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Abstract

Background Chronic Helicobacter pylori infection may

induce gastric intestinal metaplasia (IM). We compared

anti-H. pylori antibody profiles between IM cases and non-

atrophic gastritis (NAG) controls.

Methods We evaluated humoral responses to 1528 H.

pylori proteins among a discovery set of 50 IM and 50

NAG using H. pylori protein arrays. Antibodies with

C 20% sensitivity at 90% specificity for either group were

selected and further validated in an independent set of 100

IM and 100 NAG using odds ratios (OR). A validated

multi-signature was evaluated using the area under the

receiver operating characteristics curve (AUC) and net

reclassification improvement (NRI).

Results Sixty-two immunoglobulin (Ig) G and 11 IgA

antibodies were detected in[ 10%. Among them, 22 IgG

and 6 IgA antibodies were different between IM and NAG

in the discovery set. Validated antibodies included 11 IgG

(anti-HP1177/Omp27/HopQ [OR = 8.1, p\ 0.001], anti-

HP0547/CagA [4.6, p\ 0.001], anti-HP0596/Tipa [4.0,

p = 0.002], anti-HP0103/TlpB [3.8, p = 0.001], anti-

HP1125/PalA/Omp18 [3.1, p = 0.001], anti-HP0153/RecA

[0.48, p = 0.03], anti-HP0385 [0.41, p = 0.006], anti-

HP0243/TlpB [0.39, p = 0.016], anti-HP0371/FabE [0.37,

p = 0.017], anti-HP0900/HypB/AccB [0.35, p = 0.048],

and anti-HP0709 [0.30, p = 0.003]), and 2 IgA (anti-

HP1125/PalA/Omp18 [2.7, p = 0.03] and anti-HP0596/

Tipa [2.5, p = 0.027]). A model including all 11 IgG

antibodies (AUC = 0.81) had better discriminated IM and

NAG compared with an anti-CagA only (AUC = 0.77)

model (NRI = 0.44; p = 0.001).

Conclusions Our study represents the most comprehensive

assessment of anti-H. pylori antibody profiles in IM. The

target antigens for these novel antibodies may act together

with CagA in the progression to IM. Along with other

biomarkers, specific H. pylori antibodies may identify IM

patients, who would benefit from surveillance.
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NRI Net reclassification improvement

wcELISA Whole-cell enzyme-linked immunosorbent

assay

Introduction

Helicobacter pylori-driven gastric carcinogenesis is a

multistep process with well-defined histological stages,

variably progressing from chronic non-atrophic gastritis

(NAG) to atrophic gastritis with or without gastric

intestinal metaplasia (IM), dysplasia, and cancer [1]. At the

stage of atrophy, the H. pylori infection burden is reduced

due to chronic inflammation [2]. A decrease in bacterial

stimuli may explain a reduced humoral response against H.

pylori in IM and gastric cancer.

Gastric IM is a heterogeneous precancerous lesion with

variable prevalence across populations. The esti-

mated overall annual risk of gastric cancer in patients with

IM in endoscopy-based studies is 0.34% [3]. International

guidelines recommend endoscopic surveillance of patients

with advanced IM as defined by histological features and

anatomical location [4]. There is a need for non-invasive

tests to identify these high-risk individuals, especially in

resource-limited settings.

We recently developed and validated an H. pylori array

to assess anti-H. pylori humoral response profiles that

scan * 90% of the complete bacterial proteome [5]. In this

study, we used H. pylori arrays on samples from IM

patients and NAG controls to evaluate the potential utility

of specific anti-H. pylori antibodies as a non-endoscopic

diagnosis. Our study will also advance our understanding

of the etiological role of H. pylori in the progression to IM.

To further explain the dynamics of H. pylori antibodies, we

also compared immunoproteomic profiles of current and

past H. pylori infections.

Materials and methods

Study population

Adults included in this study are part of an endoscopic

campaign conducted between April and May 2017 in a high

gastric cancer risk area of Chile. Individuals with gastroin-

testinal symptoms were referred for an upper endoscopy at

the Intercultural Hospital of Nueva Imperial. From available

patients with histologically confirmed IM and NAG, we

randomly selected discovery (50 IM and 50 NAG) and val-

idation (100 IM and 100 NAG) sets (Table 1). A global IM

diagnosis was based on five biopsies collected using the

Sydney protocol. Approximately 50% of the IM cases in both

sets (52% discovery and 47% validation) represent advanced

stages (i.e., extension to corpus). IM cases and NAG controls

were comparable inH. pylori seropositivity as determined by

whole-cell enzyme-linked immunosorbent assay (wcE-

LISA; Biohit), H. pylori positivity by histology (modified

Diff-Quick stain; Sydney biopsies; the H. pylori organisms

that were dark blue are readily detected because of their

spiral or curved rods), and H. pylori positivity by urease

(Pronto Dry�; antral biopsy with a final reading at 60 min).

CagA seropositivity (CagA-ELISA; Genesis Diagnostics)

was higher in IM cases as compared to NAG controls. A past

H. pylori infection was defined as a positive result for either

wcELISA or CagA-ELISA with a negative result for both

histology and urease. A current H. pylori infection was

defined as a positive result for either histology or urease,

regardless of results on wcELISA and CagA-ELISA. Overall

positivity was defined as positivity for either past or current

infection.

The original endoscopy campaign was approved by the

Institutional Review Boards (IRB) of the Chilean Pontificia

Universidad Catolica (No. 14–280) and the U.S. National

Cancer Institute (No. 17CN094). Informed consent was

obtained from all participants. This study was exempted by

the U.S. National Institutes of Health Office of Human

Subjects Research Protection from IRB evaluation.

Selection of H. pylori genes

A total of 1528 full-length H. pylori genes were obtained in

Gateway Entry clones from the U.S. Biodefense and

Emerging Infections Research Resources Repository,

including 1454 genes from the strain 26695 (covering 91%

of the full proteome) and 74 genes from the strain J99 (12

genes with homology[ 90% between these two strains).

CagA was PCR cloned from full-length (P12 strain) and a

fragment comprising residues 1 to 884 [26,695 strain] [6].

All genes were transferred into the pANT7-cGST expres-

sion vector using recombinational cloning. VacA gene was

unavailable in our clone library and hence anti-VacA was

not assessed in our study.

Fabrication, expression and probing of H. pylori-

NAPPA arrays

We developed a 1528-protein H. pylori-NAPPA array to

scan all bacterial antigens. Based on the results of the

1528-protein array in the discovery set, we created a

smaller 245-protein H. pylori-NAPPA that includes 62

immunogenic antigens for which antibodies were present

in[ 10% of IM cases or NAG controls and 183 proteins

for which antibodies were absent in either group (0%

seroprevalence) to be used for the array data normalization.
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Both arrays were fabricated as previously reported [5, 7].

Briefly, plasmid DNA for H. pylori expression clones into

silicon nano-well substrates using a piezoelectric dispens-

ing system. At the time of usage, arrays were incubated

with cell-free protein expression lysates at 30 �C for 2 h

and 15 �C for 30 min for in vivo protein expression and

in situ capture. Isotype-specific (Immunoglobulin, IgG, and

IgA) antibody profiling was performed by incubating the

arrays with 1:100 dilution of serum followed by detection

with Alexa 647 labeled goat anti-human IgG and Cy3

labeled goat anti-human IgA. NAPPA arrays were scanned

on a Tecan PowerScanner and raw fluorescence intensities

were extracted using ArrayPro Analyzer Software. The

reproducibility of the protein display on arrays was asses-

sed using an anti-GST antibody on duplicates, for which

inter-array correlation coefficients were 0.95 for discovery

and 0.96 for validation arrays. More than 99.7% (discovery

set) and 100% (validation set) of H. pylori proteins were

well expressed with raw fluorescence intensities higher

than the median intensity of all negative control spots plus

3 times standard deviations. A pooled serum combining all

samples in the discovery set was used as an internal posi-

tive control to assess the antibody profiling reproducibility

and resulted in inter-array correlations of 0.94 for discov-

ery and 0.96 for validation arrays, respectively (Supple-

mentary Fig. 1B). Blinded testing was performed on all

study samples. Antibody responses on both H. pylori-

NAPPA arrays were normalized as Median Normalized

Intensity (MNI) via dividing the raw values by the median

signal intensity of all proteins within each array.

Seropositivity was defined as MNI C 2.0.

Anti-H. pylori antibodies in the discovery

and validation sample sets

The discovery set (50 IM and 50 NAG) was profiled using

both 1528-protein and 245-protein H. pylori-NAPPAs.

There were high correlations (median R value, 0.89) of the

MNI values between the 1528-and 245-protein H. pylori-

NAPPAs for the overlapping 245 proteins tested in the

discovery set. The validation set (100 IM and 100 NAG)

was probed only on the 245-protein H. pylori-NAPPA.

Relative seroprevalence was calculated as the percentage

of IM cases or NAG controls with MNI exceeding the 90th

percentile of the other group. Antibodies with relative

seroprevalence C 20% in either IM cases or NAG controls

(in the discovery set) were selected as candidate antibodies

for validation of their performance in distinguishing IM

cases from NAG controls in the validation set.

Statistical analyses

The differences in the seroprevalence in IM cases and

NAG controls, or between positive and negative results

from wcELISA, CagA-ELISA, histology, and urease tests

by case-control status were assessed by the Wilcoxon rank-

sum test. Kappa coefficients measured agreement between

available wcELISA and overall positivity results for the

top-five most immunoreactive antibodies, as well as CagA-

ELISA and CagA-NAPPA. For the discovery set, we

computed the sensitivity and specificity for each antibody

comparing IM and NAG, and selected antibodies with

C 20% sensitivity at 90% specificity for either direction for

Table 1 Selected characteristics of gastric intestinal metaplasia (IM) patients and non-atrophic gastritis (NAG) controls

Discovery set Validation set

IM cases (n = 50) NAG controls (n = 50) IM cases (n = 100) NAG controls (n = 100)

Age in years, median (range) 60 (35–73) 55 (40–76) 59 (39–79) 54 (39–85)

Male sex, n (%) 26 (52) 14 (28) 36 (36) 23 (23)

H. pylori seropositivitya, n (%) 27 (54) 28 (56) 61 (61) 62 (62)

CagA serology, n (%) 37 (74) 19 (38) 74 (74) 41 (41)

H. pylori histologyb, n (%) 19 (38) 21 (42) 47 (47) 49 (49)

H. pylori urease test, n (%) 21 (42) 20 (40) 49 (49) 48 (48)

Overall H. pylori infectionc, n (%) 43 (86) 37 (74) 90 (90) 86 (86)

Past H. pylori infectiond, n (%) 19 (38) 15 (30) 34 (34) 32 (32)

Current H. pylori infectione, n (%) 24 (48) 22 (44) 56 (56) 54 (54)

aELISA tested with H. pylori whole-cell lysate (wcELISA)
bModified Diff-Quick stain for H. pylori
cPositivity for either past or current H. pylori infection
dwcELISA( ?) or CagA-ELISA( ?) with histology(-) and urease(-) among individuals with overall H. pylori infection
eHistology( ?) or urease( ?), regardless of results on wcELISA and CagA-ELISA among individuals with overall H. pylori infection
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further evaluation using the validation set. When assessing

the performance of each selected antibody in the validation

set, we computed sensitivity and specificity using the cutoff

value from the discovery set and calculated the unadjusted

odds ratio (OR) and p value by the Chi-square tests.

Antibodies with OR\ 0.5 or[ 2.0 with p value\ 0.05

were considered as validated antibodies.

The area under the receiver operating characteristic

(ROC) curve (AUC) values were calculated for each vali-

dated antibody using logistic regression. Correlations

among the validated antibodies were assessed by Pearson

correlation tests. Net reclassification improvement (NRI)

was used to evaluate the reclassification of the validated

model, compared to an anti-CagA-only model. In addition,

we also ran a case-case comparison of corpus extension

and antral restricted IM in both discovery and validation

sets. The comparison between past vs. current infection

among IM cases and NAG controls combined was con-

ducted following a similar analytical approach. All tests

were two-sided and p values\ 0.05 were considered sta-

tistically significant. Analyses were conducted with R

version 3.6 (R Core Team, R Foundation for Statistical

Computing, Vienna, Austria), Stata version 15 (Stata Corp,

College Station, TX, USA), and GraphPad Prism 8.0.2

(GraphPad Software, Inc., CA, USA).

Results

Anti-H. pylori antibody response and prevalence

in IM cases and NAG controls in the discovery

sample set

Of all antibodies profiled on the 1528-protein H. pylori-

NAPPA, 62 IgG and 11 IgA antibodies showed[ 10%

seropositivity in IM and/or NAG groups of the discovery set

(Supplementary Table 1, Supplementary Fig. 2). The pro-

teins targeted by the 11 IgA antibodies also elicited strong

reactive IgG antibodies. In IM cases and NAG controls

combined, anti-HP1341/TonB/TonB2 (seropositiv-

ity = 98%), anti-HP1125/PalA/Omp18 (83%), anti-

HP0596/Tipa (78%), anti-HP1199/RpI2/Rpl7/RpIL (72%),

anti-HP0010/GroEL/ HSPb/Hsp60/MopA (70%), and anti-

HP0547/CagA (70%) showed the highest overall seroposi-

tivity. Combining the results of wcELISA, cagA-ELISA,

histology, and urease, the overall positivity of H. pylori was

80% in the discovery set. Regardless of the case-control

status, H. pylori-positive individuals as defined by any of the

four conventional tests (i.e., wcELISA, cagA-ELISA, his-

tology, or urease) had a higher total number of IgG anti-H.

pylori antibodies relative to H. pylori-negative individuals,

while the number of IgA antibodies was comparable between

the two groups (Supplementary Fig. 3).

Among our top-five most reactive antibodies, seroposi-

tivity to anti-HP0010/GroEL exhibited the highest degree

of agreement with wcELISA (Kappa coefficient = 0.4),

while there was low to moderate agreement between

overall positivity and the other four antibodies (Kappa

coefficient ranged from 0.05 to 0.3; Supplementary

Table 2). The degree of agreement between cagA-ELISA

and seropositivity to HP0547/CagA on H. pylori-NAPPA

was moderate (coefficient = 0.6).

Discovery and validation of discriminatory anti-H.

pylori antibodies between IM cases and NAG

controls

Among the 73 antibodies (62 IgG and 11 IgA) identified on

the 1528-protein H. pylori-NAPPA and re-tested on the

254-protein NAPPA, 12 IgG and 6 IgA antibodies showed

higher relative seroprevalence in IM cases and 10 IgG

antibodies showed higher relative seroprevalence in NAG

controls in the validation set (Table 2, Supplementary

Fig. 2). Five IgG antibodies (anti-HP0547/CagA, anti-

HP1125/PalA/Omp18, anti-HP0596/Tipa, anti-HP1177 /

HopQ/Omp27, and anti-HP0103/TipB) and two IgA anti-

bodies (HP0596/Tipa and anti-HP1125/PalA/Omp18) were

validated with higher sensitivity (i.e., significantly higher

responses in IM cases) (Table 2). Six IgG antibodies (anti-

HP0709/HpaA, anti-HP0900/HypB, anti-HP0371/FabE/

AccB, anti-HP0243/NapA, anti-HP0153/RecA, and anti-

HP0385) were validated with higher specificity (i.e., lower

responses in IM) (Table 2). The five IgG antibodies with

higher reactivity in IM cases (than in NAG controls) had

AUC values ranging from 0.65 to 0.77, while the five IgG

antibodies’ lower reactivity in IM had AUC values ranging

from 0.50 to 0.65. The validated two IgA antibodies higher

in IM had AUC values of 0.57 and 0.60.

All pairwise correlations among the 13 IgG and IgA

antibodies in the validation set are shown in Fig. 1. Among

the five antibodies with higher seroprevalence in IM cases

than in NAG controls, correlation coefficients ranged from

0.20 (anti-HP1177 vs. anti-HP0103) to 0.56 (anti-HP1125

vs. anti-HP0596). Amongst antibodies with lower sero-

prevalences in IM cases than in NAG controls, correlation

coefficients ranged from 0.04 (anti-HP0709 vs. anti-

HP0900) to 0.55 (anti-HP0153 vs. anti-HP0385). The

correlations between IgG and IgA antibodies against the

same antigens (anti-HP1125 and anti-HP0596) were weak

(correlation coefficient\ 0.3). AUC for an antibody panel

with all 13 validated IgG and IgA antibodies was 0.82

(95% CI, 0.76–0.87) distinguishing IM from NAG. A

model including the 11 validated IgG antibodies (AUC =

0.81; 95% CI, 0.75–0.87) had a better classification per-

formance compared to an anti-CagA only (AUC = 0.77;

123

J Gastroenterol (2023) 58:112–124 115



T
a
b
le

2
C

an
d

id
at

e
an

d
v

al
id

at
ed

an
ti

-H
.
p
yl
o
ri

an
ti

b
o

d
ie

s
d

if
fe

re
n

ti
al

b
et

w
ee

n
in

te
st

in
al

m
et

ap
la

si
a

(I
M

)
ca

se
s

an
d

n
o

n
-a

tr
o

p
h

ic
g

as
tr

it
is

(N
A

G
)

co
n

tr
o

ls
in

th
e

2
4

5
-g

en
e

N
A

P
P

A

D
is

co
v

er
y

sa
m

p
le

se
t

V
al

id
at

io
n

sa
m

p
le

se
t

Ig is
o

ty
p

e

P
ro

te
in

C
o

m
m

o
n

n
am

es

F
u

ll
n

am
e

P
ro

fi
le

IM
ca

se
s

(n
=

5
0

)a
,

%

N
A

G
co

n
tr

o
ls

(n
=

5
0

)b
,

%

IM
ca

se
s

(n
=

1
0

0
)a

,
%

N
A

G
co

n
tr

o
ls

(n
=

1
0

0
)b

,
%

O
R

p
v

al
u

e
A

U
C

Ig
G

H
P

1
1

7
7

O
m

p
2

7
O

u
te

r
m

em
b

ra
n

e
p

ro
te

in
H

ig
h

in

IM

2
2

2
2
0

3
8
.0
8

<
0
.0
0
1

0
.7
3

H
P

0
5

4
7

C
ag

A
C

y
to

to
x

ic
it

y
-a

ss
o

ci
at

ed

im
m

u
n

o
d

o
m

in
an

t
an

ti
g

en

4
8

1
0

4
5

1
5

4
.6
4

<
0
.0
0
1

0
.7
7

H
P

0
5

9
6

T
ip
a

T
u

m
o

r
n

ec
ro

si
s

fa
ct

o
r

al
p

h
a-

in
d

u
ci

n
g

p
ro

te
in

3
0

1
0

2
3

7
3
.9
7

0
.0
0
2

0
.6
6

H
P

0
1

0
3

T
lp

B
M

et
h

y
l-

ac
ce

p
ti

n
g

ch
em

o
ta

x
is

p
ro

te
in

2
2

1
0

2
5

8
3
.8
3

0
.0
0
1

0
.6
8

H
P

1
1

2
5

P
al

A
/

O
M

P
1

8

P
ep

ti
d

o
g

ly
ca

n
as

so
ci

at
ed

li
p

o
p

ro
te

in
3
2

1
0

3
7

1
6

3
.0
8

0
.0
0
1

0
.6
5

H
P

0
9

0
8

F
lg

E
F

la
g

el
la

r
h

o
o

k
p

ro
te

in
2

0
1

0
1

7
8

2
.3

6
0

.0
5

4
0

.5
7

H
P

0
7

0
1

G
y

rA
D

N
A

g
y

ra
se

su
b

u
n

it
A

2
0

1
0

1
6

1
0

1
.7

1
0

.2
0

7
0

.5
1

H
P

1
1

7
2

G
ln

H
G

lu
ta

m
in

e
A

B
C

tr
an

sp
o

rt
er

su
b

st
ra

te
-

b
in

d
in

g
p

ro
te

in

2
6

1
0

2
6

1
8

1
.6

0
0

.1
7

2
0

.5
2

H
P

1
4

5
3

H
o

m
D

M
em

b
ra

n
e

p
ro

te
in

2
0

1
0

1
6

1
2

1
.4

0
0

.4
1

5
0

.5
5

H
P

0
3

7
3

U
n

ch
ar

ac
te

ri
ze

d
p

ro
te

in
3

8
1

0
2

2
1

7
1

.3
8

0
.3

7
2

0
.5

3

H
P

1
5

6
4

P
lp

A
A

B
C

tr
an

sp
o

rt
er

su
b

st
ra

te
-b

in
d

in
g

p
ro

te
in

2
6

1
0

1
3

1
0

1
.3

4
0

.5
0

6
0

.5
6

H
P

0
6

0
6

M
tr

C
M

em
b

ra
n

e
fu

si
o

n
p

ro
te

in
2

8
1

0
2

2
1

9
1

.2
0

0
.5

9
9

0
.5

6

H
P

0
7

0
9

U
n

ch
ar

ac
te

ri
ze

d
p

ro
te

in
L

o
w

in

IM

6
2
0

9
2
5

0
.3
0

0
.0
0
3

0
.6
1

H
P

0
9

0
0

H
y

p
B

H
y

d
ro

g
en

as
e/

u
re

as
e

m
at

u
ra

ti
o

n
fa

ct
o

r
4

2
0

5
1
3

0
.3
5

0
.0
4
8

0
.5
0

H
P

0
3

7
1

A
cc

B
,

F
ab

E

B
io

ti
n

ca
rb

o
x

y
l

ca
rr

ie
r

p
ro

te
in

1
0

2
0

9
2
1

0
.3
7

0
.0
1
7

0
.6
5

H
P

0
2

4
3

N
ap

A
D

N
A

p
ro

te
ct

io
n

d
u

ri
n

g
st

ar
v

at
io

n

p
ro

te
in

4
2
0

1
1

2
4

0
.3
9

0
.0
1
6

0
.6
3

H
P

0
3

8
5

H
y

p
o

th
et

ic
al

p
ro

te
in

1
0

2
0

1
8

3
5

0
.4
1

0
.0
0
6

0
.5
7

H
P

0
1

5
3

R
ec

A
R

ec
o

m
b

in
as

e
1
0

2
2

1
7

3
0

0
.4
8

0
.0
3
0

0
.5
5

H
P

1
1

0
0

E
d

d
P

h
o

sp
h

o
g

lu
co

n
at

e
d

eh
y

d
ra

ta
se

1
0

2
2

5
1

1
0

.4
3

0
.1

1
8

0
.5

5

H
P

1
1

1
8

G
g

t
G

am
m

a-
g

lu
ta

m
y

lt
ra

n
sp

ep
ti

d
as

e
1

0
3

4
2

5
3

3
0

.6
8

0
.2

1
3

0
.5

8

H
P

1
1

1
0

P
o

rA
P

y
ru

v
at

e
fl

av
o

d
o

x
in

o
x

id
o

re
d

u
ct

as
e

su
b

u
n

it
al

p
h

a

1
0

3
0

2
4

1
6

1
.6

6
0

.1
5

7
0

.5
4

H
P

0
3

2
2

C
h

eP
ep

C
h

em
o

ta
x

is
re

g
u

la
to

ry
p

ro
te

in
1

0
2

4
1

9
1

1
1

.9
0

0
.1

1
3

0
.4

2

123

116 J Gastroenterol (2023) 58:112–124



95% CI, 0.70–0.84) model (NRI = 0.44; p value = 0.001)

(Supplementary Fig. 4).

Anti-H. pylori antibodies by anatomical extension

of IM

H. pylori seropositivity by wcELISA was similar (59 vs.

58%) between the case-case analysis of corpus extension

(n = 73) and antral (n = 77) restricted IM subsite. Out of

total proteins profiled on the 254-protein H. pylori-

NAPPA, two IgG antibodies (anti-HP0516/HslU and anti-

HP0385) and one IgA antibody (anti-HP1453/HomD)

showed significantly higher seropositivity in antral

restricted as compared to corpus extension IM (p val-

ues\ 0.05) (Supplementary Table 3).

Discovery and validation of discriminatory anti-H.

pylori antibodies between current vs. past H. pylori

infection

Prevalences of current and past infections were similar in

both discovery and validation sets (Table 1). The agree-

ment between histology (based on five biopsies) and urease

(based on one antral biopsy) on H. pylori diagnosis was

substantial with a Kappa coefficient of 0.75. Approxi-

mately 13% of individuals were classified as discordant for

either test. Out of the 254 antibodies profiled, 15 IgG

antibodies (anti-HP1118/Ggt, anti-HP1110/PorA, anti-

HP0870/ FlgE, anti-HP0407/BisC, anti-HP0601/FlaA, anti-

HP1126/TolB, anti-HP1527/ComH, anti-HP0492, anti-

HP1564/ PlpA, anti-HP0231/dsbK/dsbG, anti-HP0295/Fla,

anti-HP1555/Tfs, anti-HP0010/GroEL, anti-HP0709, and

anti-HP1341/TonB/TonB2) and one IgA (anti-HP0477/

HopJ) were strongly significantly associated with current

H. pylori infection with ORs ranging from 2.19 to 7.46,

regardless of case–control status (Table 3, Supplementary

Fig. 5). All pairwise correlations among the 16 candidate

IgG and IgA antibodies in the validation set are shown in

Fig. 2. Correlation coefficients ranged from -0.06 (anti-

HP0010 vs. anti-HP0492) to 0.53 (anti-HP1118 vs. anti-

HP1110 and anti-HP0010 vs. anti-HP1110). AUC for a

panel combining the validated 16 antibodies was 0.85 (95%

CI, 0.79–0.90) distinguishing current from past H. pylori

infection.

Discussion

Our two-stage study represents the most comprehensive

proteome-level analysis to identify anti-H. pylori antibod-

ies to distinguish IM from NAG. We found moderate-to-

strong associations with IM for 11 IgG and 2 IgA anti-

bodies against several outer membrane proteins (OMPs)T
a
b
le

2
co

n
ti

n
u

ed

D
is

co
v

er
y

sa
m

p
le

se
t

V
al

id
at

io
n

sa
m

p
le

se
t

Ig

is
o

ty
p

e

P
ro

te
in

C
o

m
m

o
n

n
am

es

F
u

ll
n

am
e

P
ro

fi
le

IM
ca

se
s

(n
=

5
0

)a
,

%

N
A

G
co

n
tr

o
ls

(n
=

5
0

)b
,

%

IM
ca

se
s

(n
=

1
0

0
)a

,
%

N
A

G
co

n
tr

o
ls

(n
=

1
0

0
)b

,
%

O
R

p
v

al
u

e
A

U
C

Ig
A

H
P

0
5

9
6

T
ip
a

T
u

m
o

r
n

ec
ro

si
s

fa
ct

o
r

al
p

h
a-

in
d

u
ci

n
g

p
ro

te
in

H
ig

h
in

IM

2
6

1
0

2
0

9
2
.5
3

0
.0
2
7

0
.5
7

H
P

1
1

2
5

P
al

A
/O

M
P

1
8

P
ep

ti
d

o
g

ly
ca

n
as

so
ci

at
ed

li
p

o
p

ro
te

in

2
0

1
0

1
7

7
2
.7
2

0
.0
3
0

0
.6
0

H
P

0
9

2
3

H
o

p
K

,
O

m
p

2
2

M
em

b
ra

n
e

p
ro

te
in

3
0

6
2

1
1

2
1

.9
5

0
.0

8
6

0
.5

8

H
P

0
5

4
7

C
ag

A
C

y
to

to
x

ic
it

y
-a

ss
o

ci
at

ed

im
m

u
n

o
d

o
m

in
an

t
an

ti
g

en

2
4

8
1

4
2

3
0

.5
4

0
.1

0
1

0
.5

2

H
P

0
4

7
7

H
o

p
J,

O
m

p
1

2
M

em
b

ra
n

e
p

ro
te

in
2

8
6

2
0

1
4

1
.5

4
0

.2
5

9
0

.5
2

H
P

1
4

5
3

H
o

m
D

M
em

b
ra

n
e

p
ro

te
in

2
0

1
0

1
5

1
6

0
.9

3
0

.8
4

5
0

.5
0

B
o

ld
ed

n
u

m
b

er
s

ar
e

fo
r

p
ro

te
in

s
th

at
w

er
e

v
al

id
at

ed
,

i.
e.

,
si

g
n

ifi
ca

n
t

in
th

e
v

al
id

at
io

n
se

t

A
U
C

ar
ea

u
n

d
er

th
e

cu
rv

e,
O
R

o
d

d
s

ra
ti

o
a
C

u
to

ff
g

en
er

at
ed

fr
o

m
th

e
9

0
th

p
er

ce
n

ti
le

o
f

N
A

G
co

n
tr

o
ls

b
C

u
to

ff
g

en
er

at
ed

fr
o

m
th

e
9

0
th

p
er

ce
n

ti
le

o
f

IM
ca

se
s

B
o

ld
n

u
m

b
er

s
ar

e
fo

r
p

ro
te

in
s

th
at

w
er

e
v

al
id

at
ed

,
i.

e.
,

si
g

n
ifi

ca
n

t
in

th
e

v
al

id
at

io
n

se
t

123

J Gastroenterol (2023) 58:112–124 117



and proteins essential for bacterial survival. A combined

model of the 11 IgG antibodies moderately discriminated

IM from NAG. Another unique feature of our study was the

comparison between current and past H. pylori infections.

We identified 15 IgG and 1 IgA antibodies associated with

current infection, including responses to several proteins

related to colonization and persistence.

H. pylori coevolved with humans and developed effi-

cient mechanisms to avoid the surveillance of the host

immune system. As a consequence, H. pylori infection

typically does not elicit a strong humoral response [8],

which is consistent with the limited number of immuno-

genic proteins observed in our study (4%; 62/1528). Also,

expanding our previous findings in gastric cancer using the

same NAPPA array [5], we confirmed that IgG antibodies

were more informative in determining gastric pathology

compared with IgA antibodies.

Anti-CagA antibodies are sustained for a long time even

after successful H. pylori eradication [9, 10]. A potential

mechanism for the persistent antigenic stimuli may be due

to the remnants of CagA-positive strains in the deepest

gastric glands surviving long years of infection. Our

finding that a higher CagA seropositivity was moderately

discriminative between IM cases and NAG controls aligns

with two previous cross-sectional analyses [11, 12] within

the Linxian Nutrition Intervention Trial cohort. Pan et al.

compared antibodies against HP0547/CagA, HP0887/

VacA, GroEL, UreA, HcpC, and HP1118/Ggt in patients

with precancerous lesions and those with superficial gas-

tritis, and reported a positive IM association with anti-

HP0547/CagA and an inverse IM association with anti-

HP1118/gGT [11]. Using a different platform, a 15-plex

Luminex fluorescent bead-based immunoassay, Epplein

et al. reported positive associations of IM with antibodies

against HP1564/Omp, HP0547/CagA, HP0887/VacA,

HcpC, HP0305, GroEL, NapA, HyuA, Cad, and HpaA

[12]. These studies confirmed the important role of CagA

in gastric carcinogenesis.

H. pylori OMPs serve as key factors for nutrient scav-

enging and evasion of host defense mechanisms [13]. In

our study, two antibodies to OMPs were positively asso-

ciated with IM. HP1177/Omp27/HopQ binds to carci-

noembryonic antigen-related cell-adhesion molecules with

high specificity [14]. Type I HopQ may be associated with

Fig. 1 Pairwise Pearson correlations (ranged from - 0.20 to 0.56)

among the 11 validated anti-H. pylori IgG and 2 IgA antibodies

differential between gastric intestinal metaplasia cases and non-

atrophic gastritis controls in the validation sample set. All pairwise

comparisons with correlations higher than 0.2 were statistically

significant with p values\ 0.01
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Table 3 Candidate and validated anti-H. pylori antibodies differential between current and past H. pylori infection in the 245-gene NAPPA

Discovery sample seta Validation sample seta

Ig
isotype

Protein Common
names

Full name Current
infection
(n = 46)b, %

Past
infection
(n = 34)c,
%

Current
infection
(n = 110)b, %

Past
infection
(n = 60)c,
%

OR p value AUC

IgG HP1118 Ggt Gamma-
glutamyltranspeptidase

39 12 43 9 7.46 0.000 0.72

HP1110 PorA Pyruvate flavodoxin
oxidoreductase subunit
alpha

30 12 28 6 6.08 0.000 0.67

HP0870 FlgE Flagellar hook protein 37 12 35 9 5.49 0.000 0.70

HP0407 BisC Biotin sulfoxide reductase 26 12 25 6 5.04 0.002 0.64

HP0601 FlaA Flagellin A 48 12 51 18 4.67 0.000 0.71

HP1126 TolB Tol-Pal system protein 22 9 13 3 4.67 0.030 0.69

HP1527 ComH Hypothetical protein 26 12 31 9 4.47 0.001 0.71

HP0492 Neuraminyllactose-binding
hemagglutinin

33 12 22 6 4.33 0.006 0.64

HP1564 PlpA ABC transporter substrate-
binding protein

22 12 16 5 4.11 0.019 0.76

HP0231 dsbK, dsbG Protein-disulfide isomerase 39 9 32 11 3.93 0.001 0.69

HP0295 Fla Flagellin B homolog 35 12 26 12 2.60 0.025 0.65

HP1555 Tfs Elongation factor Ts 30 12 26 12 2.60 0.025 0.58

HP0010 GroEL,
HSPb,
Hsp60,
MopA

Molecular chaperone 33 12 23 11 2.48 0.044 0.61

HP0709 Uncharacterized protein 22 6 23 11 2.48 0.044 0.58

HP1341 TonB2,
TonB

Energy transducer 28 12 33 18 2.19 0.036 0.58

HP0304 Alginate_lyase domain-
containing protein

37 12 22 11 2.35 0.059 0.61

HP0485 Catalase-related peroxidase 22 6 8 2 5.79 0.064 0.60

HP0953 Uncharacterized protein 30 12 17 8 2.55 0.070 0.62

HP0373 Uncharacterized protein 33 12 21 11 2.23 0.078 0.61

HP1453 HomD Membrane protein 22 12 16 8 2.39 0.094 0.60

HP0908 FlgE Flagellar hook protein 24 12 17 9 2.09 0.132 0.68

HP0596 Tipa Tumor necrosis factor
alpha-inducing protein

30 12 19 11 1.99 0.136 0.63

HP0512 GlnA Glutamine synthetase 24 9 25 15 1.82 0.139 0.57

HP0371 AccB, FabE Biotin carboxyl carrier
protein

39 12 38 27 1.65 0.139 0.57

HP0547 CagA Cytotoxicity-associated
immunodominant
antigen

22 12 20 12 1.81 0.178 0.50

HP0322 ChePep Chemotaxis regulatory
protein

33 6 20 12 1.81 0.178 0.52

HP0175 PpiC Peptidylprolyl isomerase 22 9 17 11 1.76 0.228 0.56

HP1100 Edd Phosphogluconate
dehydratase

24 12 9 5 2.10 0.264 0.51

HP0875 KatA Catalase 22 12 25 18 1.46 0.325 0.53

HP0606 MtrC Membrane fusion protein 22 12 16 15 1.10 0.831 0.56
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Table 3 continued

Discovery sample seta Validation sample seta

Ig
isotype

Protein Common
names

Full name Current
infection
(n = 46)b,
%

Past
infection
(n = 34)c,
%

Current
infection
(n = 110)b,
%

Past
infection
(n = 60)c,
%

OR p value AUC

IgA HP0477 HopJ,
Omp12

Membrane protein 24 12 21 6 4.10 0.008 0.62

HP1453 HomD Membrane protein 39 6 27 17 1.88 0.107 0.68

HP0547 CagA Cytotoxicity-associated
immunodominant
antigen

22 12 19 18 1.06 0.881 0.48

Bolded numbers are for proteins that were validated, i.e., significant in the validation set

AUC area under the curve, OR odds ratio
aIntestinal metaplasia cases and non-atrophic gastritis controls combined
bCutoff generated from the 90th percentile of past infection
cCutoff generated from the 90th percentile of current infection

Bold numbers are for proteins that were validated, i.e., significant in the validation set

Fig. 2 Pairwise Pearson correlations (ranged from - 0.06 to 0.53)

among the 15 validated anti-H. pylori IgG and 1 IgA antibodies

differential between current and past H. pylori infection in the

validation sample set. All pairwise comparisons with correlations

higher than 0.2 were statistically significant with p values\ 0.01
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carcinogenesis by transferring CagA or triggering type IV

secretion system to initiate and maintain chronic inflam-

mation mainly by activating toll-like receptor 9 via the

canonical NF-KB pathway [15, 16]. Taxauer et al. showed

that the HopQ-CEACAM interaction is also important for

the activation of the non-canonical NF-KB pathway [17].

HP1125/PalA/Omp18 is expressed by all known H. pylori

strains and is involved in persistent colonization [18]. In

particular, Omp18 may alter interferon-c levels and opti-

mize virulence phenotype (i.e., CagA), survive oxidative

stress, and anti-phagocytosis. pH taxis is another important

mechanism for the long-term persistence of H. pylori [19].

HP0103/TlpB is required in chemorepulsive responses to

acid, as well as the quorum-sensing molecule autoinducer-

2 [20]. Interestingly, binding of polymeric G-repeats reg-

ulator to the upstream of tlpB is sufficient to regulate TlpB

both at the transcript and protein level [21]. HP0596/Tipa
is another tumor promoter secreted as dimers and enters the

gastric cells, a process mediated through NF-KB activation

[22], that also has DNA-binding activity [23]. Similar to

CagA, antibodies to HP0596/Tipa may persist after bac-

terial eradication [24]. Notably, our analyses showed anti-

HP0596/Tipa to be moderately positively correlated with

other antibodies (HP1125/PalA/Omp18 and HP0103/

TlpB). Although our best discriminatory model suggests

independent effects for anti-HP1177/Omp27/HopQ,

HP0547/CagA, HP0103/TlpB, and HP1125/PalA/Omp18,

given the complex networks of these antigens, their

orchestrated synergistic contribution cannot be dismissed.

In the current study, we report several inverse antibody

associations with IM. These findings may indicate loss of

antigenic stimuli potentially related to atrophy progression,

use of antibiotics, or immune protection against carcino-

genesis. In our previous NAPPA gastric cancer study, we

found several inverse associations including antibodies

against HP0371/FabE/AccB, HP0243/NapA, and HP0153/

RecA that were also identified in this IM study. HP0371/

FabE/AccB is a biotin carboxyl carrier protein of acetyl-

CoA carboxylase, which is involved in fatty acid biosyn-

thesis [25]. NapA plays dual roles, recruiting host neu-

trophils/monocytes and stimulating the production of

reactive oxygen intermediates, but on the other hand,

sequestering iron and stress-resistant to oxidative stress

[26]. NapA may also promote the formation of H2O2-in-

duced biofilm and contribute to multidrug resistance [27].

RecA is a protein that is necessary for repairing DNA

damage or facilitating recombination. In addition, mutants

of recA are hypersensitive to DNA-damaging agents such

as metronidazole, ultraviolet, or ionizing radiation [28].

We also found some novel antibodies that were inver-

sely associated with IM. HypB is a GTPase with a key role

in nickel homeostasis [29]. H. pylori hypB-deficient mutant

exhibits significantly decreased urease activity as there is a

physical interaction between urease and HP0900/HypB

[30]. HpaA is a lipoprotein in the flagellar sheath and outer

membrane and plays an essential role in the adhesion and

colonization of the gastric mucosa [31]. Although poorly

characterized, HP0709 encodes an enzyme that is involved

in either DNA methylation or synthesis of some branched

amino acids. HP0385 is a hypothetical protein with

unknown functions. The findings for HpaA or RecA are

inconsistent with a previous study showing a positive

association of these two proteins with IM [12]. Considering

the dual-faceted roles of these antigens, along with their

various parts in coordination with other proteins and the

external environment, further studies should investigate

host-antigen interactions of these antigens. It is also pos-

sible that these proteins are important for colonization and

establishment of successful infection but less relevant

when the microenvironment changes due to hypochlorhy-

dria and other tissue transformations related to atrophy.

Extensive IM confers a higher risk of gastric cancer. Our

exploratory case-case analysis identified three antibody

associations (anti-HP0516/HslU, anti-HP0385, and anti-

HP1453/homD) with antral restricted IM (vs. corpus

extension). The corresponding bacterial antigens have not

been well studied. In particular, homD is a conserved gene

and little is known about its encoding OMP (HP1453/

homD) [32]. Further studies are warranted to address the

potential differences in the humoral responses to H. pylori

by IM anatomical subsite.

Although H. pylori infection can be detected by many

methods, their sensitivities and specificities are variable.

Taken together, the results of four different H. pylori tests

assessing current and past infections, the high-risk study

population seems to have had an almost universal bacterial

exposure. There are no bacterial proteins that are recog-

nized in all H. pylori-infected individuals. Differential

humoral responses to specific H. pylori antigens could be

related to variable protein expression influenced by the

stomach microenvironment. Loh et al. [33], documented

increased expression and translocation of CagA in response

to high salt conditions in rodent models. Noto et al. [34],

reported a similar increased expression of CagA in strains

growing under iron-limiting conditions. Our NAPPA anti-

GroEL fairly agreed with a commercial wcELISA. Non-

invasive identification of H. pylori-specific antibodies

accurately classifying individuals with current infection

could assist with clinical management (e.g., H. pylori

eradication). We identified 16 antibodies as markers of

current H. pylori infection, including some novel candi-

dates. Our results align with previous studies assessing a

limited number of antibodies. Comparing results of a

13-plex Luminex fluorescent bead-based immunoassay and

urea breath test, Butt et al. found that seropositivity to

VacA, HP0010/GroEL, HcpC, and HP1564/ PlpA indicate
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current infection [35]. Using combined results of wcE-

LISA, urease, and culture to define current infection,

Shafaie et al. found that seropositivity to HP0547/CagA,

HP0596/Tip-a, and HP0175/ PpiC was associated with

current infection [36]. In currently infected individuals,

flagellar antigens exhibit seropositivity as high as 90%

[37]. Our NAPPA array included a total of 28 flagellar

antigens and found positive associations with HP0870/

FlgE, HP0601/FlaA, HP0295/Fla that showed overall

prevalences ranging from 40 to 58% in all individuals, and

from 50 to 71% in currently infected individuals. Based on

in vitro studies, HP1118/gGT seems to be a pathogenic

factor associated with H. pylori-induced peptic ulcer dis-

ease [38]. As mentioned above, Pan et al. reported an

inverse IM association with anti-HP1118-gGT [11]. Simi-

larly, we found a suggestive association in this study and a

significant inverse association in our previous NAPPA

gastric cancer study [5]. In our current study, HP1341/

TonB/TonB2 has shown higher seroresponse in individuals

with current infection compared to those with past infec-

tion. In our previous report on gastric cancer, we only had

H. pylori serology results, thus we could not determine

whether the subjects had a current or past infection [5]. We

speculate the slightly lower seroprevalence of HP1341/

TonB/TonB2 in gastric cancer is likely due to the loss of H.

pylori colonization. To our knowledge, no data are avail-

able on the functions of anti-HP1110. Future research may

explore the role of these antigens in vaccine development.

Up to date, there are two bacterial Genome-Wide

Association Studies (GWAS) of gastric cancer. Berthenet

et al. identified 32 significant loci (HP0068, HP0102,

HP0269, HP0290, HP0468, HP0524, HP0527, HP0528,

HP0531, HP0532, HP0540, HP0541, HP0544, HP0555,

HP0569, HP0615, HP0709, HP0747, HP0797, HP0906,

HP0936, HP1004, HP1046, HP1055, HP1149, HP1177,

HP1184, HP1243, HP1331, HP1421, HP1460, HP1572) by

comparing hpEurope genomes from patients with gastric

cancer (n = 49) with genomes from patients with gastritis

(non-atrophic and atrophic with and without IM; n = 124)

[39]. On the other hand, Tuan and Yahara et al. [40]

identified 12 significant loci (HP0082, HP0130, HP0231,

HP0463, HP0490, HP0776, HP0807, HP0915, HP1250,

HP1440, HP1467, HP1523; 11 single nucleotide poly-

morphisms and three DNA motifs) by comparing hspEAsia

genomes from patients with gastric cancer (n = 125) and

genomes from patients with duodenal ulcer (n = 115).

Likely due to differences in the control group (gastritis vs.

duodenal ulcer) and the underlying genetic structures of

hpEurope and hspEAsia populations, there are no common

hits between the GWAS. Notably, two of our candidate

antibodies, anti-HP1177/Omp27/HopQ (positive associa-

tion with IM) and anti-HP0709 (inverse association with

IM and positive association with current H. pylori

infection) represent hits in the hpEurope GWAS. HP1177/

Omp27/HopQ was identified under the comparison

including IM in the case group, while HP0709 was iden-

tified under the comparison including IM in the control

group. One of our additional candidates, anti-HP0231/

dsbK/dsbG (positive association with current infection),

represents a gastric cancer hit in the hspEAsia GWAS.

The strengths of our IM study include the use of a well-

validated and highly reproducible state-of-the-art

microarray technology. Secondly, we employed a two-

stage approach with discovery and independent validation

using blinded testing to ensure the rigor of our findings.

Importantly, we tested well-characterized samples with a

high prevalence of H. pylori infection and data from sev-

eral complementary tests documenting current and past H.

pylori infections. Despite these strengths, our study has

some limitations. First, although comprehensive, our H.

pylori-NAPPA did not include a universal set of proteins,

as the panproteome of H. pylori is undetermined. Second,

our findings may not be generalizable to all populations as

there is a difference in the immunogenic profile among

races/ethnicities [41–43]. Third, although we combined

four tests, a potential misclassification in our definitions of

current and past H. pylori infections cannot be averted. The

sensitivity and specificity of just urease and histology

combined (both[ 95%) are comparable to the urea breath

test [44]. Moreover, individuals with H. pylori-negative

gastritis could have been included in the group with no

evidence of H. pylori exposure. In addition, information on

past treatment of H. pylori infection was not available.

Antibiotics may alter humoral responses, thus altering the

association between the antibodies and IM. We addressed

antibody associations with advanced IM based on the

anatomical subsite. Additional heterogeneity should be

evaluated for different histological types of IM (complete

vs. incomplete).

Antibodies to several specific H. pylori proteins are

associated with modest gastric cancer risk in prospective

cohort studies [41, 45]. To date, none of the proposed

antibodies have enough discriminatory power to distin-

guish gastric cancer patients from cancer-free individuals

for screening. Our data suggest only moderate gain in

discriminating IM and NAG with a combined IgG antibody

model compared to an anti-CagA-only model. Additional

candidate anti-OMP antibodies could be tested in predi-

agnostic samples.

Besides the etiological importance of our identified H.

pylori antibodies in carcinogenesis, a non-invasive blood

test for IM based on the antibodies may have a potential

translation to noninvasive detection of patients with this

premalignant lesion. After additional validation, the can-

didate antibodies in combination with other biomarkers

(e.g., pepsinogens), could have a direct clinical application
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for triaging high-risk individuals for further diagnostic

procedures, particularly in places where mass gastric can-

cer screening resources are limited.

Supplementary InformationThe online version contains

supplementary material available at https://doi.org/10.1007/s00535-

022-01933-0.
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