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Abstract 
Helicobacter pylori infects half of the world’s population, with chronic infection leading 
to peptic ulcer disease and gastric cancer. In fact, H. pylori infection is considered the 
leading cause of gastric cancer. The bacterium’s pathogenesis depends on a number of 
virulence factors, the first of which grant it the necessary acid resistance and motility 
needed to reach the gastric mucosa. Subsequently, H. pylori intimately attaches to gastric 
epithelial cells and induces certain pathogenic effects. This is mainly mediated by the 
effector protein CagA that is translocated using a type IV secretion system machinery, with 
both virulence determinants encoded by the cag pathogenicity island. This thesis is mainly 
concerned with the attachment step. HopQ is a novel adhesin that has recently been 
described as essential for CagA translocation and phosphorylation. As such, the attachment 
of HopQ to its receptor CEACAM proteins constitutes a fundamental step in H. pylori 
pathogenesis and the development of H. pylori-associated diseases. Investigations into the 
structures of HopQ and CEACAMs allowed us to confirm the binding site and mechanism 
of interaction, with HopQ exhibiting an affinity for the same binding face of CEACAM 
proteins as a number of other pathogens’ adhesins. HopQ binding of CEACAMs is species 
specific, the structural basis of this was investigated too, with Rhesus macaque CEACAMs 
constituting a close evolutionary relative that lacked HopQ binding. Only a few key 
residues differ between human and Rhesus macaque CEACAMs, thus informing us about 
the key adaptations human CEACAMs and/or pathogens have made in order to develop 
this binding capacity. HopQ binding of CEACAMs is also polymorphic - two isoforms of 
HopQ exist, Type I and Type II; the latter isoform is commonly associated with cag 
negative strains. This isoform here demonstrated a selective lack of binding to CEACAM6, 
whose binding may be a disadvantage. CEACAMs’ HopQ-binding face is also their 
dimerization face, and this thesis describes how HopQ binding induced CEACAM1 
monomerization as a result. CEACAM1’s oligomerization status dictates its signaling 
effects, and so HopQ binding would be expected to influence this. We further described 
HopQ’s reliance on cysteine-clasped loops for this binding, which echoed the structure and 
binding mechanism of the lectin H. pylori adhesin BabA, however the maintenance of these 
disulfides was not reliant on the Dsb-like HP0231. Unlike the BabA receptor Lewis b 
antigen, CEACAMs are not expressed in healthy stomachs, the upregulation of CEACAM1 
over the course of disease is described here in a number of models, including the Rhesus 
macaque and murine animal models. Given the species specificity of HopQ to human 
CEACAMs, a number of humanized mouse models were tested, with a novel chimeric 
CEACAM1 mouse model developed. In these models, and in human biopsies, an H. pylori-
mediated induction of CEACAM expression was clear; further study is needed to identify 
the exact signals for this induction. 
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Zusammenfassung 
 
Die Hälfte der Weltbevölkerung ist mit Helicobacter pylori infiziert, was zu einer 
chronischen Infektion führen kann, die die Entstehung von Magengeschwüren und 
Magenkrebs begünstigt. H. pylori wird als eine der Hauptursachen für Magenkrebs 
betrachtet. Die Pathogenität des Bakteriums hängt von einer Reihe von Virulenzfaktoren 
ab, von denen der erste ihm die notwendige Säurebeständigkeit und Motilität verleiht, die 
erforderlich ist, um die Magenschleimhaut zu erreichen. Anschließend bindet H. pylori an 
die Magenepithelzellen und induziert pathogene Effekte. Dies wird hauptsächlich durch 
das Effektorprotein CagA vermittelt, das unter Verwendung einer Typ IV-
Sekretionssystemmaschinerie transloziert wird, wobei beide Virulenzdeterminanten von 
der cag-Pathogenitätsinsel codiert werden. Diese Arbeit befasst sich hauptsächlich mit dem 
Bindungsschritt von H. pylori. HopQ ist ein neuartiges Adhäsin, das kürzlich als essentiell 
für die CagA-Translokation sowie -Phosphorylierung beschrieben wurde. Die Bindung von 
HopQ an seine Rezeptor CEACAM Proteine ist ein grundlegender Schritt in der 
Pathogenese von H. pylori und der Entwicklung von H. pylori-assoziierten Krankheiten. 
Untersuchungen der Strukturen von HopQ und CEACAMs ermöglichte es uns, die 
Bindungsstelle und den Mechanismus der Wechselwirkung zu bestätigen, wobei HopQ 
eine Affinität für dieselbe Bindungsfläche von CEACAM Proteinen zeigte, wie eine Reihe 
von Adhäsinen anderen Erregern. Die HopQ-CEACAM Bindung ist speziesspezifisch. Die 
strukturelle Grundlage hierfür wurde ebenfalls untersucht, wobei CEACAMs von Rhesus-
Makaken zwar einen engen evolutionären Verwandten darstellen, dem jedoch die HopQ-
Bindung fehlt. Nur wenige Schlüsselstellen unterscheiden sich zwischen menschlichem 
und Rhesus-Makaken CEACAMs, was uns über die entscheidende Anpassung informiert, 
die menschliche CEACAMs und / oder Pathogene vorgenommen haben, um diese 
Bindungskapazität zu entwickeln. Die HopQ-Bindung von CEACAMs ist polymorph - es 
existieren zwei Isoformen von HopQ: Typ I und Typ II. Die letztere Isoform ist 
üblicherweise mit cag-negativen Stämmen assoziiert. Diese Isoform zeigte hier einen 
selektiven Bindungsmangel an CEACAM6, dessen Bindung nachteilig sein kann. Die 
HopQ-Bindungsfläche von CEACAMs ist auch deren Dimerisierungsfläche, und diese 
Arbeit beschreibt, wie die HopQ-Bindung als Ergebnis die CEACAM1-Monomerisierung 
induzierte. Der Oligomerisierungsstatus von CEACAM1 bestimmt die Signaleffekte. 
Daher wird erwartet, dass die HopQ-Bindung dies beeinflusst. Wir haben weiter 
beschrieben, dass HopQ für diese Bindung auf Cystein-umschlossene Schleifen 
angewiesen ist, was die Struktur und den Bindungsmechanismus des Lektins H. pylori-
Adhäsin BabA widerspiegelt. Die Aufrechterhaltung dieser Disulfide war jedoch nicht auf 
das Dsb-ähnliche HP0231 angewiesen. Im Gegensatz zum BabA-Rezeptor Lewis b 
Antigen, werden CEACAMs nicht in gesunden Mägen exprimiert. Die Hochregulation von 
CEACAM1 im Verlauf der Krankheit wird hier in einer Reihe von Modellen beschrieben, 
einschließlich der Rhesus-Makaken- und Maus-Modellen. Angesichts der Speziesspezifität 
von HopQ für humane CEACAMs wurde eine Reihe humanisierter Mausmodelle getestet 
und ein neues chimäres CEACAM1-Mausmodell entwickelt. In diesen Modellen und in 
menschlichen Biopsien war eine H. pylori-vermittelte Induktion der CEACAM-Expression 
sichtbar. Weitere Studien sind erforderlich, um die genauen Signale für diese Induktion zu 
identifizieren. 
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Abbreviations 
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IHC   Immunohistochemistry 

IL-8   Interleukin 8 

IRF1   Interferon regulatory factor 1 
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p-CagA  Phospho-CagA 

P/S   Penicillin-Streptomycin 
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RNA   Ribonucleic acid 

RIPA   Radioimmunoprecipitation assay 
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SabA   Sialic acid-binding adhesin 

SDS   Sodium dodecyl sulfate 

SHP   Src homology region 2 domain-containing phosphatase 

SS1   Sydney strain 1 

T4SS   Type IV secretion system 

TBST   Tris-buffered saline/Tween20 
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tgCC1   Transgenic human CC1 

UPEC   Uropathogenic Escherichia coli 
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wt   Wild type 
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Introduction 
 

Helicobacter pylori  
 

Helicobacter pylori is a gram-negative, microaerophilic bacterium responsible for the most 

prevalent infection in the world, with incidence in over half of the world’s population (1–

3). The bacterium belongs to the genus Helicobacter, which consists of over 20 species (4) 

and can be broadly divided into gastric and non-gastric species. H. pylori belongs to the 

former group, having been first isolated from the stomachs of gastroscopy patients and 

described in a 1983 publication (5). Here, the bacteria were found in about half of the 

patients investigated by Warren and Marshall. The discovery that bacteria colonized the 

human stomach so extensively was something of a revelation, at the time it was believed 

that the acidity of the stomach prevented most bacterial survival (6), with the exceptions 

assumed to be bacteria adapted to the acidic environment (7). However, Warren and 

Marshall described that these bacteria live beneath the mucosa of the gastric antrum, in pH 

neutral conditions. In fact H. pylori only grows in such neutral conditions, with only a 

short-term survival ability in acidic conditions (8), which is however sufficient for it to 

traverse to the mucosa (9).  

 

In 1984, Warren and Marshall followed their earlier observations with a study in which 

they isolated H. pylori from the stomachs of 58 out of 100 patients, finding that almost all 

patients with gastritis or ulcers harbored the bacterium (10). The authors proposed that H. 

pylori was in fact the cause of these conditions. This claim was soon confirmed (11–13), 

and H. pylori is now further implicated in causing gastric cancer (14–16) and designated as 

a Class I ‘definite’ carcinogen by the World Health Organization (WHO) (17). The 

incidence rate for H. pylori-associated diseases in positive individuals is around 10% for 

peptic ulcer disease (18) and around 1% for gastric cancer (19). This has meant that in 

recent times most peptic ulcer disease patients were recommended a standard therapy of 

proton pump inhibitor (PPI), amoxicillin and clarithromycin in order to eradicate the 

infection (20). However increasing clarithromycin resistance in particular, has seen 

treatment rates plummet (21), prompting the WHO to designate treatment-development for 

H. pylori a high priority (22), amid a call for truly novel therapeutic approaches (20). The 
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antibiotics traditionally used to target H. pylori are broad-spectrum drugs that target general 

cell functions such as protein and cell wall synthesis (23). In the interest of combatting 

antimicrobial resistance, novel therapeutics for H. pylori would ideally be narrow-spectrum 

or non-antibiotic, by targeting specific H. pylori virulence factors. 

 

 

H. pylori-associated diseases 

 

H. pylori colonization of the stomach induces immune cell infiltration of the gastric mucosa 

and interleukin 8 (IL-8) production leading to characteristic gastritis (24). The first stage 

of this disease is acute gastritis, which is commonly associated with this significant 

inflammation; as well as hypochlorhydria. If H. pylori colonization is not cleared at this 

point, persistence leads to a development of chronic active gastritis. This stage is often 

dependent on the acid secretion of the patient, those with high acid secretion develop 

gastritis localized to the distal antrum section of the stomach (Figure 1.1) – owing to the 

bacteria favoring this niche due to its relative lack of acid-secreting parietal cells. Patients 

with a suppression of acid production exhibit a more evenly distributed gastritis 

encompassing the corpus (body) of the stomach as well (Figure 1.1), though exhibiting 

increased persistence in this section even after therapy (25). The resulting inflammation in 

the corpus perpetuates this effect by further suppressing acid secretion (26). This gastritis 

drives further disease development in the stomach. 
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Figure 1.1 - The relationship of acid secretion, H. pylori colonization, gastritis distribution and 
clinical conditions. 
The development of clinical conditions resulting from H. pylori infection is influenced by the acid 
secretion of the patient. Normal or increased acid secretion leads to an antral-predominant gastritis and 
subsequent disease. Reduced acid secretion leads to a more widely distributed gastritis leading to faster 
progression to atrophy and intestinal metaplasia, ultimately leading to gastric ulcers and gastric cancer. 
Figure by Kusters, van Vliet and Kuipers (2006) (1), republication authorized by American Society of 
Microbiology. 
 

The first of these conditions is peptic ulcer disease, with ulcer occurrence following the 

acid-dependent pattern of gastritis incidence leading to gastric or duodenal ulcers (Figure 

1.1), mostly found at the transitional zones between the different stomach mucosal sections 

(27). Continued chronic inflammation can eventually lead to atrophic gastritis and intestinal 

metaplasia, where the gastric mucosa is destroyed and replaced with fibrosis and a more 

intestinal-type epithelium (1). This is once again dependent on acid production, patients 

with reduced acid output and pangastritis exhibit faster progression to atrophy (28). This 

atrophy and intestinal metaplasia is a precursor to dysplasia and intestinal-type gastric 

cancer development. These steps are outlined in the ‘Correa pathway’ (29) (Figure 1.2). 

However this pathway only accounts for around 60% of gastric cancers (30), another 30% 

are so-called diffuse type gastric cancers, which are poorly differentiated and have a less 

well-defined architecture; with these two main adenocarcinomas defined in the Lauren 

classification (31). The remaining H. pylori-associated gastric cancer types mainly include 

mucosa-associated lymphoid tissue (MALT) lymphomas (32,33).  

 

 
Figure 1.2 - The Correa pathway of gastric cancer progression. 
The development of gastric cancer follows a pathway starting with gastritis that persists leading to 
atrophy and intestinal metaplasia, where the gastric mucosa is destroyed and replaced with fibrosis and 
a more intestinal-type epithelium. This progresses to the formation of pre-cancerous lesions, known as 
dysplasia, and ultimately gastric cancer. 
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H. pylori pathogenesis and virulence factors 

 
Key virulence factors 
 

The development of complications beyond chronic active gastritis is closely associated 

with the genetic variation of H. pylori strains, in particular this is dependent on the infecting 

H. pylori strain possessing certain virulence factors. Namely, strains that possess the 

cytotoxin associated gene A (cagA), which corresponds to about 60% of all strains (34), 

denote a greater risk for peptic ulcer or gastric cancer outcomes (35). The protein expressed 

by this gene, CagA, is highly immunogenic (36). These effects are mediated by CagA’s 

entry into host cells, the protein is injected into gastric epithelial cells by a syringe-like 

structure composed of components from the bacteria’s conjugation machinery, the type IV 

secretion system (T4SS) (37,38) (Figure 1.3). cagA is part of a mobile gene cluster termed 

the cag pathogenicity island (PAI) (39). Other than cagA, the pathogenicity island encodes 

the components of the T4SS (40). Upon translocation into the host cell CagA is 

phosphorylated by Src (41,42) and Abl kinases (43), forming a scaffold with several 

interaction partners (44,45) inducing multiple oncogenic effects on the host cells; including 

stimulating cell proliferation, impeding apoptosis, disrupting cell junctions and activating 

inflammatory NF-κB signaling (46). In cell lines, such as AGS (47), CagA has been shown 

to induce NF-κB activation and IL-8 production (48); and the ‘hummingbird phenotype’ of 

cell elongation, filopodia and lamellipodia production that mirrors cancer cells’ 

characteristics of motility and invasive growth (49–52). 
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Figure 1.3 - The steps of H. pylori pathogenesis. 
1. H. pylori enters the host stomach and survives the acidic environment through the use of urease. 2. 
H. pylori then swims to the gastric mucosa using its flagella/chemotaxis. 3. H. pylori uses adhesins to 
bind to the gastric mucosa enabling CagA translocation (Step 4). 
 

 

The cytotoxic effects of H. pylori infection are mediated by a second protein, vacuolating 

cytotoxin (VacA), which as the name suggests can form pores in the host cell membrane. 

The vacA gene is present in almost all H. pylori isolates, though the protein is secreted by 

only about 50% of H. pylori strains (53). This is owing to the significant allelic variation 

exhibited by this gene (54), with the so-called s1/m1 strains exhibiting the most cytotoxic 

activity (55). In fact, strains that were vacA s1/m1+ and cagA+ exhibited a significantly 

increased risk for gastric cancer development (56). 

 

Even though these two proteins induce most of the pathogenic effects observed during the 

course of H. pylori infection, there are several steps that lead up to the delivery of these 

cytotoxins and the induction of these effects, all depending on a number of other key 

virulence factors. The first of these steps is surviving and traversing the acidic environment 

of the gastric lumen, which depends on flagellar motility (57,58), chemotaxis that draws 
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the bacterium to the epithelium (59,60) and the use of urease for pH homeostasis (61) to 

survive the acidic environment (Figure 1.3). 

 

 

Adhesins 
 

Once the bacterium reaches the gastric epithelium the next step is attachment to the host 

cells (Figure 1.3). For this purpose, H. pylori actually possesses multiple families of 

adhesins (determined in silico and defined based on sequence similarity) (62), conveying 

the importance of this step to H. pylori pathogenesis. The main family of adhesins, and the 

only family with its members well-characterized is the H. pylori outer membrane protein 

(OMP) (Hop) family, with 21 members (62). This protein family resembles autotransporter 

proteins, though it is unique to H. pylori (63). It demonstrates extensive conservation in the 

C- and N-terminal regions of its members, however the intermediate region is highly 

variable and confers the unique adhesive properties of each member (64). Control of Hop 

expression appears to be highly variable, with extensive phase variation and recombination 

events described suggesting that H. pylori employs a dynamic adhesion strategy over the 

course of infection (65). 

The first and best described member of this family is blood group antigen binding adhesin 

A (BabA), which binds the Lewis b blood group antigen carried by Mucin 5AC (MUC5AC) 

(66–69) (Figure 1.3) and has been found to contribute to gastric cell binding and the 

induction of inflammation experimentally (70). Furthermore, the presence of the babA gene 

was associated with the development of peptic ulcers and adenocarcinoma, particularly 

when the strains are also vacA s1/m1+ and cagA+ (71). Interestingly, BabA was found to 

bind the gastric mucosa in a pH-dependent manner (72), wherein at low pH BabA no longer 

binds, though it regains its binding capacity upon pH neutralization, suggesting a model 

where H. pylori bound to cells shed into the acidic gastric lumen can detach and return to 

the mucosa enabling self-preservation. Another Lewis antigen binding adhesin is the sialic 

acid-binding adhesin (SabA), which binds the sialyl Lewis x antigen (73) (Figure 1.3). The 

expression of SabA during chronic inflammation suggests a role for SabA in the latter 

stages of infection. Other Hop adhesins include outer inflammatory protein A (OipA), 

which has been linked with increased pathogenicity (74) and increased risk of peptic ulcer 

disease or gastric cancer development (75), and the less-well-characterized adherence-
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associated lipoproteins A and B (AlpA/B) adhesins that bind laminins (76–78) and HopZ 

(receptor currently unknown) (79). 

 

However, despite the association of these adhesins with increased pathogenicity, they are 

not essential for H. pylori virulence. In fact, several of them have been found to be 

dispensable for CagA translocation in mutagenesis studies (80); and as such, with the 

exception of BabA, these adhesins are often absent from cagA+ clinical isolates (81,82). 

Furthermore, despite its presence at the beginning of infection, BabA-mediated binding is 

often lost during the course of infection (83,84). MUC5AC expression is also reduced 

accordingly (85–88) and this forms part of an argument that suggests that H. pylori mucin 

binding is in fact a host defense mechanism that prevents the bacterium binding the 

epithelial surface (89), which H. pylori attempts to exploit for colonization in a balance of 

risk and reward (90). Finally, it has been demonstrated that Lewis b secretor status is not a 

key factor in H. pylori infection (91). Together, this data suggests that H. pylori depends 

on other adhesins than those already described for the key step of enabling CagA 

translocation, with a degree of redundancy to be expected given the sheer number of 

adhesins H. pylori harbors. Over the years, studies have regularly identified another outer 

membrane protein, early on known as omp27, and now known as HopQ, that is consistently 

expressed by the bacterium and strongly correlated with severe infection (81,82,92,93). 

Given that strain genetic variation is thought to be the determining factor with regards to 

clinical outcome in H. pylori infection, a protein that is present so consistently in highly 

pathogenic strains is an important topic of further study. 

 

 

HopQ 
 

HopQ (at the time still omp27) was first described in the year 2000 as one of two outer 

membrane proteins that were found to be co-inherited with the cagPAI in whole-genome 

deoxyribonucleic acid (DNA) microarray analysis of 15 H. pylori strains (81). The other 

gene being babA, as previously described. Later that same year it was renamed hopQ as the 

Hop family was formally defined (62). It was subsequently found that, even though almost 

all strains carried hopQ, there are in fact two divergent families of hopQ alleles, hopQ type 

I and II (92). This study went on to describe that it is the hopQ type I allele that is found in 

high-risk cag+/vacA s1 strains (14 of 15 strains) as described in (Salama et al. 2000) (81). 
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With few cag-/vacA s2 strains possessing type I hopQ (2 of 15 strains). The opposite was 

true for hopQ type II, with 14 of 15 cag-/vacA s2 strains possessing type II HopQ (1 strain 

possessed no hopQ alleles whatsoever), and 6 of the 15 cag+/vacA s1 strains also carrying 

HopQ type II (5 of which carried both type I and type II alleles). These findings have since 

been corroborated in multiple studies (94–97); with hopQ type I found in isolates from East 

Asian patients (95,96), which are well-described as being overwhelmingly cag+/vacA s1 

strains (98,99), or Western cag+/vacA s1 isolates (96). 

 

Perhaps as a result, most studies in the intervening years have focused on hopQ type I, 

notably leaving the molecular biology of hopQ type II poorly described. In 2013, a study 

by Belogolova et al. (93), similar to that described above by Odenbreit et al. (80), attempted 

to identify virulence factors essential for CagA translocation and phosphorylation, by 

assessing CagA-mediated NF-κB activation using a H. pylori transposon mutant library. 

The only non-cagPAI genes found to contribute to this activation were lipopolysaccharide 

(LPS) genes and hopQ. This confirmed that HopQ was not only co-inherited with CagA, 

but directly contributing to its translocation and downstream effects. This study could not 

confirm the role of HopQ as an adhesin; hopQ mutants could still bind AGS cells (but not 

translocate CagA). This binding effect is likely owing to the redundancy in H. pylori 

adhesins and host receptors that was described previously. This finding revealed that this 

redundancy did not extend to the genes facilitating CagA translocation and 

phosphorylation; with HopQ, unlike all other Hops, shown to be somehow essential to this 

process. A subsequent study confirmed this finding, further claiming that HopQ directly 

influences CagA phosphorylation and activation in leukocytes, but not necessarily its 

translocation into the cells, suggesting another role for this OMP (100). 

 

In 2016, HopQ’s adhesin properties were confirmed, and its receptor identified as host 

carcinoembryonic antigen-related cell adhesion molecules (CEACAMs) (101,102). Two 

back-to-back studies identified HopQ as binding CEACAM1, 3, 5 and 6 (but not 

CEACAM8) of this glycoprotein family. Furthermore, this interaction was described as 

being species-specific, with binding evident with human CEACAMs, but not mouse or 

Rhesus macaque CEACAMs for example. Accordingly, hopQ mutant strains exhibited 

diminished binding to CEACAM-expressing cells, and reduced CagA translocation and 

downstream effects. In AGS cells, which express CEACAM1, 5 and 6, the knockdown of 

individual CEACAMs did not reduce CagA-translocation to ∆hopQ levels. In contrast, the 
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knockdown of all three did reduce it, suggesting a redundancy in terms of these proteins’ 

receptor properties. 

 

HopQ’s structural place within the Hop family 
 

HopQ was shown to bind to the conserved N-domain of CEACAM proteins; though the 

binding domain of HopQ was not confirmed. Unlike the lectins BabA and SabA, HopQ 

was found to bind CEACAMs directly in a protein-protein interaction, as CEACAM de-

glycosylation did not affect binding. Though the exact mode of binding was not described. 

On the other hand, HopQ was found to have a very similar structure to its Hop family 

members BabA and SabA (101,103–105) (Figure 1.4). This consists of a helix bundle core, 

a C-terminal beta-sheet region and a variable number of cysteine residue pairs that stabilize 

disulfide-clasped loops. BabA possesses four of these cysteine pairs and loops, with the 

positions of these cysteine residues conserved across the different Hop family members, 

except in SabA/B, which possess two cysteine pairs at other, non-conserved positions. 

HopQ and HopZ each possesses three pairs of cysteines, losing one of the four conserved 

BabA pairs (105). Interestingly this BabA cysteine pair is one of the main structural 

elements implicated in Lewis b binding. Though the possibility remains that HopQ exhibits 

a similar dependence on disulfide-clasped loops for CEACAM binding. 

 

 
Figure 1.4 - Schematic depiction of the structural arrangement of Hop family members. 
Hop proteins share a similar overall structure, with a conserved C-terminal beta domain thought to 
constitute the transmembrane region (blue), and helix bundle core (brown), which confers the binding 
specificity of each adhesin, mediated by cysteine-clasped loops (CL). The overall pattern of these loops 
is also conserved amongst the various Hops with some exceptions such as BabA/C possessing an 
additional loop, or the alternative arrangement exhibited by SabA. (adapted from (105) with permission 
from Elsevier). 
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H. pylori disulfide bond formation 
 

A number of H. pylori virulence factors, including HopQ, possess disulfide bonds. In 

prokaryotes these bonds are formed in the periplasm, mediated by Dsb proteins first 

described in E. coli. There are several proteins identified in the E. coli Dsb family, though 

the key one for disulfide bond formation is DsbA, which catalyzes the formation of 

disulfide bonds between cysteine residues through oxidation, in turn reducing its own 

disulfide bonds (106). Another enzyme, DsbB restores the active state of DsbA through 

reoxidation (107). These proteins have homologues in most gram negative bacteria (108), 

but the system is not as simple in H. pylori. In investigating the oxidoreductase family in 

H. pylori, it was found that the bacterium possessed a gene, hp0595, that most closely 

resembled a DsbB, though with some differences (109). However, no DsbA-like proteins 

are expressed by H. pylori (110). Instead H. pylori was found to harbor several 

oxidoreductases, which again were not an exact match for classical Dsb proteins. hp0377 

encodes a protein which most closely resembles E. coli DsbC, a disulfide bond isomerase. 

Though once again HP0377 retained enough structural differences to classical DsbCs to 

suggest other roles (111), additionally HP0377 is reduced by HP0265 (111). Finally, 

hp0231 encodes a protein with only 12% identity with E. coli DsbA (112), though it was 

found to functionally perform some of its disulfide bond forming functions (112–114). 

However, this protein more closely resembled another class of oxidoreductase DsbG (115), 

meaning it also exhibited roles other than disulfide bond formation - namely DsbG-like 

chaperone activity, but not its isomerase activity (116). The redox state of HP0231 was also 

found to be maintained by the DsbB-like HP0595 (112). Both proteins were also found to 

be important for H. pylori colonization (110,117,118). Furthermore, it has been described 

that HP0231 expression is required for H. pylori pathogenesis as it is necessary for VacA-

mediated vacuolation and CagA translocation (118). Since the latter effect is also witnessed 

in hopQ-deficient H. pylori, it could be suggested that HP0231 is involved in forming the 

disulfide bonds in HopQ and that the lack of these bonds results in diminished CEACAM-

binding and the ensuing CagA translocation. This is an important hypothesis to investigate. 

 

 

 



 23 

CEACAMs 
 

CEACAMs are a group of glycoproteins that as the name suggests are related to the 

carcinoembryonic antigen (CEA), first described in 1965 (119) as a marker observed in 

embryonic development, and in cancer as cells return to plasticity. In 1999 this extended 

family was formally defined, with these so-called ‘related’ proteins brought under the same 

nomenclature based on their shared characteristics (120). CEA was designated CEACAM5, 

and biliary glycoprotein 1 (BGP 1) (121) designated CEACAM1 due to its extensive 

conservation among different species. All CEACAMs have a similar structure, with an N-

terminal immunoglobulin variable (IgV)-like domain and a varying number Ig constant 

(IgC)-like domains (122) (Figure 1.5). The family is made up of membrane proteins 

anchored to the cell surface by transmembrane domains, such as CEACAM1, 3 and 4; or 

glycophosphatidylinositol (GPI) anchors, in the case of CEACAM5-8 (120) (Figure 1.5). 

Each of these proteins is involved in a number of cellular functions, in particular the former 

group possesses a C-terminal cytoplasmic domain that is involved in downstream signal 

transduction (123). The roles of CEACAMs are largely governed by their oligomerization. 

Trans-oligomerization of the extracellular Ig domains has been implicated in cell-cell 

adhesion, with the IgV, IgC and transmembrane domains involved in binding interactions 

(124–126). Whereas CEACAMs have also been shown to form cis-oligomers using the 

same extracellular domains, with neighboring proteins on the same cell (127,128) – 

particularly in the case of CEACAM1, cis-oligomerization has been described as an 

important proponent of CEACAM-mediated signal transduction. 
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Figure 1.5 - Schematic depiction of the CEACAM protein family. 
The CEACAM glycoprotein family consists of 12 members in humans. They share a similar structure, 
with an N-terminal immunoglobulin variable (IgV)-like domain (red spheres) and a varying number of 
IgC-like domains (blue spheres). The family is made up of membrane proteins anchored to the cell 
surface by transmembrane domains (green spirals), or GPI anchors (green arrows). Black matchsticks 
refer to N-glycosylation sites. Pathogen receptors and epithelial CEACAMs are indicated. Figure by 
Tchoupa, Schumacher and Hauck (2014) (129) licensed under CC BY 2.0, originally adapted from 
http://www.carcinoembryonic-antigen.de/). 
 

In the cases of CEA, CEACAM6 and CEACAM8, their GPI-anchorage (Figure 1.5) means 

that their involvement in signal transduction is somewhat limited, with their main purpose 

being cell-cell adhesion (130). However this is not entirely true, as CEA and CEACAM6 

have been described to regulate several cellular processes including apoptosis and anoikis 

inhibition through clustering with the α5β1 integrin (131,132). Whereas CEA expression 

is mainly restricted to epithelial cells (123), CEACAM6 and 8 exhibit expression on 

granulocytes as well (133,134), with this being the exclusive site of CEACAM8 expression 

in particular (134). 

 

The transmembrane protein CEACAM1 is not only the most conserved of the CEA family, 

it is also the most widely expressed – from epithelial cells to leukocytes and blood vessel 

endothelia (135). This protein has several isoforms, distinguished by the number of 

extracellular Ig domains and the length of their cytoplasmic domain. The major isoforms 

are CEACAM1-4L and 4S, referring to 4 extracellular Ig domains and a long or short 
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cytoplasmic domain respectively (120) (Figure 1.6), both are expressed in the cell at 

varying ratios; with these cytoplasmic tails granting these proteins additional cell signaling 

roles over those of their other family members. The CEACAM1-4L cytoplasmic domain 

possesses immunoreceptor tyrosine-based inhibitory motifs (ITIM) (136), which are 

missing from the 4S isoform (and all other CEACAMs). These motifs can recruit Src, Src 

homology region 2 domain-containing phosphatase (SHP)-1 and 2 upon phosphorylation 

(137,138). This recruitment is dependent on the trans- and cis-oligomerization states of 

CEACAM1 (126,139) and allows the protein to exert regulatory functions controlling 

proliferation, immune responses and other processes (132). The other transmembrane 

CEACAM of note is CEACAM3 (Figure 1.5). In contrast to CEACAM1, CEACAM3 

exhibits limited expression in humans, being found only on granulocytes (120,140). Also, 

as opposed to CEACAM1’s ITIM, CEACAM3 possesses an immunoreceptor tyrosine-

based activation motif (ITAM), which when activated induces phagocytosis (141). 

 

 
 
Figure 1.6 - Schematic depiction of the major CEACAM1 splice variants. 
CEACAM1 is expressed in several splice variants. The major variants are depicted in this figure, with 
the defining features the variable numbers of IgC-like domains (blue spheres) and the length of the 
cytoplasmic tail (green spiral), with L variants possessing an additional ITIM domain. Representative 
shapes as in Figure 1.5. Figure by Helfrich and Singer (2019) (142) licensed under CC BY 4.0, originally 
adapted from http://www.carcinoembryonic-antigen.de/). 
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Despite the seemingly widespread expression of the epithelial CEACAM proteins, it is 

often observed that this is increased in certain cancers (143–145). This was also the case in 

the HopQ-CEACAM studies mentioned above, where CEACAM1, 5 and 6 were not 

detected in normal tissue but upregulated in gastric cancer and gastritis (101,102), with 

some suggestion that this was at least in part related to infection with CagA+ H. pylori 

(102). 

 

 

CEACAM binding by pathogens 
 

H. pylori is not the first pathogen described to take advantage of CEACAM-binding. Over 

the years many others have been implicated in CEACAM-mediated binding. The first 

bacteria shown to bind CEACAMs was Escherichia coli, isolated from humans, that was 

demonstrated to bind CEA and CEACAM6 in a glycosylation dependent manner (146). In 

subsequent years, pathogenic E. coli were also shown to utilize their Dr family of adhesins 

to exploit binding to the N-domains of CEACAM1, 3, 5 and 6 (Figure 1.5), just as H. pylori 

HopQ has been described to. This binding was found to disrupt CEACAM oligomerization 

(147). Pathogenic E. coli that have been found to bind CEACAMs include uropathogenic 

E. coli (UPEC), where CEACAM binding was found to trigger CD105 expression reducing 

cellular shedding and so enhancing colonization (148). The same effect is induced by 

Neisseria gonorrhoeae utilizing opacity associated (Opa) proteins (148,149), which have 

also exhibited binding to the N-domain of CEACAM1, 3, 5 and 6 but not CEACAM8 in a 

protein-protein interaction (120,150–152). Opa proteins were found to bind a the non-

glycosylated GFCC'C" face of the CEACAM1 N-domain, which is also used for 

CEACAM1 homophilic interactions, suggesting that like with E. coli above, CEACAM1-

binding by Opa would disrupt CEACAM-CEACAM interactions (153). Opa proteins are 

also expressed by Neisseria meningitidis and exhibit the same binding properties (154,155), 

which were demonstrated to induce SHP1 recruitment by CEACAM1 and so dampen 

TLR2-induced NF-κB activation and subsequent proinflammatory immune response (156). 

Interestingly, soluble CEACAM8 released by granulocytes in response to infection was 

found to bind endogenous CEACAM1 and induce a similar response (134), suggesting that 

the bacteria may have mimicked this binding mechanism in order to dampen the immune 

response and promote its persistence. This strategy is also implemented by Moraxella 

catarrhalis (156), which utilizes the adhesin UspA1 to bind CEACAM1, again dampening 
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the immune response, whereas UspA1 binding to CEACAM1 was also found to induce 

apoptosis (157). Other bacterial pathogens demonstrated to bind CEACAMs include 

Haemophilus Influenzae (158) and Fusobacterium species (159). CEACAMs are also 

bound by fungi, with the commensal-cum-pathogen Candida albicans shown to once again 

specifically bind the N-terminus of CEACAM1, 3, 5 and 6, with binding specifically 

inducing IL-8 production after CEACAM1 ITIM phosphorylation (160).  

 

 

Animal models 
 

Murine CEACAM1 models 
 

In all cases, pathogen binding was found to be specific to human CEACAMs (160). This 

suggests that CEACAM binding is an evolutionary adaptation of these microbes to their 

hosts. Furthermore non-primates only possess orthologs for CEACAM1, of the pathogen-

binding CEACAMs (161,162). As such it could be suggested that these pathogens have 

driven their hosts to diversify their CEACAM repertoire, for example with the expression 

of CEACAM3 and 6 on granulocytes. Of specific interest to experimental study of these 

interactions is the fact that murine CEACAM1 is unable to bind these pathogens (163). 

C57BL/6 mice are commonly used as a model for H. pylori infection (164), though this 

species specificity limits their utility in this investigation. 

 

Therefore, in order to study CEACAM1-pathogen interactions in mice, a human ceacam1 

transgenic (tg) mouse was generated (referred to as tgCC1 in this thesis) (165). The mouse 

was created using bacterial artificial chromosome (BAC) injection with the BAC clone 

inserting randomly into chromosome 11 of the transgenic mice, whereas mouse ceacam1 

is on chromosome 7 (166,167).  Endogenous expression of the multiple human CEACAM1 

isoforms was detected in the liver, kidney, small intestine, mammary glands and prostate 

glands of these mice. Specifically, neutrophils were also demonstrated to express human 

CEACAM1, and bind Neisserial Opa proteins accordingly. Notably, the expression of 

human CEACAM1 was not inducible, with T cells upregulating murine but not human 

CEACAM1 upon activation. This is of particular interest to the use of these mice as an H. 

pylori model as was discussed before, CEACAM expression in the stomach is only induced 
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with the progression of gastric disease (101). Another mouse line, C57BL/6 human 

ceacam1+/+ × mouse ceacam1–/– (referred to hCC1 knock-in/mCC1 knock-out from this 

point, generated by Bernhard B. Singer), involved crossing the tgCC1 line above with 

murine ceacam1 knock-out mice (168) and backcrossing to C57BL/6 (169). As opposed to 

the tgCC1 mouse, the hCC1 knock-in/mCC1 knock-out mouse exhibited inducible 

expression of human CEACAM1 in T cells, suggesting it may be a more suitable model 

for studying HopQ-mediated H. pylori infection and the ensuing induction of CEACAM 

expression in the stomach. With both models the pattern of CEACAM1 expression in the 

stomach is yet to be described. 

 

The hCC1 knock-in/mCC1 knock-out also seemed to retain some of the signaling 

properties of murine CEACAM1 in vivo (169) but some differences can be expected as 

murine CEACAM1 possesses one ITIM domain and one immunoreceptor tyrosine-based 

switch motif (ITSM) (162), this ITSM domain is replaced by a second ITIM in human 

CEACAM1. As opposed to the ITIM domain, which is involved in inhibitory signaling, 

the ITSM can convey both inhibitory signals (as an ITIM) and activating signaling (as an 

ITAM), through the recruitment of different effectors (170). Therefore, the exchange of the 

full length murine and human CEACAMs may result in a gain of HopQ binding but may 

not fully represent the signaling effects of this binding. 

 

In terms of the H. pylori strains used for mouse experiments, in 1997 a specific strain of H. 

pylori, the Sydney strain (SS1), was found when screening for H. pylori strains that 

exhibited mouse colonization ability and the mouse re-isolate proposed for use in mouse 

models going forward. This strain is often used as it yields consistently high colonization 

(171), inducing gastritis but not gastric cancer (172,173) and is vacA and cagA positive 

(171). Though it has been described as not translocating cagA, with its parental strain “pre-

mouse” SS1 (PMSS1) found to retain this capacity and induce increased pathology (174) 

and so this has been growing in usage. 

 

 

 

 



 29 

Rhesus macaques as a model of H. pylori infection 
 

Unlike rodents, non-human primates retain expression of CEA, CEACAM3 and 

CEACAM6 (162). However even CEA from primates (in this case Rhesus macaque) did 

not exhibit HopQ binding (102). This is an interesting point, as unlike rodents, Rhesus 

macaque are naturally colonized by H. pylori (175), with inflammation and gastritis 

evident. The lack of Rhesus macaque CEA binding by the human strains tested (102) could 

be due to differences in CEA sequences between the Rhesus macaque and human genes, 

with the homology between them being 78.9% (176). A similar phenomenon was 

investigated with regards to gorilla CEACAM3, where the exchange of a 3 amino acid 

motif for the human equivalent led to a gain of H. influenzae bio group aegyptius binding 

(177). Despite this binding deficiency, Rhesus macaques are also used as an in vivo model 

of H. pylori infection, as first proposed in 1990 (178) – where the monkeys were 

consistently colonized by H. pylori isolated from other Rhesus macaques and exhibited 

antral inflammation, on the other hand only 1 of 5 human isolates successfully colonized 

the monkeys with no associated inflammation. Over the course of other studies, it has been 

found that experimental infection of Rhesus macaques with H. pylori can lead to transient 

or chronic infection (179,180). Taken together, these data suggest that there are H. pylori 

strains more adapted to infecting Rhesus macaques than others. One strain in particular, 

J166 (cagA+/vacA s1/m1), was found to be particularly adapted at infecting Rhesus 

macaques (181,182). Interestingly in the 1990 study, it was also found that the human strain 

and one of the Rhesus macaque strains exhibited genetic differences to their parent strains 

after the course of infection (178). Subsequent studies found that the BabA gene was often 

not expressed in re-isolates (183), suggesting that OMPs were a target of the genetic 

rearrangement that takes place over the course of infection; though the effects on other 

OMPs, such as HopQ, have not been covered exhaustively. This effect has also been 

suggested to occur in mice, Mongolian gerbils and humans (184,185). Thus, the role of 

HopQ in Rhesus macaque CEACAM binding and infection is of great relevance, providing 

a closely related in vivo model to the human, yet also an interesting evolutionary 

perspective. 

 

H. pylori infection in humans is not generally conducted experimentally aside from 

Marshall’s self-administration of a culture to fulfill Koch’s postulates (11) (and Morris’ 
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self-ingestion two years later) (12), and later attempts at developing a vaccine challenge 

model (24). However, the use of human biopsies to study this infection was common then 

and persists today; and despite being unable to conduct such studies, having access to 

biopsies from a number  patients still presents us the opportunity to various study disease 

stages; which have so far not been reproduced in animal models (173,186).  

 

 

Aims 
 

This thesis aims to provide a detailed description of the HopQ-CEACAM binding interface, 

through mutagenesis, binding and CagA translocation studies informed by structural data. 

Emphasis will also be placed on the contribution of disulfides specifically to this binding 

and the involvement of HP0231 therein. The differences in binding between HopQ types I 

and II will also be investigated, in an attempt to understand the binding specificities of these 

two isoforms. The outcome of HopQ-CEACAM binding is of great interest, therefore the 

effects of this binding on CEACAM1-phosphorylation and dimerization will be 

investigated. Animal models of H. pylori infection are helpful in providing an in vivo 

perspective, though they also provide an interesting evolutionary perspective when it comes 

to a topic such H. pylori infection and CEACAMs that harbors such a strong evolutionary 

and co-evolutionary influence. Therefore, Rhesus macaque models will be studied to shed 

light on the evolution of the HopQ-CEACAM interaction, whereas further studies will 

focus on the development and characterization of a suitable mouse model that exhibits 

HopQ-binding and inducible gastric CEACAM expression in order to enable further study 

of this topic in the mouse. Finally, a key part of this paradigm is this induction of CEACAM 

expression, as without sufficient receptor expression the interaction is null – and so it is of 

great interest to begin understanding the factors underlying this induction of expression. 

Human biopsies will form part of this investigation in order to understand how CEACAM 

expression is induced in the clinical setting. 
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Materials and methods 
 

Methods 
 

Generation of CEACAM point mutants 
Mutagenesis was carried out on the pcDNA3.1 plasmid carrying the human CEACAM1 

gene or Rhesus macaque CEACAM1 or 5, using the Quickchange kit (Agilent) according 

to manufacturer’s instructions. Mutagenesis primers are located in Table 3. The mutated 

plasmid was sequenced (Eurofins Genomics) using the standard cytomegalovirus (CMV) 

promoter forward sequencing primer. Following sequencing, the plasmid was transfected 

into Chinese hamster ovary (CHO) cells using Lipofectamine 2000 (Invitrogen) according 

to manufacturer’s instructions. Following transfection, the cells were allowed to recover 

for 1 day, before being transferred to a 10-centimeter (cm) dish and selection medium added 

(Dulbecco's Modified Eagle Medium (DMEM) + 10% Fetal bovine serum (FBS) + 1% 

Penicillin-Streptomycin (P/S) + 1 mg/ml G418 for selection – all Gibco). Single colonies 

were picked and expanded before total DNA was isolated using Quick-DNA Miniprep Kit 

(Zymo Research) according to manufacturer’s instructions. The DNA samples were 

screened for the plasmid using PCR with the T7 promoter forward and bovine growth 

hormone (BGH) terminator reverse primers. Glyceraldehyde 3-phosphate dehydrogenase 

(GAPDH) was included as a housekeeping gene. Positive clones were then tested for 

protein expression in a Western blot, probed for using anti-CEACAM1/5 antibody Sab3 

and anti-GAPDH as a loading control. 

 

E. coli transformation and mini/midi-prep 
For cloning procedures E. coli transformation was done using the DH5ɑ strain. Plasmids 

were mixed with 50 µl of bacteria and incubated on ice for 30 minutes, before a 45 second 

heat shock in a 42ºC water bath and recovery on ice for a further 3 minutes. 1 ml of 

Lysogeny broth (LB) was added and the bacteria allowed to recover, shaking at 200 rpm at 

37ºC before plating on antibiotic selective LB agar plates. For mini- and midi-preps, single 

colonies were picked and incubated at 37ºC shaking overnight in the appropriate amount 

of LB with selective antibiotics (3 or 50 ml respectively). Plasmids were isolated from the 
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cultures using the PureYield Plasmid Mini- or Midiprep Systems (Promega) according to 

manufacturer’s instructions. 

 

Flow cytometry binding assay 
H. pylori grown on Wilkins Chalgren (WC) dent plates were collected in Brain heart 

infusion (BHI) medium, their optical density (OD) measured and the OD600 adjusted to 

OD600 = 1 in 1 ml of BHI medium. To this 10 µm of Carboxyfluorescein succinimidyl ester 

(CFSE, eBioscience) was added and the bacteria stained for 30 minutes, shaking. 

Meanwhile, CHO or MKN28 cells carrying a vector control, or expressing CEACAMs or 

mutants thereof, were trypsinised, counted and 100,000 cells added to a 96-well plate, or 

500,000 cells to a tube. The stained bacteria are washed 2x with phosphate buffered saline 

(PBS) before adding to the cells at multiplicity of infection (MOI) 10. The cells were 

infected for 30 minutes, shaking, before washing 4x with PBS. After washing the cells were 

fixed in 1% paraformaldehyde (PFA)/PBS before sample acquisition on a Beckman Coulter 

CyAn ADP or CytoFLEX S. Cells were gated using forward and side scatter, before gating 

for singlets and measuring the percentage of cells exhibiting CFSE-associated green 

fluorescence. 

 

pWS241 cloning 
The plasmid pWS241 normally carries the CagA gene. In order to replace this with HopQ 

the Gibson assembly method (New England Biolabs (NEB)) was used according to 

manufacturer’s instructions. Primers used located in Table 5. Point mutants of HopQ were 

generated the Quikchange kit (Agilent) as above. Primers for the mutagenesis are in the 

Table 3. To confirm the mutations the plasmids were sequenced, sequencing primer in 

Table 4. After cloning the plasmids were transformed into H. pylori. 

 

H. pylori transformation 
H. pylori grown on a WC dent plate for 2 days was collected and resuspended in BHI 

medium. To 200 µl of this suspension 2 µg plasmid is added, mixed and plated on WC dent 

plates with no selection antibiotic. After 24 hours the bacteria are transferred to WC dent 

plates with added kanamycin for selection of transformed bacteria. Single clones are picked 

and expanded before screening for successful transformation by a Western blot probing for 
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HopQ (anti-HopQ serum, 1:3000) and CagA as a loading control (anti-CagA serum, 

1:3000). 

 

H. pylori isolation from Rhesus macaque biopsies 
Biopsies from Rhesus macaque stomach antrum were homogenized and 100 µl plated on 

WC dent blood agar plates with added 200 mg/l Bacitracin, 10 mg/l Nalidixic acid, 3 mg/l 

polymyxin B. After being allowed to grow for 3-6 days, single colonies were picked and 

expanded. After expansion bacteria were collected in BHI + 20% glycerol, resuspended 

and snap frozen before storage at -80ºC. 

 

Sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) 

and Western blot 
Eukaryotic cell, bacterial or recombinant protein samples prepared using Laemmli buffer 

+ 50 mM dithiothreitol (DTT) were sonicated for 10 minutes and boiled at 95ºC for 5 

minutes before being loaded onto acrylamide gels cast according to the required percentage 

(6 or 8%) and the samples run in SDS-PAGE before Western blotting using a Transblot SD 

(Bio-Rad) according to manufacturer’s instructions. After Western blotting the membrane 

was blocked using 5% milk/Tris-buffered saline/Tween-20 (TBST) for 1 hour/room 

temperature (RT). After blocking the primary antibody was added in 5% bovine serum 

albumin (BSA)/TBST and incubated overnight at 4ºC. After primary antibody incubation 

the membrane was washed with 3 x 10 minutes with PBS and the secondary antibody 

applied in 5% milk/TBST for 1 hour/RT, before washing again with PBS. After washing 

the membrane was developed using Clarity (Bio-Rad) or Pierce (Thermo) ECL substrates. 

The developed membranes were imaged with an Intas imager. 

 

H. pylori outer membrane preparation 
H. pylori strains were grown on WC dent plates for 2 days, 100 mg of bacteria was then 

collected and resuspended in 300 µl of buffer (20 mM Tris, 500 mM NaCl, pH 8 + 2mM 

Ethylenediaminetetraacetic acid (EDTA), 100 µg/mL lysozyme, 20 µg/mL DNase and 

cOmplete™, Mini, EDTA-free Protease Inhibitor Cocktail (Roche)). To lyse the bacteria 

the samples underwent 4x freeze–thaw cycles using dry ice and a water bath set to 42ºC. 

The lysed bacteria were then centrifuged at 10,000 x g, 4 °C for 15 minutes, the supernatant 

retained and  centrifuged once more, at 20,000 x g, 4ºC for 90 minutes. The supernatant 
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was then discarded, and the pellet dissolved in 200 µL of the above buffer + 0.5% N-

lauroylsarcosine and incubated for 30 minutes at RT, shaking before centrifugation again 

at 20,000x g, 4 °C for 90 minutes. The pellet was retained and then dissolved in Laemmli 

buffer + 50 mM DTT, before running in an SDS-PAGE and Western blot. 

 

Recombinant CEACAM pulldown 
H. pylori were grown and resuspended in BHI medium as above. Before measuring their 

optical density and adjusting the OD600 adjusted to 0.5 in 1 ml. 2 µg of recombinant 

CEACAM was then added and the mixture incubated shaking for 2 hours at 37ºC. After 

this the bacteria were centrifuged and washed 4x with PBS to remove any unbound 

recombinant protein. After washing the sample was lysed in Laemmli buffer + 50 mM DTT 

as above and run in SDS-PAGE and Western blot probing for the recombinant protein with 

the respective antibody, Sab3 for CEACAM1/5 or polyclonal CEACAM antibody for 

others. HopQ can also be probed for as a control. 

 

Immunofluorescence 
1.5x105 CHO or MKN28 cells were seeded onto coverslips in a 12-well plate and 2 days 

later infected at MOI 10 with H. pylori that are stained with CFSE as in the flow cytometry 

binding assay. 3 hours later the infection is stopped, the cells are washed once with PBS 

then fixed with PFA or methanol/acetone before being stained with phalloidin (Abcam) 

and mounted on slides with DAPI-containing medium (Vector Labs). The mounted cells 

were imaged using an SP5 confocal microscope (Leica). Images were quantified using 

ImageJ. 

 

CEACAM-GFP Binding Assay  
H. pylori were grown on WC Dent and their optical density measured as above, before 

adjusting to OD600 = 1 in 1 mL of media as for the flow cytometry binding assay above. 

5 µM Cell Proliferation Dye eFluor™ 670 (eBioscience) was then added to the bacteria 

and incubated for 30 minutes before washing 2 x with PBS. The stained and washed 

bacteria were evenly divided into 8 wells of a 96 well plate, 3 µg of the respective 

CEACAM-green fluorescent protein (GFP) (or GFP control) (152,158,187) was added to 

the appropriate wells. The mixture was incubated, shaking, in a microaerobic incubator for 
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30 minutes; and then washed 4x with PBS. The washed samples were then fixed in 1% 

PFA/PBS and acquired on a CytoFLEX S flow cytometer. 

 

Cell line infections for CagA translocation, CEACAM1 phosphorylation 

and SHP1/2 recruitment assays 
7.5 x 104 cells are seeded in 24-well plates and grown for 2 days. Meanwhile H. pylori 

strains are grown, and on the day of infection are collected and their optical density 

measured as before. Cells are infected at the indicated MOIs and time periods before 

washing 1x with PBS and lysis in Laemmli buffer + 50 mM DTT. The samples are run in 

SDS-PAGE and Western blot. The membrane is then probed for pTyr, GAPDH, SHP1 or 

2. For CagA translocation or CEACAM1 phosphorylation assays the pTyr blot is then 

stripped using Restore PLUS stripping buffer (Thermo) and reprobed for CagA or 

CEACAM1 (Sab3 antibody) respectively. 

 

HopQ type I and II PCR screen 
DNA from H. pylori strains grown as before was isolated using Quick-DNA Miniprep Kit 

(Zymo Research) and used in a PCR using GoTaq polymerase (Promega) according to 

manufacturer’s instructions. Primers listed in Table 4. The PCR products were run on a 1% 

agarose gel with 1kb ladder (Promega) before imaging using a Chemidoc XR+ gel imaging 

system (Bio-Rad). 

 

Crosslinking studies to investigate the monomerization of CEACAM1 in 

infected cells 
1x106 MKN28 CEACAM1 cells were grown in a 10 cm dish and infected at MOI 50 for 1 

hour with H. pylori P12 wild type or ∆hopQ. Following infection, the cells were 

trypsinised, washed 2x with PBS and resuspended in 950 µl PBS. 50 µl of 10 mM 

dithiobis(succinimidyl propionate) (DSP, Thermo) was added to each sample, for a 

working concentration of 0.5 mM, and incubated for 30 minutes at RT on a shaker. The 

crosslinking reaction was quenched with Tris-hydrochloric acid (HCl), which was added 

at a final concertation of 100 mM and incubated for 15 minutes. The cells were pelleted, 

and the pellet resuspended in non-reducing Laemmli buffer. Half of each sample was 

retained, and to this 50 mM DTT was added in order to reduce DSP and visualize total 
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CEACAM1. The samples were run in a Western blot (as described above), and the 

membranes probed for CEACAM1 (Sab3 antibody). The experiment was carried out a total 

of 3 times, and the Western blots analyzed by densitometry (ImageLab 1D, Kapelan Bio), 

in order to give a quantitative result. 

 

Immunoprecipitation (IP) 
2x105 MKN28-CEACAM1 cells were grown in a 6-well plate and infected as before. After 

the infection the cells were washed 1x with PBS and collected/lysed using 

radioimmunoprecipitation assay buffer (RIPA) buffer and a cell scraper, with all steps 

carried out at 4ºC. The cell lysates were sonicated 3 x 15 seconds and centrifuged for 10 

minutes at 4ºC, 10,000 x g to pellet debris. The supernatant was transferred to a fresh tube, 

and 1 µg of the normal mouse IgG and 20 µl Protein G Agarose (Roche) were added 

followed by a 30-minute incubation, rotating at 4ºC to pre-clear the lysate. The pre-cleared 

lysate was centrifuged at for 1 minute at 3000 rpm in a pre-cooled Biofuge Fresco (Thermo) 

and the supernatant retained. 10% of this was taken as an input sample and mixed with 

Laemmli buffer + 50 mM DTT ready for SDS PAGE. The remaining sample was divided 

between two tubes, to one of which 1µg normal IgG (Santa Cruz) was added once more, 

and to the other 5 µg/ml B3-17 antibody was added and both were incubated overnight, 

with rotation. Following incubation 20 µl of Protein G Agarose (Roche) was added to each 

tube and incubated for 2.5 hours. The samples were then centrifuged as before, the 

supernatant discarded, and the pellet washed 4x with PBS before resuspension in Laemmli 

buffer + 50 mM DTT, boiling and running in SDS PAGE and then Western blot probing 

for CEACAM1, SHP1 and SHP2. 

 

Flow cytometry staining and sorting 
Cells that were trypsinised and collected in 15 ml tubes were stained by resuspension in 

100µl PBS with 5 µg/ml 18/20, Sab3 or polyclonal anti-CEACAM antibodies followed by 

washing 1.5x with PBS. The cells were then incubated with anti-mouse IgG or anti-rabbit 

IgG Alexa Fluor 488 antibodies (Thermo), washed 1.5x with PBS and acquired on a 

Beckman Coulter CytofFLEX S or sorted at CyTUM MIH. 
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Mouse experiments 
8-week old mice are infected with 2x108 H. pylori in 200 µl BHI (measured using optical 

density with OD = 1 = 2x108), 2x by oral gavage. After the duration of the infection the 

mice are sacrificed and their stomachs collected, and divided in 3 parts for histology, 

Ribonucleic acid (RNA) isolation and colony forming unit (CFU) determination. 

 

CFU determination 
Stomach sections were weighed and added to 1 ml BHI medium before homogenization. 

The homogenate was serially diluted to produce 100x and 1000x dilutions before all 3 

dilutions were plated on WC dent plate with special supplement as above. Plates were 

allowed to grow for 4-6 days before single colonies were counted. After correcting for the 

appropriate dilution, a mean of the number of colonies counted from all 3 plates and 

divided by the weight of the stomach section in mg. The log10 of this value to plot the 

calculated CFUs on the logarithmic scale. 

 

Immunohistochemistry (IHC) 
Biopsies were either received already paraffin-embedded or embedded at the TUM Institute 

of Pathology. The paraffin blocks were cooled to -10ºC, before being cut using a RM2245 

microtome (Leica) to a thickness of 3.5-4 micrometer (µm). The slices were transferred to 

a TFB 35 tissue flotation bath (Medite) set to 42ºC before transfer to a glass slide. The 

slides were allowed to dry for at least 1 day before deparaffinization and re-hydration. The 

slides were then incubated at 60ºC for 20-30 minutes to melt the paraffin and then incubated 

3 x 10 minutes in Roticlear (Roth), 2 x 10 minutes in absolute ethanol, 1 x 5 minutes in 

90% ethanol, 1 x 5 minutes in 70% ethanol and 1 x 5 minutes in 30% ethanol before boiling 

for 10 minutes in 0.01 M pH 6 sodium citrate buffer for antigen retrieval. Next, the slides 

were treated with 3% hydrogen peroxide and washed with water and washing buffer 

(TBST). The tissue sections were then blocked with 5% goat serum for 1-hour RT. Before 

overnight incubation at 4ºC with the primary antibody appropriately diluted in SignalStain 

antibody diluent (Cell Signaling). After washing 5x with TBST the secondary antibody was 

applied, either HRP-conjugated rabbit antibody (Promega) at 1:200 or mouse antibody 

(Promega) 1:100 and incubated for 1-hour RT. After washing again 5 x with TBST the 

slides were developed using the SignalStain DAB Substrate Kit (Cell Signaling). After 

developing the tissue was washed 1x with water and counterstained with Hematoxylin for 
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3 minutes before washing with tap water. The tissue was then dehydrated by incubating 1 

x 5 minutes in 50% ethanol, followed by 1 x 5 minutes 70% ethanol, 1 x 5 minutes 90% 

ethanol, 2 x 5 minutes absolute ethanol and 3 x 10 minutes Roticlear. The dehydrated tissue 

was then mounted with Roti-mount (Roth) before drying overnight and imagining using a 

BX61VS Microscope (Olympus). 

 

RNA isolation, reverse transcription and qPCR 
RNA was isolated from cells or flash frozen biopsies using Maxwell 16 LEV simplyRNA 

Tissue Kit (Promega), Maxwell RSC simplyRNA Tissue Kit (Promega) or GenElute 

Mammalian Total RNA Miniprep Kit (Sigma) according to manufacturer’s instructions 

after homogenization using a Precellys (Bertin). With the latter kit DNase treatment was 

then conducted using DNA-free DNA Removal Kit (Thermo). The RNA was then 

measured using a NanoDrop 1000 (Thermo), and 1 µg added in duplicate to 150 ng Random 

primers (Promega) and Nuclease free water (Promega) up to 14 µl before incubation at 

70ºC for 5 minutes in a thermal cycler then 4ºC for 5 minutes. Two master mixes were 

prepared with 5 µl Moloney Murine Leukemia Virus (M-MLV) 5X Reaction Buffer 

(Promega), 1.25 µl deoxyribonucleotide triphosphates (dNTPs, Promega) and nuclease free 

water up to 25 µl. To one of the master mixes 1 µl M-MLV Reverse Transcriptase 

(Promega) was also added and the reverse transcription was carried out in a thermal cycler, 

incubating the samples at 22ºC for 10 minutes, 50ºC for 50 minutes and 70ºC for 15 

minutes. Quantitative PCR (qPCR) was then conducted using the GoTaq qPCR system 

(Promega), 5 µl GoTaq was added to each well along with the appropriate primers. Cell 

cDNA was diluted 1:10 and murine tissue cDNA diluted 1:5 before adding 4 µl to a 384 

well plate (4titude). The qPCR was conducted using a C1000 thermal cycler and CFX384 

Real-Time System, using a 2-step protocol (Bio-Rad). The data was processed using the 

CFX manager software (Bio-Rad), melt curves checked for quality and the cycle thresholds 

exported to Excel (Microsoft) wherein ‘Fold change’ was calculated. The mean of the 

GAPDH cycle threshold across replicates is calculated for each sample. This is then 

subtracted from the mean value for the gene of interest (x – GAPDH) = ∆Ct. ∆Ct fold 

change = 2^∆Ct. If an appropriate negative control can be included in the experiment this 

can be used to produce a ∆∆Ct value (∆Ct – negative control). ∆∆Ct fold change = 2^∆∆Ct. 
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Cytokine treatment of cells 
100,000 AGS or GES1 cells were seeded in a 12-well plate, grown for 48 hours and then 

treated with 50 ng/ml cytokine for 24 hours, before being lysed with Laemmli buffer and 

run in SDS-PAGE and Western blot with the membrane probed with anti-CEACAM1/5 

antibody Sab3. 

 
 

Materials 

Reagents and consumables 
10 cm dish (Corning) 

1kb DNA Ladder (Promega) 

384 well plate (4titude) 

96 well plate (Corning) 

Acetone (Fischar) 

Acrylamide/Bis 19:1, 40% (w/v) solution (Thermo) 

Agarose (Sigma) 

Amersham Protran 0.45 NC nitrocellulose Western blotting membranes (GE Healthcare 

Life Sciences) 

APS (Applichem) 

Bad Stabil Water Bath Stabilizer (neoLAB) 

BHI medium (MP Biomedicals) 

Bromophenol blue (Merck) 

BSA (Applichem) 

Cell culture plates (Corning) 

Cell Proliferation Dye eFluor™ 670 (eBioscience) 

Cell scrapers (VWR) 

CFSE (eBioscience) 

Chromatography paper (A. Hartenstein) 

Clarity ECL substrate (Bio-Rad) 

cOmplete™, Mini, EDTA-free Protease Inhibitor Cocktail (Roche) 

Cotton buds (Roth) 

Coverslips (Menzel-Gläser) 

Dent supplement (Oxoid) 
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Disposable bags (Roth) 

DMEM (Gibco) 

DNase (Applichem) 

dNTP Mix (Promega) 

DSP (Thermo) 

EDTA (Roth) 

Empty Gel Cassettes, mini, 1.0 mm (Novex) 

Ethanol (Applichem) 

Ethylene glycol-bis(β-aminoethyl ether)-N,N,N′,N′-tetraacetic acid (EGTA, Roth) 

FACS tubes (STARLAB) 

FBS (Gibco) 

Flasks (Labsolute) 

G418 (Gibco) 

Glycine (Roth) 

Goat serum (Abcam) 

GoTaq polymerase (Promega) 

Graduated Filter Tips (STARLAB) 

HCl (Roth) 

Hematoxylin (Roth) 

Igepal (Sigma) 

L-shape spreaders (VWR) 

LB media and agar plates (MIH) 

Lysozyme (Agilent) 

M-MLV Reverse Transcriptase (Promega) 

Methanol (Merck) 

Microtubes (TreffLab) 

Milk powder Blotting grade (Roth) 

Mini Gel Tank (Thermo) 

N-lauroylsarcosine 

NaCl (Merck) 

Nitril BestGen Gloves (Meditrade) 

Normal mouse IgG (Santa Cruz) 

Nuclease Free Water (Promega) 

P/S (Gibco) 
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PBS (Gibco) 

PFA (Fischar) 

Phalloidin-iFluor 647 Reagent (Abcam) 

Pierce ECL substrate (Thermo) 

Precellys tubes (Bertin) 

Protein G Agarose (Roche) 

Q5 High-Fidelity 2X Master Mix (NEB) 

qPCR seal (4titude) 

Recombinant CEACAM1-Fc (Kindly provided by Bernhard B. Singer) (139) 

Recombinant CEACAM-GFP proteins (Kindly provided by Christoph R. Hauck and 

Petra Zoll-Kiewitz) (152,187) 

Restore PLUS stripping buffer (Thermo) 

Roti Safe (Roth) 

Roticlear (Roth) 

SDS (Roth) 

Shandon coverplate (Thermo) 

SignalStain Antibody diluent (Cell Signaling) 

SignalStain DAB Substrate Kit (Cell Signaling) 

Sodium citrate (Roth) 

Sodium deoxycholate (DOC, Roth) 

Stripettes (Greiner Bio-One) 

Superfrost Plus Microscope slides (Thermo) 

Tetramethyl ethylenediamine (TEMED, Sigma) 

Tips (STARLAB) 

Tris (Roth) 

Triton X-100 (Roth) 

Trypsin (Gibco) 

Tween 20 (Applichem) 

VECTASHIELD Antifade Mounting Medium with DAPI (Vector Labs) 

WC (Invitrogen) 

 

Buffers 
Laemmli buffer (100mM Tris pH6.8, 4% SDS, 20% glycerol, 0.2% bromophenol blue.) 
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Lysozyme buffer (20 mM Tris, 500 mM NaCl, pH 8 + 2mM EDTA, 100 µg/mL lysozyme, 

20 µg/mL DNase and cOmplete™, Mini, EDTA-free Protease Inhibitor Cocktail (Roche)) 

RIPA buffer (50 mM Tris-HCl pH 7.4, 1% NP-40, 150 mM NaCl, 0.25% DOC, 1mM 

EGTA and cOmplete™, Mini, EDTA-free Protease Inhibitor Cocktail (Roche)) 

SDS Running Buffer (0.025 M Tris, 0.2 M Glycine, 0.1% (w/v) SDS) 

SDS-PAGE running gel buffer (0.4% (w/v) SDS, 1.5 M Tris/HCl pH 6.8) 

SDS-PAGE stacking gel buffer (0.4% (w/v) SDS, 0.5 M Tris/HCl pH 6.8) 

TBS Buffer (50 mM Tris, 150 mM NaCl, HCl pH 7.5) 

Transfer buffer (190 mM Glycine, 25 mM Tris, 0.01% SDS, 20% Methanol) 

 

Kits 
DNA-free DNA Removal Kit (Thermo) 

GenElute Mammalian Total RNA Miniprep Kit (Sigma) 

Gibson Assembly Cloning Kit (NEB) 

GoTaq qPCR System (Promega) 

Maxwell 16 LEV simplyRNA Tissue Kit (Promega) 

Maxwell RSC simplyRNA Tissue Kit (Promega) 

PureYield Plasmid Midiprep System (Promega) 

PureYield Plasmid Miniprep System (Promega) 

Quick-DNA Miniprep Kit (Zymo Research) 

QuickChange Lightning Site-Directed Mutagenesis Kit (Agilent) 

Wizard SV Gel and PCR Clean-Up System (Promega) 

 

Equipment 
Bandelin Sonorex sonicating water bath 

Bertin Precellys 

Bio-Rad Agarose gel casting chambers 

Bio-Rad CFX384 Real-Time System 

Bio-Rad Chemidoc XR+ imaging system 

Bio-Rad PowerPac 

Bio-Rad Sub-Cell GT 

Bio-Rad thermal cyclers – C1000, S1000, iCycler 

Bio-Rad Transblot SD 
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Biometra OV 3 Oven 

Biosan MR-12 Rocker 

Centrifuges – Thermo Biofuge Primo, Thermo Biofuge Fresco, Hettich MIKRO 200R, 

Heraeus Megafuge 2.0RS 

Corning Lambda Plus Pipettors 

Corning Mini Microcentrifuge 

Corning Stripettor Plus 

Elma Transonic 460 sonicating water bath 

Eppendorf BioPhotometer 

Eppendorf ThermoMixer 

Heidolph Polymax 1040 platform shaker 

Heracell 240 Cell Incubator 

Heraeus Laminar Flow Hoods 

Infors HT Celltron shaker for CO2 incubators 

Infors HT Multitron Pro Shaking Incubator 

Intas Western blot Imager 

Leica RM2245 Microtome 

Leica TCS SP5 Confocal 

Liebherr Fridges and Freezers 

Medite COP 30 tissue cool plate 

Medite TFB 35 tissue flotation bath 

Mettler Toledo FiveEasy pH meter 

Nikon Eclipse TS100 

Olympus BX61VS Microscope 

Phoenix RS-TR 5 Roller 

Promega Maxwell 16 LEV 

Promega Maxwell RSC 

Renner Mixing rotor 

Thermo H. pylori incubators – Forma Series II Water Jacket, Heracell VIOS 160i 

Thermo HERAFreeze Basic -80ºC Freezer 

Thermo Nanodrop 1000 

VWR Homogenizer 

Water Baths – GFL and Memmert 
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Software 
Beckman Coulter Cytexpert 

Beckman Coulter Summit 

Benchling  

Bio-Rad CFX manager 

Bio-Rad Image Lab 

FlowJo 

GraphPad Prism 

ImageJ 

Intas Chemostar  

Kapelan Bio ImageLab 1D 

Leica Application Suite 

Microsoft Office 

Olympus VS-ASW 

 

Cells 
CHO (ATCC, CCL-61) 

CHO vector control and other transfectants (below) kindly provided by Bernhard B. Singer. 

CHO-CEACAM1 

CHO-CEACAM3 

CHO-CEACAM5 

CHO-CEACAM6 

CHO-CEACAM8 

CHO-RmCEACAM1 

CHO-RmCEACAM5 

MKN28-CEACAM1 

MKN28 (188) 

AGS (ATCC, CRL-1739) 

MKN45 (189) 

GES1 (RRID:CVCL_EQ22) 
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H. pylori strains 
P12 wild type (190), P12 ∆hopQ (102), P12 ∆hp0231 (118), P12 ∆hp0231 + hp0231 (118), 

P12 ∆cagA (Steffen Backert) 

P12 ∆hopQ + hopQ L150R and V156N (AG Gerhard) 

G27 wild type (191), G27 ∆hopQ (101), G27 ∆hp0231 (118) 

G27 ∆hopQ + hopQ wild type and all mutants; P12 ∆hopQ + hopQ P110Q and 

P110Q/G266Q  

2808 (192) 

26695 (ATCC 700392) 

60190 (ATCC 49503)(193) 

J99 (ATCC 700824) 

SS1 (194) 

TX30 (ATCC 51932) 

PMSS1 (174) 

J166 and re-isolates (84,183) 

Rhesus macaque strains RhHP01-05, 9946 and 9951 isolates from Deutches 

Primatenzetnrum 

 

Antibodies 
Anti-Mouse IgG (H+L), HRP Conjugate (Promega) 

Anti-Rabbit IgG (H+L), HRP Conjugate (Promega) 

Mouse 18/20 antibody (anti-human CEACAM1/3/5 N domain, from Bernhard B. Singer), 

5 µg/ml for IHC 

Mouse 1H7-4B antibody (anti-human CEACAM6 from Bernhard B. Singer), 2.5 µg/ml for 

Western blot, 5 µg/ml for IHC 

Mouse 6G5j antibody (anti-human CEACAM1/3/5/6/8 A1B1 domain, from Bernhard B. 

Singer), 5 µg/ml for IHC 

Mouse anti- HopQ type II serum from Bernhard B. Singer (1:1000) 

Mouse anti-gGT serum (1:3000) 

Mouse anti-HopQ serum (1:3000) 

Mouse anti-HopQ type II mAb, from Bernhard B. Singer, 2.5 µg/ml 

Mouse anti-HP0231 serum (1:3000) 

Mouse anti-HpaA serum (1:3000) 
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Mouse anti-mouse CEACAM1 N domain (from Bernhard B. Singer) 2.5 µg/ml for Western 

blot, 5 µg/ml for IHC 

Mouse anti-pTyr (1:300, PY99, Santa Cruz) 

Mouse anti-SHP1 (1:200, 1SH01, Calbiochem) 

Mouse B3-17 antibody (anti-human CEACAM1 A1B1 domain, from Bernhard B. Singer), 

5 µg/ml for IP 

Mouse C5-1X antibody (anti-human CEACAM1 A1B1 domain from Bernhard B. Singer), 

5 µg/ml for IHC 

Mouse Sab3 antibody (anti-human CEACAM1/3/5 N-domain from Bernhard B. Singer), 

2.5 µg/ml for Western blot, 5 µg/ml for IHC 

Rabbit anti-alpha tubulin (1:1000, polyclonal, Cell Signaling) 

Rabbit anti-CagA serum (1:3000) 

Rabbit anti-GAPDH (1:1000, 14C10, Cell Signaling) 

Rabbit anti-mouse cluster of differentiation 3 (CD3), clone SP7, 1:150 for IHC (Thermo) 

Rabbit anti-SHP2 (1:1000, D50F2, Cell Signaling) 

Rabbit polyclonal CEACAM antibody, from Bernhard B. Singer, 2.5 µg/ml for Western 

blot, 5 µg/ml for IHC 

 

 

Table 1: Mouse lines 
Name Description 

C57BL/6JOlaHsd (BL6) Wild type inbred strain 

tgCC1 BAC transgenic mouse strain encoding 

human CEACAM1 on chromosome 11 

(165). Partially backcrossed to C57BL/6J 

from FVB N/J. Original FVB N/J mouse 

line exhibited endogenous human 

CEACAM1 expression, though not 

inducible. 

hCC1N tg N-domain of mouse CEACAM-1 

(chromosome 7) replaced by the human N-

domain, generated by clustered regularly 

interspaced short palindromic repeats 
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(CRISPR)/CRISPR-associated protein-9 

nuclease (Cas9) CRISPR/Cas9 system 

homology-directed repair (HDR). 

hCC1 knock-in/mCC1 knock-out Cross between hCEACAM1 tg line above 

and mCEACAM1 knockout line (168). 

Fully backcrossed to C57BL/6. Exhibited 

inducible human CEACAM1 expression 

on T cells (169). Imported from Bernhard 

B. Singer. 

 

 

Table 2: Plasmids 
Name Description Source 

pcDNA3.1 (-) human 

CEACAM1 

Eukaryotic human CEACAM1 

expression. Geneticin (G418) 

resistance. 

Bernhard B. Singer 

pcDNA3.1 (-) Rhesus 

macaque CEACAM1 

Eukaryotic Rhesus macaque 

CEACAM1 expression. Geneticin 

resistance. 

Bernhard B. Singer 

Robert Kammerer 

pcDNA3.1 (-) Rhesus 

macaque CEACAM5 

Eukaryotic Rhesus macaque 

CEACAM5 expression. Geneticin 

resistance. 

Bernhard B. Singer 

Robert Kammerer 

pWS241 H. pylori expression plasmid. 

Kanamycin resistance. 

Wolfgang Fischer (195) 

pGEM-T hCC1N 

CRISPR-Cas9 template 

plasmid 

Plasmid carrying exon 2 of human 

CEACAM1 flanked by ~800bp exon 

2 flanking regions from mouse 

CEACAM1. 

Behnam Kalali 

pLXSN mouse 

CEACAM1 

Mouse CEACAM1 expression 

plasmid. 

(196) 

pSB1001 HopQ P110Q H. pylori complementation vector 

with HopQ P110Q mutant. 

Kristof Moonens 

Steffen Backert 
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pSB1001 HopQ 

P110Q/G266Q 

H. pylori complementation vector 

with HopQ P110Q/G266Q double 

mutation. 

Kristof Moonens 

Steffen Backert 

 
 
Primers 

Table 3: Quickchange primers 

Name/ 

Description 

Sequence 

Human CEACAM1 

A49L forward 

GTGGATGGCAACCGTCAAATTGTAGGATATTTAATAGGAA

CTCAACAAG 

Human CEACAM1 

A49L reverse 

TTGTTGAGTTCCTATTAAATATCCTACAATTTGACGGTTGC

CATCCAC 

Human CEACAM1 

T56K forward 

GCAATAGGAACTCAACAAGCTAAGCCAGGGCCCGCA 

Human CEACAM1 

T56K reverse 

TGCGGGCCCTGGCTTAGCTTGTTGAGTTCCTATTGC 

Human CEACAM1 

I91F and L95F 

forward 

GGATTCTACACCCTACAAGTCTTCAAGTCAGATTTTGTGAA

TGAAGAAGCAACTG 

Human CEACAM1 

I91F and L95F 

reverse 

CAGTTGCTTCTTCATTCACAAAATCTGACTTGAAGACTTGT

AGGGTGTAGAATCC 

Rhesus macaque 

CEACAM1 I63F 

N66S forward 

CCACAATCTGTCCCAGAATCTTTTTGGCTACAGCTGGCACA

AAGG 

Rhesus macaque 

CEACAM1 I63F 

N66S reverse 

CCTTTGTGCCAGCTGTAGCCAAAAAGATTCTGGGACAGAT

TGTGG 

Rhesus macaque 

CEACAM1 A75G 

L78Q forward 

AAGGGGAAAGAGTGGATGGCAAACGTCAAATTGTAGCAT

ATGTAAG 
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Rhesus macaque 

CEACAM1 A75G 

L78Q reverse 

CTTACATATGCTACAATTTGACGTTTGCCATCCACTCTTTC

CCCTT 

Rhesus macaque 

CEACAM1 V83A 

forward 

CAAACGTCTAATTGTAGCATATGCAAGAACTAAACAAACT

ACCCCAG 

Rhesus macaque 

CEACAM1 V83A 

reverse 

CTGGGGTAGTTTGTTTAGTTCTTGCATATGCTACAATTAGA

CGTTTG 

Rhesus macaque 

CEACAM5 I65S 

forward 

CCAGAATCTTTTTGGCTACAGTTGGTACAAGGGAGAAAGA

G 

Rhesus macaque 

CEACAM5 I65S 

reverse 

CTCTTTCTCCCTTGTACCAACTGTAGCCAAAAAGATTCTGG 

Rhesus macaque 

CEACAM5 A74G 

forward 

GAGAAAGAGTGGATGGCAGCCGTCGAATTGG 

Rhesus macaque 

CEACAM5 A74G 

reverse 

CCAATTCGACGGCTGCCATCCACTCTTTCTC 

Rhesus macaque 

CEACAM5 R84G 

forward 

AGCCGTCGAATTGGATCATGTGTAATAGGAACTCAACAAA

TTAC 

Rhesus macaque 

CEACAM5 R84G 

reverse 

GTAATTTGTTGAGTTCCTATTACACATGATCCAATTCGACG

GCT 

HopQ C103S 

forward 

ATAGCATGGGTTATGCGGTCATAAGCGGAGGTTATA 

HopQ C103S 

reverse 

TATAACCTCCGCTTATGACCGCATAACCCATGCTAT 

HopQ C132S 

forward 

GGCAACGGCACTACAATCAATAGCGGTGGGAGC 
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HopQ C132S 

reverse 

GCTCCCACCGCTATTGATTGTAGTGCCGTTGCC 

HopQ C238S 

forward 

AAACGATTGTCAATACCCTTAAAGATTATAGCCCCATGTTG

ATAG 

HopQ C238S 

reverse 

CTATCAACATGGGGCTATAATCTTTAAGGGTATTGACAATC

GTTT 

HopQ C362S 

forward 

CCATCTTAAAGACTACATAGGGAAAAGCGATATGAGTGC 

HopQ C362S 

reverse 

GCACTCATATCGCTTTTCCCTATGTAGTCTTTAAGATGG 

 
 
Table 4: PCR/sequencing primers 

Name/Description Sequence 

T7 promoter forward TAATACGACTCACTATAGGG 

BGH terminator reverse TAGAAGGCACAGTCGAGG 

CHO GAPDH forward TTC ACC ACC ATG GAG AAG GC 

CHO GAPDH reverse TGA AGT CGC AGG AGA CAA CC 

pWS241 HopQ 

sequencing primer 

TCCTAGCCTTTAGACGCCT 

Isocitrate Dehydrogenase 

(ICD) forward 

GCAGCGGCATAGGGGTAAAA 

ICD reverse GCCGCTAACGCATCAGAGAT 

HopQ type I screen 

forward 

CAACGATAATGGCACAAACT (92) 

HopQ type I screen 

reverse 

GTCGTATCAATAACAGAAGTTG (92) 

HopQ type II screen 

forward 

TCCAATCCAGAAGCGATTAA (92) 

HopQ type II screen 

reverse 

GTTTTAATGGTTACTTCCACC (92) 
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CRISPR-Cas9 template 

plasmid 5’ homology arm 

sequencing primer 

CTGTCCAGTTGCTTCTTCATTC 

CRISPR-Cas9 template 

plasmid 3’ homology arm 

sequencing primer 

CTAACCTTCTGGAACCCGCC 

pLXSN hCC1N 

screening forward 

GGCAGCCTGGCTTAGCAG 

pLXSN hCC1N 

screening reverse 

CTAACCTTCTGGAACCCGCC 

CRISPR-Cas9 HDR 

screen fwd 

TGGAGAAGAAGCTAGCAGGC 

CRISPR-Cas9 HDR 

screen rev 

CTGTCCAGTTGCTTCTTCATTC 

 

 

Table 5: Gibson assembly primers 

Name/Description Sequence 

pGEM-T hCC1N 

CRISPR-Cas9 template 

homology arm forward 

tgctcggagtatgttctagaGTAAGGAGATATTCCTTCC 

pGEM-T hCC1N 

CRISPR-Cas9 template 

homology arm reverse 

CTAAGAGGGAAGAGAGAAAG 

pGEM-T hCC1N 

CRISPR-Cas9 template 

vector forward 

GATTGATAGGTCTTTCTCTC 

pGEM-T hCC1N 

CRISPR-Cas9 template 

vector reverse 

TCTAGAACATACTCCGAG 

pLXSN mCEACAM1 

vector forward for hCC1N 

Gibson assembly 

CCCATATTATTAAAGCCCAACATC 
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pLXSN mCEACAM1 

vector reverse for hCC1N 

Gibson assembly 

GCTGTGAGCAGTAGTCCTC 

Human exon 2 forward 

from pCDNA3.1 human 

CEACAM1 forward for 

pLXSN hCC1N Gibson 

assembly 

ggaggactactgctcacagcCTCACTTCTAACCTTCTG 

Human exon 2 forward 

from pCDNA3.1 human 

CEACAM1 reverse for 

pLXSN hCC1N Gibson 

assembly 

ttgggctttaataatatgggGTATACATGGAACTGTCC 

 
 
Table 6: qPCR primers 

Name/Description Sequence 

KC forward AATGAGCTGCGCTGTCAGTG 

KC reverse CGCGACCATTCTTGAGTGTG 

MIP2 forward AGTGAACTGCGCTGTCAATGC 

MIP2 reverse AGGCAAACTTTTTGACCGCC 

Mouse GAPDH forward GCCTTCTCCATGGTGGTGAA 

Mouse GAPDH reverse GCACAGTCAAGGCCGAGAAT 

CEACAM1 forward GCA ACA GGA CCA CAG TCA AG (135) 

CEACAM1 reverse CCA GGG CTA CTG CTA TCA G 

mCC1N forward TAGCCTCCTGGAGCCCTGC 

mCC1N reverse CGCACAGTCGCCTGAGTAC 

hCC1N forward GGCAGCCTGGCTTAGCAG 

hCC1N reverse TGGGCGGGTTCCAGAAGG 

Human GAPDH forward GAAGGTGAAGGTCGGAGT 

Human GAPDH reverse GAAGGTGAAGGTCGGAGT 
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Results 
 

H. pylori adhesin HopQ binds the N-domain of host CEACAM 

proteins through H-bonds and hydrophobic contacts 
 

Since the interaction between H. pylori adhesin HopQ and CEACAMs was found to be a 

protein-protein interaction, unlike the glycan binding mode of Lewis antigens by BabA and 

SabA, it was of great interest to dissect the specifics of this interaction. By learning about 

this interface, and the residues and types of bonds that make it up, we could begin to 

consider ways of disrupting it and interfering with an interaction that has already been 

shown to be crucial for H. pylori infection in the stomach. The co-crystal structure of 

HopQ-CEACAM1 (197) provided us with a strong indication with regards to a specific 

binding interface and several candidates for key binding residues, based on which we could 

confirm this binding interface as well as the binding modes involved. For CEACAM1 the 

predicted binding domain is the protein’s N-domain and the candidate residues selected 

were the hydrophobic residues F29, I91 and I95, the small amino acid A49 and the 

hydrogen bond forming T56. These residues were mutated in the plasmid pcDNA3.1 

ceacam1 (Table 2, Figure 2.1a), and transfected into CHO cells that are commonly used 

for CEACAM expression. Positive clones for the transfection were obtained for A49L and 

T56K (Figure 2.1b). These colonies were expanded and tested for CEACAM1 protein 

expression via Western blot (Figure 2.1c). The cells expressing these mutated CEACAMs 

were used in binding assays, which indicated a ~20% loss of binding as a result of the T56K 

mutation and a reduction of binding to background levels for the A49L mutations. Both 

mutations likely introduce steric clashes in the binding domain, thus confirming that the 

CEACAM1 binding face identified via the co-crystal structure was indeed correct. 
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Figure 2.1 - CEACAM1 point mutants of residues in the predicted binding pocket exhibit reduced 
HopQ binding. 
(a) Sequencing of pcDNA3.1 + human ceacam1 with the mutations of interest. (b) PCR screen of CHO 
cell colonies transfected with the pcDNA3.1 plasmids from (a) carrying the human CEACAM1 gene 
with the A49L or T56K mutations. Positive clones = A49L clones 2 and 12, T56K clones 1 and 11. + = 
positive control, pcDNA3.1 CEACAM1 plasmid. – = DNA from untransfected CHO cells. (c) Western 
blot showing expression of mutated CEACAM1 by transfected CHO cell colonies from (b). (d) The 
percentage of CHO cells, transfected with wild type CEACAM1, CEACAM1 point mutants or a vector 
control, that are bound by CFSE-stained H. pylori P12 wild type or ∆hopQ, as measured by flow 
cytometry. n=4, graph depicting mean and standard deviation. Two‐way analysis of variance (ANOVA) 
with Bonferroni’s multiple comparisons test. **P < 0.01. ***P < 0.001. Panel (d) originally published 
in Moonens, Hamway et al. (2018) (197). 
 

 

Using the co-crystal structure, we were also able to pinpoint the key binding domain of 

HopQ to a series of loops that cluster together at the tip of the protein’s helix bundle core. 

The predicted key binding residues in HopQ P110, L150, V156 and G266, were then also 

mutated to introduce steric clashes, allowing us to confirm the validity of the binding site 

prediction. H. pylori P12 expressing HopQ with the L150N or V156N mutation had been 

generated prior to this thesis (Figure 2.2a). pSB1001 plasmids carrying HopQ with the 

P110Q, or P110Q/G266Q mutations were also already generated. These plasmids were 

transformed into P12 ∆hopQ and positive clones selected (Figure 2.2b and c). All 4 mutants 
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were used in binding assays and exhibited a loss of binding to background levels (Figure 

2.2d). The L150N and V156N HopQ mutants were also found to be deficient in the key 

process of CagA translocation (Figure 2.2e). 

 

 
 

Figure 2.2 - HopQ point mutants in the predicted binding pocket inhibit CEACAM1 binding and 
CagA translocation. 
(a) Western blot showing expression of HopQ mutants by H. pylori P12. (b) Western blot showing 
expression of HopQ P110Q by different P12 transformation clones. CagA is probed for as a loading 
control. (c) Western blot showing expression of HopQ P110Q/G266Q by different P12 transformation 
clones. CagA is probed for as a loading control. d) Graph depicting the percentage of MKN28 cells, 
transfected with wild type CEACAM1 or a vector control, that are bound by CFSE-stained H. pylori 
P12 wild type, ∆hopQ or hopQ point mutants as measured by flow cytometry. n=3, graph depicting 
mean and standard deviation. Two‐way ANOVA with Bonferroni’s multiple comparisons test. ***P < 
0.001 (197). (e) Western blot detecting phosphorylated CagA in MKN28-CEACAM1 cells infected with 
H. pylori P12 wild type, ∆hopQ or hopQ point mutants at the indicated MOI. ɑ-Tubulin is probed as a 
loading control. Panels (a) and (e) originally published in Moonens, Hamway et al. (2018) (197). 
 

 

HopQ type II strains lack CEACAM6 binding ability 
 

There exist two families of HopQ proteins, termed type I and II. Interestingly, HopQ type 

II is lacking in some of the key binding residues shown to be essential for HopQ type I 
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binding, namely the residues V156 and G266 (Figure 2.2). In both cases HopQ type II 

possesses an asparagine residue instead (Figure 2.3). 

 

 
Figure 2.3 - HopQ type I and II exhibit some differences in key binding residues. 
Sequence alignment of the HopQ type I and II binding domains. Originally published in Moonens, 
Hamway et al. (2018) (197). 
 

In order to assess how this affects binding, we first conducted a screen for H. pylori strains 

expressing HopQ type II (Figure 2.4a). Based on this screen the strain TX30 was selected 

and its binding to various CEACAMs was compared to that of Type I-expressing strain 

P12 (Figure 2.4b). Equivalent binding was found for CEACAM1, 3 and 5; however, 

CEACAM6 exhibited differential binding between the two strains, which prompted us to 

confirm whether HopQ type II is in fact deficient in CEACAM6 binding. 

 

 
 

Figure 2.4 - H. pylori strain TX30 is deficient in CHO-CEACAM6 binding. 
(a) PCR screen for HopQ types I and II in several H. pylori strains, ICD is included as a housekeeping 
gene. (b) Graph depicting the binding of CHO cells, transfected with a vector control or various 
CEACAMs, by CFSE-stained H. pylori P12 or TX30, as measured by flow cytometry. Graph depicting 
mean and standard deviation. Fold binding, the binding percentages measured were normalized to those 
of P12 ∆hopQ. n = 3. Two‐way ANOVA with Bonferroni’s multiple comparisons test **P < 0.01. ***P 
< 0.001. Panel (b) originally published in Moonens, Hamway et al. (2018) (197). 
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The first step in confirming this was testing the reagents to be used, with recombinant 

CEACAM1 and 6 proteins to be used for pulldowns tested for their stability, in a Western 

blot (Figure 2.5a). However, it was found that recombinant CEACAM6-Fc was not bound 

by H. pylori P12 in a pulldown experiment (Figure 2.5b), contradicting the cell-binding 

data. Therefore, the decision was taken to continue in the cell-binding context, on the 

assumption that HopQ-CEACAM6 binding requires the full-length proteins in their native, 

cellular context. Firstly, the expression  CEACAM6 by the CHO-CEACAM6 cells was 

confirmed to be specific (Figure 2.5c). Then binding of a number of H. pylori strains 

expressing either HopQ type I or II was tested (Figure 2.5d). It was found that the type I 

strains P12, G27 and 2808 bound CEACAM6 in a HopQ-specific manner, whereas 

interestingly the type I strain J99 did not. Type II strains TX30 and 60190 did not bind 

CHO-CEACAM6 cells, confirming that, while type II strains completely lack CEACAM6 

binding, type I strains bind the protein in a polymorphic manner, with some exceptions 

such as the J99 strain. 

 
Figure 2.5 - HopQ type II H. pylori strains are unable to bind CHO CEACAM6. 
(a) Western blot showing recombinant CEACAM1 ∆N-domain-Fc, CEACAM1-Fc and CEACAM6-Fc. 
Probed for with rabbit polyclonal CEACAM antibody. (b) Western blot probing CEACAMs bound by 
H. pylori P12 in a pulldown experiment. Probed for with rabbit polyclonal CEACAM antibody. (c) 
Western blot probing CEACAM6 to confirm specific expression in CHO-CEACAM6. Probed for with 
1H7-4B antibody (anti-human CEACAM6). CHO CEACAM1 and CEACAM5 are included as negative 
controls. (d) Graph depicting the binding of CHO cells transfected with CEACAM1, CEACAM6 or a 
vector control, by various CFSE-stained H. pylori strains, as measured by flow cytometry. Fold binding, 
the binding percentages measured were normalized to those of P12 ∆hopQ. n = 2, except 60190 where 
n = 1. Error bars = SD. Panel (d) originally published in Moonens, Hamway et al. (2018) (197). 
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HopQ binds CEACAMs through a series of loops, which rely on 

disulfide bridges for structural integrity and binding 
 

Having confirmed the binding domains suggested by the co-crystal structure and some of 

the key residues involved in direct interactions, we turned our focus to other important 

structural elements. The co-crystal structure and the mutagenesis experiments above 

confirmed that the key binding elements of HopQ were disulfide-clasped loops. Two of 

these loops directly contribute to CEACAM binding, and harbor some of the previously 

identified binding residues. The two loops, CL1 and CL2, each possess a pair of cysteine 

residues at their base that form the aforementioned disulfide bridge. The contribution of 

these disulfides to the structural integrity of the binding domain was of interest to us. In 

order to investigate this, it was necessary to complement a ∆hopQ H. pylori strain with 

HopQ that lacked these cysteines. However due to the somewhat weak expression obtained 

with the previously used pSB1001 plasmid (Figure 2.2b and c) it was decided to use a new 

complementation plasmid, the pWS241 HopQ plasmid, which yielded much improved 

expression (Figure 2.6).  

 

 
Figure 2.6 - pWS241 yields improved expression of HopQ. 
Western blot screening for expression of HopQ by H. pylori G27 complemented clones. CagA is probed 
for as a loading control. 
 

 

Mutations of the cysteines from CL1 and CL2, as well as C362 from CL3, which was not 

predicted to be involved in binding and so served as a negative control, were then 

introduced into this plasmid (Figure 2.7a) and used to complement G27 ∆hopQ. 

Complemented H. pylori G27 expressing HopQ mutants C103S, C132S, C238S or C362S 

were obtained (Figure 2.7b). With the cysteine-to-serine mutagenesis of one of a cysteine 

pair sufficient to disrupt the disulfide bridge. 
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Figure 2.7 - Generation of pWS241 HopQ mutants. 
(a) Sequencing of pWS241 HopQ cysteine mutants. (b) Western blot screening for expression of HopQ 
mutants by H. pylori G27. CagA is probed for as a loading control. 
 

The cysteine-to-serine mutants were used in a number of CEACAM-binding assays. 

Firstly, a pulldown assay was conducted (Figure 2.8a) in which the CL1 mutants C103S 

and C132S both demonstrated a loss of CEACAM1 binding. Whereas C238S and C362S 

were unaffected in their CEACAM1-binding. In order to ascertain if this was the result of 

the mutations preventing proper outer membrane expression of HopQ, or whether it was 

the result of a direct influence on the binding properties of the protein, an outer membrane 

preparation was conducted (Figure 2.8b), which indicated that the mutants were normally 

exported to the outer membrane. This confirmed that the cysteine-to-serine mutations had 

a direct effect on CEACAM1-binding. It should be noted that the C132S mutant exhibited 

reduced surface expression of HopQ (Figure 2.8b), though this was in line with the lower 

total expression of HopQ by this strain (Figure 2.8a). Confirmation of the pulldown results 

was obtained in flow cytometry binding experiments to CHO-CEACAM1 (Figure 2.8c) 

and MKN28-CEACAM1 (Figure 2.8d) cells, and immunofluorescence imaging of the 

bacteria binding to CHO-CEACAM1 cells (Figure 2.8e). HopQ has also been shown to 
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bind human CEACAM5 (101), and so a flow cytometry binding assay was conducted 

testing binding to recombinant CEACAM1- and 5-GFP (Figure 2.8f). CEACAM8-GFP 

and a GFP only control were also included as negative controls. The tested strains exhibited 

the same binding capacity for CEACAM5 as they did for CEACAM1. 

 

 
 
Figure 2.8 - HopQ CL1 is necessary for CEACAM binding.  
(a) Western blot probing for CEACAM1 bound by H. pylori G27 wild type, ∆hopQ and G27 ∆hopQ 
complemented with wild type or hopQ point mutants in a pulldown experiment. HopQ is probed for as 
a control. (b) Western blot probing for HopQ in outer membrane preparation samples of H. pylori G27 
wild type, ∆hopQ and G27 ∆hopQ complemented with wild type or hopQ point mutants. HpaA and gGT 
are probed for as positive and negative controls for the membrane preparation, respectively. A whole 
cell lysate of H. pylori G27 is included as a control. (c) Graph depicting the percentage of CHO cells, 
transfected with wild type CEACAM1 or a vector control, that are bound by CFSE-stained H. pylori 
G27 wild type, ∆hopQ or hopQ point mutants as measured by flow cytometry. n=3, graph depicting 
mean and standard deviation. Two‐way ANOVA with Sidek’s multiple comparisons test. ‘-’ denotes 
uninfected cells. (d) Graph depicting the percentage of MKN28-CEACAM1 cells that are bound by 
CFSE-stained H. pylori G27 wild type, ∆hopQ or hopQ point mutants as measured by flow cytometry. 
n=3, graph depicting mean and standard deviation. One‐way ANOVA with Tukey’s multiple 
comparisons test. ‘-’ denotes uninfected cells. (e) Confocal microscopy and quantification of CFSE-
stained H. pylori G27 wild type, ∆hopQ or hopQ point mutants binding to CHO-CEACAM1 cells. 
Magnification = 63x. n=3, graph depicting mean and standard deviation. One‐way ANOVA with 
Tukey’s multiple comparisons test. (f) Graph depicting the percentage of eFluor 670-stained H. pylori 
G27 wild type, ∆hopQ or hopQ point mutants bound by CEACAM-GFP constructs. **P ≤ 0.01, *** P 
≤ 0.001, **** P ≤ 0.0001. Figure originally published in Hamway et al. (2020) (198) licensed under CC 
BY 4.0. 
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This data confirmed the importance of disulfide bridges to the CEACAM-binding capacity 

of HopQ. Next it was important to confirm that this binding deficiency translated to a 

virulence deficiency. Since HopQ-CEACAM binding was shown to be essential for CagA 

translocation, we tested the ability of the cysteine mutants to translocate CagA (Figure 2.9a) 

and found that the lack of binding by CL1 mutants observed previously, translated into a 

lack of CagA translocation.  

 

 
 
Figure 2.9 - HopQ CL1 is required for CagA translocation.  
(a) Western blot detecting phosphorylated CagA in MKN28-CEACAM1 cells infected with various H. 
pylori G27 strains for 6 hours at MOI 50. (b) Western blot detecting phosphorylated CagA in MKN28-
CEACAM1 cells infected with various H. pylori P12 strains for 6 hours at MOI 50. GAPDH is probed 
for as a loading control in both cases. Figure originally published in Hamway et al. (2020) (198) licensed 
under CC BY 4.0. 
 

 

Disulfide bridges are formed by a group of enzymes called oxidoreductases. Previous work 

in the group had identified that a H. pylori oxidoreductase, HP0231, was key for H. pylori 

virulence (118) and CagA translocation in particular (Figure 2.9b). Therefore, we wanted 

to identify whether HP0231 was the oxidoreductase responsible for HopQ disulfide 

formation, and if the diminished virulence in HP0231 deficient strains was due to a lack of 

HopQ-CEACAM binding. First, we tested if deletion of HP0231 affected HopQ expression 

(Figure 2.10a), and if ∆hp0231 strains had diminished binding to CEACAMs (Figure 

2.10b-d). It was found that the deletion of HP0231 had no effect on HopQ expression levels 

or CEACAM-binding, so even though disulfides proved to be an important component of 

HopQ-mediated CEACAM binding by H. pylori, their formation was not catalyzed by 

HP0231. 
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Figure 2.10 - HP0231 mutants do not exhibit CEACAM-binding deficiencies. 
(a) Western blots probing for HopQ and HP0231 in G27 and P12 strains. (b) Western blots probing for 
CEACAM1 bound by the strains from panel (a) in a pulldown experiment. (c) Graphs depicting the 
percentage of MKN28-vector, MKN28-CEACAM1, CHO-CEACAM1 (n=2) or AGS cells bound by 
CFSE-stained H. pylori G27 or P12 strains as measured by flow cytometry. n=3 unless otherwise stated, 
graph depicting mean and standard deviation. Two‐way ANOVA with Bonferroni’s multiple 
comparisons test. ‘-’ denotes uninfected cells. (d) Confocal microscopy and quantification of CFSE-
stained H. pylori G27 wild type, ∆hp0231 or hp0231-complemented binding to CHO-CEACAM1 cells. 
Scale bar 25 µm. HPF, high-power field. n=3, graph depicting mean and standard deviation. One‐way 
ANOVA with Tukey’s multiple comparisons test. P ≤ 0.05, **P ≤ 0.01, *** P ≤ 0.001, **** P ≤ 0.0001. 
Figure originally published in Hamway et al. (2020) (198) licensed under CC BY 4.0. 
 

 

HopQ disrupts CEACAM1 dimerization, though it does not 

specifically affect CEACAM1 phosphorylation 
 
Having explored the binding properties of the HopQ-CEACAM interaction, attention was 

turned to the downstream effects of this binding. Based on the crystal structure and in vitro 

data, it was hypothesized that HopQ-binding would disrupt CEACAM1 dimerization. In 

order to confirm this, the proportion of dimeric CEACAM1 was measured in infected cells 

(Figure 2.11a and b), finding that HopQ binding did in fact lead to CEACAM1-
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monomerisation. CEACAM1-4L possesses an additional ITIM-domain, with 

phosphorylation of the domain and the recruitment of downstream elements linked to its 

oligomerization status. Therefore, we investigated whether HopQ binding affects 

phosphorylation of this domain (Figure 2.11c); however, no difference in induced 

phosphorylation was detected between P12 wild type and ∆hopQ. To investigate this 

further, a CEACAM1 immunoprecipitation was conducted, followed by a Western blot 

probing for pTyr, SHP1 and 2 (Figure 2.11d). Once again, no difference was detected 

between the P12 wild type- and ∆hopQ-infected cells. This was repeated once more, to 

assess SHP1 and 2 recruitment at different time points, and additionally in MKN45 cells, 

which endogenously express CEACAM1 (Figure 2.11e). However, no differences between 

wild type and ∆hopQ were detected. As no conclusive results were obtained, a different 

approach would need to be taken in future studies in order to decipher the downstream 

effects of HopQ-induced CEACAM1 monomerization.  

 
Figure 2.11 - H. pylori binding of CEACAM1-expressing cells in a HopQ-dependent manner 
disrupts CEACAM1 monomerization. 
(a) Western blots probing dimeric and total CEACAM1 in CHO-CEACAM1 cells infected at MOI 50 
for 1 hour with H. pylori P12 wild type and ∆hopQ (197). (b) Quantification of the bands from (a), n=3, 
error bars = SD. (c) Western blots showing phosphorylated CEACAM1 in MKN28-CEACAM1 cells 
infected with H. pylori P12 wild type, ∆cagA and ∆hopQ at MOI 10 for 6 hours. (d) Western blots 
probing MKN28-CEACAM1 cells for CEACAM1, SHP1 and SHP2 before and after CEACAM1 
immunoprecipitation. The cells were infected at MOI 10 for 20 minutes. (e) Western blots probing 
MKN28-CEACAM1 or MKN45 cells for SHP1 and SHP2 after infection with H. pylori P12 or P12 
∆hopQ at MOI 10 for the indicated time points. Panels (a) and (b) originally published in Moonens, 
Hamway et al. (2018) (197). 
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Evolution of the HopQ-CEACAM interaction 
 

An interesting takeaway from the structural investigation is that even homo sapiens’ most 

closely related species have some key changes in their CEACAM1 sequence (Figure 

2.12a), particularly in HopQ-binding residues. This prompted us to investigate the binding 

of Rhesus macaque CEACAMs by common human H. pylori isolates and strains isolated 

from Rhesus macaques (Figure 2.12b). Both P12 and Rhesus macaque isolates strains were 

deficient in Rhesus macaque CEACAM binding. Additionally, Rhesus macaque H. pylori 

isolates did not bind human CEACAM1. 

 

 
Figure 2.12 – Rhesus CEACAM1 and 5 exhibit differences to human CEACAM1 that interfere 
with HopQ binding. 
(a) Alignment of CEACAM1 sequences from various species, key binding residues are highlighted in 
red. (b) Graph depicting the binding of CHO cells transfected with human CEACAM1, Rhesus macaque 
CEACAM1, Rhesus macaque CEACAM5 or a vector control, by various CFSE-stained H. pylori P12 
or Rhesus macaque isolates, as measured by flow cytometry. Both panels originally published in 
Moonens, Hamway et al. (2018) (197). 
 

One hypothesis as to why P12 is unable to bind Rhesus macaque CEACAMs is that too 

many of the key binding residues of the CEACAM1 and 5 residues are different to their 

human counterparts (Figure 2.12a). In order to investigate this hypothesis, these key 

residues were changed back to their human equivalent, 1 or 2 at a time, using site-directed 
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mutagenesis in plasmids expressing Rhesus macaque CEACAM1 or 5 (Figure 2.13a). 

These plasmids were transfected into CHO cells. Positive cells were FACS sorted (Figure 

2.13b) and binding assays conducted (Figure 2.13c), to test the binding capacity of these 

CEACAMs to HopQ. However, there was no increase in binding capacity observed, 

suggesting that changing only 1 or 2 of these residues is not sufficient to facilitate binding. 
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Figure 2.13 - Humanizing individual residues of Rhesus macaque CEACAM1 and 5 does not lead 
to a gain of HopQ binding. 
(a) Sequencing of pcDNA 3.1 Rhesus macaque CEACAM1 and CEACAM5 mutants aligned to wild 
type (wt). (b) Expression of Rhesus macaque CEACAM1 and CEACAM5 by transfected CHO cells as 
measured by flow cytometry after staining with polyclonal anti-CEACAM antibody. (c) Graph depicting 
the binding of CHO cells transfected with human CEACAM1, Rhesus macaque CEACAM1, Rhesus 
macaque CEACAM5 and various mutants of both, or a vector control, by CFSE-stained H. pylori G27, 
∆hopQ or hopQ+, as measured by flow cytometry. 
 

 

The finding that H. pylori isolates from Rhesus macaques universally lacked CEACAM 

binding (Figure 2.12b) prompted us to investigate these strains further. First it was found 

that they also unsurprisingly lacked the ability to translocate CagA into cells expressing 

human CEACAM1 (Figure 2.14a). Next, we investigated HopQ expression by these strains 

and found that even though these strains possessed both hopQ type I and II genes, they did 

not express either HopQ (Figure 2.14b). 
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Figure 2.14 – Rhesus macaque isolates lack HopQ expression and are unable to translocate CagA. 
(a) Western blot detecting phosphorylated CagA in MKN28-CEACAM1 cells infected with H. pylori 
P12 wild type, ∆hopQ and Rhesus macaque isolates at MOI 50 for 6 hours. ɑ-Tubulin is probed for as 
a loading control. (b) Western blots probing for HopQ type I and II by various H. pylori isolates from 
Rhesus macaques. 
 

Having investigated the Rhesus macaque HopQ-CEACAM interaction in vitro, it was of 

interest to investigate this in vivo, and to understand the importance of the HopQ-CEACAM 

interaction to how H. pylori colonizes Rhesus macaques. Firstly, we obtained biopsies from 

Rhesus macaques, that were either embedded in paraffin blocks for IHC, or homogenized 

and plated in order to obtain H. pylori isolates. H. pylori was successfully isolated from the 

antrum of two Rhesus macaques. The same Rhesus macaques’ antrum and corpus sections 

were stained for CEACAM1 and 5 expression and H. pylori colonization (Figure 2.15a). 

Noticeably, there was more CEACAM1/5 expression in the antrum than in the corpus. This 

also correlated with increased H. pylori colonization. Oddly, we were unable to detect H. 

pylori infection via IHC in the Rhesus macaque 9951 from which H. pylori was 

successfully isolated. However, this may have been a case of hyper-local colonization that 

was in the biopsy used for isolation and not for IHC (178). The H. pylori isolated from 

these Rhesus macaques also did not express HopQ (Figure 2.15b), nor did they bind human 
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CEACAM1 or Rhesus macaque CEACAM1 or 5 (Figure 2.15c), as observed before for 

other strains. 

 

 
 
Figure 2.15 - Rhesus macaque stomachs exhibit CEACAM expression though isolates from the 
same monkeys lack HopQ expression and CEACAM binding. 
(a) Immunohistochemistry staining of tissue sections from two Rhesus macaque monkeys for CEACAM 
and H. pylori. (b) HopQ expression of H. pylori isolates from Rhesus macaques in (a). (c) Binding of 
CHO cells transfected with human CEACAM1, Rhesus macaque CEACAM1, Rhesus macaque 
CEACAM5 and various mutants of both, or a vector control, by CFSE-stained H. pylori G27, ∆hopQ, 
hopQ+, strain TX30 or one of two Rhesus macaque isolates, as measured by flow cytometry. 
 

Therefore, it was found that despite the presence of H. pylori colonization and CEACAM 

expression, the HopQ-CEACAM interaction is absent in naturally infected Rhesus 

macaques and HopQ is not expressed by isolates from these animals. This prompted us to 

investigate the scenario where Rhesus macaques are intentionally infected with a HopQ-

expressing strain. We obtained biopsies and H. pylori re-isolates from Rhesus macaques 

infected with the H. pylori strain J166 that is adapted to Rhesus macaque infection (84,179). 

The biopsies were obtained at 2- and 20-weeks post infection, and we were able to confirm 
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that the monkeys’ stomachs were colonized by H. pylori and that CEACAM expression 

increased over the course of infection (Figure 2.16). 

 

 
Figure 2.16 - H. pylori infected with the J166 strain exhibit colonization and an increase in 
CEACAM expression. 
Immunohistochemistry staining of tissue sections from two Rhesus macaque monkeys infected with H. 
pylori strain J166. The biopsies were obtained at 2 weeks and 20 weeks post-infection. The tissue 
sections were stained with anti-CEACAM (polyclonal antibody) and anti-H. pylori antibodies. 
 

We found that these isolates from 2- and 20-weeks post infection retained HopQ expression 

(Figure 2.17a). They also retained human CEACAM1 binding, though they did not bind 

Rhesus macaque CEACAMs (Figure 2.17b). This is not unexpected, since so far none of 

the tested H. pylori strains were able to bind Rhesus macaque CEACAMs, and this is most 

likely owing to this sequence variation described previously (Figure 2.12a). Though it is 

interesting that despite the inability to bind Rhesus macaque CEACAMs, J166 was able to 

colonize the stomachs of these monkeys.  
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Figure 2.17 – Re-isolated J166 from Rhesus macaque infections exhibits unchanged HopQ that is 
unable to bind Rhesus macaque CEACAMs. 
(a) Western blots probing for HopQ type I and II, and CagA as a control, in H. pylori P12, P12 ∆hopQ, 
J166 and Rhesus macaque isolates. (b) Graph depicting binding of CHO cells transfected with human 
CEACAM1, Rhesus macaque CEACAM1, Rhesus macaque CEACAM5 by H. pylori from panel (a), 
as measured by flow cytometry. Fold binding = the binding percentages measured were normalized to 
those of CHO vector control cells. n=2, error bars = SD. 
 

 

Regulation of CEACAM expression during H. pylori infection 
 
 
CEACAM expression in the Rhesus macaque model 
 

It was noticed that even though the CEACAM expression in the Rhesus macaque stomachs 

seemed to be induced by H. pylori infection and increased over the course of infection, 

expression started from a very low baseline (Figure 2.16). This, together with the fact that 

H. pylori was able to colonize these monkeys without requiring the HopQ-CEACAM 

interaction suggested that this interaction may be more important later on in infection, after 

the induction of CEACAM expression by H. pylori. With other means of attachment being 

used by H. pylori to initially establish infection.  

 

In order to investigate this hypothesis, we wanted to further investigate the expression of 

CEACAMs and how it changes in response to H. pylori infection. We were able to obtain 

further Rhesus macaque biopsies from 4 monkeys, this time taken at 4 time points – Pre-

infection, and 2 weeks, 8 weeks and 7 months post infection. This revealed that prior to 

infection there is no CEACAM expression whatsoever in the stomachs of these monkeys 

(Figure 2.18a – Pre-infection). This steadily increased over the course of infection, 
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correlating with increased H. pylori burden (Figure 2.18a – 8 weeks). After 7 months, a 

slightly reduced CEACAM expression and H. pylori colonization were observed (Figure 

2.18a – 7 months). This correlated with the inflammation scoring of these biopsies (Figure 

2.18b), suggesting a relationship between H. pylori colonization, inflammation and 

CEACAM expression that evolves over the course of infection. 

 

 

 

Figure 2.18 - Rhesus macaques infected with H. pylori J166 exhibit no CEACAM expression prior 
to infection and an increase of CEACAM expression over the course of infection. 
(a) Immunohistochemistry staining of tissue sections from a Rhesus macaque monkey infected with H. 
pylori strain J166. n=4. The biopsies were obtained at the indicated time points. The tissue sections were 
stained with anti-CEACAM (polyclonal antibody) and anti-H. pylori antibodies. (b) Graph of 
inflammation score based on the tissues section in panel (a). 
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CEACAM expression in the mouse model 
 

These approaches were the limit of what we could test in the Rhesus macaque model. 

Therefore, we decided to investigate the relationship between H. pylori infection and 

CEACAM expression in the mouse model. Mice were infected for 4, 8, 12 or 24 weeks and 

CEACAM expression was assessed (Figure 2.19). Like in the Rhesus macaque model, the 

expression seemed to increase from a very low baseline, before peaking at 12 weeks and 

decreasing slightly before plateauing when stained at 24 weeks. 

 

 
Figure 2.19 - Infection of mice with H. pylori induces CEACAM expression. 
Immunohistochemistry staining for CEACAM1 of tissue sections from mice infected with H. pylori 
strain PMSS1 for the indicated number of weeks. The biopsies were obtained at the indicated time 
points. Representative of n. 4 weeks uninfected n = 10. 4 weeks PMSS1-infected n = 10. All other 
uninfected n = 12. All other PMSS1-infected n = 16. 
 

Though these experiments were very informative and supported the model of CEACAM 

expression induction by H. pylori infection, they were limited by the fact that the HopQ-

CEACAM interaction is species specific. This was found to apply to Rhesus macaques as 

described above. However it also applies to mice, where HopQ was found to not bind 

recombinant mouse CEACAM1 (101,102). Therefore, in order to continue our 

investigations in the mouse, in a manner that was more reflective of the real-world scenario, 

we decided to use transgenic human CEACAM1 (tgCC1) mice. These mice expressed both 

human and mouse CEACAM1 (165). As a control to confirm that these mice express 

human CEACAM1 endogenously, colon sections from two mice were stained for mouse 

CEACAM1, and human CEACAM1 (Sab3 antibody) (Figure 2.20), confirming that these 



 73 

mice express human CEACAM endogenously, though less than expression of mouse 

CEACAM1. 

 

 
Figure 2.20 - Human CEACAM1 transgenic mice exhibit expression of human and mouse 
CEACAM1 in the colon. 
Immunohistochemistry staining of mouse and human (Sab3 antibody) CEACAM1 in tgCC1 mouse 
colon. 
 

However as was previously observed, there is no CEACAM1 expression in the stomach of 

the uninfected mice (Figure 2.21a). After infection for 4 weeks with PMSS1 we detected 

an increase in mouse CEACAM expression, as seen previously. However, there was little 

increase in the expression of the human transgene. Furthermore, we did not observe a 

difference in CFU between the tgCC1 and wild type mice infected with H. pylori strain 

PMSS1 (Figure 2.21b). 
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Figure 2.21 – Murine CEACAM1 but not human CEACAM1 expression is extensively induced in 
4-week PMSS1 tgCC1 infected mice. 
(a) Immunohistochemistry staining of mouse and human CEACAM1 (6G5j antibody) in tgCC1 mice, 
infected for 4 weeks with PMSS1, or uninfected control. (b) Graph of CFU in PMSS1-infected tgCC1 
and wild type (wt) BL6 mice. 
 
One hypothesis could be that the length of the infection (4 weeks) was not sufficient to 

induce significant CEACAM expression. As previously seen (Figure 2.18 and 2.19), 

expression continues to increase, peaking at some point after 12 weeks of infection. In order 

to test this hypothesis, tgCC1 mice were infected for 24 weeks. Induction of human 

CEACAM1 was detected (Figure 2.22a), with extensive immune cell recruitment visible 

(Figure 2.22a). Staining for CD3 identified that even though a large number of T cells 

infiltrated at this time point, they did not comprise the whole infiltrating immune cell subset 

(Figure 2.22a and b). There was no difference in H. pylori colonization (Figure 2.22c), CD3 

recruitment (Figure 2.22a and b) or IL-8 expression as measured by qPCR (Figure 2.22d) 

between infected tgCC1 and wild type mice.  
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Figure 2.22 - Human CEACAM1 expression is induced in tgCC1 mouse stomachs after 6 months 
of PMSS1 infection. 
(a) Immunohistochemistry staining of human CEACAM1 (6G5j antibody) and CD3 in 6-month 
PMSS1 infected mice. Uninfected tgCC1 mice are included as a negative control. tgCC1 PMSS1 
infected n = 5. tgCC1 uninfected n = 4. Wild type PMSS1 infected n =2. (b) Graph depicting 
quantification of CD3 staining from (a). CD3-positive cells from 5 fields of view were counted and the 
size of tissue measured to calculate CD3/mm2. (c) Graph of CFU in 6-month PMSS1-infected tgCC1 
or wild type mice, and uninfected tgCC1 mice. (d) Graph of mRNA levels (fold change to GAPDH 
and negative control uninfected mouse) of IL-8 homologues KC and MIP2 in stomachs of the mice 
from panel (b). 
 

The differences in inducible expression of the transgene to endogenous CEACAM1 could 

be due to its random chromosomal integration into chromosome 11 of the mice (165). 

Mouse CEACAM1 is located on chromosome 7 (166,167). In an effort to address this issue, 

alternative mouse models were explored. The first of which is a line which crossed the 

tgCC1 mice above, with a mouse CEACAM1 knockout mice (168,169). This line (hCC1 

knock-in/mCC1 knock-out) had previously exhibited inducible expression of human 

CEACAM1 in T cells (169). Expression of human CEACAM1 was detected in the naïve 
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mouse colon but not in the stomach - as is the normal baseline (Figure 2.23). However 

human CEACAM1 expression was induced after a 4-week PMSS1 infection (Figure 2.23). 

 

 
Figure 2.23 - Human CEACAM1 expression is induced in the stomach of hCC1 knock-in/mCC1 
knock-out mice after a 4-week infection with H. pylori PMSS1. 
Immunohistochemistry staining of human CEACAM1 (6G5j antibody) in hCC1 knock-in/mCC1 knock-
out mice stomach or colon.  

 
 
Generation of a novel humanized CEACAM1 mouse model 
 

The humanized mouse models described up to this point both introduce full-length human 

CEACAM1, however the drawback of this approach is that the cytoplasmic signaling 

domain of murine and human CEACAM1 are quite different to each other. Another 

alternative approach explored was to knock-in the human N-domain of CEACAM1 in place 

of the mouse CEACAM1 N-domain (generating a chimera herein termed hCC1N). 

Preserving the remainder of the murine protein but introducing the human binding domain. 

The aim of this would be to enable HopQ binding, while preserving the endogenous 

regulation and signaling of the mouse protein. This approach was already started in the lab, 

using a CRISPR-Cas9 HDR approach. However, it was unsuccessful. Even though the 

domain was inserted into the mouse genome, the locus of insertion could not be confirmed, 

and the mice still expressed the mouse N-domain, and not the human (Figure 2.24). 
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Figure 2.24 - Chimeric hCC1N mice exhibit expression of mouse CEACAM1 and not the chimeric 
protein. 
(a) Immunohistochemistry staining of mouse and human (18/20 antibody, Sab3 also tested) CEACAM1 
in hCC1N colon (n=4). (b) Graph of mRNA levels (fold change to GAPDH) of mouse and human CC1 
in colon from hCC1N mice (n=5). 
 

In investigating the reasons for this lack of proper integration and expression, it was 

revealed that the template plasmid used for the homology-directed repair possessed some 

errors. Namely the 5’ homology arm, which corresponds to the intron between Exon 1 and 

2 in the mouse gene, was cloned from a different mouse strain than the BL6 strain being 

used for injections and so did not possess the high degree of homology required for the 

success of homology-directed repair (Figure 2.25a). 
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Figure 2.25 - The hCC1N CRISPR-Cas9 homology-directed repair template exhibits limited 5’ 
homology. 
Sequencing and alignment of the 5’ (a) and 3’ (b) homology arms of the template plasmid used for 
CRISPR-Cas9 gene editing, to the upstream and downstream nucleotide sequences from the BL6 mice 
used for injection. Gaps = mismatches. 
 

 

This was corrected using the Gibson assembly method, firstly the pGEM-T template 

plasmid previously used was amplified with overhangs to replace the 5’ homology arm 

(Figure 2.26a). In turn, the correct 5’ homology arm was amplified directly from the 

genomic DNA of the mice to be used for injection (Figure 2.26b). The Gibson assembly 

was successful, producing a much more homologous arm (Figure 2.26c). Additional guide 

RNAs were also designed to increase the chances of success in this approach. The new 

guides were located in the introns and so required a base exchange in order to remove the 

PAM site from the template. This was done using the Quickchange system as before 

(Figure 2.25b and 2.26c – most proximal mismatches to human exon 2 template (red)). 

 

(a) (b) 
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Figure 2.26 - The novel hCC1N CRISPR-Cas9 homology-directed repair template exhibits 
improved 5’ homology. 
(a) PCR product of the pGEM-T plasmid with overhangs to clone in a new 5’ homology arm using 
Gibson assembly. Ladder = 1kb DNA ladder (Promega) (b) PCR product of the corrected 5’ homology 
arm with overhangs matching to the vector from (a). (c) Sequencing of the new template plasmid after 
Gibson assembly. 
 

The generation of these mice is still in progress, though so far, some positive pups have 

been identified with correct replacement of murine exon 2 with the human equivalent 

(Figure 2.27), pending further testing. 

 

 
Figure 2.27 – PCR confirms exon 2 exchange in CRISPR-Cas9 edited mice. 
PCR product utilizing primers between murine exon 1 and human exon 2 to confirm correct insertion of 
the human exon. ‘-‘ = wild type mouse. ‘+’ = plasmid carrying murine CEACAM1 genomic DNA. 
 

At the same time a cell culture model of this chimeric CEACAM1 was generated, a 

eukaryotic cell expression plasmid carrying the chimeric gene was cloned once again using 

the Gibson assembly method (Figure 2.28a) and sorted using the 18/20 anti-human 
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CEACAM1 N-domain antibody. The sorted cells were then used in a binding assay (Figure 

2.28b), which demonstrated HopQ-specific binding by the hCC1N-expressing cells. 

 

 
Figure 2.28 – CHO hCC1N cells exhibit HopQ-dependent H. pylori binding. 
(a) Colony PCR screen for pLXSN with the chimeric CEACAM1 insert. + = positive control pGEM-T 
template plasmid. - = negative control pLXSN mCEACAM1 plasmid. (b) Graph depicting binding of 
untransfected CHO cells or CHO cells transfected with human CEACAM1 or hCC1N by H. pylori 
G27, G27 ∆hopQ and G27 ∆hopQ + hopQ wild type. 

 

 

Regulation of CEACAM expression in humans upon H. pylori infection 
 

Finally, after having investigated CEACAM1 regulation in the mouse and Rhesus macaque 

model, we were interested in how this regulation takes place in humans. In order to get an 

overview of this, biopsies from healthy controls and patients with different stages of gastric 

disease were stained for CEACAM1 expression (Figure 2.29). As was observed in the 

animal models, an increase in CEACAM1 expression was observed with gastric disease 

progression. Minimal CEACAM1 expression was observed in cases of chemical gastritis 

or H. pylori-eradicated inactive gastritis. Immune cell recruitment is evident in active 

gastritis and later stages of disease. Extensive CEACAM1 expression is visible in dysplasia 

and both tumor types. This is made up of a large amount of immune cell infiltration as well 

as widespread mucosal expression, in tumors CEACAM1 expression can also be detected 

in invading vessels (presumably blood and lymphatic) and expression can be detected on 

some tumor cells. 



 81 

 

 

 
 
Figure 2.29 - Immunohistochemistry staining of human CEACAM1 in human biopsies. 
Immunohistochemistry staining of human biopsies, stained with anti-human CEACAM1 (C5-1X 
antibody). Image representative of n - Healthy controls n = 4. Chemical gastritis n = 10. Ex-H. pylori 
inactive gastritis n = 10. Active gastritis n = 12. Intestinal-type gastric cancer n = 8. Diffuse-type 
gastric cancer n = 6. Intestinal metaplasia and dysplasia images taken from different parts of tumor 
biopsies. Higher magnification included to highlight specific lesions from each disease stage. 
 

 

In an attempt to investigate the triggers for CEACAM1 expression over the course of H. 

pylori infection, a number of cytokines that are important during H. pylori infection were 

used to treat the gastric cell lines AGS (human gastric adenocarcinoma cell line) and GES1 

(normal human gastric epithelial cell line) before assessing CEACAM1 expression (Figure 

2.30). Whereas AGS cells exhibited a high baseline of CEACAM1 expression, GES1 cells 

exhibited little to no CEACAM1 expression before treatment, with modest increases 

observed after treatment with IFNγ or TNFα. Further investigation of this is needed, with 

one promising option being to test this approach with primary derived gastric epithelial 

cells. 
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Figure 2.30 – Induction of CEACAM1 expression in gastric cell lines after cytokine treatment. 
Western blot of cells treated with 50 ng/ml cytokine for 24 hours, probed with anti-CEACAM1/5 
antibody (Sab3). GAPDH is probed for as a loading control. 
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Discussion 
 

The structural basis of HopQ-CEACAM interactions 
 

The importance of the HopQ adhesin to H. pylori infection had previously been suggested 

in a few papers. Namely, a strong correlation was found between the presence of hopQ 

(particularly type I) and the presence of the virulence-determinants cagA and vacA s1 

(81,92,94–97). A functional connection was then described between HopQ and CagA, with 

the former found to be essential for CagA translocation and phosphorylation (93,100–102). 

This grants HopQ a unique and essential role, setting it apart from H. pylori’s other 

adhesins. Its important place, as a prerequisite in H. pylori virulence, makes it a protein of 

great interest. 

 

As opposed to the other well-described H. pylori adhesins, BabA and SabA, HopQ is not a 

lectin. This finding is in line with other pathogen adhesins that have been found to bind its 

receptor CEACAM glycoproteins in a protein-protein interaction (147,199). As part of our 

investigation into the HopQ-CEACAM interaction, our collaboration partners solved the 

co-crystal structure of the binding partners (197). The structure of the predicted HopQ 

adhesion domain bound to the CEACAM1 N-terminal domain was solved to a resolution 

of 2.8 Å, finding that HopQ, like BabA and SabA, consists of a helix bundle core and a 

series of loops. Whereas the CEACAM1 N-domain consists of a sandwich of two sheets 

made of β-strands, HopQ was found to bind the GFCC’C’’ sheet via HopQ loops CL1, CL2 

and CL1-H4 (the loop between CL1 and H4). CL1 and CL1-H4 form H-bonds with the 

GFCC’C’’ sheet, undergoing a disorder-order transition from a normally flexible state, with 

this dynamism key to the binding interaction (Figure 3.1). This interaction is supported by 

hydrophobic contacts formed between the CL2 loop (with some contribution from CL1-

H4) and the CEACAM1 N-domain (Figure 3.1). Mutagenesis of A49 and T56 in 

CEACAM1 led to diminished binding by HopQ. This is likely owing to the introduction of 

steric clashes as A49 is not involved in any specific bonds, and though T56 is involved in 

an H-bond, the introduced lysine is also capable of forming H-bonds. This latter point may 

explain why binding in the T56K mutant is not completely diminished. 
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Figure 3.1 - Graphical depiction of the interaction site between HopQ and CEACAM1. 
HopQ binds CEACAM1 via H-bonds (dotted lines) and hydrophobic interactions. Orange ribbons = 
C1ND. Yellow loop = CL1. Red loop = CL2. Blue loop = CL1-H4. Key residues in HopQ labelled in 
blue. Key residues in CEACAM1 labelled in black. Originally published in Moonens, Hamway et al. 
2018 (197). 
 
Furthermore, mutations to HopQ residues P110, L150, V156 and G266 in HopQ also 

diminished binding. Introducing a glutamine residue in place of the proline at position 110 

In CL1 likely produces a steric clash with Q44. Mutating L150 and V156 from CL-H4 to 

asparagine also introduces a steric clash while specifically also disrupting the hydrophobic 

interaction mediated by L150. Finally, the mutation of G266 in CL2 to a glutamine again 

introduces a steric clash, highlighting the importance of CL2 to this binding interaction. 

Though it should be noted that HopQ expression by these mutants was reduced as compared 

to wild type H. pylori. However, since further experiments in this investigation utilized 

recombinantly expressed mutants of the same residues with similar results (197), 

confidence was retained in the findings. Though going forward a new plasmid was used, 

which yielded improved expression. 

 

This finding that HopQ utilized cysteine-clasped loops to bind CEACAMs bore a 

significant resemblance to the structure of BabA and manner in which it binds Lewis b 

antigens. BabA utilizes a similar loop, CL2 (Figure 1.4), to bind Lewis b antigens through 

H-bond formation (105). BabA was found to engage in a pH-dependent interaction, as at 

lower pHs a structural rearrangement leads to distortion of the CL2 loop and disruption of 

Lewis b binding (72). This suggests that the structure of these loops is key to the binding 
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mechanism. In fact, directly reducing the disulfide at the base of BabA’s CL2 loop led to a 

loss of Lewis b binding (105). The similarity of the structure between the two OMPs 

suggests that a similar approach is utilized by H. pylori to bind different receptors. In order 

to confirm this, we investigated the importance of disulfides to HopQ-mediated binding. 

This was explored by using mutagenesis studies that disrupted the disulfides in each of 

HopQ’s loops, by exchanging one of the cysteine pair for a serine residue. Through these 

studies the disulfide bond at the base of CL1 was found essential for binding. This is likely 

owing to the fact that the conformation of this loop is very important to the binding 

mechanism. As previously mentioned, the flexible loop becomes ordered in binding 

CEACAM1. CL2 does not undergo such a transition, and furthermore it does not contribute 

any H-bonds to the CEACAM interaction. In contrast, CL1 contributes an H-bond, whereas 

it also supports the loops CL1-H3 and CL1-H4 that in turn contribute multiple H-bonds 

and hydrophobic contacts. CL3 is not involved in binding whatsoever, with this explaining 

why CL2 and CL3 remained unaffected. This once again mirrors the BabA binding 

mechanism, where only one of BabA’s 4 cysteine-clasped loops exhibited a redox 

sensitivity in Lewis b binding. 

 

In an effort to identify the oxidoreductase responsible for the formation of the CL1 disulfide 

we investigated HP0231, which had previously been described as important for H. pylori  

virulence and CagA translocation in particular (118). Since the same is true for HopQ, it 

was of interest to find out if the virulence deficiency observed in HP0231 mutants is the 

result of diminished HopQ disulfide bond formation and CEACAM-binding. However, 

hp0231-knockout strains did not exhibit diminished CEACAM-binding, suggesting an 

alternative oxidoreductase is involved in HopQ disulfide bond formation. So far, a classical 

disulfide bond forming DsbA-like protein has not been identified in H. pylori. HP0231 is 

the closest candidate, with a 12% identity with E. coli DsbA (112). Another candidate is 

HP0377, which more closely resembles a disulfide-bond isomerase, though once again with 

significant differences, including reductase activity (111) that suggests it could be involved 

in HopQ disulfide bond formation. The fact that H. pylori’s reductase burden cannot be 

carried by HP0231 alone is exemplified in the fact that it has previously been shown to not 

form disulfides in cysteine-rich protein C (116), with this suggesting that other 

oxidoreductases share this responsibility. However, the finding that HP0231 is not involved 

in HopQ disulfide bond formation contrasts to previously published findings (200), with 

this publication also finding that disruption of the CL3 disulfide bond reduced binding. The 
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latter is an unlikely outcome as based on co-crystal structure CL3 is not involved in 

CEACAM1 binding. Though, in both findings, the differences could be owing to a 

discrepancy in strains, plasmids and assay formats used. Nevertheless, in the experiments 

presented here, multiple strains, cell lines and assay formats were tested in order to address 

this issue, with reproducible outcomes. This publication by Grzeszczuk et al. (200) also 

investigated the third Dsb-like protein expressed by H. pylori HP0595, finding it had no 

effect on HopQ; HP0377 proved difficult to investigate as a knockout of the gene is not 

possible as it is an essential protein.  

 

H. pylori presents a non-canonical Dsb system, and so a possible hypothesis that takes into 

account both data sets is that H. pylori Dsb proteins exhibit a certain inter-reliance not 

evident in the much more complex E. coli Dsb system (201). H. pylori expresses only two 

periplasmic Dsb-like proteins, neither with canonical Dsb roles, both exhibiting reductase 

and isomerase activities. In fact, HP0231 has previously been described as being important 

for maintaining the redox state of HP0377 (111). Therefore, a knockout of HP0231 can 

feasibly be detrimental to HP0377-mediated disulfide bond formation. This reasoning 

suggests that HP0377, supported by HP0231, could be responsible for HopQ disulfide bond 

formation. Further work is needed in order to identify the workings of the H. pylori Dsb 

network and inform our understanding on it influence on the pathogen’s virulence factors. 

 

HopQ type II exhibits a very similar structure to its type I isoform, with its co-crystal 

structure also published in the above publication (197). HopQ type II was found to retain 

the cysteine-clasped loops that form the CEACAM-binding interface, though it possesses 

some differences in key residues. Of particular note, the CL1-H4 loop of HopQ type II is 

shortened by 11 residues, leading to significant restructuring and a loss of H-bonds (Figure 

3.1). The CL2 loop also exhibits some structural and binding mode differences (Figure 3.1). 

HopQ type II additionally possesses some individual base substitutions at key residues, for 

example the H-bond-forming T149 and the previously tested V156N. However, despite 

this mutation abrogating HopQ type I binding due to steric hindrance, HopQ type II still 

retains CEACAM binding. An explanation for this could be that the structure of HopQ type 

II is more sterically accommodating of this base substitution due to its significantly smaller 

loop. In total HopQ type II makes 7 less H-bonds with CEACAM1 than type I (though it 

maintains the H-bond made by CL1, supporting the mutagenesis data above that 
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highlighted the importance of the CL1 structure to binding). Therefore, some differences 

between type I and II binding are to be expected. 

 

HopQ type II strains were found to be deficient in CEACAM6 binding. This phenomenon 

was only observed when using cells and not recombinant proteins, suggesting that elements 

of the full-length protein or a more native cellular presentation are perhaps required for 

binding. However, analyzing the crystal structures and/or sequences of the HopQ type I 

and II adhesion domains, as well as those of CEACAM1, 5 and 6, reveals some possibilities 

for the observed binding discrepancies (Figure 3.2). HopQ type I and II target 7 common 

CEACAM residues for interaction and 2 of these 7 residues are changed in CEACAM6 

from the CEACAM1/5 sequence. One of which, the Q44L exchange in CEACAM6 leads 

to the loss of one of the HopQ type I CL1-H4-mediated H-bonds, however this H-bond is 

not formed by HopQ type II owing to its T149L exchange (Figure 3.1) and so this exchange 

should not affect HopQ type II binding (barring an unlikely steric clash between the 2 

leucine residues). This exchange is also evident in CEACAM3, which is still bound by both 

HopQ types equally. 

 

 
Figure 3.2 - The key residues in CEACAM1, 5, 6 and 8 that interact with HopQ type I and II. 
Originally published in Moonens, Hamway et al. 2018 (197). 
 
 
This leaves only one likely candidate for the observed loss of binding by HopQ type II, the 

exchange F29I. F29 along with I91 and L95 forms a series of key hydrophobic residues. 

F29I is an exchange between residues of similar properties; however, the possibility still 

remains that the loss of phenylalanine’s bulky polar group has an effect on HopQ type II-

mediated binding, one that is perhaps exacerbated for HopQ type II (unlike HopQ type I) 

by its reliance on the hydrophobic interactions at this site in the absence of several H-bonds. 

Additionally, HopQ type I strain J99 was also deficient in CEACAM6 binding. 

Investigating the sequence of J99 HopQ revealed only one key binding residue change to 

HopQ from the strains able to bind CEACAM6, I102V. Interestingly this residue happens 
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to be a key part of the hydrophobic platform that interacts with F29, but once again the 

isoleucine to valine exchange is not a drastic one. However, J99 exhibits further exchanges 

in the CL2 loop that mimic HopQ type II; including a deletion of S248 and an exchange, 

N254G. These changes could in turn affect the structure of this loop and the hydrophobic 

contacts made by its residues, increasing the reliance on the F29-I102 interaction that is 

subsequently jeopardized by the double substitutions F29I and I102V. Collating the J99 

and HopQ type II findings suggests that this is a site of interest for CEACAM6 binding, 

with even minor residue exchanges seemingly having a major effect on binding. One 

hypothesis being that in the absence of F29, the hydrophobic interactions between the 

remaining CEACAM6 residues I91 and L95 and the HopQ type I residues I102, I240 and 

I242 are sufficient to maintain binding. In the case of HopQ type II the absence of I240 and 

I242 means it exhibits less redundancy when F29 is lost; and in the case of J99 the exchange 

of both F29 and I102, combined with some other changes to CL2, mean it also can no 

longer bind. On a final note, J99 still retains the T149 residue that forms the H-bond with 

Q44 (the other amino acid exchanged in CEACAM6), yet still cannot retain binding, and 

so this highlights the importance of the F29 site even further. In fact, the F29I substitution 

was found to singly lead to a loss of H. aegyptius binding by gorilla CEACAM3 as 

compared to the human equivalent (177). This substitution is also evident in Rhesus 

macaque CEACAM1, which also lacks HopQ binding, however humanization of this 

residue (along with the neighboring N32) did not rescue binding, suggesting that, at least 

in the Rhesus macaque model, more global changes are required – with further experiments 

needed to identify these key structural elements. 

 

It can be speculated that the lack of CEACAM6 binding by HopQ type II (and some HopQ 

type I strains like J99) is an adaptation to avoid a detrimental interaction - CEACAM6 is 

expressed on neutrophils and can mediate efficient phagocytosis of bound pathogens (141). 

Though CEACAM3 seems to be the more specialized receptor in this case owing to its 

ITAM domain (141,202), having evolved recently as a ‘decoy receptor’ to counter 

pathogens’ exploitation of CEACAMs (162,203). Pathogens have previously been found 

to have express isoforms that avoid CEACAM3 binding, with only a small proportion of 

N. gonorrhoeae Opa proteins found to bind this receptor (203). Perhaps H. pylori exhibits 

a similar adaptation with HopQ type II and CEACAM6, though the fact that HopQ type II 

retained CEACAM3 binding (arguably the more dangerous receptor in this sense), reduces 

the likelihood of this. A more likely explanation lies in the finding that CEACAM6 is 
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extensively secreted as a soluble receptor (160). This was observed in the lung, with 

Candida albicans infection inducing both the induction of epithelial CEACAM1 

expression, and soluble CEACAM6 secretion. It remains to be seen if this secretion takes 

place in the stomach, though if confirmed this could provide a reasonable explanation for 

HopQ avoiding CEACAM6 binding. Binding a soluble receptor would not benefit the 

pathogenesis of H. pylori infection, in fact binding such a receptor could also saturate the 

pathogen’s CEACAM binding capacity. Binding epithelially-expressed CEACAM6 that is 

shed in response to infection is also undesirable. Given that HopQ-CEACAM binding is 

not pH-dependent (197), as BabA binding is (72), the shedding of H. pylori bound to 

CEACAM6 into the gastric lumen provides a distinct survival disadvantage – suggesting 

that the avoidance of CEACAM6 binding could be a novel adaptation amongst CEACAM-

binding pathogens with specific relevance in the gastric niche. Another layer of speculation 

could be based on the fact HopQ type II expression often correlates with cag deficiency 

(92), suggesting that these strains form a more immune evasive subset that avoids the 

deleterious effects of CEACAM6 binding and the immunogenicity of CagA. This is 

supported by evidence that both hopQ alleles evolved over a similar period of time, with 

the retention of both being favored (95). 

 

 

The downstream effects of HopQ-mediated CEACAM1 binding 
 

HopQ induces CEACAM1 monomerization; the targeting of the trans-dimerization face of 

CEACAM1 by H. pylori and other pathogens (147,153,197,204) suggests that this 

disruption is purposeful – with value associated with CEACAMs beyond being a docking 

site. Trans-dimerization plays an important role in cell-cell adhesion (205), though the 

importance of this and the benefit of its disruption by pathogens remains to be seen. 

Additionally, trans-dimerization has previously been described as leading to an increase in 

the formation of cis-dimers (127). This in turn influences the recruitment of effector 

proteins to the ITIM domains of CEACAM1, as cis-dimeric CEACAM1 favors SHP1/2 

recruitment (139). It has been further proposed that it is in fact in this state of trans-/cis-

oligomerization that such recruitment is favored, as opposed to solely by intra-cellular cis-

dimers (126). As such, the downstream effects of HopQ-binding are as yet unclear, 

particularly since our own attempts at deciphering the effects of HopQ-binding on 
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CEACAM1 phosphorylation and effector recruitment have so far been inconclusive, with 

different technical approaches required. It could be argued that binding by HopQ could 

mimic homophilic CEACAM1 trans-dimerization and in turn induce cis-oligomerization, 

however HopQ binds CEACAM1 in 1:1 stoichiometric that distinctly disrupts existing 

trans-dimers (197). This leaves just one hypothesis, with the disruption of CEACAM1 

trans-dimers likely additionally disrupting cis-dimerization and dimer-dependent 

recruitment. 

 

This recruitment is also determined by the ratio of CEACAM1-L to -S isoforms expressed 

(205). This is not only dependent on the total expression ratio, which influences recruitment 

due to CEACAM1-S lack of ITIM domains, but also as a result of dimers forming between 

the long and short isoforms. This reduces the recruitment capacity of these dimers to that 

of CEACAM1-L monomers. The signaling induced by CEACAM1-L dimers appears to be 

a key process, maintained internally via the expression of CEACAM1-S dimers, and 

exploited externally by bacterial adhesins and perhaps other ligands. The benefits of this 

disruption to H. pylori are as yet unclear. In other pathogens, such as N. gonorrhoeae, N. 

meningitidis and UPEC, this binding has been described to reduce epithelial shedding 

through inducing integrin activation and CD105 expression (148,149,206). This would be 

of distinct benefit to H. pylori in the stomach, as epithelial shedding would lead to exposure 

of the bacterium to the acidic gastric lumen. Such an approach would complement CagA’s 

anti-apoptotic effects, which have been shown to reduce epithelial cell turnover (207). 

 

In N. meningitidis and M. catarrhalis an inhibition of TLR2-mediated IL-8 expression was 

observed (156), whereas induction of IL-8 was observed by C. albicans (160). The latter 

fits the H. pylori infection model better, wherein IL-8 is induced by CagA in an NF-κB-

dependent and SHP-2-independent manner (48). This study found that H. pylori CagA-

positive strains are either high- or low- IL-8 inducers. This effect depended on the cagA 

gene possessed by the respective strains, with the low-level inducers stimulating a level of 

IL-8 expression equal to that of cagA knockout strains. Therefore, one could conclude that 

the cagA genes from the latter are not in fact immunogenic, suggesting that this low level 

of IL-8 induction is the result of another virulence factor. Since HopQ is co-inherited with 

the cagPAI, such an effect could possibly be attributed to this adhesin; in light of the data 

from other CEACAM-binding pathogens and the fact that HopQ has been demonstrated to 

induce an NF-κB response (208). Alternatively IL-8 could also be induced by HopQ in a 
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SHP-2 mediated manner (209). A possible model is one where HopQ maintains a low-level 

of IL-8 induction, as part of the bacterium’s ‘tuning’ of the inflammatory response - where 

CagA translocation can be switched off due to recombination or mutagenesis events in the 

cagPAI induced by selective pressure (210,211). A similar role could be attributed to HopQ 

with regards to H. pylori’s disruption of adherens junctions, an effect which has also been 

attributed in part to CagA (212); though CEACAM1’s role in adherens junction regulation 

(213) suggests a possible role for HopQ in this disruption. 

 

The effects of CEACAM-binding have also been described in other non-epithelial cell 

types. Namely Neisserial Opa proteins have been described as having a T-cell inhibitory 

effect based on SHP1/2 recruitment (214). Specifically, HopQ-mediated binding of NK and 

T-cells led to reduced immune cell activity (215). In both cell types, CEACAM expression 

is upregulated upon activation and so the immune-dampening effect of HopQ-binding 

could act as an elegant response to this activation and aid in its immune evasion strategy. 

 

So far, the best described effect of HopQ-CEACAM interactions has been its necessity for 

CagA translocation and activation. This has been shown in multiple publications (100–

102,215–217), yet it remains unclear whether HopQ facilitates CagA translocation or 

phosphorylation specifically, or indeed both. In addition, the mechanism for this has so far 

not been elucidated. An interaction between HopQ-CEACAM and integrins has been 

suggested (216), with integrins previously thought to interact with the T4SS to facilitate 

CagA translocation (218), however this CEACAM-integrin axis has been disputed (217). 

It also seems that HopQ-induced CEACAM1 phosphorylation does not contribute to the 

enabling of CagA translocation and activation, as cells expressing CEACAM1-L and -S 

isoforms exhibited equal CagA translocation (197). Thus, this key paradigm remains to be 

sufficiently described, and requires further study. 

 

 

The effects of H. pylori infection on HopQ and CEACAM 

expression 
 

H. pylori isolates from naturally infected Rhesus macaques were found in this study to be 

universally deficient in HopQ expression and subsequently CEACAM binding and CagA 
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translocation. This resembles the loss of BabA expression observed in Rhesus macaque 

infection, as a result of DNA recombination or phase variation, leading to frameshift 

mutations (183,219). This loss of expression has been described as part of a wider 

mutational burst, that particularly targets OMPs (185). This is proposed to be an example 

of rapid H. pylori adaptation to the host. BabA expression is lost within weeks in this model 

(183), with loss happening in 100% of animals (219). Despite a similar mutational burst 

described in the acute phase of human infection (185), this has not been found to be 

ubiquitous. Some studies cite little change (220) and others found a reduction in Lewis b 

binding in 22% of human isolates obtained sequentially over several years (83). This 

suggests that though this effect takes place in humans as well, Rhesus macaques exhibit a 

much more expedited process. 

 

However, this does not negate that the presence of BabA and Lewis b remains essential to 

initiate infection (219), rather it constitutes part of a dynamic infection process. The loss of 

BabA expression coincides with the loss of its receptor (87), whereas conversely expression 

of the SabA receptor increases in chronic infection (73). In line with this, SabA expression 

was found to be increased in patients with intestinal metaplasia and gastric atrophy and 

decreased in cases of duodenal ulcers (221). Accordingly, its expression was found to be 

dynamic and pH-dependent (221,222). As such, an inverse relationship between these two 

adhesins can be suggested (223,224). 

 

In humans, HopQ expression is more stable than that of other OMPs (185,225). Though, 

as with BabA, the mutational scenario in Rhesus macaques is likely different; resulting in 

the loss of HopQ expression observed in isolates from naturally infected Rhesus macaques. 

This is further complicated by the fact that none of the HopQ variants tested in this study 

bound to Rhesus macaque CEACAMs. This could suggest that a different paradigm takes 

place in this model, wherein Rhesus macaques CEACAMs have not evolved to bind 

bacterial adhesins. This could be supported by the fact that these animals do not develop 

adenocarcinomas (175). This has been described in the context of CEACAM3 (177), with 

a study noting that the pathogen-binding CEACAMs exhibit positive evolutionary selection 

and a gain of binding in higher primates.  

 

Whether HopQ in Rhesus macaque-infecting H. pylori, is switched off due to 

incompatibility with the host receptor, or is selected against in a mutational burst as with 
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BabA, the mentioned stability of HopQ in humans, along with the fact that Rhesus macaque 

re-isolates from 2- and 20-weeks post infection had not yet switched off HopQ expression, 

suggest that in any case this process is much slower for HopQ than the other OMPs. This 

information lends itself to a hypothesis wherein H. pylori utilizes different OMPs at 

different stages of infection, with a transition from reliance on BabA, to SabA to HopQ. 

This hypothesis is further supported by the findings that CEACAM expression is 

upregulated over the course of infection. With the first example of this observed in Rhesus 

macaques, where infected macaques exhibited increased CEACAM expression in the 

antrum vs. the corpus, which corresponds with the usual pattern of H. pylori infection (1,5). 

In fact, staining for H. pylori, was mostly detected in the antrum. In one biopsy used for 

immunohistochemistry no H. pylori could be detected, though the bacterium was 

successfully isolated from an alternative antral biopsy. Such a discrepancy has previously 

been described (178), and is a limitation of using a single biopsy for each analysis. A 

different model, using Rhesus macaques experimentally infected with H. pylori strain J166 

yielded more direct evidence with regards to H. pylori’s role in upregulating CEACAM 

expression. In two different experiments, CEACAM expression was found to increase over 

the course of infection, with this correlating with the detectable H. pylori load. 

Additionally, the infected Rhesus macaques were scored for inflammation, with this found 

to correlate with CEACAM expression, peaking and plateauing at some point between 2 

and 7 months. 

 

A more thorough investigation of this regulation could be conducted in mice, where once 

again CEACAM expression was found to increase from a very low baseline in response to 

infection in wild type mice. As in Rhesus macaques this induction seemed to peak and 

plateau between 2 and 6 months. In order to study this regulation in more detail we sought 

to use a humanized mouse model, expressing human CEACAM1 (tgCC1) (165). First, we 

had to characterize this model as it had not been previously used in H. pylori infection. We 

observed CEACAM1 expression in the colon, though not in the stomach of uninfected 

mice. Extensive expression of murine CEACAM1 in the stomach was induced after a 4-

week PMSS1 infection, though induction of a similar level of human CEACAM1 

expression was only observed at a later time point. This lower relative expression also 

mirrors the pattern of expression in the colon of these mice, where murine CEACAM1 was 

found to be more highly expressed than human CEACAM1. The different regulation of the 

two genes is likely owing to the random insertion of the human transgene into chromosome 
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11. The expression of human CEACAM1 was also more variable across animals than was 

observed with murine CEACAM1, with some mice exhibiting far less expression. 

Expression was noted in epithelial cells, yet extensive expression was observed on 

infiltrating immune cells. CD3 staining revealed that while some of these were T cells, a 

large proportion of CD3 negative immune cells were recruited, perhaps B cells as they have 

been shown to express human CEACAM1 in this mouse line. This is to be expected as 

these mice have exhibited a deficiency in human CEACAM1 expression on T cells, so it 

would be unexpected to see these cells stained by an anti-human CEACAM1 antibody. 

However, it is also possible that these cells upregulated human CEACAM1 after this length 

of infection, as the epithelial cells have done. 

 

Interestingly, no difference in colonization was observed between the wild type and tgCC1 

mice even after extensive human CEACAM1 expression was observed. This supports the 

hypothesis that the HopQ-CEACAM1 interaction does not mediate colonization, but rather 

further virulence steps such as CagA translocation. As such one would expect an increase 

in IL-8 expression for example, though this was not observed, suggesting that perhaps a 

later time point should be analyzed in order to allow the expression of human CEACAM1 

to be effective. This would either allow more time for CagA translocation to take place or 

lead to an increase in CEACAM1 expression to a threshold level that supports CagA 

translocation. The latter hypothesis is likely as a threshold level of CEACAM expression 

has been described as necessary for Neisserial Opa effects to take place (226). 

Alternatively, it could be that the human CEACAM1 is unable to perform the necessary 

signaling functions in the mouse to lead to the expected effects. 

 

In order to address these two possibilities, two alternative mouse models are being 

investigated. The first, the hCC1 knock-in/mCC1 knock-out, was previously described as 

exhibiting inducible human CEACAM1 expression on T cells (169). As such it could be 

that this mouse line also exhibits more readily inducible human CEACAM1 expression in 

gastric epithelial cells. This would benefit investigations into this interaction as it could 

significantly reduce the time required to induce extensive CEACAM1 expression and its 

downstream effects. So far, the hCC1 knock-in/mCC1 knock-out mouse has exhibited the 

same expression pattern as the tgCC1 mouse in naïve mice, whereas in a PMSS1-infection 

scenario an induction of human CEACAM1 was already noticeable after only 4 weeks of 
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infection, suggesting a different regulation of human CEACAM1 expression in the stomach 

in this line. Longer infections must be tested to further characterize this line. 

 

The other model is a chimera that selectively replaces the N-terminal binding domain of 

murine CEACAM1 with that of human CEACAM1 (hCC1N), while maintaining all other 

murine domains. The binding region of CEACAM1 is encoded by exon 2 of the gene and 

so an exchange of the murine exon 2 for that of the human equivalent would create this 

chimeric ideal. This exchange is possible by utilizing a CRISPR/Cas9 HDR approach (227) 

(228). In the case of a chimeric CEACAM1 mouse, a break was introduced into exon 2 of 

murine CEACAM1 and repaired using a template which possessed the human exon 2, 

flanked by the upstream and downstream sequences from the mouse chromosome. 

 

The resultant CEACAM1 has so far been tested in vitro with the chimeric protein exhibiting 

HopQ-dependent H. pylori binding, though at a reduced level as compared to the full-length 

human protein. This could be due to expression levels, as the two constructs use different 

expression vectors, or it could be that the remainder of the protein somehow contributes to 

binding, though the latter suggestion is unlikely as HopQ binding has been shown to be 

exclusively mediated by the CEACAM1 N-domain. Further testing is required to assess if 

the downstream signaling roles of the protein are maintained as is intended. 

 

Investigating human biopsies supported the findings from the animal models. Biopsies 

from healthy stomachs exhibited no CEACAM1 expression, those of chronic active 

gastritis patients exhibited a modest increase in CEACAM1 expression. This was not 

detected in chemical gastritis patients and was reduced in ex-HP inactive gastritis, 

suggesting that a degree of sustained H. pylori infection is important in this induction. A 

clear increase of CEACAM1 expression is observed from the point of dysplasia, gastric 

cancer patients in particular exhibited a marked increase in CEACAM1 expression. 

Infiltrating blood and lymphatic vessels in the tumors exhibited notable CEACAM1 

expression that is to be expected given the well-documented expression of CEACAM1 by 

endothelial cells (213) and lymphocytes (135). This was observed more in intestinal-type 

tumors, which agrees with the increased angiogenesis observed in these tumors as 

compared to diffuse-type tumors (229). CEACAM1 expression in fact promotes this 

process (230,231) and so the induction of CEACAM1 expression over the course of 

infection constitutes a novel link between H. pylori and angiogenesis. 
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CEACAM1 expression has been described as being upregulated in HT-29 colorectal cancer 

cells in response to interferon gamma (IFNγ), with this cytokine found to induce interferon 

regulatory factor 1 (IRF1) expression (232). IRF1 is a transcription factor that is also 

involved in the expression of cytokines and Th1/Th2 responses. In fact, as opposed to wild 

type mice, IRF1 knockout mice did not develop gastritis in response to SS1 infection (233). 

This suggests that H. pylori induces CEACAM1 expression through pathways similar to 

those by which it induces inflammation, with a certain feedback loop evident. However, 

unlike the induction of CEACAM1 in the colorectal cancer cells described above, IFNγ 

treatment alone was found insufficient for expression of these cytokines in gastric epithelial 

cells (234). Instead treatment with IFNγ alongside infection with cagPAI+ H. pylori was 

required. This was pinpointed to relying on H. pylori’s cagPAI-dependent activation of 

nucleotide oligomerization domain 1 (NOD1), an intracellular pathogen recognition 

molecule. NOD1 also induces IRF1 expression, suggesting that in the context of H. pylori 

infection of stomach cells, two pathways synergistically induce IRF1 expression and its 

downstream effects. The expression of IFNγ, IRF1, NOD1 and downstream cytokines IL-

8 and IP-10 were subsequently found to be elevated in gastritis tissue; whereas IRF1, 

NOD1 and IL-8 were found to be further elevated in gastric tumor tissue (234). It remains 

to be tested if this NOD1-IFNγ axis is responsible for CEACAM1 induction in the stomach, 

though the role of IRF1, and the observation that like other IRF1 targets CEACAM1 is 

induced in gastritis and gastric tumors, suggests that this is likely. The dependence on both 

IFNγ and H. pylori mediated NOD1 stimulation could explain why little CEACAM1 

expression is detected in chemical gastritis patients, and why active gastritis patients 

exhibited greater CEACAM1 expression.  

 

This can also explain why gastric cell line stimulations with cytokines alone yielded 

inconclusive results, though a modest increase in CEACAM1 expression by GES1 cells 

treated with IFNγ or TNFα is in line with this description. TNFɑ can also induce IRF1 

expression through NF-κB (235), with NF-κB found to be involved in the induction of 

CEACAM1 expression in response to N. gonorrhoeae infection (236) and there has also 

been some suggestion that NF-κB is also involved in CEACAM1 induction in response to 

H. pylori infection (237). IFNγ was also found to be important in this process in studies 

using N. meningitides (238). The induction of expression by IFNγ and TNFα could explain 

the sustained expression of CEACAMs in tumors, as even though few H. pylori persist in 

these tumors, the extensive infiltration of immune cells would result in a continued 
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secretion of these cytokines and induction of CEACAM expression. On the other hand, 

AGS cells exhibited extensive CEACAM expression before any treatment with little 

difference observed after treatment, suggesting they are not the ideal model for such 

investigations with constitutive induction of these pathways likely resulting from it a gastric 

adenocarcinoma cell line. 

 

The suggestion that IFNγ has a role in inducing CEACAM expression also mirrors brief 

findings that found CEACAM5 expression in the stomach of patients to be dependent on 

CagA-positive H. pylori (102). This is supported by the results from human biopsies, since 

active gastritis patients are frequently infected with CagA positive H. pylori strains and 

express increased CEACAM1. This publication also stated that in vitro infections with such 

strains did not result in transcriptional upregulation of CEACAM5 (102), supporting the 

suggestion that both H. pylori infection and IFNγ expression are needed. Finally, CagA 

was also described as specifically having an inhibitory effect on IFNγ expression (234), 

with this immunomodulatory response perhaps providing a balance to the previously 

described feedback loop at play here and in doing so providing a hypothesis for the plateau 

of CEACAM expression observed in the H. pylori infection animal models. 

 

 

A proposed model of H. pylori’s adhesin-based pathogenesis 
 

The upregulation of CEACAM1 at a late stage of infection, as is described here, fits in with 

the model introduced above, where H. pylori utilizes its arsenal of adhesins in a sequential 

manner based on the host expression of receptors and the function of each adhesin (Figure 

3.3). The importance of BabA is highlighted by its requirement for the initiation of infection 

(219), and its frequent co-inheritance with the cagPAI (81). The extensive expression of 

the Lewis b receptor (103) and the pH-dependent, reversible nature of this interaction (72) 

make it an ideal target. Of the known H. pylori receptors, Lewis b is the most abundantly 

expressed in normal gastric mucosa. However, its receptor is subsequently downregulated 

(85–88), and BabA itself is frequently switched off (83,84). This suggests a lack of 

involvement in further pathogenesis, that is supported by the finding that BabA expression 

is not associated with antral gastritis in acute infection (84). However, BabA was found to 

be important for T4SS activity (70), suggesting that it may mediate some initial 



 98 

inflammation that can trigger the expression of other H. pylori receptors. As discussed 

previously, the expression and utility of BabA and its receptor Lewis b was found to 

inversely correlate with SabA and sialyl Lewis x. Though the necessity of SabA to H. pylori 

infection has not been well described and it could be hypothesized that it is dispensable in 

the presence of HopQ. CEA has also been described as a sialyl Lewis x carrier (239), 

suggesting a possible relationship between HopQ- and SabA- mediated binding. Finally, 

the requirement and sufficiency of HopQ for CagA translocation and phosphorylation as 

opposed to colonization has been discussed here, placing the function of this adhesin in the 

latter stages of infection, to coincide with the upregulation of its receptor. It is a clearly a 

specialized adhesin in the context of H. pylori’s vast family, with it exhibiting a unique 

protein-protein interaction that displays a much higher affinity as compared to lectins 

(105,197). HopQ-mediated CEACAM binding could also prove to be an adaptation in 

response to the documented reduction in gastric mucin expression over the course of 

infection (85,86,88,240). This model reflects the importance of both HopQ and BabA and 

their frequent co-inheritance with the cagPAI (81). It also mirrors previously described 

pathogenesis models such as N. meningitidis where pili are responsible for initial binding, 

followed by a tighter binding by Opc and the CEACAM-binding Opa proteins to facilitate 

cellular invasion (155,241). 
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Figure 3.3 – A simplified potential model of H. pylori adhesin-based pathogenesis. 
1. BabA-Lewis b binding constitutes the initial interaction between H. pylori and the gastric mucosa. 2. 
Inflammation (induced by H. pylori or other sources) and the pattern recognition (induced by H. pylori) 
at this stage prompt the expression of IRF1 and (3) the transcriptional activation of CEACAM 
expression. 4. CEACAM-binding mediated by HopQ facilitates CagA translocation and 
phosphorylation. 
 
 
 

Outlook and therapeutic potential 
 
Further study into some of the topics discussed here is warranted. It is necessary to further 

analyze the H. pylori Dsb system, in order to identify the enzymes responsible for disulfide 

bond formation in key virulence factors such as HopQ. The knowledge of this system is 

currently vague and requires a more systematic analysis to identify its key processes. 

Continued investigation of the HopQ-CEACAM1 interaction in Rhesus macaques will help 

us better understand the structural and evolutionary aspects of this interaction. Further work 

to identify key binding residues that have evolved would also shed further light on the 

dynamics of this relationship, identifying whether this is an opportunistic adaptation of the 

pathogen to novel receptor expression or is it rather an adaptation of the host as some 

evolutionary data suggests. This would provide a clearer description of the balance in the 

relationship between the host and H. pylori. 

 

The downstream effects of CEACAM binding by HopQ are also in need of further studies. 

Currently the two main outstanding points are identifying the signaling effects that result 

from CEACAM1 monomerization and identifying the mechanism by which HopQ binding 

facilitates CagA translocation and activation. Whereas identifying the mechanisms of 

transcriptional control of CEACAM1 expression in the stomach is of utmost importance. 

Without expression of the receptor this whole paradigm is null, and the pathogen loses a 

key weapon against the host. Identifying if CEACAM1 is indeed upregulated by IRF1 in 

response to infection and IFNγ will help identify the sequence and prerequisites of H. pylori 

infection. Further work on developing a suitable animal model for these investigations is 

underway and will be key to build this understanding. Alongside these studies, further work 

should also be conducted to understand the sequence of infection from the pathogen side. 

Mutagenesis studies that help elucidate the BabA-SabA-HopQ infection sequence will be 

a significant step in understanding H. pylori pathogenesis and its arsenal of adhesins. 
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Clarifying where redundancies exist, and the steps at which intervention is optimal can aid 

in the development of therapeutics. 

 

In light of the rise of antibiotic resistance, novel approaches are required in order to treat 

and prevent H. pylori-mediated diseases. As mentioned previously, a novel, narrow 

spectrum approach is to target the pathogen’s virulence factors. As such, a few of the H. 

pylori virulence factors described previously have already been targets of therapeutics. For 

example, inhibitors have been designed that target the T4SS, which translocates CagA, 

peptidoglycan and DNA. These inhibitors target the T4SS ATPase HP0525 (Cagα) 

(242,243), or the T4SS-associated pilus (244). Inhibition of urease has also been attempted, 

though so far with compounds that have exhibited severe side effects or limited use (245). 

With our current understanding of the importance of HopQ to H. pylori infection, the 

disruption of this binding alone could prove to be a promising therapeutic approach. The 

structure elucidated in this study can form a guide for developing therapeutics targeting 

HopQ. Firstly, targeting the key disulfide bond of CL1 presents a feasible option. In fact, 

targeting of the disulfide bonds of BabA for H. pylori treatment has been proposed, with 

N-acetylcysteine (already used as a treatment for other indications) used to disrupt BabA-

mediated binding both in vitro and in vivo (105). It would be interesting to assess the effects 

of such a treatment on HopQ-mediated binding. The HopQ binding mode demonstrates a 

similarity to the mechanism used by other pathogens to bind CEACAMs. With all of the 

previously discussed pathogens that target CEACAM binding, binding the same site on the 

CEACAM1 N-domain via loops (204,246). Therapeutics targeting this domain have 

already been developed, one approach taken previously was to generate a recombinant 

protein mimicking the UspA1 adhesin of M. catarrhalis (246). This was found to prevent 

CEACAM binding by M. catarrhalis, as well as H. influenzae, N. meningitides and N. 

gonorrhoeae. A criticism of this anti-adhesive approach would be its limited therapeutic 

potential, as it would not lead to a detachment of bacteria that has already colonized the 

mucosa for example – though a high affinity peptide or nanobody could be developed to 

compete for the binding of the receptor. 

 

Another common criticism of anti-adhesive agents is that pathogens often have redundant 

mechanisms for binding. However, as outlined in this study, in the case of H. pylori HopQ 

alone facilitates an essential step in the pathogen’s virulence. A therapeutic such as this 

would not prevent H. pylori attachment to the gastric mucosa, though it could abrogate the 
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most dangerous step in infection. Examples of such an approach have been demonstrated 

for several pathogens (247,248). Such an anti-adhesive approach would avoid the 

resistance induced by antibiotics, whereas the conservation of adhesins makes them a good 

vaccine candidate. The approach described above, mimicking the UspA1 adhesin, was 

developed based on limited structural knowledge based on mutational analysis and tryptic 

digests (246). Having the solved the co-crystal structure of HopQ and CEACAM1 means 

an improved therapeutic can be developed, one with more efficacy and specificity, avoiding 

unintended impacts on commensal CEACAM binders. 
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