ
eFlour 450
Foxp3
FITC
IL-17A
FITC
IL-22
PE
IL-17A
PE
IL-23 p19
eFluor-660
ROR gamma (t)
PerCP
Isotype Controls
Isotype
Fluorophore
IgG2b kappa
APC
IgG2b kappa
APC
IgG1 kappa
APC
IgG
APC

N418
GK1.5
2E7
145-2C11
2B8
N418
M1/70
MIH5
UC10-4B9
53-6.7
M5/114.5.2
GL1
1C10
RA3-6B2
30-H12
M1/70
N418
2B8

IgG1 kappa
	
  

eFluor 660 (APC)

Clone
XMG.12
FJK-16s
TC11-18H10.1
Polyclonal
eBio17B7
Fc23cpg
B2D
Species
Mouse
Rat
Mouse
Armenian
Hamster
Rat
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Isotype/ Notes
Rat IgG2a, kappa
Rat IgG2b, kappa
Armenian Hamster IgG
Biolegend
Armenian Hamster IgG BD
Pharminogen
Armenian Hamster IgG
Rat IgG2b, kappa
Armenian Hamster IgG
Armenian Hamster IgG
Rat IgG2b, kappa
Armenian Hamster IgG
Rat IgG2b, kappa
Rat IgG2a, ,lambda
Armenian Hamster IgG
Rat IgG2a, kappa
Rat IgG2b, kappa
Rat IgG2a, kappa
Rat IgG2a, kappa
Rat IgG2a, kappa
Rat IgG2b, kappa
Rat IgG2b, kappa
Armenian Hamster IgG
Rat IgG2b, kappa
Isotype/ Notes
Rat IgG1, kappa
BIOLEGEND
Goat IgG
Rat IgG2a, kappa
Rat IgG1, kappa
Rat IgG1, kappa
Notes

	
  

(Table 1 continued)
IgG2a, kappa
IgG
IgG2b, kappa
Mixed (for lineage
cocktail)
IgG1 kappa
IgG2a kappa
IgG
IgG2b, kappa
IgG2a, kappa
IgG

APC
eFluor 450 (PacBlue)
eFluor 450
Pac Blue

Rat
Armenian
Hamster
Rat
BIOLEGEND

PerCP- eFlour 710
Per-CP-eFluor 710
PE
PE
PE
PE

Rat
Rat
Goat
BIOLEGEND
Rat
Rat
Armenian
Hamster
IgG1, kappa
PE
Mouse
IgG2a
PE-Cy5
Rat
IgG2a
FITC
Rat
IgG
FITC
Armenian
Hamster
IgG2b kappa
FITC
Mouse
*All antibodies from eBioscience unless otherwise specified.
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Adoptive transfer experiments
CD4+ T cells were isolated from the spleens of FoxP3-GFP mice using the MagCellect
Mouse CD4+ T cell isolation kit (R&D Systems) and sorted for GFP-negative cells using
a BD FACSAria flow cytometer. A total of 2 x106 CD4+, GFP- cells were transferred into
WT and IRAK-M-/- recipients by tail vein injection. Animals were infected with SS1 on
day 3 and animals were harvested at 8 weeks post challenge for analysis. RNA was
isolated from gastric tissue using the RNeasy kit (Qiagen, Germantown, MD) and
converted to cDNA for real time PCR analysis of GFP expression.

Quantitative PCR
For relative quantification of cytokines in tissue, gastric tissue was ground to powder
using a mortar and pestle after flash freezing the tissue in liquid nitrogen. For BMDC,
RNA was isolated following stimulation at the indicated timepoints. Total RNA was
extracted using RNeasy (Qiagen) according to Manufacturer’s instructions and 1 µg of
RNA was converted to cDNA using a reverse transcription kit (Qiagen). PCR
amplication was performed with an Eppendorf Realplex Instrument (Eppendorf AG,
Hamburg, Germany) on 96 well plates (Eppendorf) with SYBR Green supermix
(Fermentas, Glen Burnie, MD) in either duplicate or tripiclate. Each reaction mixture
contained 12.5 µl SYBR green mix, 11.1 µl dH2O, 0.2 µL each forward and reverse
primers, and 1 µL cDNA. For negative controls, dH2O was used to replace cDNA. Primer
sequences used for the variety of cytokines measured in the gastric tissue are listed in
Table 2. Gastric tissue RNA from a naïve mouse of each group was chosen as a

	
  

46	
  
	
  

	
  

Table 2. Quantitative PCR primer sequences
Target
Gene
Axin1
Csf2
Cxcl13
Gapdh
GFP
Ifnϒ
Il6
Il18
Il23p19
Il10
Il17A
Il22
Irakm
Lta
Ltb
RALDH1
RALDH2
RALDH3
RegIIIγ
RegIIIβ
S100A8
S100A9
TNFa

	
  

Forward (5’ – 3’)

Reverse (5’ – 3’)

AACCTATGCCCGTTTCCTCT
CCACACATTTCTCCCTCTCC
TGGAAGCATGTAGAGGCCATCA GCGCCCTTGAGTTTGGTGAAA
T
CAGAATGAGGCTCAGCACAGC
CAGAATACCGTGGCCTGGAG
CCAGGTTGTCTCCTGCGACTT
CCTGTTGCTGTAGCCGTATTCA
CCTGAAGTTCATCTGCACCACC CTGCTGGTAGTGGTCGGCGAG
C
CATGGCTGTTTCTGGCTGTTACT GTTGCTGATGGCCTGATTGTCT
G
TT
ACAAGTCGGAGGCTTAATTACA TTGCCATTGCACAACTCTTTTC
CAT
ACTGTACAACCGCAGTAATAC
AGTGAACATTACAGATTTATC
CC
TGCTGGATTGCAGAGCAGTTAA GCATGCAGAATTCCGAAGA
CCCTGGGTGAGAAGCTGAAG
CACTGCCTTGCTCTTATTTTCA
CA
ATCCCTCAAAGCTCAGCGTGTC GGGTCTTCATTGCGGTGGAGA
G
CTCAGACCTCTACAGACAATCA CAGCTGGCGGCCAAAGTCCC
TC
TGAGCAACGGGACGCTTT
GATTCGAACGTGCCAGGAA
CCAGGACAGCCCATCCACT
GTACCCAACAAGGTGAGCAGC
ACCTCATAGGCGCTTGGATG
ACGCTTCTTCTTGGCTCGC
ATGGTTTAGCAGCAGGAC TCT
CCAGACATCTTGAATCCACCG
GACTTGTAGCAGCTGTCTTCAC TCACCCATTTCTCTCCCATTT
T
GGACAGTCTGGATCAACTGCTA TCAGGGGTTCTTCTCCTCGAG
C
ATGGCTCCTATTGCTATGCC
GATGTCCTGAGGGCCTCTT
ATGGCTCCTACTGCTATGCC
GTGTCCTCCAGGCCTCTTT
TGTCCTCAGTTTGTGCAGAATA TCACCATCGCAAGGAACTCC
TAAA
GGTGGAAGCACAGTTGGCA
GTGTCCAGGTCCTCCATGATG
TCCCAGGTTCTCTTCAAGGGA
GGTGAGGAGCACGTAGTCGG
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calibrator using relative analysis real-time PCR. Fold differences in the expression of
genes in the tissue were calculated using the 2-ΔΔCT method.

Antibody Depletion Experiments
For depletion of innate lymphoid cells, C57BL/6 Rag-1-/- mice were treated with either
anti-CD90.2 (Clone 30H12) or isotype control (clone LTF-2) mAb (BioXCell, West
Lebanon, NH) at 250 µg in 500 µl sterile PBS via i.p injection every 3 days as established
in a previous published protocol [188]. Mice were infected with either H. felis or C.
albicans on day 2 post antibody treatment initiation.. For H. felis infections, antibody
depletion lasted for 20 days while for C. albicans, antibody depletion lasted for 8 days.

For depletion of s100A9 protein, C57BL/6 WT or IRAK-M-/- mice were treated with
100µg of anti-s100A9 clone 2A5 (a generous gift from Dr. Phil Tessier, Laval University,
QC, Canada) or purified polyclonal rat IgG isotype control (Cedarlane, Burlington, ON,
Canada) in 500 µl sterile PBS via i.p injection every 3 days for 1 month following a
previously established protocol [189]. Mice were infected with H. felis on day 0
following initiation of antibody treatment..

Frozen Tissue Immunohistochemistry
Whole mouse stomachs were surgically removed at necropsy and flushed with PBS using
a 21(G) syringe until the stomachs were free of food particles and hair. The stomachs
were then carefully inflated with OCT media (Sakura Finetek, Torrance, CA) to preserve
the structure of the tissue, and the stomach was placed in plastic square molds filled with
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OCT media (VWR International, Radnor, PA). The cassette was placed on dry ice until
frozen. Alternatively, longitudinal strips encompassing the greater curvature of the
stomach were pinned to shallow histology cassettes (VWR) containing a thin layer of
frozen OCT media. Additional OCT media was then added to cover the tissue strip and
then frozen. All cassettes were stored at -70°C until. Tissues were warmed to -20oC in a
cryostat and then 8-10 µm cross sections of the entire gastric tissue were cut and
mounted on Superfrosted Slides (VWR). Slides were then fixed in cold acetone for 10
minutes and stored at -70°C until staining. Slides were air dried for 10 minutes and
endogenous peroxidase activity was quenched by soaking slides in 0.3% H2O2 (Thermo
Fisher Scientific) in methanol (Sigma), and then PBS at room temperature for 10 minutes
each. Tissue sections were then preincubated in 10% rabbit serum from the ABC Elite
Goat kit (Vector Labs, Burlingame, CA) in PBS for one hour at room temperature. Goat
polyclonal CXCL13 antibody (AF470, R&D systems) was used at a concentration of
1:10 diluted in 10% rabbit serum in PBS. Sections were incubated in primary antibody at
4°C overnight. The next day, slides were washed and then incubated with biotinylated
secondary antibody from the ABC kit (Vector Labs) for 30 minutes at room temperature.
Slides were washed prior to addition of ABC reagent (Vector Labs, Burlingame CA) for
30 min at room temperature. Subsequently, slides were developed using DAB (3,3diaminobenzidine) (Vector Labs) for 4 minutes per slide. Development was stopped by
placing slides under gently running water for 5 minutes. For counterstaining, tissue
sections were incubated in hematoxylin (Sigma) for 5 minute and then cleared by placing
slides under running water for 5 minutes. Slides were dehydrated by dipping slides 95%
ethanol (Sigma) ten times, then ten times in 100% ethanol and ten times in xylene before
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being mounted using permount (Thermo Fisher Scientific).

In Situ Hybridization
In situ hybridization was performed by Harold R. Neely (University of Maryland
Baltimore) on 5 µm sections of paraformaldehyde-fixed, paraffin-embedded tissue
sections prepared by the Histology Core. Mouse CXCL313 cDNA was amplified with
primers CXCL13-FP (5’ –AGGTTGAACTCCCCTCCAG –3’) and CXCL13-rP2 (5’—
GGTGCAGGTGTGCTTTTG). RNA probes were transcribed with RNA pol (ProMega,
Madison, WI) and labeled with digoxigenin from linearized probe template DNA using
the DIG RNA Labeling Mix (Roche, Indianapolis, IN). Sections were deparaffinized by
dipping slides 3x in xylene for 3 minutes, 3x in 100% ethanol for 1 minute, 1x in 95%
ethanol for 1 minute, 1x in 70% ethanol for 1 minute and 1 minute in PBS. Cells were
then pre-fixed in 4% paraformaldehyde (PFA), washed 3x for 3 minutes in PBS and
incubated in 20 µg/ml proteinase K for 20 min at room temperature. Afterwards, sections
were refixed with 4% paraformaldehyde for 5 min at room temperature and washed in
PBS for 3 times, then once in 0.1M Triethanolamine. Slides were then acetylated with
0.25% acetic anhydride for 10 minutes at room temperature. A total of 250-300 ng per
slide was hybridized in Hybridization Solution (Sigma-Aldrich) with 50% formamide and
baker’s yeast tRNA (Sigma-Aldrich) at 67°C in a humidifying chamber. Slides were
washed in 5x saline-sodium Citrate (SSC) for 5 minutes, twice in 0.2× SSC for 30
minutes at 72 °C, then in 0.2 × SSC for 5 min at room temperature. Slides were blocked
in 10% heat-inactivated horse serum with 0.1M Tris/ 0.15M NaCl for 2 hours at room
temperature. Anti-digoxigenin antibody (Roche Applied Science) at 1:2000 dilution in
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blocking solution was added to the slides and incubated overnight at 4 °C. Unbound
antibodies were removed by washing four times in 0.1M Tris/ 0.15M NaCl for 5 minutes.
Slides were then washed in alkaline phosphatase buffer (100 mM Tris [pH 9.5]/100 nM
NaCl) for 10 minutes and developed overnight in nitro blue tetrazolium (NBT)/ 5-bromo4-chloro-3-indolyl phosphate (BCIP) (Roche) until staining was satisfactory. Once
staining was achieved, slides were washed in dH2O 3x for 5 minutes, fixed in 4% PFA
for 5 minutes, then washed 3x in dH2O for 5 minutes again. Slides were allowed to air
dry completely before they were mounted.

Generation of bone marrow-derived dendritic cells (BMDCs)
The femurs and tibias were removed from 6-14 week old C57BL/6 WT, TLR2-/-, TLR4-/-,
and IRAK-M-/- mice at necropsy. Bone marrow was flushed out with a syringe filled with
RPMI 1640 (Invitrogen) and the cells were recovered by centrifugation for 10 minutes at
550 x g at 4°C. The cells were resuspended and cultured in advanced RPMI medium
supplemented with 100 ng/mL Flt3L (R&D Systems), 0.25µg/ml amphotericin B
(Sigma), 100x Anti-anti containing amphotericin B, streptomycin along with penicillin
(Invitrogen) and10% heat inactivated FBS (Invitrogen). BMDCs were recovered after 8-9
days. Alternatively, bone marrow cells were cultured in advanced RPMI medium
supplemented with 7ng/ml GM-CSF (R&D Systems), 0.25µg/mL amphotericin B,
and10% heat inactivated FBS. Media was replenished on day four by removing half of
the medium by gentle pipetting away and replacement with fresh medium with 7ng/ml
GM-CSF. BMDCs were also recovered after 8-9 days for side-by-side comparisons of
different BMDCs.
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Generation of bone marrow-derived macrophages (BMDMs)
The femurs and tibias were removed from 6-14 week old C57BL/6 WT mice at necropsy
and the bone marrow was flushed out with DMEM media (Invitrogen) administered by
syringe. Cells were recovered by centrifugation for 10 minutes at 550 x g at 4°C. The
cells were resuspended in DMEM supplemented with 10% FBS and 20% LADMAC cell
conditioned medium [190] and grown in 100 mm tissue culture dishes for seven days at
37oC in 5% CO2. Adherent cells were washed at seven days and used as indicated.

In vitro stimulation of BMDC and BMDMs
For in vitro stimulation of cells, 5 x 105 BMDCs/well were plated in 48 well plates and
then stimulated with either live H. pylori SS1 (MOI of 10) or 10ug/mL antigen lysates
from H. pylori SS1, 26695 or E. coli K12. . For BMDM assays, 1 x 106 BMDM/well
were plated in 24 well plates and stimulated with either 10ug/mL antigen lysates from H.
felis, 5 ug/ml highly purified H. felis LPS (kindly provided by Dr. Stephen Trent,
University of Texas, Austin, TX) or live bacteria (MOI of 100).

T cell co-culture experiments
For T cell coculture experiments, 1 x 105 BMDC were pulsed with 10µg/mL OVA
peptide (GenScript, Piscataway, NJ) or H. pylori SS1 antigen lysate. CD4+ T cells were
isolated from the spleens of 6-14 week old C57BL/6 OT-II Foxp3-GFP mice. 5 x 105 T
cells were added to 96 well plates in the presence of either 20 ng/mL TGF-β (R&D
Systems) and 25U of mIL-2 (eBioscience) to promote Treg development, or 2 ng/mL
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TGF-β (R&D Systems) and 20ng/mL mIL-6 (Gemini Bio-products, West Sacramento,
CA) to promote TH17 development.

Enzyme-linked Immuno Sorbent Assays (ELISAs)
Supernatants collected from different cell culture experiments were analyzed in triplicates
by quantitative ELISA using Duosets for IL-10, TNFα, MIP-2, TGFβ, CXCL13 or IL12p70 (R&D Systems) following the manufacturer’s instructions. Briefly, 96-well
microtiter plates (Nalgene NUNC International, Rochester, NY) were coated with 100 µl
of capture antibody (at the recommendation concentration for each kit) overnight at room
temperature. Wells were washed three times between all steps with PBS containing
0.05% Tween-20. The next day, plates were washed and blocked with 300 µl/well 1%
BSA for 2 hours at room temperature, and then 100 µl/well of supernatant sample or
serially diluted cytokine standard was added for 2 hours. Detection antibody was added at
100 µl/well at the recommended concentration for 2 hours and PBS was added to blanks
and conjugate controls. Plates were developed using TMB Microwell 1-component
peroxidase substrate and TMB stop solution (both from KPL, Gaithersburg, MD) and
read at 450 nm on a plate reader.

RNA Isolation, microarray processing and microarray statistical analysis
BMDC were recovered following stimulation at the indicated timepoints and RNA was
isolated using the RNeasy kit (Qiagen). cRNA was prepared from RNA using the
Illumina TotalPrep RNA amplification kit. cRNA samples were hybridized onto Illumina
MouseRef8_v2.0 bead array chips (San Diego, CA) containing 25,967 probes (n = 3 for
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antigen lysate treated BMDCs, n = 2 for media treated BMDCs). Analysis was
performed using the limma R package to compare gene expression profiles among
different stimulated groups compared to media-treated BMDCs. Only probes with a false
discovery rate (FDR) of <0.1 were included. Functions and pathways relevant to
significant probes were assigned using Ingenuity Pathway Analysis (IPA) (Ingenuity
Systems) functional and pathway annotations. Raw and normalized data sets were
deposited into the NCBI Gene Expression Omnibus database under accession number
GSE 44954.

Gastric Microbial Community Analysis
Gastric samples were centrifuged, resuspended in 600µl of PBS and processed as
previously described [191]. Briefly, cell lysis was initiated with two enzymatic
incubations. First, cells were incubated for 30 minutes in 5µl of lysozyme (10mg/ml;
Amresco, Solon, OH), 13µl of mutanolysin (11.7 U/µl; Sigma) and 3µl of lysostaphin
(4.5U/µl; Sigma) at 37°C. Samples were then incubated for 45 minutes at 56°C with 10µl
of Proteinase K (20 mg/ml; Research Products International, Mt Prospect, IL), 50µl of
10% SDS and 2µl of RNase. After cell lysis, cells were disrupted by bead beating in
tubes with Lysing Matrix B (0.1mm silica spheres, MP Biomedicals, Solon, OH) for 40s
at room temperature in a FastPrep-24. Resulting crude lysate was processed using the SR
Fecal DNA mini-prep kit (Zymo, Irvine, CA) according to the manufacturer’s
instructions. Samples were eluted 100 µl ultrapure H2O and DNA concentration was
measured. 50 ng of DNA template was used for amplification of 16sRNA genes.
Sequence processing and analysis were done by Dr. Florian Fricke (Institute of
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Genomic Sciences, University of Maryland Baltimore). Sequences were then binned,
trimmed and filtered with QIIME [192]. Chimeric clusters were removed with UCHIME.
16S rRNA sequence reads were processed with CloVR [193] using the automated
CloVR-16S pipeline [194]. Reads were clustered into operational taxonomic units
(OTUs) using a similarity threshold of 95%. Rarefraction curves were calculated based
on OTU counts using the rarefraction.single routine of the Mothur package [195].
Hierarchical clustering was performed using R, a statistical analysis package.
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Chapter 3. The Role of IRAK-M in Bone Marrow-Derived Dendritic Cells

Introduction
Helicobacter pylori (H. pylori) colonizes the gastric mucosa of over half of the
world’s population [196]. Infection lasts for life and is associated with a variety of
gastric diseases including peptic ulcer disease, gastric adenocarcinoma, and MALT
lymphoma [2,3,5,29,183,196,197]. Greater than 80% of infected people do not develop
disease but even asymptomatic individuals develop histologic gastritis [23,71]. The lack
of disease in most individuals was originally believed to be due in part to variations in
bacterial virulence mechanisms between H. pylori strains. It is becoming increasingly
evident however that limited disease is due in large part to host immunoregulatory
mechanisms, a response that also favors bacterial persistence[7,179,181,198-201].
The development of histologic gastritis is T cell-dependent and is predominantly
driven by a mix of TH1 and TH17 responses [168,175,202-205]. Despite the role of these
T helper subsets in promoting inflammation, it has been shown that regulatory T cells
(Tregs) accumulate in the gastric mucosa during chronic H. pylori infection and contribute
to persistent H. pylori colonization [179,181,198,199,201]. The loss of regulatory T cell
function in murine models of Helicobacter infection results in significantly increased
inflammation and reduced bacterial loads, demonstrating that these H. pylori-mediated
immunomodulatory effects may be beneficial to the host and the bacteria [181,198,200].
The benefits to the host extend beyond the stomach as H. pylori infection has been
inversely correlated with esophageal cancer in adults and wheezing in children. The
protective effects of H. pylori infection maybe dependent on Tregs [40,143,206,207].
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Down regulation of the host immune response is mediated by regulatory T cells
but the bacterial, environmental, and cellular factors that promote the activation of
regulatory T cells remain ill-defined for H. pylori infection. Dendritic cells (DCs) are
potent antigen-presenting cells that are critical for the induction of downstream adaptive
immune responses [103,104] and they have been demonstrated to play an important role
in H. pylori infection. DCs sense H. pylori primarily through Toll-like receptors (TLR) 2
and 4 in a MyD88-dependent manner [90,91]. H. pylori infection however may skew the
DC response to favor the generation of Tregs cells via IL-18 dependent mechanisms
[7,143]. This Treg response, influenced by DCs, also protects against asthma in mice
[10].
A better understanding of how H. pylori affects DC function and how DCs
regulate downstream immune events may provide additional insight into H. pylori
pathogenesis and persistence but may also enhance our understanding of the host
response to mucosal bacteria in general. One of the mechanisms employed by the host to
limit microbial induced activation of APCs is the expression of interleukin-1 receptor–
associated kinase M (IRAK-M), a negative regulator or TLR [78]. IRAK-M expression
has been demonstrated to limit immune activation to specific pathogens, and to play a
role in maintaining immune homeostasis in the gut through its inducement by commensal
bacteria [78,208-210]. We observed upregulation of IRAK-M in a transcriptome analysis
of H. pylori stimulated DCs, one of only ten genes to be induced. The purpose of the
present study therefore was to characterize the role of IRAK-M in H. pylori-activated
DCs and to determine whether IRAK-M influences activation of the T cell response. We
now report that IRAK-M expression in DCs is dependent upon TLR activation, and its
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expression is associated with limiting the innate proinflammatory activity of the DC, as
well as maturation as measured by MHC II expression.
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Results
H. pylori stimulation of BMDCs results in gene expression changes in a limited set of
genes after 24 hours
To identify the molecular pathways activated by H. pylori stimulation in DCs, we
performed microarray analysis on BMDCs stimulated for 24 hours with either E. coli or
H. pylori bacterial lysate. As expected, E. coli-stimulated BMDCs (EC-BMDCs)
exhibited gene expression changes in many genes (Figure 3-1). More than half of 2162
impacted genes were downregulated. Surprisingly, H. pylori-stimulated BMDCs (HPBMDCs) showed limited gene expression changes with only 10 genes significantly
affected in their expression (Table 3). Six of the 10 genes are implicated in antiinflammatory pathways. Since H. pylori has been demonstrated to activate DCs primarily
through TLR2 and TLR4 occasionally [90,91], we were particularly interested in the
increased expression of IRAK-M, a negative regulator of TLR signaling[78]. Using a
qPCR approach, we confirmed that IRAK-M was indeed upregulated in BMDCs
following activation with H. pylori lysate, and that in contrast to EC-BMDCs, IRAK-M
expression in HP-BMDCs remained significantly high at 24 hour (Figure 3-1B). IRAKM was demonstrated to be significantly upregulated in H. pylori-stimulated BMDC
generated with either Flt3L or GM-CSF (Figure 3-1C) and this response was consistent
with using lysates from either the Hp SS1 or the common laboratory strain 26695. Live
Hp SS1 was also demonstrated to induce significant levels of IRAK-M expression
although less effective than lysate antigen (P < 0.01).
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Figure 3-1. Global gene expression level changes in BMDCs stimulated with media
alone, H. pylori or E. coli after 24h. cRNA was hybridized onto Illumina Mouse
Ref8_v2.0 chips with probes for > 24,000 genes (n = 3 for antigen lysate treated BMDCs,
n = 2 for media treated BMDCs). (A) The number of genes that were upregulated or
downregulated in both treated groups compared to media alone. Data reflects probes with
an FDR < 0.1. (B) qPCR analysis confirmed that IRAK-M was significantly upregulated
in BMDCS stimulated with either H. pylori or E. coli compared to media alone at 4h, 8h
and 24h. **, P < 0.01. (C) At 24h, both Flt3L and GM-CSF derived BMDCs upregulated
IRAK-M expression after stimulation with either live SS1 bacteria (MOI 10), or SS1 and
26695 antigen lysate. **, P < 0.01.
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TABLE 3. H. pylori-associated gene expression changes.
Gene Name
Fold Change
(H. pylori vs. Media alone)
Antimicrobial peptides
Elastase 2, neutrophil (Ela2)
-4.76
Cathelicidin antimicrobial peptide (CAMP)
-3.27
Lipocalin 2 (Lcn2)
2.09
Anti-inflammatory molecules
Zinc finger CCCH type containing 12A (Zc3h12a)
1.46
Acyloxyacyl hydrolase (Aoah)
1.53
Interleukin-1 receptor-associated kinase 3 (Irak3/
IRAK-M)
2.21
Nuclear factor of kappa light polypeptide gene
enhancer in B-cells inhibitor, zeta (Nfkbiz/IκB-ζ )
2.71
Tribbles homolog 3 (Drosophila) (Trib3)
3.98
Vanin 3 (Vnn3)
4.06
Trafficking Molecules
Vesicle transport through interaction with t-SNAREs
homolog 1A (yeast) (Vti1a)
1.70
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IRAK-M-/- BMDCs have more pro-inflammatory phenotype
IRAK-M has been shown to play a role in DC activation in a tumor vaccine and in
a LPS endotoxin tolerance model of H. pylori activation. [211,212] Therefore, we wanted
to determine if IRAK-M expression affects cytokine production in HP-BMDCs by
comparing WT and IRAK-M-/- BMDCs. IRAK-M-/- cells have previously been shown to
have a more proinflammatory phenotype [78,211]. BMDCs deficient in IRAK-M
responded to H. pylori lysate by producing TNFα and MIP-2 as early as four hours post
activation and peaking at eight hours when levels of both cytokines were significantly
higher than for WT BMDCs (Figure 3-2A and 3-2B). TNFα levels remained
significantly higher in IRAK-M-/- cells at 24 hours post stimulation (P < 0.01). We also
looked to see if there were any differences in IL-12p70 production but consistent with our
previous published data [213], we were unable to detect any significant levels of IL12p40, a subunit also shared by IL-23, production (data not shown). Conversely, HPBMDCs secreted significantly less IL-10 compared to WT HP-BMDCs at all time points
although levels increased steadily over the 24-hour period (Figure 3-2C).
Cell surface analysis of activated cells showed that IRAK-M-/- HP-BMDCs
expressed higher levels of MHC II (Figure 3-3A), suggesting that IRAK-M normally
limits DC activation as measured by MHC II expression in response to H. pylori
stimulation. Conversely, expression of the down regulatory co-receptor PD-L1 was
significantly reduced in activated IRAK-M-/- BMDC compared to WT cells (Figure 33B), indicating that IRAK-M normally limits the potential of DC to activate TH cells
upon activation with H. pylori. Co-receptors CD86 and CD40, however, remained
comparable between activated IRAK-M-/- and WT BMDCs (Figures 3-3C and 3-3D).
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Figure 3-2. IRAK-M-/- BMDCs exhibited a more proinflammatory phenotype after
H. pylori stimulation compared to WT BMDCs. Supernatant from H. pylori antigenstimulated WT and IRAK-M-/- BMDCs were collected at 4h, 8h and 24h and used to
determine (A) TNFα , (B) MIP-2, and (C) IL-10 levels by ELISA. Data reflects three
independent experiments. Error bars indicate standard deviations. *, P < 0.05; **, P <
0.01.
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Figure 3-3. IRAK-M-/- BMDCs express different costimulation markers. BMDCs
stimulated for 24h with H. pylori antigen were collected for flow analysis to determine
MHC-II expression (A) and PD-L1 expression (B) compared to cells in media alone and
isotype controls. Graphical representation of mean ± SD from data collected from three
individual experiments performed in duplicate is shown on the right. *, P < 0.05; **, P <
0.01. Graphical representation of surface expression CD86 (C) and CD40 (D) determined
by flow analysis.
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Together, these data suggest that in response to H. pylori stimulation, IRAK-M
expression contributes to a lack of DC maturation and promotes a regulatory phenotype
exemplified by IL-10 production.
IRAK-M upregulation in HP-BMDCs is dependent on both TLR2 and TLR4
TLR2 and TLR4 have been shown to play an important role in H. pylori sensing
by DCs [90]. We therefore sought to determine if either TLR2 or TLR4 might be
important in IRAK-M upregulation by comparing HP-BMDCs from WT, TLR2-/- and
TLR4-/- mice. Whereas WT HP-BMDC displayed a 15-fold increase in IRAK-M
expression by eight hours that remained high at 24 hours, Figure 3-4A illustrates that
IRAK-M upregulation in HP-BMDCs is dependent on both TLR2 and TLR4 expression,
and that abrogation of either TLR results in a reduction in IRAK-M expression (P <
0.05). Additional evidence for the importance of both TLR2 and TLR4 in H. pylori lysate
induced activation of DC is demonstrated in Figures 3-4B and 3-4C where expression of
IL-10 and MIP-2 respectively are shown to be significantly reduced compared to BMDC
from WT mice (P < 0.01). Although expression of both cytokines increased by 24 hours
for TLR4 KO cells, these cytokines were largely absent in the cells from TLR2 deficient
mice.
IRAK-M expression in DCs does not affect TH17 differentiation in T cells
Since TH17 cells have been shown to contribute to the gastritis seen in H. pylori
infection as well as to protection against H. pylori in experimental murine vaccine models
[175-177,214], we sought to determine whether the proinflammatory phenotype of
IRAK-M-/- BMDCs might increase TH17 activation using a DC-T cell coculture system.
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Figure 3-4. TLRs affect IRAK-M induction. (A) IRAK-M induction in BMDCs after
H. pylori stimulation is dependent on TLR expression. RNA from WT, TLR2-/-, TLR4-/BMDCs was collected at 4h, 8h and 24h and converted to cDNA. qPCR was used to
determine relative IRAK-M expression levels. The diagram represents mean ± SD from
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by ELISA. . *, P < 0.05; **, P < 0.01.
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T cells from transgenic mice with a TCR specific for the OVA antigen were used to
increase the frequency of responsive cells. IRAK-M-/- BMDCs were similar to WT
BMDCs in their ability to generate IL-17A+CD4+ T cells (Figure 3-5A and 3-5B). There
was no difference in the number of IL-17A+ T cells following OVA exposure when H.
pylori activated DC from WT and IRAK-M-/- were used as APC cells.
IRAK-M-/- BMDCs are comparable to WT BMDCs in generating Tregs
Since the balance of TH17/ Tregs cells contributes to the extent of the inflammatory
response in H. pylori infection [7], we also sought to determine whether Treg generation is
affected by the lack of IRAK-M in BMDCs using the DC-T cell co-culture system
described above. The OVA-TCR transgenic mice are also transgenic for FoxP3-GFP
expression, providing a convenient marker for FoxP3. HP-BMDC were co-cultured with
these T cells and stimulated with OVA and the activated T cells were assessed by flow
cytometery for GFP (Figure 3-6). WT and IRAK-M-/- BMDCs did not differ in their
ability to generate Tregs. To determine whether IRAK-M expression influences Treg
induction in response to H. pylori in vivo, we sorted CD4+ GFP- T cells from Foxp3-GFP
C57BL/6 animals to eliminate natural Treg cells and any preexisting iTreg cells. These
GFP-negative cells were used for adoptive transfer into WT and IRAK-M-/- recipients.
Recipient mice were subsequently infected with H. pylori and the amount of new FoxP3GFP expression was determined four weeks later by isolating gastric tissue and using
qPCR analysis. H. pylori infection in WT animals resulted in the induction of Foxp3
expression in the gastric mucosa (Figure 3-7). Gastric tissue from IRAK-M-/- animals
also had increased Foxp3 expression after H. pylori infection but levels were comparable
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Figure 3-5. IRAK-M-/- BMDCs do not increase TH17 induction in vitro. (A) BMDCs
isolated from WT and IRAK-M-/- mice were plated and pulsed with OVA for 2 hours
before CD4+ T cells isolated from OT-II Foxp3-GFP animals were added to the wells in
the presence of IL-6 and TGFβ for 72 hours. Cells were restimulated with PMA and
ionomycin in the presence of monesin and production of IL-17A in CD4+ T cells was
measured by flow cytometry. (B) Data are representative of three independent
experiments. Bar graph represents mean ± SD from data collected from three individual
experiments performed in duplicate.
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Figure 3-6. IRAK-M-/- BMDCs do not affect Treg induction in vitro. (A) BMDCs
isolated from WT and IRAK-M-/- mice were plated and pulsed with OVA for 2 hours
before CD4+ T cells isolated from OT-II Foxp3-GFP animals were added to the wells in
the presence of IL-2 and TGFβ for 72 hours. Cells were restimulated with PMA and
ionomycin in the presence of monesin, and Foxp3-GFP expression in CD4+ T cells was
measured by flow cytometry.Data are representative of three independent experiments.
(B) Bar graph represents mean ± SD from data collected from three individual
experiments performed in duplicate.
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Figure 3-7. IRAK-M deficiency does not affect iTreg generation in vivo. GFP-CD4+ T
cells were isolated from Foxp3-GFP mice and sorted for lack of GFP expression. 2x105
GFP- cells were transferred to the indicated recipient mice i.v. Mice were left untreated or
infected with H. pylori SS1 for 8 weeks. RNA was isolated from gastric tissue to
determine relative GFP expression in the stomach. Each group contained 3-6 mice. Bar
graph represents mean ± SD. N.D = not detectable. *, P < 0.05.
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to those observed in the gastric tissue of WT animals. Together, these data suggest that
the proinflammatory phenotype of IRAK-M-/- BMDCs does not affect Treg generation.
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Discussion
Recent studies have demonstrated that DCs play an important immunoregulatory
role in H. pylori infection and may even impact susceptibility or severity of other
diseases such as asthma development [6,7,10,51,143]. An understanding of the molecular
pathways that are activated in DCs by H. pylori, therefore, could provide significant
insight into how immunoregulatory and inflammatory pathways are controlled during the
course of infection and how these mechanisms may act more broadly. In the present
study, we used a microarray approach to identify molecules in DCs whose expression is
changed most significantly by H. pylori. We identified IRAK-M as a potential important
regulatory protein for further characterization.
By comparing HP-BMDCs to EC-BMDCs in our microarray study, H. pylori
appeared to be weakly immunogenic as only 10 gene expression changes were apparent
after 24 hours. Although this contrasted significantly with the 2162 gene expression
changes seen in the EC-BMDCs, our data are consistent with previous microarray
analyses on H. pylori-activated cells. One study conducted a BMDC microarray
following H. pylori exposure observed 126 gene expression changes after six hours [91].
A more recent study using H. pylori LPS stimulation of HEK293 cells reported only three
significant gene expression changes after 24 hours [215]. The low number of gene
expression changes may be a reflection of H. pylori pathogen associated molecular
patterns (PAMPs) having reduced TLR stimulating activity and that after 24 hours, the
induced expression of early genes may no longer be evident. H. pylori LPS is well
documented to lack endotoxin activity, and structural studies confirm that the length and
number of its lipid chains do not favor binding to TLR4 [86,92,216]. The flagellin protein
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has also been shown to lack the consensus sequence typically associated with binding to
TLR5 [98].
Among the TLRs, TLR2 has been demonstrated to play a dominant role on the
activation of APC by H. pylori [90]. We therefore investigated IRAK-M, a negative
regulator of TLR signaling, in greater detail [78]. IRAK-M lacks kinase activity and its
expression pattern was initially thought to be restricted to the monocyte/ macrophage
lineage [217]. It is now known that IRAK-M may also be expressed in dendritic cells and
epithelial cells and is a key factor in endotoxin tolerance [78,211,218,219]. IRAK-M-/BMDCs secrete increased levels of TH1 cytokines such as IFNγ, and skew the T cell
response in vivo towards a more proinflammatory phenotype to prolong survival in a
tumor vaccine model [211]. In a separate study, IRAK-M-/- BMDCs that were tolerized to
LPS exhibited higher levels of MHCII and lower levels of IL-10 [212].
In our study, IRAK-M-/- BMDCs stimulated with H. pylori also displayed a more
pro-inflammatory phenotype compared to WT BMDCs. IRAK-M-/- BMDCs displayed
increased MHC II expression and higher MIP-2, TNFα production, and also produced
less immunoregulatory IL-10 and PD-L1. IRAK-M expression was shown to be
dependent on TLR2 and TLR4 activation, which was surprising because TLR2 is thought
to be the predominant TLR involved in recognition of H. pylori [90]. It was also
unexpected that the loss of either TLR2 or TLR4 would result in decreased IRAK-M
expression and the reasons behind this observation remain unclear. Although both TLR2
and TLR4 have been shown to play a role in H. pylori infection, we were surprised that
the loss of either TLR resulted in significant reduction in cytokine production. The
reduction in cytokine production was more obvious in TLR2-/- BMDCs but the decrease
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in cytokine production by TLR4-/- BMDC was also interesting. Since H. pylori LPS is not
thought to activate TLR4, this raises the possibility that other TLR4 ligands are present.
Despite the impact of the IRAK-M deficiency on MHC II and cytokine balance in HPBMDCs, IRAK-M-/- DCs failed to change the balance of T cell subsets induced in vitro.
DCs have been shown to affect the balance of TH17 and Treg cells and to influence the
outcome of H. pylori infection [7]. IRAK-M-/- DCs however were comparable to WT
DCs in generating TH17 and Treg in vitro. Additionally, the IRAK-M deficiency in mice
did not affect iTreg generation in vivo.
IRAK-M appears to play different roles in other infections and can be either
beneficial or deleterious to the host [209,210,218,220,221]. For example, IRAK-M
deficiency led to improved bacterial clearance and host survival in response to both
Streptococcus pneumoniae and Klebsiella pneumoniae infections [209,210]. In contrast,
IRAK-M deficiency is deleterious to the host after influenza infection because the proinflammatory phenotype leads to more extensive lung injury in the host [221]. These
studies all indicate that IRAK-M helps limit inflammation against pathogenic microbes,
an event that can be beneficial to the host, as in the case of influenza infection.
Interestingly, gut commensals have also been shown to activate IRAK-M expression and
in the absence of both IRAK-M and IL-10, mice were more prone to developing colitis
[208].
Of possible relation to H. pylori infection, in human genetic studies, IRAK-M has
also been associated with asthma in an Italian cohort [222]. This study identified rare
nonsense and missense mutations in the N terminal region that suggest that IRAK-M
insufficiency maybe predispose specific individuals to asthma. The association was not
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observed in either Japanese or German groups [223,224]. Given the link between H.
pylori infection and the reduced incidence of asthma in a variety of studies [10,143,206],
it will be interesting to further dissect how IRAK-M affects the host response in H. pylori
infection, and whether it has consequences at other mucosal sites such as the lung. In the
next chapter, we will elucidate the role of IRAK-M in H. pylori infection in vivo and
looking at parameters of the immune response outside of DCs activation.
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Chapter 4: The Role of IRAK-M in Helicobacter pathogenesis in vivo

Introduction
H. pylori colonizes more than 50% of the world’s population, and while H. pylori
has been demonstrated to be an etiological agent of peptic ulcer disease [183] and gastric
cancer [29], the majority of people infected with H. pylori remain asymptomatic for life
[225]. Genetic evidence suggests that H. pylori has co-evolved with humans for more
than 58,000 years, even before humans migrated out of Africa [38]. Based on this
evidence, it has been hypothesized that H. pylori is part of the normal gastric microbiota
in humans, and that the absence of H. pylori may disrupt homeostatic physiological
mechanisms and predispose the population to the development of other diseases [226].
Consistent with this hypothesis, recent evidence has shown that the absence of H. pylori
infection is correlated with an increase in esophageal diseases such as Barrett esophagus
and esophageal adenocarcinoma [45,227], as well as atopic diseases such as asthma and
allergic rhinitis [12,206,228]. Experimental models have shown that neonatal H. pylori
infection in mice protects against asthma challenges in a Treg specific manner that is
dependent on IL-18 production by DCs [10,51]. While these studies have provided
insights into mechanisms that could be involved in asthma protection, much of the
immune regulatory mechanisms induced by H. pylori remain largely uncharacterized.
TLRs are evolutionarily conserved host receptors that recognize microbial
PAMPs as well as endogenous DAMPs released from stressed or dying host cells. TLRmediated signaling is essential for the regulation of immunity [76,77,80,229,230].
Excessive TLR signaling has detrimental effects and may contribute to autoimmune and
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inflammatory disease development. Thus, TLR signaling pathways are tightly controlled
and multiple negative regulators of TLR signaling exist (see Innate Immune Responses
to H. pylori – TLRs and Gastric Epithelial Cells) to ensure that immune homeostasis is
maintained [79]. H. pylori has been demonstrated to activate TLR2, and to a lesser extent
TLR4, signaling in various cell types, but the mechanisms by whcih downstream
regulators of TLR signaling affect the outcome of H. pylori infection is poorly
understood [86,90,231]. We previously discovered that IRAK-M expression is
upregulated in H. pylori-activated BMDCs which acts to limit DC maturation (see
Figure 3-3). In contrast to IRAK-1 and IRAK-4, IRAK-M lacks a kinase domain and
functions as a negative regulator of TLR signaling. It was originally thought that IRAKM expression was limited to macrophages but more recent studies have shown that
IRAK-M is also expressed in BMDCs and liver DCs [211,232]. IRAK-M plays a crucial
role in endotoxin tolerance and consequently, IRAK-M deficiency results in the loss of
macrophage reprogramming in response to sepsis stimulation [219,220].
Several laboratories have explored the role of IRAK-M in various infection
models [209,210,221]. Perhaps not surprisingly, depending on the pathogen involved,
IRAK-M has either deleterious or protective effects. Influenza infection of IRAK-M-/mice led to decreased survival accompanied by an increase in neutrophil influx, proinflammatory cytokines, lung permeability and apoptosis of lung alveolar cells [221].
Bacterial pneumonia models of IRAK-M-/- mice using Streptococcus pneumonia and
Klebsiella pneumoniae indicate a similar increase in neutrophil influx and proinflammatory cytokines [210]. In contrast to influenza where excessive inflammation is
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detrimental to the host however, IRAK-M deficiency was protective and led to improved
clearance of bacteria and prevented dissemination to distal sites.
Our previous data show that IRAK-M is activated by H. pylori stimulation in vitro
(see Figure 3-1). In the present study, we infected mice with H. pylori SS1 and assessed
the outcomes of infection and different immunological parameters in short term and
chronic infection models to further explore the role of IRAK-M in H. pylori
pathogenesis,. Our results indicate that although IRAK-M is induced early during
infection, the role of IRAK-M in short-term H. pylori infection is limited based on similar
outcomes compared to WT mice. In contrast, loss of IRAK-M leads to significantly
increased pro-inflammatory responses with long term infection as demonstrated by
augmented antibody titers, proinflammatory cytokine expression and most notably,
increased formation of tertiary lymphoid follicles in the gastric wall. The formation of
gastric lymphoid follicles is regarded as an important precursor to MALT lymphoma
lesions[3,30,65] and is commonly seen in the H. felis infection model [65,233]. To
further elucidate the role of IRAK-M in this regard, we infected mice with H. felis and
found exaggerated lymphoid follicle formation in IRAK-M-/- animals within one month
of infection. To dissect mechanisms that could contribute to lymphoid follicle formation,
we harvested WT and IRAK-M-/- mice at different time points after H. felis infection to
see if we could identify molecules that are upregulated throughout the course of infection.
This data indicate that IRAK-M plays an unexpected role in limiting lymphoid follicle
formation in the gastric tissue after H. pylori infection.
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Results
IRAK-M is upregulated in Helicobacter infected animals
To confirm that IRAK-M is also upregulated in vivo, we isolated RNA from
gastric tissue of naïve and infected WT mice at different time points post infection and
evaluated IRAK-M expression levels by qPCR. As expected (Figure 4-1), IRAK-M was
significantly upregulated in H. felis infected stomachs compared to naïve animals by 2
weeks post-infection (P<0.05). IRAK-M expression trended higher in infected stomachs
at all time points but the levels were only statistically significant at 2 weeks postinfection.

DC Subsets are different in WT and IRAK-M-/- Infected Mice
We previously investigated the differences between WT and IRAK-M-/- BMDCs
and their response to H. pylori stimulation in vitro (Chapter 3). Most studies on the
interaction between H. pylori and DCs use BMDCs and little is known about the DC
subsets present in the naïve stomach and how they might change during infection. Kao et
al. [7] reported that gastric CD103+ DCs increase during H. pylori infection but to our
knowledge the DC subsets that may be present in the stomach remain uncharacterized. To
determine the DC subsets present during infection, CD11c+ cells were isolated from
naïve and H. pylori infected WT mice and characterized based on CD11b and CD103
expression as has been performed for studies in the intestine. The intestinal populations
that have been identified include CD11b+CD103-, CD11b-CD103+, and CD11b+CD103+
cells [116,234]. We found that in WT mice, the CD11b+CD103- DC subset increased
significantly with H. pylori infection (Figure 4-2A, P <0.05). We also observed that
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Figure 4-1: Increased IRAK-M expression in gastric tissue post Helicobacter
infection. RNA was isolated from the gastric tissue of WT C57BL/6 naïve and H. felis
infected mice at different time points (n=3 for each time point). qPCR analysis was
performed to study IRAK-M expression. IRAK-M expression was significantly increased
at D14 p.i. Error bars indicate standard deviations. * P<0.05.
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in the gastric lamina propia of WT mice and this change is absent in IRAK-M-/mice. (A) CD11c+ cells were isolated from the gastric lamina propia of naïve and H.
pylori infected animals from WT animal. Cells were stained for surface markers of
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infection impacted the overall DC subsets that were present in the gastric lamina propia
(P<0.01). We sought to determine if similar changes were induced in the gastric lamina
propia of IRAK-M-/- mice infected with H. pylori. Surprisingly, while CD11c+ cells were
present in IRAK-M-/- animals, they did not express the classical DC subset markers that
are associated with intestinal DCs upon infection (Figure 4-2B).

WT and IRAK-M-/- animals have similar pathology 1-month post H. pylori infection
To evaluate the role of IRAK-M in H. pylori infection in vivo, 8-10 week old WT
and IRAK-M-/- C57BL/6 mice were infected with SS1, a mouse-adapted strain of H.
pylori [46]. Mice were euthanized one month post-infection and longitudinal strips
encompassing the greater curvature of the stomach were surgically removed for
histological evaluation, bacterial load determination, and to measure gastric tissue
cytokine expression. Blood was also collected at harvest to determine the H. pylori
specific serum IgG antibody titer. We did not observe significant differences between
WT and IRAK-M-/- infected mice 1 month p.i. and the two groups displayed comparable
levels of inflammation (Figure 4-3). Bacterial loads and antibody titers were also similar
between WT and IRAK-M-/- animals (Figure 4-4A and Figure 4-4B).
To further dissect the immunological response to short term H. pylori infection in
WT and IRAK- M-/- mice, we used qPCR to analyze mRNA expression for a variety of
cytokines in the gastric tissue. We chose Il6 expression as a general marker of
inflammation, Il17a and Il23p19 as markers of the TH17 pathway previously
demonstrated to play a role in the pro-inflammatory response H. pylori infection
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Figure 4-3. Gastric histopathology in WT and IRAK-M-/- mice at 1 month post H.
pylori infection. Histological H&E stained stomach tissue from WT and IRAK-M-/- mice
in naïve controls and H. pylori infected animals.
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pylori infection. (A) Bacterial loads were determined by measuring copies of UreC per
gram of tissue in each mouse. (B) Serum anti-Helicobacter pylori IgG titers of mice were
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[175,176], and Il10 and Il18 as cytokines demonstrated to be important as regulators of
the immune response [143,235]. As shown in Figure 4-4C, we did not find any
significant differences in the gastric cytokine expression profile of WT and IRAK-M-/mice.

IRAK-M-/- mice exhibit increased immune pathology in chronic H. pylori infection
Although no significant differences in the host response were detected between
WT and IRAK-M-/- mice 1 month p.i, gastritis parameters in H. pylori infected animals at
1 month are not always apparent. Therefore, a 4 month chronic infection model of H.
pylori infection in WT and IRAK-M-/- mice was established to test the potential impact of
an IRAK-M deficiency during prolonged infection. Gastritis at the antral-fundic junction
was prominent in both WT and IRAK-M-/- infected groups (Figure 4-5A). Notably, there
was a significant increase in lymphoid follicle formation in IRAK-M-/- mice compared to
the WT group, especially at the border with the squamous forestomach (Figure 4-5B,
P<0.05). All chronically infected IRAK-M-/- mice had ≥1 lymphoid follicle while half of
WT infected mice completely lacked follicle development. Although IRAK-M-/- mice had
increased gastric pathology, the bacterial load was not affected and was comparable to
that seen in WT infected animals (Figure 4-6A). Antibody titers, however, were
increased in IRAK-M-/- H. pylori infected mice compared to infected WT controls
(Figure 4-6B, P<0.05). In support of the increased immune pathology in IRAK-M-/- infected mice, there was a significant increase in Il17A (Figure 4-6C, P<0.05) and a
significant decrease in Il10 expression (Figure 4-6C, P<0.01) in gastric tissue compared
to WT infected mice.
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Figure 4-5. IRAK-M-/- mice display increased pathology in chronic H. pylori
infection. Histological H&E stained stomach tissue from WT and IRAK-M-/- mice in
naïve controls and after 4-month H. pylori infection. The number of lymphoid aggregates
was enumerated for each mouse and scored. ± SD, * P<0.05.
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Increased CD4+ cells in the gastric lamina propia of infected IRAK-M-/- mice
To better characterize the immune pathology seen in infected IRAK-M-/- mice, we
also studied the CD4+ cells present in the gastric lamina propia in naïve, 1 month H.
pylori infected, and 4 month H. pylori infected mice since CD4+ T cells have been shown
to mediate inflammation development in C57BL/6 mice [178,236,237]. As shown in
Figure 4-7, CD4+ cells start to accumulate after infection and there are more CD4+ cells
in IRAK-M-/- mice. The difference between infected WT and IRAK-M-/- mice at 4
months is more exaggerated (Figure 4-7). Further investigation indicates that only a
small percentage of these T cells secrete IL-17A but they are present in small amounts in
infected animals.

Exaggerated lymphoid follicle formation in IRAK-M-/- mice infected with H. felis
Given the increased lymphoid follicle formation phenotype seen in IRAK-M-/- H.
pylori infected mice, WT and IRAK-M-/- mice were infected with H. felis, a closely
related zoonotic Helicobacter species known to induce lymphoid follicle formation
within several weeks of infection. H felis is often used in mice models because it
recapitulates the histological changes seen in human gastric pathology more closely than
H. pylori [57,65,233]. Consistent with data from the long term H. pylori infection model
described above, IRAK-M-/- mice infected with H. felis for one month had increased
numbers of lymphoid follicles (Figure 4-8B). The difference between WT and IRAK-M/-

was more pronounced in this case (P = 0.0181). The follicles were evident at the border

of the squamous forestomach and along the gastric wall of the fundus as well (Figure 48A). Once again, lymphoid follicle formation had no impact on bacterial loads (Figure 4-
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Figure 4-7. Increased CD4+IL17A+ cell accumulation in gastric lamina propia of
infected IRAK-M-/- mice. CD4+ cells were isolated from the gastric lamina propia of
naïve and H. pylori-infected animals and stained for CD4 (A) and IL-17 (B) expression.
Cells were then analyzed by flow cytometry. Representative flow cytometry staining of
CD4+ cells shown. Data representative of 3 individual experiments.
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Figure 4-8. Exaggerated lymphoid follicle formation in H. felis infected IRAK-M-/mice. Histological H&E stained stomach tissue (A) and scoring of lymphoid follicle
formation (B) from naïve controls and H. felis-infected WT and IRAK-M-/- mice. **
P<0.01. (C) Bacterial loads were comparable between WT and IRAK-M-/- mice by
measuring copies of 16s per gram of tissue in each mouse.
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8C). Analysis of the lymphocyte populations present in the gastric lamina propia
demonstrated that similar to the H. pylori infected animals, there is an increase in CD4+ T
cell accumulation in IRAK-M-/- H. felis infected mice and ~17% of these cells expressed
IL-17A compared to ~2% in WT infected mice (Figure 4-9).
As demonstrated in Chapter 3, IRAK-M upregulation is dependent on TLR2 and
TLR4.To determine if follicle formation is also dependent on either of these TLR
receptors both TLR2-/- and TLR4-/- mice were infected with H. felis for one month. While
lymphoid follicle formation was comparable between WT and TLR2-/- mice, lymphoid
follicle formation was barely evident in the H. felis infected TLR4-/- group (Figure 4-10).
The bacterial load was comparable in all groups although there were reduced numbers in
the TLR2-/- H. felis infected group. This is consistent with previously published reports
showing increased pan-gastritis in these mice and a corresponding decrease in bacterial
loads[101].

CXCL13 expression is higher in H. felis infected IRAK-M-/- mice compared to WT
Cytokines and chemokines such as TNFα, CXCL13, LTα and LTβ are important
in secondary lymphoid tissue development [238]. We therefore measured the expression
of these factors in the gastric tissue of WT and IRAK-M-/- mice and found that H. felis
infected WT mice had significantly lower expression of TNFα and CXCL13 than
infected IRAK-M-/- mice after 1 month (Figure 4-11A, P<0.05). However, it is notable
that the level of CXCL13 expression in infected IRAK-M-/- mice is comparable to naïve
animals from both groups while, WT H. felis had much lower CXCL13 expression
compared to the other three groups. No differences were observed in either LTα or LTβ
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Figure 4-9. Increased CD4+IL17A+ cell accumulation in gastric lamina propia of
infected IRAK-M-/- mice. CD4+ cells were isolated from the gastric lamina propia of
naïve and H. felis-infected animals and stained for CD4 (Left & Center) IL-17 and IL-22
(Far right) expression. Cells were then analyzed by flow cytometry. Data representative
of 3 individual experiments.
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Figure 4-10. Minimal lymphoid follicle formation in H. felis-infected TLR4-/- mice.
(A) Scoring of lymphoid follicles in naïve and H. felis-infected WT, IRAK-M-/-, TLR2-/and TLR4-/- C57BL/6 mice. (B) Bacterial loads were comparable among WT, IRAK-M-/and TLR4-/- but significantly decreased in TLR2-/- mice. Analyzed by measuring copies of
16s per gram of tissue in each mouse. n=8 for infected groups, n= 2 for naïve groups; *
P<0.05.
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Figure 4-11. CXCL13 and TNFα expression is higher in H. felis infected IRAK-M-/mice compared to WT. qPCR was used to analyze levels of chemokine and cytokine
expression in the gastric tissue of the different groups of mice at 1 month post infection. .
n=8 for infected groups, n= 2 for naïve groups; ±SD, * P<0.05.

	
  

expression in the two infected groups, nor did we find any differences in other cytokine
expression (Figure 4-11A and B).
The pattern of CXCL13 expression seen at 1-month post H. felis infection raised
the possibility that the expression of CXCL13 and other factors involved in lymphoid
follicle formation might be induced at a time point before follicles are evident. To
address this possibility, a time course analysis of H. felis infected WT and IRAK-M-/mice was performed. As shown in Figure 4-12, CXCL13 expression trends higher in
IRAK-M-/- mice when compared to WT mice although differences did not reach
significance likely due to the smaller groups of mice available for each time point. TNFα
expression followed a similar trend as its expression was higher in H. felis infected
IRAK-M-/- mice. The difference between WT and IRAK-M-/- mice was significant at 28
days after infection.

Higher CXCL13 protein expression is evident in IRAK-M-/- mice.
To gain a better understanding of where CXCL13 expression was localized in the
gastric tissue of infected mice, immunohistochemistry was used to detect CXCL13
expression in frozen gastric sections of WT and IRAK-M-/- mice that had been infected
with H. felis. In support of our qPCR data, CXCL13 appeared to be more highly
expressed in H. felis infected IRAK-M-/- mice compared to WT animals and was readily
detected in gastric glands (Figure 4-13). In order to identify the cell type involved in the
production of CXCL13, we performed in situ hybridization studies. As shown in Figure
4-14, in H. felis infected IRAK-M-/- mice, CXCL13 is expressed in a reticular pattern
within the lymphoid follicles that resemble follicular dendritic cells in morphology.
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Figure 4-12. Time course expression of CXCL13 and TNFα in H. felis infected WT
and IRAK-M-/- mice. qPCR analysis of gastric tissue collected at different time points
after H. felis infection in WT and IRAK-M-/- mice. (n=3 for each time per group, ±SEM,
* P<0.05).
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Figure 4-13. CXCL13 protein expression is higher in H. felis infected IRAK-M-/mice and localized to gastric glands. Immunohistochemistry was used to identify the
localization of CXCL13 production in naïve and H. felis infected WT and IRAK-M-/mice.
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Figure 4-14. CXCL13 production by cells that resemble FDCs within lymphoid
follicles. In situ hybridization of CXCL13 was used to localize CXCL13-producing cell
types in gastric tissue. Positive hybridization is brown.
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Discussion
The stomach is normally devoid of organized lymphoid tissue [69] but in the
context of chronic Helicobacter infection, ectopic lymphoid tissue known as gastric
mucosa-associated lymphoid tissue (MALT) forms and the presence of lymphoid follicles
is often evident [65,197,233,239,240]. It is generally accepted that MALT B-cell
lymphoma develops in the context of H. pylori infection since eradication of
Helicobacter infection with antibiotic treatment often leads to regression of MALT
lymphomas [3,30,239]. Not surprisingly, it has been shown that the formation of ectopic
gastric lymphoid tissue resembles the development of secondary lymphoid organs, but
the signals that trigger ectopic lymphoid tissue formation in the context of chronic
infection or autoimmunity remains uncharacterized [241].
In these studies, the role that IRAK-M plays during Helicobacter infection in vivo
in both short term and chronic H. pylori infection was examined. While minimal
differences in pathology or bacterial load were observed in short term infection with H.
pylori, the lack of IRAK-M in chronic H. pylori infection led to increased lymphoid
follicle formation in the gastric lamina propia, suggesting that IRAK-M normally
suppresses signaling events that contribute to the formation of these structures. WT and
IRAK-M deficient animals were also infected with H. felis, a close relative of H. pylori
endogenous to cats that has been shown to readily induce lymphoid follicles in mice [65].
Increased lymphoid follicle formation in IRAK-M deficient animals was even more
apparent with H. felis infection – all animals had at least 1 lymphoid follicle in the gastric
tissue and 3 out of 8 mice had up to 4 lymphoid follicles along the gastric wall,
particularly in the fundus. In support of this increased immunopathology, infected IRAK-
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M-/- mice also exhibited higher antibody titers, T cell accumulation and IL-17A
expression, as well as a decrease in IL-10 expression. Given the much higher amount of
CD4+ T cells present in the gastric lamina propia, we were surprised to find minimal
changes with bacterial load in IRAK-M deficient mice. Our method of bacterial load
determination, however, was not able to discriminate potential differences in the
localization of bacteria. It is possible that while the overall bacterial load remains
unchanged, more bacteria are breaching the mucus and epithelial barrier and contributing
immune pathology, a concept that has really been demonstrated in mice that do not
express specific antimicrobial peptides [242]. We also found that lymphoid follicle
formation barely evident and often absent in the TLR4-/- mouse model. Although this
difference was not significant compared to WT C57BL/6 animals, lymphoid follicles
present in WT mice is often low after one month even when infected with H. felis.
Consistent with increased lymphoid follicle formation, higher levels of CXCL13
and TNFα expression were detected in H. felis-infected IRAK-M-/- mice. Over-expression
of CXCL13, a chemokine that is chemotactic for B cells [243], has been observed in
patients and is correlated to H. pylori density of colonization [244,245]. A deficiency in
CXCR5, the receptor for CXCL13, resulted in decreased lymphoid follicle formation,
IgG titers and IL-17A production – similar immunological parameters that changed in our
study [246]. Immunohistochemistry and in situ hybrization indicated that CXCL13 is
produced by cells that resemble follicular dendritic cells and can be found in higher
amounts in the gastric glands of IRAK-M-/- H. felis-infected mice. This suggests that the
expression of CXCL13 may be related to gastric lymphoid follicle formation. FDCs are
specialized cells in follicles that have characteristics specific for presenting antigen to B
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cells [247,248]. TLR4 has been shown to be an important PRR for FDC activation and
for optimal antigen presentation to B cells [249]. The model of FDC mediated and TLR4dependent activation of B cells may provide a possible mechanism to explain why IRAKM-/- animals, which presumably have increased TLR activation, may have increased
lymphoid follicle formation and why TLR4-/- mice have minimal lymphoid follicle
formation in response to H. felis infection. Additionally, TNFα also plays an important
role in FDC development and the increased TNFα production by IRAK-M-/- DCs
(Chapter 3) or other cell types may also explain why there is increased lymphoid follicle
formation in IRAK-M-/- mice [250].
Conventional CD11c+ DCs isolated from intestinal ILF have also been shown to
have the ability to produce CXCL13 and participate in the maintenance of ILF structures
[251]. Notably, these CD11c+ DCs found in ILFs do not express CD11b when compared
to DCs isolated from the lamina propia. Another study examining dendritic cell
populations in MALT lymphoma lesions showed that CD11c+ dendritic cell populations
in these lesions do not express CD11b [252]. In the present study, the number of gastric
CD11c+ DCs increased in infected IRAK-M-/- mice and this increase was also seen in
WT infected mice. However, in contrast to WT infected mice, there was no increase in
CD11c+CD11b+ DCs from IRAK-M-/- infected animals. These studies raise the
possibility that the increase in CD11c+ DCs apparent in IRAK-M-/- infected mice may
reflect CD11c+ DCs that are found in lymphoid follicles. In the future, we hope to
characterize the location of CD11c+ DCs in IRAK-M-/- infected mice and study whether
they could be a possible source of CXCL13 as well.

	
  

101	
  
	
  

	
  

In the present chapter, we have presented data suggesting that ectopic lymphoid
follicle formation in the stomach, which is associated with MALT lymphoma
development, normally forms in a TLR4-dependent manner and is inhibited by IRAK-M
expression, and that IRAK-M expression is upregulated in response to H. pylori
infection. It is known that IRAK-M plays an important role in maintaining immune
homeostasis [208,253]. IRAK-M is a negative regulator of TLR signaling and was
thought to function like a dominant negative by inhibiting the dissociation of IRAK-1/2
from the receptor complex [78]. A new study, however, has demonstrated that IRAK-M
mediated suppression of TLR signaling is complex [254]. IRAK-M expression can
mediate NF-κB expression but results in the expression of inhibitory molecules such as
A20, SOC-1 and SHIP-1 and inhibits translation of proinflammatory cytokines and
chemokines. It will be interesting to see if CXCL13 is directly affected by IRAK-M or
whether IRAK-M inhibits CXCL13 production through its affects on other
proinflammatory cytokines. Further investigation is required to tease apart the role of
IRAK-M deficiency in specific cell types and whether any of them are required for the
initiation of lymphoid follicle formation in an IRAK-M deficient setting. Cell-type
specific knockouts in other negative TLR signaling molecules such as A20 have been
described in detail and contribute to different diseases depending on the cell type[255].
Similar studies in the IRAK-M deficient model will hopefully help elucidate the various
roles IRAK-M may play in the setting of Helicobacter infection. This may provide
additional insight into how ectopic lymphoid follicles form in the setting of chronic
infection and may provide new opportunities for interfering with the formation of these
lesions that are part of the progression to MALT lymphoma.
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Chapter 5: Characterizing the Potential Role of Gastric Innate Lymphoid Cells in
H. pylori pathogenesis

Introduction
H. pylori is a gram negative bacterium associated with a variety of gastric
diseases including peptic ulcer disease, gastric adenocarcinoma and MALT lymphoma
[3,29,183]. The hallmark of infection is the development of histologic gastritis which
develops even in asymptomatic individuals [71]. Infection leads to an inflammatory
infiltrate in the gastric mucosa that is both acute and chronic in nature but ultimately
includes the accumulation of CD4+ T cells [180]. Before the discovery of TH17 cells, it
was established that a majority of these CD4+ T cells belonged to the TH1 subset and
contribute to the development of gastritis [202,256,257]. More recently, it has been
shown that IL-17 is also upregulated in H. pylori-infected patients [172,258]. IL-17 is a
proinflammatory cytokine that belongs to a family of cytokines that include IL-17A to F
[259,260]. IL-17A, often referred to as IL-17, is the prototype of the family and is
implicated in a variety of chronic conditions including autoimmunity. IL-17-/- mice
infected with H. pylori have a lower degree of inflammation and less neutrophil
infiltration, while overexpression of IL-17 results in more severe gasrtitis [174,176]. Our
laboratory has shown that IL-17 plays an important role in vaccine-induced immunity
against H. pylori via the indirect recruitment of neutrophils [177]. Our own studies
comparing the outcome of Helicobacter infection in WT and IRAK-M-/- mice revealed
IRAK-M-/- mice to have higher levels of IL-17A expression and increased lymphoid
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follicle formation (ILF) (Chapter 4). These results have led to a heightened interest in
further investigating how IL-17 may play a role in our model.
While it is widely appreciated that TH17 cells are a major source of IL-17, it has
been demonstrated in other models that IL-17A can be produced within hours after
microbial infection, a timeframe which precludes the development of a mature Th17 cell
response. Therefore, it has been proposed that a population of innate immune cells must
be able to produce IL-17A [261,262]. Following the discovery of the TH17 subset, it was
reported that IL-17-producing cells were also present in RAG-deficient mice, and that the
activation of these IL-17-producing cells was dependent on IL-23 [263]. IL-23-activated,
resident, innate immune cells where shown to be present in the colon and the activation
of these cells led to local inflammation. It is now appreciated that there are several
different innate lymphoid cell (ILC) populations and that innate IL-17-producing cells are
predominantly found in tissues that are at the interface of the host and the environment –
skin, intestine and lung.
ILCs are divided into 3 major subsets based on their ability to produce different
cytokines: group 1 ILC (ILC1), group 2 ILC (ILC2) and group 3 ILC (ILC3) (Table 4)
[264,265]. ILC3s are found predominantly in mucosal tissues such as the digestive tract
and are an innate source of IL-17A and IL-22. All innate IL-17 producing cells express
IL-23R and the transcription factor RORγt, but express different markers depending on
the subpopulation. Together, they represent a heterogenous group of newly identified
lymphocytes that can express IL-22 but do not express a variety of lineage markers
(including TCRαβ, TCRγδ, CD3, CD8, CD19, B220, CD11b & F4/80) [266]. These cells
help maintain epithelial integrity and play an important role against infection, as
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Adapted with permission from Nature Publishing Group. (License # 3143590217897)
Walker et al Nature Reviews Immunology 13(2), 75-87 (February 2013)

Table 4. The different ILC groups, their markers and signature cytokines.
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demonstrated with a murine model of Citrobacter rodentium infection, by inducing the
production of antimicrobial peptides such as RegIIIγ by intestinal epithelial cells
[188,267]. ILC3s are also important for the anatomical containment of Alicagenes, a
proteobacteria that is normally found in the Peyer’s Patches and mesenteric lymph nodes
(mLN), and this containment was at least in part dependent on a specific antimicrobial
protein, calprotectin [188]. Depletion of ILCs in Rag-/- mice with an anti-CD90.2
antibody led to systemic dissemination of Alicagenes, a phenomenon that is associated
with a variety of human chronic diseases such as pediatric Crohn’s disease and HCV
infections. The equivalent cell type has also been identified in the human gut and an
accumulation of ILCs have been found in the mucosa of inflamed tissues isolated from
patients with Crohn’s Disease [268].
In addition to a role in maintaining epithelial integrity, certain populations of
ILC3 cells such as the lymphoid tissue-inducer cells (LTis) are involved in lymphoid
tissue development. LTis are necessary for the development of lymph nodes and Peyer’s
patches [269,270]. They are also present in cryptopatches and ILFs seen throughout the
intestine and are crucial for their formation via interactions with gut stromal cells [271].
ILFs in the gut are scattered throughout the intestine. They are inducible by the presence
of microbes and vary in size and number depending on the bacterial load [272]. LTis and
bacterial products such as LPS can induce stromal cells to release increased amounts of
CCL20 and BAFF, chemokines that play an important role in follicle development[271].
LTis also aid in T cell-independent IgA synthesis that occurs in ILFs in the gut.
The role of LTis in the intestine is relatively well characterized. In contrast,
whether similar cell populations exist in the stomach are unknown. Given the phenotype
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of increased lymphoid follicle formation that we observed in our H. pylori-infected
IRAK-M-/- mice, and the implication of LTis in the formation of these structures, we
sought to identify potential ILC populations in the stomach. We also sought to define
potential roles they may play in immunity against infection with Helicobacter as well as a
fungal organism that can also colonize the stomach – Candida albicans. We found that
ILCs resembling ILC3s are present in the stomach and, consistent with the studies
mentioned above, ILC depletion resulted in a loss of antimicrobial peptides production in
the gastric tissue. This change in antimicrobial peptide level had minimal effect on
bacterial load and gastritis in Helicobacter infected mice. Microbial community changes
were also minimal in mice treated with ILC-depleting antibody despite lower
antimicrobial peptide expression. The presence of ILC populations raises many questions
about its role in the gastric mucosa under steady state conditions and how their function
may affect the outcome of disease in the setting of infection
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Results
ILC populations resembling ILC3s are present in the stomach
To characterize whether ILCs were present in the gastric tissue, we created single
cell suspensions from stomachs isolated from naive Rag1-/- mice, which lack
conventional B and T cells, for analysis by flow cytometry. Using established markers
(Lin-, CD90.2/ Thy1.2, CD117/c-kit and CD4) for intestinal ILC populations, we
identified a small population of Lin- (defined as CD3-CD11b-Ly-6G-B220-) CD90.2+ cells
that express c-kit and CD4, which would fit the profile of CD4+ LTi cells, although not
all LTis express CD4 (Figure 5-1A). More than 70% of Lin-CD90.2+ cells were negative
for c-kit and CD4 expression, which may reflect a different ILC population that has been
identified more recently [273]. Consistent with ILC3s, these ILCs expressed IL-22 and
~20% of the IL-22 producers also produced IL-17A and stained positive for CD4 and
RORγt (Figure 5-1B). We also determined that IL-22 producing cells were present in
lymphoreplete WT hosts and that the percentage of IL-22+ cells did not change with
infection (Figure 5-2). Together, these data suggest that a small population of ILCs can
be found in the murine gastric mucosa and that they consist of a heterogenous group of
cells with a distinct subgroup bearing resemblance to IL-17A and IL-22-producing LTis.

ILC depletion does not affect gastritis or bacterial load during H. pylori infection
To test whether ILCs play a role in H. felis infection, anti-CD90.2 monoclonal
antibody (mAb) or an isotype control mAb was administered to H. felis-infected Rag1-/according to a previously established protocol (Figure 5-3) [188]. Gastric tissue was
harvested for histology 20 days post infection for analysis of bacterial load,
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Figure 5-1. Phenotyping of Gastric ILCs in Rag1-/- mice. Single cell suspensions
isolated from gastric mucosa Rag1-/- mice were stained markers for ILCS and analyzed
by flow cytometry.
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Figure 5-2. Similar population of Gastric ILCs exists in WT mice.
Flow cytometry analysis of cells from the gastric mucosa of WT mice to show that IL-22
producing CD4+ CD3- ILCs are also present.

Figure 5-3. Schematic representation of ILC depletion in Rag1-/- mice.
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inflammation, and host gene expression by qPCR. ILC depletion did not lead to obvious
changes in the degree of gastritis as determined by evaluation of conventional H&E
stained sections (Figure 5-4A). Since downstream effects of IL-22 include stimulating
goblet cell restitution and mucus production in the colon [274], we also included a
periodic-acid Schiff stain analysis to assess potential changes in mucin productions. We
did not detect any gross changes in the different groups by our histologic examination.
The bacterial load levels were comparable in H. felis infected Rag1-/- groups that were
treated with either control mAb or anti-CD90.2 mAb (Figure 5-4B), suggesting that ILCs
do not affect the overall levels of bacteria in the stomach, at least in the absence of the
adaptive immune response.

ILC depletion results in change in antimicrobial peptide levels
ILC3s and the production of IL-22 are important in stimulating the production of
antimicrobial peptides such as RegIIIγ, RegIIIβ, s100A8 and s100A9 that act as a first
line of defense against microbes [275-277]. We investigated whether the expression of
these antimicrobial peptides wee affected by ILC depletion during H. felis infection.
Consistent with the previous reports, ILC depletion was associated with a decrease in all
antimicrobial peptides measured (Figure 5-5A, P<0.05). Of particular note, H. felis
infection in Rag1-/- mice resulted in a significant increase in s100A8 and s100A9
expression that was abrogated in anti-CD90.2 mAb-treated mice but not in isotype
control mAb-treated animals. We also confirmed that a similar induction of s100A8 and
s100A9 proteins occurred in H. pylori-infected Rag1-/- mice (Figure 5-5B, P<0.05).
Given the change in s100A8 and s100A9 levels, we also measured the expression of IL-
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Figure 5-4. Histology and bacterial loads in ILC depleted Rag1-/- mice.
(A) Histology of mice infected with H. felis and treated with either an anti-CD90.2
antibody or isotype control. Both H&E and PAS staining of gastric tissues in these
groups did not show significant changes. (B) Bacterial loads were comparable between
infected groups when measuring copies of 16s per gram of tissue in each mouse.
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Figure 5-5. Infection leads to induction of s100 protein expression that is abrogated
upon ILC depletion. (A) Gastric antimicrobial peptide expression profile was
determined by qPCR analysis in the four groups of animals. ± SD, * P<0.05, ** P<0.01.
(B) Gastric s100 was determined by qPCR analysis in naïve and H. pylori infected Rag1-/mice.
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22 and GM-CSF as these two cytokines have been shown to affect the expression of
s100A8 and s100A9 [188,278]. IL-22 levels remained unchanged but the expression of
GM-CSF paralleled that of s100A8 and s100A9 (Figure 5-6, P<0.05). To determine if
the induction of s100A9 in H. felis-infected Rag1-/- mice also occurs during the normal
course of H. felis infection, we performed qPCR analysis on gastric tissue isolated on
different days post infection from our WT and IRAK-M-/- mice (see Chapter 4). S100A9
expression appeared to be upregulated in both infected groups, although due to the
limited number of animals available (n=3 per group at each time point), the results were
not statistically significant (Figure 5-7).

BMDMs are not the source of s100A9
S100A8 (also known as Mrp8/ calgranulin A) and S100A9 (also known as
Mrp14/ calgranulin B) belong to the S100 subfamily of EF-hand Ca2+-binding proteins
[279]. Both S100A8 and S100A9 can form homodimers but are also capable of forming
heterodimers (known as calprotectin). Numerous cell types can produce calprotectin,
including neutrophils, monocytes and epithelial cells from different tissues [280-282].
We explored whether macrophages might be a source of s100A9 by stimulating BMDMs
with live H. felis, H. felis lysate antigen and H. felis LPS at different time points postactivation. Contrary to what was expected, s100A9 expression was suppressed by H. felis
(Figure 5-8; P<0.01) and this effect was most prominent at 48 hours when BMDCs were
stimulated with live bacteria.
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Figure 5-6. Cytokine expression in different infected groups of mice. Gastric cytokine
expression profile was determined by qPCR analysis in the four groups of animals. ± SD,
* P<0.05.
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Figure 5-7. Time course expression of s100A9 in the stomachs of WT and IRAK-M-/infected mice. Gastric s100A9 expression profile was determined by qPCR analysis at
each time interval. n= 3 mice at each time point per group. ± SD.
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Figure 5-8. s100A9 expression in BMDMs when stimulated with different
Helicobacter preparations. BMDMs were stimulated for different time points and
s100A9 expression was determined by qPCR. n=2, ±SD, * P<0.05; ** P<0.01.
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ILC depletion is associated with minimal changes in the gastric microbiome
While changes in H. felis bacterial load in ILC-depleted Rag1-/- mice were
minimal, the possibility remained that the microbiota present in the stomach might be
affected by the change in antimicrobial peptide levels induced by ILC depletion. To
characterize microbial communities in these groups, we isolated total DNA from gastric
samples and made population determinations based on the bacterial 16s rRNA gene. We
examined species diversity by looking at operational taxonomic units (OTUs) using
rarefraction curves and did not see any significant changes between the ILC-depleted
group vs. the isotype control group (Figure 5-9). We also compared the relative
microbiota compositions at the phyla level (Figure 5-10) and found similar results.
Hierarchical clustering of the 16s rRNA gene based on microbiota compositions at the
phylum level (Figure 5-11) and genus level (data not shown) also failed to yield
significant differential clustering between ILC-depleted and isotype control groups.

Establishing a gastric Candida albicans infection model
Since Helicobacter infections may not necessarily cause significant disease in
Rag1-/- mice, we attempted to establish another gastric infection model with a more
pathogenic organism. Candida albicans (C. albicans), a fungal pathogen responsible for
systemic disease and infections of the skin, oral and vaginal mucosa, can colonize the
murine stomach when pretreated with cefoperazone [283]. Using a similar anti-CD90.2
depletion model, Gladiator et al. demonstrated that ILCs are protective against
oropharyngeal candidiasis [284]. To further explore the potential role of gastric ILCs
during infection, we pretreated Rag1-/- mice with cefoperazone and infected them with C.
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albicans similar to the previously established gastric infection model. At the same time,
groups of mice were treated with anti-CD90.2 or isotype control mAb. Gastric tissue was
then harvested for histological analysis. Compared to the naïve and C. albicans-infected
(but untreated) groups, the antibody- treated groups exhibited increased infiltration of
immune cells at the squamous, fundic junction, and lesions that appear to be erosions
consistent with the published reports (Figure 5-12). Whether there are significant
differences between the antibody-treated groups remains to be determined.
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Figure 5-12. Histopathology of naïve, C. albicans infected, ILC-depleted and isotype
mAb treated mice. Histological H&E stained stomach tissue from Rag1-/- mice in naïve
controls and H. felis infected animals subjected to different antibody treatments.
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Discussion
In the present study, we identified the presence of ILCs in the gastric lamina
propia and demonstrated that these cells play a role in modulating the expression of
antimicrobial peptides s100A8 and s100A9 during Helicobacter infection. Depletion of
ILCs using an anti-CD90.2 mAb resulted in a general reduction of antimicrobial peptide
expression but did not affect the overall composition of the microbial community. This
work demonstrates that ILCs are present in the stomach even in naïve animals, but their
role remains to be elucidated. Since the stomach is normally devoid of defined lymphoid
tissue [67], this data suggests that ILCs may be dispersed throughout the gastric lamina
propia under steady state but how the localization of gastric ILCs changes with the course
of infection still needs to be addressed.
Throughout the small intestine and colon, small patches of lymphoid cells
containing LTis known as cryptopatches are present and change in size in response to
microbial stimulation to form ILFs [285,286]. In the initial identification of
cryptopatches, these structures were not identified in the stomach [286]. The formation of
lymphoid follicles in response to H. pylori infection presumably occurs de novo
[65,197,240] in response to inflammatory stimuli, although the exact mechanisms remain
poorly defined. Given the formation of lymphoid follicles we see in our WT and IRAKM-/- infected mice, it will be important to determine how gastric ILCs may contribute to
this process. Further studies on how these cells might regulate the inflammatory response
and interact with other immune cells will also shed light on how the host immune
response is orchestrated during the course of Helicobacter infection. Moreover, the role
of gastric ILCs in a lymphoreplete setting was not explored but will be the subject of
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future studies. Since there is no specific marker to differentiate ILCs from other Tlymphocyte populations that are normally present, the models available to address this
issue are limited. Adoptive transfer of CD90.1+ T cells into CD90.2+ Rag1-/- mice and
using anti-CD90.2 mAb is currently the most well established method [188].
In our studies, we did not see changes in bacterial load with ILC-depletion of H.
felis-infected mice using conventional PCR amplification methods. However, it is
possible that there is increased bacterial access to the stomach epithelium based on other
knockouts that have a deficiency in antimicrobial peptide expression. For example, the
overall bacterial load in the lumen does not change in RegIIIγ-/- mice but more bacteria
gain access to the mucosa and this results in increased inflammation [242]. Another
antimicrobial peptide, cathelicidin/LL-37 has been shown to be upregulated in H. pylori
infection and exhibit antimicrobial activity so it is possible that there are redundant roles
among the antimicrobial peptides [287,288]. Changes in goblet cell restoration and mucin
production are affected by IL-22, a cytokine that is produced by ILCs and T lymphocytes,
[274]. In our studies, the use of PAS staining of glycogen, did not detect significant
changes in goblet cell populations but it should be noted that the normal mucus layer is
lost using the regular fixation methods employed in this chapter, and more detailed
studies are needed to address whether ILCs in the stomach actually affect mucin
production.
The upregulation of S100A8 and s100A9 in the gastric tissue was particularly
interesting because they play various roles in immunity against infection. The
s100A8/s100A9 heterodimer calprotectin has been described extensively in the
inflammatory bowel disease literature because fecal calprotectin levels correlate with
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severity of disease [289]. Little is known about the role of s100 proteins in H. pylori
infection although a previous study demonstrated that s100A8 is upregulated during the
transition to destructive lymphoepithelial lesions and malignant B cell MALT lymphoma
[290]. As an antimicrobial peptide, calprotectin chelates essential nutrients zinc and
manganese, which results in stunted bacterial growth and is reversed when these metals
are added in excess [281,291,292]. Calprotectin is also released with neutrophil
extracellular traps (NETs) and demonstrates antifungal activity against C. albicans [293],
a pathogen we hope to study in our ILC-depletion model in the future. Additionally,
calprotectin can also act as a damage-associated molecular pattern (DAMP) by serving as
an endogenous activator of TLR4 signaling [294]. The loss of calprotectin is protective
against endotoxin induced septic shock and arthritis development [189], suggesting that
calprotectin normally may be involved in the amplification of immune responses to
various stimuli. It will be interesting to further dissect the role of calprotectin in
Helicobacter pathogenesis – whether it serves as a potential antimicrobial agent against
infection in limiting bacterial access to the epithelium or if calprotectin is involved in
perpetuating inflammation in the gastric mucosal environment. Furthermore, our in vitro
studies suggest that H. felis stimulation results in suppression of s100A9 expression in
BMDMs. Our results indicate that epithelial cells or neutrophils maybe more likely
sources of calprotectin and we hope to identify the cellular source of calprotectin using
both qPCR and ELISA techniques in our future studies. It is also possible that
macrophages present during infection respond differently than BMDMs and this
possibility cannot be ruled out in these studies.
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Finally, we also established a C. albicans infection model of the stomach in our
laboratory for future studies on how gastric ILCs may affect the host immune response to
not just Helicobacter but also a fungal pathogen. We think it will be interesting to study
how the function of ILCs differs between infection by an invasive fungal pathogen and
infection by an extracellular bacterium. Of interest to us, s100A8 but not s100A9 acts as
a chemotactic factor for neutrophils during vaginal C. albicans infection [295,296] and
the s100A8/s100A9 heterodimer, calprotectin, is released in neutrophil extracellular traps
and serves as an antifungal [293]. Whether s100A8 or s100A9 act alone to recruit
neutrophils during infection in the stomach is unknown and how that might be different
from the role of calprotectin remains poorly understood in the setting of gastric
infections. Studies are currently underway to deplete components of either s100A8 or A9
and further elucidate their role in Helicobacter infection.
In summary, we have identified the presence of stomach ILCs in the gastric
lamina propia and demonstrated that they affect the expression of antimicrobial peptides
in the stomach. How ILCs and the regulation of antimicrobial peptides affect the
pathogenesis of Helicobacter infection remains unknown and more studies are required
to determine if either of them influences disease outcome and present novel therapeutic
opportunities.
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Chapter 6. Further Discussion and Future Directions

H. pylori has been colonizing the human stomach for ≥ 58,000 years and has been
prevalent since before humans first migrated from east Africa [38,39]. The majority of
infected persons remain asymptomatic but between 15 - 20% will develop a variety of
gastric diseases including peptic ulcer disease, gastric cancer and B cell MALT
lymphoma[2,3,29,183]. H. pylori's intimate association with humans is reflected in its
ability to sustain a lifelong infection, suggesting the bacteria has multiple strategies to
evade the host immune response [23]. One of these mechanisms involves skewing the
immune responses towards a regulatory state via modulating DC activation, which leads
to the induction of Tregs, a response that may protect the host from unrelated diseases such
as childhood asthma [10-12,40,41]. While these immunoregulatory mechanisms are
generally accepted as important in determining the outcome of infection, the molecular
mechanisms triggered in the host response by H. pylori infection and how those events
instruct the nature of the ensuing immunopathogenesis remain poorly defined. The results
of the present studies identify upregulation of IRAK-M as an important aspect of
limiting a particular component of histopathology, the development of ectopic lymphoid
follicle formation.
IRAK-M-/- animals chronically infected with H. pylori developed increased
antibody titers, expressed higher levels of gastric IL-17A and lower levels of gastric IL10. Most notably, Helicobacter-infected knockout animals also displayed significantly
higher number of lymphoid follicles than their wild type counterparts, and had increased
CD4+ T cell accumulation. Consistent with this increase in immune pathology, CXCL13
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and TNFα were detected at higher levels in infected knockout animals. Previous studies
suggest that gastric ILFs resemble other ectopic lymphoid follicle structures consisting of
a prominent B cell follicle infiltrated with T cells, DCs and FDCs [65,246,252]. These
results raise several questions including why the lack or IRAK-M would lead to increased
lymphoid follicle formation specifically and not a broader overall increase in gastritis. In
other IRAK-M-/- mouse infection models, the inflammatory changes associated with
infection appear to be more global in nature [209,221]. The reasons why H. pylori
infection in the absence of IRAK-M specifically impacts lymphoid follicle formation
may be related to other molecules and chemokines that are specifically expressed during
Helicobacter infection. Alternatively, IRAK-M induction in specific cell types such as
epithelial cells or macrophages present in the gastric mucosa may account for this
phenotype although the contribution of each cell type in the gastric mucosa is unknown.
Future studies looking at cell type specific deletions of IRAK-M may provide additional
insight as to why changes in IRAK-M-/- mice during Helicobacter infection are limited to
ectopic lymphoid follicle formation.
Ectopic lymphoid follicle formation, also known as tertiary lymphoid tissue, is
commonly seen in sites that are normally devoid of organized lymphoid tissue like the
thyroid or joints in the setting of chronic infection or autoimmunity[241]. Tertiary
lymphoid tissue forms in the adult in response to chronic inflammation during microbial
infection, graft rejection or autoimmune disease [297]. They are classified as lymphoid
tissue because they often resemble secondary lymphoid organs like lymph nodes and
spleen in their cellular composition and compartmentalization. In the lung, infection with
Mycobacterium tuberculosis or influenza leads to the formation inducible bronchus-
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associated lymphoid tissue (iBALT)[298-300]. The formation of these structures are
thought to resemble the formation of secondary lymphoid organs such as lymph nodes
and Peyer’s Patches in many aspects [301]. During secondary lymphoid organ formation,
it is thought that LTis interact with stromal cells to produce chemokines like CCL19,
CCL21 and CXCL13 to recruit immune cells (T cells, DCs, B cells) that ultimately
become the main cellular constituents of these secondary lymphoid organs (Figure 6-1).
Moreover, it was recently demonstrated that endothelial cells can differentiate into
follicular dendritic cells to facilitate the architectural of the B cell network [302]. It has
been shown that most of these components are present in ectopic lymphiod formation but
there are also some key differences. For instance, the LTi requirement in ectopic
lymphoid tissue formation may depend on the tissue involved as iBALT can still form in
mice that lack LTis [303]. It has been demontrated that TH17 cells may compensate for
the lack of LTis in this setting although another laboratory did not achieve the same
results using IL-17-deficient mice so the contribution of TH17 cells is still controversial
[304,305]. Other than T cells, injection of DCs into the lungs of mice also resulted in
iBALT formation [306]. The cell types that contribute to ectopic lymphoid follicle
formation may thus depend on the specific stimulus and the tissue involved. It should be
noted that the cellular requirements for the initiation of gastric lymphoid follicle
formation are unknown. It will be interesting to determine if the cell types involved are
changed in the in the absence of IRAK-M-/- and whether a specific cell type is responsible
for the formation of gastric lymphoid follicles.

	
  

130	
  
	
  

	
  

FDCs

Perivascular
cells

Adapted with permission from Nature Publishing Group. (License # 3152251366338)
Aloise & Pujol-Borrell. Nature Reviews Immunology 6, 205-217 (March 2006).

Figure 6-1. Model of lymphoid organization. (A) The interaction of LTis with stromal
cells results in the production of CCL9, CCL21, CXCL13. (B) This results in the
recruitment and accumulation of lymphocytes. (C) Lymphocytes are organized into
different zones – FDCs secrete CXCL13 to interact with B cells and lymphocytes can
produce similar chemokines to results in a positive feedback loop.
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While the cellular requirements for gastric lymphoid follicle formation are
unknown, several studies have documented the importance of the CXCL13/ CXCR5 axis
during H. pylori infection [244-246]. Very few CXCR5-/- mice develop lymphoid
follicles when infected with H. pylori, even 17 months post infection [246]. Our studies
are in agreement with the role of CXCL13 in gastric lymphoid follicle formation as
IRAK-M-/- infected mice expressed higher levels of CXCL13. Recently, it was reported
that CXCR5+ follicular helper T cells in iBALT are important for immunity against
Mycobacterium tuberculosis, and CXCR5 was important for correct localization of T
cells [307]. IRAK-M-/- mice infected with H. pylori had twice the amount of T cells by
four months. It was surprising therefore that there were no general changes in other
parameters of gastritis even though other measures of immunologic activity were
augmented. It will be interesting to further characterize the phenotype of these T cells and
determine if they resemble follicular helper T cells, and to understand how they might
regulate the host response to H. pylori infection in the stomach.
Another key question that arises from these studies is what exactly is the function
or role of these ectopic lymphoid follicles? The bacterial load remained the same despite
the augmented lymphoid follicle formation in IRAK-M-/- mice, suggesting that lymphoid
follicles do not play a role in bacterial clearance. As previously mentioned, it is possible
that the localization of bacteria is different but it is more likely that lymphoid follicles
may not directly affect bacterial clearance, a scenario similar to the observations seen in
RORγt-/- mice[308]. RORγt-/- mice lack lymph nodes and Peyer’s Patches but are capable
of forming ILFs and they surprisingly harbor the same bacterial load and bacterial
composition in the gut as wild type animals [308,309]. As a compensatory mechanism,
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there are increased systemic antibody titers and a shift towards TH1 responses, along with
de novo formation of lymphoid follicles that helps to keep the intestinal flora load in
check. While this response is effective, when intestinal epithelial damage was induced in
these mice they developed a strong colitic immunopathology characterized by a strong
systemic antibody response. Notably, administration of LTβR-Ig could rescue this
pathology. Therefore, lymphoid follicle formation may play a role in preventing bacterial
overgrowth but may also be limited in its ability to protect against the consequences of
epithelial barrier damage. Ectopic lymphoid follicle formation in the intestine can also
shift chemokine gradients and increase T cell retention in the gut to cause ileitis [310].
We also see a stronger systemic antibody response in terms of serum IgG levels as well
as increased T cell accumulation in our IRAK-M-/- infected animals. It will be interesting
to see if LTβR-Ig administration will decrease lymphoid follicle formation in
Helicobacter infected mice, and whether abrogation of follicles will affect serum IgG
levels. This may provide insight into how lymphoid follicles affect the long-term
outcome of Helicobacter infection and whether gastric epithelial function is affected.
Another aspect of these studies identified the presence of ILCs in the gastric
mucosa. As discussed in chapter 5, ILCs can be broadly grouped into 3 types [264]. We
identified IL-17A+IL-22+ ILC3s in the gastric mucosa of Rag1-/- mice but did not explore
whether ILC1s are also present. In the intestine, Citrobacter rodentium infection of Rag1/-

animals leads to acute induction of IL-22 producing ILCs [311] whereas endogenous

microbiota normally suppress the production of IL-22 by ILCs [312]. Whether H. pylori
induces or suppresses IL-22 production by ILCs was not explored in the present studies.
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Given that H. pylori can be regarded as either a pathogen or a commensal
depending on the context, ongoing studies will characterize whether ILC activation and
cytokine secretion changes in the context of acute H. pylori infection. The microbiotamediated suppression of ILC produced-IL-22 in the gut was dependent on IL-25 secretion
by epithelial cells [312]. Whether similar interactions between epithelial cells and ILCs
exists in the gastric mucosa remains to be determined. The nature of these studies did not
look at ILCs in the context of a lymphoreplete host. It was worth noting that having T
cells present may change the activity of ILCs and it was shown that IL-22 production by
ILCs was augmented in Rag1-/- hosts when T cells were not present to compete for
cytokines [312]. It will be will be important to define the role of ILCs in the presence of
adaptive immune cells to confirm whether the current observations are relevant in that
setting.
In the final part of this work, we showed that calprotectin is upregulated during
Helicobacter infection. The cellular source of calprotectin, which can be produced by
neutrophils, epithelial cells as well as macrophages, remains unknown in this
model[189,313,314]. Notably, calprotection expression was affected by ILC depletion.
Of particular interest, microarray data looking at genes associated with gastric lymphoid
follicle lesions that strongly resembled MALT lymphoma in a Helicobacter pylori
infection model found that s100A8 was the most highly upregulated gene [290]. Since
calprotectin, a heterodimer of s100A8 and s100A9, has been shown to be an endogenous
TLR4 agonist [294], and has now also been shown to be induced by H. pylori infection, it
raises the possibility that calprotectin may be involved in driving increased
immunopathology through lymphoid follicle formation.
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Consistent with TLR4 playing a role in lymphoid follicle formation, we observed
very few of these follicles in TLR4-/- Helicobacter-infected mice, although they were not
significantly different from WT infected mice. Studies that have examined H. pylori
infection beyond 12 months have found that lymphoid follicle formation increases
slightly with time[246]. Such a long-term infection may be necessary to discern the
differences between WT and TLR4-/- infected mice. Ongoing studies currently involve
depletion of s100A9 in IRAK-M-/- infected mice to determine if they may be involved in
perpetuating lymphoid follicle formation in these animals. With additional experiments,
we hope to determine whether calprotectin serves as an antimicrobial peptide, or rather a
DAMP that perpetuates inflammation.
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Proposed Model
These studies demonstrate that IRAK-M, a switch involved in dampening TLR
signaling, is normally upregulated during Helicobacter infection. Although
proinflammatory cytokines such as TNFα and IL-17A are upregulated, and T cells are
recruited in response to infection, IRAK-M expression prevents and functions to limit the
extent of the immune response and immunopathology. These results support a model in
which, during the course of infection, a small number of lymphoid follicles are generated
in wild type animals to maintain immunity to H. pylori with minimal tissue damage to the
host (Figure 6-2). ILCs present in the gastric mucosa may function as initiator cells for
lymphoid follicle formation. ILCs also modulate the expression of calprotectin by either
epithelial cells or infiltrating neutrophils/monocytes. Thus, under normal circumstances,
the immune response is relatively balanced in wild type animals, although gastritis
eventually develops, likely due to Helicobacter immune evasion strategies. In the
absence of IRAK-M, there is an increase in TNFα and IL-17A as well as a decrease in
IL-10 (Figure 6-3), resulting in a more proinflammatory cytokine milieu, which may lead
to the increased activation of LTis or other initiator cell types involved in ectopic
lymphoid follicle formation. The more proinflammatory environment also results in
increased numbers of activated LTis and higher CXCL13 levels that contribute to follicle
formation. At the same time, the activated LTis/ILC3s may lead to increase calprotectin
production by epithelial cells, neutrophils or monocytes. The increase in calprotectin
would lead to more TLR4 stimulation and feeds back on the system to generate more
lymphoid follicles. In an IRAK-M deficient setting, the increased number of lymphoid
follicles may have tissue-damaging effects over time, due to increased T cell

	
  

136	
  
	
  

	
  

TNF

1. IRAK-M
MIP-2
IL-10
2. Inflammatory response to infection
3. Activation of ILC or other
initiator cell type

4A. s100A8/ s100A9
release by either neutrophils
or epithelial cells

4B. FDCs differentiation
CXCL13
Immunopathology

Bacterial persistence

5. Lymphoid
Follicle

Figure 6-2. Proposed Model of IRAK-M function during normal Helicobacter
infection. Under normal conditions, H. pylori infection leads to upregulation of IRAK-M
expression, which helps to prevent an excessive immune response that could lead to
tissue damage.
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Figure 6-3. Proposed model of H. pylori infection in an IRAK-M deficient
environment. In an IRAK-M deficient setting, the proinflammatory environment leads to
increased activation of cells involved in lymphoid follicle formation, resulting in
increased immunopathology which may have tissue damaging effects
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accumulation of or even through tissue architecture disruption. The bacterial load remains
unchanged despite the increase in lymphocytes because H. pylori, with all of its immune
evasion strategies, can successfully survive in the extracellular space of the gastric
mucosa.
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Summary
Collectively, this body of work demonstrates that IRAK-M plays a role during H.
pylori infection and IRAK-M deficiency results in ectopic lymphoid follicle formation in
the gastric mucosa. The loss of IRAK-M leads to an increase in proinflammatory
cytokines, T cell accumulation and antibody production. Chemokines involved in ectopic
lymphoid tissue formation such as CXCL13 expression are also increased. The
combination of these factors results in ectopic lymphoid follicle formation. The
identification of IRAK-M’s role in Helicobacter infection reflects the complex interplay
between the host and bacterium. The increased expression of regulatory molecules such
as IRAK-M may favor both the bacteria and the host such that bacterial colonization
persists while tissue damage due to immunopathogenesis is kept to a minimum.
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