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Abstract

We found that histamine (10~° m) did not have any effect on
the in vitro capture of Escherichia coli by neutrophils but ac-
celerated its intracellular killing. In contrast, histamine (1076
M) delayed the capture of Escherichia coli by neutrophils and
reduced the amounts of pHrodo zymosan particles inside
acidic mature phagosomes. Histamine acted through the
H4R and the H;R, which are coupled to the Src family tyro-
sine kinases or the cAMP/protein kinase A pathway, respec-
tively. The protein kinase A inhibitor H-89 abrogated the
delay in bacterial capture induced by histamine (1076 m) and
the Src family tyrosine kinase inhibitor PP2 blocked hista-
mine (1072 M) induced acceleration of bacterial intracellular
killing and tyrosine phosphorylation of proteins. To investi-
gate the role of histamine in pathogenicity, we designed an
Acinetobacter baumannii strain deficient in histamine pro-
duction (hdc::TOPO). Galleria mellonella larvae inoculated
with the wild-type Acinetobacter baumannii ATCC 17978
strain (1.1 x 10° CFU) died rapidly (100% death within 40 h)

but not when inoculated with the Acinetobacter baumannii
hdc:TOPO mutant (10% mortality). The concentration of
histamine rose in the larval haemolymph upon inoculation
of the wild type but not the Acinetobacter baumannii
hdc:TOPO mutant, such concentration of histamine blocks
the ability of hemocytes from Galleria mellonella to capture
Candida albicans in vitro. Thus, bacteria-producing hista-
mine, by maintaining high levels of histamine, may impair
neutrophil phagocytosis by hijacking the H,R.

© 2022 The Author(s).

Published by S. Karger AG, Basel

Introduction

Neutrophils are the most abundant white blood cells
and constitute the first line of defense against bacterial
and fungal pathogens [1]. These cells have developed a
broad range of weapons to kill microorganisms, which
include production of reactive oxygen species (ROS) and
release of microbicidal granule constituents (degranula-
tion) at the site of inflammation, in response to chemoat-
tractants, proinflammatory cytokines, or bacterial motifs.
Production of ROS and degranulation are also integral
parts of phagocytosis, a complex process by which neu-
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trophils (and other phagocytic cells) capture, engulf, and
kill pathogens inside intracellular phagosomes. The cap-
ture of pathogens is facilitated by opsonization, a process
by which microorganisms are coated with complement
proteins or antibodies. In neutrophils, the main receptor
binding complement-opsonized microorganisms is the
B2 integrin Mac-1 [2].

Histamine is a major regulator of the immune re-
sponse because most, if not all, immune cells respond to
histamine through engagement of histamine receptors
(H;R-H4R). Histamine is produced by the decarboxyl-
ation of histidine by histidine decarboxylases (HDCs) [3].

There is evidence in the literature which supports the
view that neutrophils produce histamine at the site of in-
flammation. This is best exemplified in a study [3] show-
ing that the mature 74 kDa form of HDC is not present in
peripheral blood murine neutrophils, and the post-trans-
lational processing of the 53 kDa precursor form is only
observed in neutrophils infiltrated into the mouse perito-
neal cavity. Another study found that tracheobronchitis
and pneumonia, caused by mycoplasma infection in
mice, lead to biosynthesis of histamine by airways neutro-
phils, thereby contributing to lung inflammation [4].
Production of histamine by neutrophils is triggered by
interaction with pathogens. Thus, neutrophils produce
histamine in vitro when exposed to the Gram-negative
bacterium Pseudomonas aeruginosa PAO1 strain [5] or
the TLR, ligand LPS [6, 7]. Similarly to human neutro-
phils, hemocytes (a population of innate immune cells in
invertebrates that include phagocytic cells) from the tu-
nicate Styela plicata produce histamine when exposed to
different pathogen-associated molecular patterns [8].
This implies that histamine biosynthesis by phagocytic
cells has been preserved through evolution from inverte-
brates to mammals thus demonstrating the fundamental
role that the diamine plays in the regulation of the innate
immune response of the host.

Production of histamine by neutrophils is intriguing
and may imply autoregulation of neutrophil functions.
This scenario is plausible as neutrophils express two his-
tamine receptors, the H,R and the H4R [9]. The H4R and
the H,R have a high and low affinity for histamine, re-
spectively. Thus, the H4R and the H,R receptors are acti-
vated by nanomolar or micromolar concentrations of his-
tamine, respectively [10]. The fact that neutrophils ex-
press two pharmacological distinct histamine receptors,
with different affinities for histamine, may indicate that
histamine has a dual role. Thus, depending on its concen-
tration, histamine could either activate inflammatory
functions of neutrophils (by engaging the H4R) to facili-
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tate the killing of microorganisms or impair inflamma-
tory functions (by engaging the H,R) to reverse and re-
solve the inflammatory process.

Neutrophils are not the only source of histamine dur-
ing periods of infection. Indeed, it was shown that acute
exacerbations of chronic bronchitis, cystic fibrosis, and
pneumonia are associated with Gram-negative bacteria
synthesizing histamine. Thus, Pseudomonas aeruginosa,
a Gram-negative bacterium that is also a significant cystic
fibrosis pathogen, as well as Branhamella catarrhalis and
Haemophilus parainfluenzae synthesize clinically impor-
tant concentrations of histamine [11].

Itis notknown why some Gram-negative bacteria pro-
duce histamine. Bacteria-derived histamine could repre-
sent a previously unappreciated evolutionarily conserved
molecular dialog between host and pathogen, whereby
production of histamine would regulate neutrophil
phagocytosis and inflammatory functions to the advan-
tage of the bacteria. In this study, we aimed to evaluate the
role of both the H4R and H,R receptors in the capture and
killing of bacteria by neutrophils. We also investigated the
contribution of histamine produced by the Gram-nega-
tive bacteria Acinetobacter baumannii (A. baumannii) for
pathogenicity in the Galleria mellonella (G. mellonella)
larvae model of infection. We propose a model in which
the HyR and H,R have opposite effects in terms of regula-
tion of bacterial capture and killing by neutrophils and
how histamine produced by bacteria could hijack the
neutrophil response.

Materials

Histamine and famotidine (ref: F6889) were purchased from
Sigma-Aldrich/Merck. Ficoll-Hypaque was from GE Healthcare/
Cytiva and Dextran 500 from Pharmacosmos (Denmark). The
H,R antagonist JNJ 7777120 (ref: ab144405) was purchased from
Abcam (UK). The PCR purification kit and the MiniPrep kit for
plasmid isolation were from QiAgen (Germany). Zero Blunt™
TOPO™ PCR cloning Kit, with pCR™-Blunt II-TOPO™ Vector,
One shot™ TOP10 chemically competent E. coli, and pHrodo
Red Zymosan A particles were purchased from ThermoFischer
(UK).

The following antibodies were from cell signaling: the second-
ary HRP-conjugated anti-mouse or anti-rabbit antibodies (7074S
and 7076S) and the anti-MMP-9 Ab (Ref: 3852S). The rabbit anti-
VASP Ab (Ref: ab 229624) was from Abcam (Cambridge, UK); the
anti-phosphotyrosine (Ref: 05-321X, clone 4G10) was from Mil-
lipore (UK). Forskolin (Ref: F 6886), IBMX (Ref: 15879), gentami-
cin, PP2, and SU6656 were purchased from Merck. The histamine
ELISA kit was from IBL International GMBH (Hamburg, Germa-
ny). Histamine (Ref: H7125), N-formyl-methionyl-leucyl-phenyl-
alanine (fMLP) (Ref: F3506), human lactoferrin (Ref: L0520), and
anti-lactoferrin Abs (ref: L3262) were from Sigma/Aldrich/Merck.

Dib/El Banna/Radulescu/Lopez Campos/
Sheehan/Kavanagh



The protease inhibitor tablets were from Roche (Germany). The
MACSxpress whole blood neutrophil isolation kit (Ref: 130-104-
434) was from Miltenyi Biotec (Bergisch Gladbach, Germany).
Protein assays were performed using the Bio-Rad (CA, USA) solu-
tions and protocol (Ref: 500-0114).

Methods

Isolation of Human Neutrophils

Venous blood was collected from healthy donors by venous
puncture in vacutainer EDTA blood collecting tubes. For the
phagocytosis studies, neutrophils were isolated from the blood
using the Dextran sedimentation and centrifugation through Fi-
coll-Hypaque [12]. For killing and capture assays, the cells (97%
purity) were resuspended in RPMI medium supplemented with
20 mM HEPES; pH 7.4 (modified RPMI) at a concentration of 107
cells/mL.

For the signaling studies, neutrophils were purified using the
MACSxpress whole blood neutrophil isolation kit by following the
instructions of the manufacturer. The cells were resuspended in
HBSS medium supplemented with 1 mm MgCl,, 1 mM CaCl,, and
20 mM Hepes, pH 7.4 (modified HBSS). Cells were either pretreat-
ed with the H,R antagonist JNJ 7777120 or the H,R antagonist
famotidine prior to stimulation with histamine.

Cell Culture

Undifferentiated PLB-985 cells were grown at 37°C in an atmo-
sphere of 5% CO, in RPMI medium supplemented with 10% FCS
to adensity of 5 x 10° cells/mL. Differentiation into neutrophil-like
cells was carried out by culturing undifferentiated PLB-985 cells
for 5 days in the RPMI medium supplemented with 5% FCS and
1.25% DMSO [13]. Cells were then collected by centrifugation (190
g 10 min), washed in HBSS medium, and finally resuspended at a
density of ~1 x 10° cells/mL in modified HBSS medium.

Neutrophil Capture and Killing Assays

These assays were adapted from[14]. E. coli was inoculated in
Luria Bertani (LB) broth and incubated overnight at 37°C in a flask
placed in an orbital shaker. Bacteria were then diluted 1/10 and
grown further for 1.5 h to reach the exponential phase. Bacterial
concentrations were adjusted to 107 CFU/mL. Bacteria in LB me-
dium were spun down (2,500 g, 10 min), washed once with modi-
fied RPMI medium (RPMI medium supplemented with 20 mM
Hepes pH 7.4), and then resuspended in modified RPMI medium
containing 10% human serum (a mixture of five different serum
samples). After 15 min, bacteria were spun down, washed with
modified RPMI medium, and resuspended in the same buffer at a
density of 10’ CFU/mL.

An equal volume of neutrophils (107 cells/mL) and bacteria
(107 cells/mL) (1 mL of each) were mixed together in 15 mL coni-
cal tubes. After 10 or 30 min incubation at 37°C under shaking
condition, 6 mL of cold-modified RPMI medium was added and
the tubes were placed on ice. The tubes were spun (190 g, 10 min)
in a cold centrifuge to pellet the neutrophils. The supernatant was
collected and the number of E. coli remaining in the supernatant
was estimated by serially diluting and colony counting on LB-agar
plates. To this end, 20 pL of the serial diluted supernatants (in
phosphate buffered saline, PBS) were spread onto LB agar plates
(each plate is divided in four equal sections) and the plates were
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put in an incubator for 18 h at 30°C. The number of colonies
formed on the plates was then counted and concentrations of bac-
teria were calculated by taking into account the dilution factors.
The number of bacteria at time 0 (before addition of neutrophils)
and time 30 min were also determined. Final concentrations of
bacteria (CFU/mL) are corrected for bacterial growth. To test the
effect of histamine on E. coli capture, the neutrophils (107 cells/
mL) were preincubated for 5 min at 37°C with histamine (10~ M
or 107 M) before addition of the bacterial suspension. When the
protein kinase A (PKA) inhibitor H-89 (10 pM) was used, it was
added 20 min prior to the addition of histamine (see above).

For intracellular killing assays, equal volumes of neutrophils
(107 cells/mL) and bacteria (10”7 cells/mL) (1 mL of each) were
mixed together in 15 mL conical tubes, which were placed on a
shaker at 37°C. After 10 min or 30 min incubation, 6 mL of cold-
modified RPMI medium was added. The tubes were spun (190 g,
10 min) in a cold centrifuge to pellet the neutrophils. The super-
natants were discarded and the pellet washed three times with ice-
cold-modified RPMI. The pellets were then resuspended in 1 mL
of ice-cold-modified RPMI and saponin (0.1%) was added. After
vortexing to disrupt neutrophils, the supernatants were diluted in
PBS and the number of colonies were then measured as described
above. The Src family tyrosine kinase inhibitors PP2 (5 pM) or
SU6656 (5 pM) were added 20 min prior to the addition of hista-
mine (see above).

For the gentamicin protection assay [15], neutrophils (107
cells/mL) and bacteria (107 cells/mL) (1 mL of each) were mixed
in 15 mL conical tubes which were placed on a shaker at 37°C. Af-
ter 10 min, 10 mL of cold-modified RPMI medium was added and
the tubes were put on ice. The tubes were subjected to centrifuga-
tion (190 g, 10 min). The pellets were recovered, washed once with
5 mL cold-modified RPMI, and resuspended in the same medium.
Thereafter, gentamicin (5 pg/mL) was added and the samples split
into two. One sample received histamine (10~° M), the other sam-
ple only vehicle (H,0). After 10 min or 30 min incubation, the cell
suspension was subjected to centrifugation (190 g, 10 min), the
pellet washed once with 10 mL PBS, and then resuspended in 1 mL
PBS. Saponin was added (0.1%) followed by vortexing, and finally
the number of colonies were measured as described above.

For the measurement of pHrodo zymosan particles capture by
neutrophils, the following protocol was used: 100 pL of a neutro-
phil solution (10%/mL) in modified HBSS was placed in 96-well
plates coated with fibrinogen [12], together with 100 pL of serum-
opsonized red pHrodo zymosan A particles (as recommended by
the manufacturer). TNF-a (20 ng/mL) and histamine (10~° M or
107° M) were added or not to the wells, after which the plates were
subjected to centrifugation (1 min, 190 g) to synchronize phagocy-
tosis. The plates were then placed in the microplate reader at 37°C
and the fluorescence was read over time (excitation 560 nm, emis-
sion 585 nm). Autofluorescence was substracted from each assay
values. All assays were carried out in triplicates.

Western Blot Analysis

Neutrophils, or differentiated PLB-985 cells, resuspended in
modified HBSS medium (1 x 10° cells in 1 mL), were pretreated
or not with PP2 (5 um), H-89 (10 M), JNJ 7777120 (10-5-1075 M)
or famotidine (107-107> M) for 20 min at 37°C, after which his-
tamine (107°-107> M) was added to the samples. After 1 min, the
reaction was stopped by adding 0.5 mL cold-modified HBSS and
the tubes were put on ice. Controls cells only received vehicle
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(0.01% DMSO). The tubes were spun-down in a cold centrifuge
(190 g, 10 min), and the supernatants were discarded. The pellets
were lysed by adding 400 pL of ice-cold lysis buffer (100 mM Tris-
HCI, pH 7.5, 1% Triton X-100, 5 mM EDTA, 5 mM EGTA, 50 mM
NaCl, 5 mM NaF, 1 mM Na3VO,, and a protease inhibitor tablet).
Cell lysates were clarified by centrifugation (10 min, 15,000 g) at
4°C, and 100 pL of 5X Laemmli buffer containing 1 mM DTT was
added to the clarified supernatants. The samples (40 ug) were sub-
jected to 8% SDS-PAGE and transferred to nitrocellulose mem-
branes. The membranes were extensively washed under a running
tap of distilled water to remove any traces of acrylamide and were
then stained with Ponceau S to verify equal loading in each well
prior to immunoblotting. Next, the membranes were blocked for
1 hin TBS buffer, supplemented with 0.2% Tween 20 (TBS-T) and
5% skimmed milk, and then incubated overnight at 4°C with an
anti-VASP Ab (1 ug/mL dilution). After three 5 min washes with
TBS-T buffer, the membranes were subsequently incubated for 1
h with goat peroxidase-conjugated anti-rabbit IgGs (1:2,500). The
blots were again washed with TBS-T and Ab binding was visual-
ized by enhanced chemiluminescence (ECL) using the GBOX
ChemiXRQ. The ECL solution was prepared by mixing 6 mL of
0.1 M Tris pH 8.5, with 60 pL of 125 mM luminol (5-amino-2,3-
dihydro-1,4-ptalazinedione) and 30 pL of 68 mM p-coumaric
acid, and 3 pL of 30% H,0O, solution. Stocks of luminol solution
and p-coumaric acid (all in DMSO) were kept at —20°C.

For the detection of tyrosine phosphorylated proteins, the cells
were resuspended in HBSS-M medium at a density of 0.2 x 106/mL
and then treated as described above. The cells (1 x 10° in 5 mL)
were incubated in 15 mL tubes and the reactions stopped by add-
ing 10 mL of cold HBSS-M. The cell pellets recovered after spin-
ning down the tubes at 190 g for 10 min, were lysed with 0.4 mL of
ice-cold lysis buffer (100 mMm Tris-HCIl, pH 7.5, 1% Triton X-100,
0.1% SDS, 5 mM EDTA, 5 mM EGTA, 150 mM NaCl, 5 mM NaF, 2
mM Na3VOy,, and a protease inhibitor tablet). Hundred microliter
of 5 x Laemmli buffer containing 1 mM DTT was added to the
clarified samples. The samples (40 pg) were subjected to 10% SDS-
PAGE and transferred to nitrocellulose membranes. The mem-
branes were stained with Ponceau S to verify equal loading in each
well prior to immunoblotting. The membranes were blocked for 1
h in TBS-T buffer and 5% BSA (fraction V) and then incubated
overnight at 4°C with an anti-phospho-tyrosine Ab (1 ug/mL dilu-
tion). After three 5 min washes with TBS-T buffer, the membranes
were subsequently incubated for 1 h with goat peroxidase-conju-
gated anti-mouse IgGs (1:2,500). The blots were again washed and
antibody binding was visualized by ECL as described above.

For the detection of MMP-9 and lactoferrin, neutrophils resus-
pended in modified RPMI at a density of ~1 x 107/mL, were pre-
treated or not with histamine (107 M ) for 5 min at 37°C. Thereaf-
ter, opsonized E. coli cells (1 x 107/mL) were added (0.5 mL of
neutrophil suspension and 0.5 mL of bacterial suspension) for dif-
ferent time periods. The reaction was stopped by adding 0.5 mL of
ice-cold-modified RPMI and putting the tubes on ice. The tubes
were then spun (2,500 g, 10 min) in a refrigerated centrifuge, the
supernatants (free of bacteria and neutrophils) collected and split
into two. In one fraction (0.5 mL), 150 pL of 5 x Laemmli buffer
containing 1 mM DTT was added, followed by 5 min boiling of the
samples. Detection of MMP-9 was then carried out by Western
blot analysis, as described above, using an anti-MMP-9 antibody.
The other fraction is used for the determination of lactoferrin con-
centration using an ELISA [16].
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Design of the A. baumannii Hdc-Deficient Strain

The protocol by Aranda et al. [17] was followed to design a mu-
tant deficient in histamine production. A 500-bp internal fragment
of the A. baumannii ATCC 17978 hdc gene (homology region) was
designed by PCR using the following primers: FW: GAGGAT-
GATCGACAAAAGGTA,REV: TTGTGGTGATTGGAAAGACT.
The PCR product was purified by using the QiA quick PCR purifi-
cation kit (Qiagen). After purification and quantification, the 500
bp PCR product was cloned into the pCR-blunt-TOPO plasmid, by
following the protocol provided by the manufacturer (Thermo-
Fischer, UK). Insertion of the plasmid into one Shot Top10 chem-
ically competent E. coli was carried out by using the heat shock
method. After transformation, 100 pL of bacterial suspension was
placed on LB-agar plates containing kanamycin (50 mg/mL). After
18 h, colonies were picked on plates and grown in LB medium con-
taining kanamycin (50 mg/mL). Glycerol stocks were then pre-
pared and frozen at —80°C. Plasmids preparations were also carried
out using the QiAPrep Spin Miniprep Kit (Qiagen). Thereafter, pu-
rified plasmids were introduced into competent A. baumannii
ATCC 17978 strain by electroporation using the gene Pulser X cell
electroporation systems (Bio-rad). Recombinant A. baumannii
hdc:TOPO mutants, with a disrupted hdc gene, were selected on
plates containing kanamycin (50 mg/mL) and grown overnight in
LB medium supplemented with kanamycin (50 mg/mL). Genomic
DNA was extracted from these kanamycin-resistant colonies and
PCR was carried out to verify that the correct gene insertion had
been obtained. To this end, two sets of primers were used for the
generation of the amplicons. Set 1: FW: AATACGACTCAC-
TATAGGG (T7 primer), Rev: CCATCATAAGGCATACGAC. Set
2: FW: AATACGACTCACTATAGGG (T7 primer), Rev: CAT-
CATAAGGCATACGACAA.

The amplicons obtained by PCR were separated on 1% agarose
gel and visualized. Their sizes were estimated in reference to mo-
lecular weight standards. The amplicons were further sequenced
using the primers provided by the manufacturer in the kit.

Determination of Histamine Concentration

Cultures of overnight grown A. baumannii ATCC 17978 or
hdc::TOPO were adjusted to a OD value of 0.2 at 600 nm. An ali-
quot (10 uL) of the bacterial suspension was added to a 50 mL
conical tube containing 10 mL of LB medium (or LB medium and
kanamycin for hdc::TOPO) without or with histidine (1073 M). The
10 mL suspensions are then transferred to a 250 mL conical flask.
The flasks are put in an orbital shaker at 37°C. After 18 h, an aliquot
(1 mL) of each bacterial suspensions is collected into 1.5 mL Ep-
pendorf tubes and spun at 2,500 g for 10 min. Supernatants, free of
bacteria, were collected and used for quantification of histamine
using an ELISA kit by following the protocol provided by the man-
ufacturer.

Measurement of Bacterial Growth

A. baumannii wild-type (WT) or hdc::TOPO mutant strains
were inoculated in LB medium and grown overnight in a glass flask
under rotation at 37°C. Bacterial suspensions were diluted 1/100
in the LB broth (LB broth and kanamycin for hdc:: TOPO mutant).
The suspension for each strain was then dispatched into two flasks.
Histidine (1073 M final), was added in one flask, and vehicle (H,O)
to the control flask. The flasks were shaken at 37°C and, after each
hour, an aliquot (1 mL) is collected, transferred to a plastic cuvette,
and the optical density at 600 nm is read. LB broth served as a ref-
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erence. For later time points, aliquots were diluted in LB medium
prior to reading OD values.

G. mellonella Larvae Killing Assay

We used G. mellonella larvae with a weight between 250 and
350 mg in all assays. Ten randomly chosen larvae were used for
each group. A. baumannii WT or hdc:TOPO mutant strains, in
their exponential phase, were collected, washed in PBS, and then
diluted to the indicated cell density, as determined by the optical
density at 600 nm. Ten microliter of the inoculum was injected into
the hemocoel of each larva through the last left proleg [18]. Bacte-
rial colony counts on LB agar plates were used to confirm all in-
ocula. Larvae were considered dead when they displayed no move-
ment in response to puncture with a micro-needle.

Hemocytes Preparation and C. albicans Capture Assays

Insect hemocytes were harvested from ten larvae of G. mel-
lonella. Larval hemolymph was bled into 9 mL of insect physiolog-
ical saline (IPS) containing 10 mM EDTA and 30 mM sodium ci-
trate as anticoagulants. Hemocytes were pelleted by centrifugation
(500 g, 5 min) at room temperature. The cells were washed once
with IPS and finally resuspended in PBS containing 5 mM glucose
[18].

C. albicans cells were opsonized using cell-free haemolymph
diluted 1/10 in IPS. Phagocytosis was measured by incubating 1 x
107 hemocytes with 2 x 10° C. albicans cells in a rapidly stirred
chamber of a Clark type oxygen electrode at 37°C. Every 10 min,
an aliquot was taken and the cell suspension was subjected to cen-
trifugation (500 g, 10 min) to pellet the hemocyte population. An
aliquot of the supernatant was diluted in YEPD broth and placed
onto YEPD agar plates. After 18 h, the number of colonies was
enumerated and the concentration of C. albicans in the superna-
tant was calculated by taking into account the dilution factor.

Statistical Analysis

In Figure 1, a paired Student’s ¢ test was used to assess statistical
difference between control cells and cells stimulated with hista-
mine 107® M or histamine 10~ M (*p < 0.05). In Figure 7, a Mantel-
Cox test was used to compare the survival of G. mellonella treated
with A. baumannii ATCC 17978 versus hdc:TOPO mutant. The
statistical significance is given in Figure 7b.

Densitometry Analysis
The densitometric analysis of the bands from Western blots
was determined using the software Image J.JS.

Results

To investigate a possible contribution of the H4R and/
or the H,R in the capture and/or killing of bacteria by
neutrophils, freshly isolated human neutrophils were in-
cubated with serum-opsonized E. coli, either in the ab-
sence or presence of histamine. Two concentrations of
histamine were used: 10~ M (to engage the H4R) or his-
tamine 107% M (to engage both the H,R and the H,R) [10].
After 10-30 min incubation, the mixture was subjected to
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centrifugation (190 g, 5 min) to pellet the neutrophils but
not the bacteria. Then, the amount of E. coli remaining in
the extracellular medium was determined by colony
counting on LB-agar plates (extracellular bacteria). We
found that the kinetics of E. coli capture by neutrophils
were identical between nonstimulated control cells and
neutrophils stimulated with histamine (10~° M) (Fig. 1a,
left panel). In contrast, in the presence of a high dose of
histamine (107® M), we observed a significant delay in the
capture of E. coli by neutrophils (Fig. 1a, middle panel).
This is illustrated by the fact that the time required by
neutrophils to capture half of the amount of bacteria add-
ed at time zero (normalized to one unit) was 8 min in the
absence of histamine and 18 min in the presence of hista-
mine (107° M). Thus, the low affinity H,R receptor, but
not the HyR, negatively regulates pathogen capture by
neutrophils. We also found that a pretreatment of neutro-
phils with the PKA inhibitor H-89 (10 um) totally pre-
vented histamine (107° M) to block E. coli capture (Fig. 1a,
right panel).

We next investigated the possible role of the HyR in
intracellular killing of bacteria. To test this, the
neutrophil/E. coli mixture was incubated in the absence
or presence of histamine (10~ M) for 10-30 min. The
mixture was then spun down (190 g, 10 min); the neutro-
phils were disrupted by the addition of saponin, after
which the amount of E. coli associated with pelleted neu-
trophils was measured. A 10 min incubation time is opti-
mum for the loading of neutrophils with E. coli [14]. After
10 min, the amount of E. coli associated with neutrophils
declined thus illustrating that the captured pathogens are
internalized and killed in phagosomes fused with gran-
ules containing antimicrobials. Interestingly, we found
that the amount of E. coli associated with neutrophils was
significantly (p < 0.05) lower when neutrophils were ex-
posed to histamine (10~° M) (Fig. 1b, left panel). Since
histamine (10~ M) had no effect on the capture of E. coli
by neutrophils, and taking the fact that the H,R is not ac-
tivated by nanomolar concentrations of histamine, our
results indicate that engagement of the H,R leads to aug-
mented intracellular killing of bacteria.

We also carried out gentamicin protection assays [15]
to further prove the role of the H,R in the regulation of
intracellular killing of microorganisms by neutrophils.
The rationale for performing this assay is that gentamicin
kills bacteria bound to the membrane surface of neutro-
phils but not internalized bacteria. To this end, neutro-
phils were incubated with E. coli for 10 min, after which
the neutrophils were spun down, washed, and resuspend-
ed in RPMI medium containing gentamicin (5 ug/mL).
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The cell suspension was then split into two tubes. In one
tube, histamine (10~° M) was added. In the other tube, no
histamine was added (control cells). Thereafter, the
amount of E. coli associated with pelleted neutrophils was

measured over time. We found that addition of histamine
(107° M) accelerated the speed of E. coli killing by neutro-
phils. This is evidenced by the fact that control neutro-
phils kill half of the captured microorganisms in 16 min.

a
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In contrast, to accomplish the same task, neutrophils ex-
posed to histamine (10~ M) require 10 min (Fig. 1b, mid-
dle panel). When neutrophils were preincubated with the
Src family tyrosine kinase inhibitors PP2 (pyrazolo-py-
rimidie structure) or SU6656 (indolinone analog), accel-
eration of E. coli killing induced by histamine (10~° M)
was abolished (Fig. 1b, right panel).

We also measured the capture of pHrodo zymosan
particles by adherent neutrophils. The rationale for using
this pHrodo-based system is that it measures phagocytic
activity based on acidification of particles as they are in-
gested. This means that fluorescence is emitted only when
the particles are engulfed in mature acidic phagosomes.
In neutrophils, after 10 min exposure to particles, the cells
exhibit a slow phase of acidification which does not re-
verse by 1 h [19]. We found that the intensity of fluores-

Fig. 1. Histamine regulates the capture and killing of E. coli by neu-
trophils. a (left panel) Neutrophils (1 x 107/mL) were preincubated
without (dashed line) or with histamine 10~° M (solid line) for 5 min.
Thereafter, serum-opsonized E. coli cells (1 x 10’/mL) were added
to the neutrophil preparation (1:1 ratio). After 10-30 min, the
neutrophil/E. coli mixture was subjected to low speed centrifugation
(190 g, 10 min) to pellet the neutrophils, but not the bacteria, and
the supernatants were collected. The number of E. coli cells remain-
ing in the supernatants was determined by colony counting on LB-
agar plates. The data represent mean values + SEM of three experi-
ments using neutrophils from three different blood donors. a (mid-
dle panel) Neutrophils (1 x 107/mL) were preincubated without
(dashed line) or with histamine 107° M (solid line) for 5 min. There-
after, the number of E. coli cells remaining in the supernatants, after
pelleting neutrophils, was determined as described above. The data
represent mean values + SEM of seven experiments using neutro-
phils from seven different blood donors. a (right panel) Neutrophils
(1 x 107/mL) were pretreated with H-89 (10 um, 20 min, solid
square) or not pretreated with the PKA inhibitor (dashed line, and
round circle) after which the cells were incubated or not with hista-
mine (107 M) for 10-30 min. Thereafter, the number of E. coli re-
maining in the supernatant, free of neutrophils, was counted as de-
scribed above. The data represent mean values + SD of one experi-
ment (out of two). b (left panel) Neutrophils (1 x 10’/mL) were
preincubated without (dashed line) or with (solid line) histamine
(107° M) for 5 min. Thereafter, serum-opsonized E. coli cells (1 x 107/
mL) were added (1:1 ratio). After 10-30 min, the neutrophil/E. coli
mixture was subjected to low speed centrifugation (190 g, 10 min),
and the recovered pellet was washed with PBS. The pellet was then
resuspended in PBS and the number of E. coli cells was determined
by colony counting. The data represent mean values + SEM of five
experiments using neutrophils isolated from five different blood do-
nors. b (middle panel) Neutrophils (1 x 107/mL) were incubated for
10 min with opsonized E. coli (1 x 107/mL) after which the mixture
was subjected to low speed centrifugation (190 g, 10 min). The pel-
lets were washed with PBS, and then resuspended in modified RPMI
containing gentamicin (5 mg/mL), in the absence (dashed lines), or

Histamine Regulates Neutrophil
Phagocytosis

cence was augmented with time in control neutrophils
(gray circles) and reached a plateau at around 1 h. Stimu-
lation of neutrophils with TNF-a augmented the number
of particles inside acidic phagosome (black square) which
is an indicative of activation of Mac-1-dependent capture
of the particles. Pretreatment of neutrophils with hista-
mine (10~ M) did not modify the fluorescence intensity
over time in cells stimulated with TNF-a. However, a pre-
treatment of neutrophils with histamine (1076 M) reduced
significantly the number of particles inside acidic phago-
somes as evidenced by a decrease in fluorescence emis-
sion over time in TNF-a stimulated cells (Fig. 1c). In par-
allel, we investigated whether histamine (107¢ M) regu-
lated neutrophil degranulation in response to E. coli. To
this end, neutrophils and opsonized E. coli were incubat-
ed for 10-30 min (as described above) after which the

presence (full line) of histamine (10~° M). After 10 or 30 min incuba-
tion, the mixture was spun down, and the washed pellet resuspend-
ed in 1 mL PBS. The amount of E. coli cells associated with the pellet
was then measured by colony counting. The data are mean values +
SEM of one representative experiment (out of two). Seven aliquots
per assay were counted on LB-agar plates. b (right panel) Neutro-
phils (1 x 107/mL) were pretreated with either PP2 (5 uM, 20 min,
triangle) or SU6656 (5 uM, 20 min, square) after which the cells were
incubated or not with histamine (10~ M) for 5 min. Thereafter, se-
rum-opsonized E. coli cells (1 x 107/mL) were added (1:1 ratio). Af-
ter 10-30 min, the neutrophil/E. coli mixture was subjected to low
speed centrifugation, and the amount of E. coli associated with the
pellet was counted as described in b, left panel. One experiment is
shown (out of two). ¢ Neutrophils (10°) were incubated on 96-well
plates coated with fibrinogen in the absence (gray circles) or pres-
ence of TNF-a (20 ng/mL) (black square), or in the presence of
TNF-a (20 ng/mL) and histamine (10~ M) (black triangles) or
TNF-a (20 ng/mL) and histamine (107° M) (black circles). Serum-
opsonized pHrodo zymosan A particles were added to each wells.
The fluorescence (585 nm) was read over time. The data represent
mean values + SD of triplicates in one representative experiment
(out of two). d Neutrophils (1 x 10’/mL) were preincubated without
or with histamine (10~° M) for 5 min. Thereafter, serum-opsonized
E. coli cells (1 x 107/mL) were added to the neutrophil preparation
(1:1 ratio). After 10-30 min, the neutrophil/E. coli mixture was sub-
jected to low speed centrifugation (190 g, 10 min) to pellet the neu-
trophils, and the supernatants were collected. The level of MMP-9
in the supernatants was measured by Western blot analysis. The top
panel depicts a representative Western blot; the position of pro-
MMP-9 is indicated by an arrow on the left hand side. The graph
represents the accumulation of lactoferrin in the supernatants from
neutrophils pretreated (triangle) or not (square) with histamine
(107 M), and exposed to E. coli cells. As a control, the release of lac-
toferrin from neutrophils not exposed to E. coli is shown (dotted
line). The data represent mean values + SEM of one representative

experiment (out of two) performed in triplicates (for the lactoferrin
data).
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amount of MMP-9 (a marker for specific and gelatinase
granules) and lactoferrin (a marker for specific granules)
in bacteria- and neutrophil-free supernatants were mea-
sured by Western blot analysis, or ELISA, respectively. By
Western blot analysis, using an anti-MMP-9 Ab, we de-

tected a protein in the supernatant of Mw ~105 kDa
which corresponds to the monomeric form of pro-
MMP-9 [20]. As expected, we found low amounts of
granule markers when neutrophils were not exposed to
opsonized E. coli (basal conditions) (Fig. 1d). Addition of
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Fig. 2. Dose-dependent effect of histamine on VASP phosphoryla-
tion on Ser 157 in neutrophils and differentiated PLB-985
cells. a PLB-985 cells differentiated into neutrophil-like cells, were
stimulated with different concentrations of histamine (107°-
107> M), or a combination of FK (107> M) plus IBMX (107> Mm). Af-
ter 1 min, the cells were lysed and solubilized in Laemelli buffer.
Equal amounts of proteins (30 pg) were loaded in each well; pro-
teins were separated by 8% SDS-PAGE, transferred to a nitrocel-
lulose membrane and immunoblotted with an anti-VASP pAb.
The top panel depicts a representative Western blot; the positions
of pS157-VASP and VASP are indicated on the right hand side of
the blot by arrows. The densitometry value of total VASP (used as
a loading control) for each sample is indicated on the top of the
representative blot. The diagram illustrates densitometric analysis
of the pS157-VASP/total VASP ratio. The data represent
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means * SD of 3 independent experiments. b (left panel) Neutro-
phils (1 x 10°) were stimulated with histamine (107°-107° M) after
which the pS157-VASP/total VASP ratio was determined as de-
scribed in a. The panel depicts a representative Western blot (out
of two experiments). The densitometry value of total VASP (used
as a loading control) for each sample is indicated on the top of the
representative blot. The pS157-V ASP/total VASP ratio is also giv-
en. The amount of pS157-VASP/total VASP in control cells has
been normalized to one. b (right panel) As a control, neutrophils
were stimulated with IBMX for 30 s or 60 s after which the ration
of pS157-VASP/total VASP was determined as described above.
The densitometry value of total VASP (used as a loading control)
for each sample is indicated on the top of the representative blot.
The pS157-VASP/total VASP ratio is also given. A representative
experiment out of two is shown. FK, forskolin.
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opsonized E. coli to neutrophils led to a time-dependent
increase in the amount of both pro-MMP-9 and lactofer-
rin in the extracellular medium. However, a pretreatment
of the cells with histamine (107® M) had no effect on E.
coli-induced degranulation (Fig. 1d). This control exper-

iment confirmed that histamine (10 M) delayed bacte-
rial capture by neutrophils as histamine did not inhibit
the release of microbicidal substances contained in neu-
trophil granules (which could have explained the aug-
mented level of viable E. coli).
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Together, our results demonstrate that in human neu-
trophils, the H,R and the H4R have two different func-
tions in terms of capture and killing of microorganisms.
The H,R negatively regulates the capture of E. coli by neu-
trophils, whereas activation of the H,R augments intra-
cellular killing of pathogens.

The H,R, but Not the HR, Is Coupled to the cAMP/

PKA Pathway

We next investigated the signaling pathways activat-
ed by the H,R and the H4R in human neutrophils, as well
as in PLB-985 cells differentiated into neutrophil-like
cells. We used differentiated PLB-985 cells because these
cells have remarkable similarities to human neutrophils
in terms of signaling and functions [13, 21]. We investi-
gated whether the H,R and/or the H4R were coupled to
the production of cAMP and activation of PKA. To this
end, differentiated PLB-985 cells (Fig. 2a), or human
neutrophils (Fig. 2b), were incubated with histamine
(107°-107> M). After 1 min, the cells were lysed, cell ly-
sates were separated on 8% SDS-PAGE, and proteins
transferred to a nitrocellulose membrane. To assess
cAMP production indirectly, we measured by Western
blot the phosphorylation of the cytoskeletal protein Va-
sodilator-stimulated phosphoprotein (VASP) on Ser
157. In human neutrophils, phosphorylation of VASP

Fig. 3. The H,R antagonist famotidine, but not the H4R antagonist
JNJ777120, blocks histamine-induced phosphorylation of VASP on
Ser 157. a PLB-985 cells differentiated into neutrophil-like cells,
were pretreated for 20 min with either Fam (1077-107° M, left panel)
or JNJ 7777120 (JNJ, 107-107° M, right panel). Thereafter, the cells
were stimulated with histamine (10~ M) or a combination of FK
(107> M) plus IBMX (107 M). After 1 min, the cells were lysed and
the ratio of pS157-VASP/total VASP was determined as described
in the legend to Figure 2. The top panels depict a representative
Western blot. The diagram illustrates densitometric analysis of the
pS157-VASP/total VASP ratio. The data represent means + SD of 3
independent experiments. The densitometry value of total VASP

Fig. 4. Histamine induces tyrosine phosphorylation of proteins in
neutrophils. a PLB-985 cells differentiated into neutrophil-like
cells (left panel) or neutrophils (right panel) were stimulated with
histamine (107°-107> M) or fMLP (1077 M). After 1 min, the cells
were lysed. Equal amount of protein lysates (40 pug) were loaded in
each lane of the gels. Proteins were separated on 10% SDS-PAGE
and transferred to a nitrocellulose membrane. The membrane was
immunoblotted with an anti-PY mAb. The panel depicts a repre-
sentative Western blot (out of three); the position of proteins phos-
phorylated in response to histamine is indicated on the right part
of the blots by arrows. b Neutrophils were pretreated for 20 min
with JNJ 7777120 (107> M) (left panel), or Fam (107> M) (right pan-
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occurs in response to fMLP, IL-8, or leukotriene By.
Such ligand-induced VASP phosphorylation is blocked
by the PKA inhibitor H-89 and the adenyly cyclase in-
hibitor SQ22536. Thus, VASP phosphorylation on Ser
157 is catalyzed by the cAMP-dependent PKA [22]. Of
interest, phosphorylation of VASP on Ser 157 leads to a
change in electrophoretic mobility. Thus, it is easy to
separate and detect both the Ser 157 phosphorylated and
non-phosphorylated forms of VASP by Western blot
analysis using an anti-VASP antibody [22]. We found
that stimulation of differentiated PLB-985 cells (Fig. 2a),
or human neutrophils (Fig. 2b, left panel), with high
(107°-107> M), but not low (10~°-10"7 M) doses of hista-
mine, led to a significant increase in basal phosphoryla-
tion of VASP. With the highest concentration of hista-
mine (10> M), we obtained 3.6- and 5.2-fold increases
(over control cells) of the Ser 157 VASP/total VASP ra-
tio in differentiated PLB-985 cells and neutrophils, re-
spectively. Equal amount of proteins (~30 pg) were
loaded in each well of the gels. This was confirmed by
quantifying the amount of total VASP (taken as loading
controls) in each lane. To further ensure that VASP is
phosphorylated in response to histamine, we normal-
ized the densitometry values obtained for the Ser 157
VASP signal to the densitometry values of the corre-
sponding total VASP (see above) [22].

(used as a loading control) for each sample is indicated on the top
of the representative blot. b Neutrophils were pretreated for 20 min
with either Fam (1077-10"> M, left panel) or JNJ 7777120 (1077~
107° M, right panel). Thereafter, the cells were stimulated with his-
tamine (107> M) after which the pS157-VASP/total VASP ratio was
determined as described above. The Western blot shown is repre-
sentative of two experiments. The densitometry value of total VASP
(used as a loading control) for each sample is indicated on the top
of the representative blot. The pS157-V ASP/total VASP ratio is also
indicated on the top of the blot. The data have also been normalized
to the amount of pS157-VASP/total VASP in control cells (taken as
one). FK, forskolin; Fam, famotidine.

el) after which the cells were stimulated with histamine (10~°-
107> M). After 1 min, the cells were lysed and the tyrosine phos-
phorylation pattern was determined as described above. The pan-
el depicts a representative Western blot (out of three); the position
of proteins phosphorylated in response to histamine is indicated
on the right part of the blot by arrows. ¢ Differentiated PLB-985
cells (left panel) or neutrophils (right panel) were pretreated for 20
min with PP2 (5 pm) after which the cells were stimulated with
histamine (1078 M) or fMLP (10~7 M). After 1 min, the cells were
lysed and the tyrosine phosphorylation pattern was determined as
described above. At least 3 independent experiments were per-
formed with human neutrophils and PLB-985 cells.

(For figure see next page.)
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As a control, we used IBMX and forskolin, which are
commonly used to augment intracellular level of cAMP.
We found that stimulation of differentiated PLB-985 cells
with forskolin (10~ M) and IBMX (10~° M) (Fig. 2a), or
human neutrophils with IBMX (10~ M) (Fig. 2b, right
panel), led to phosphorylation of VASP on Ser 157, simi-
larly to what we found with histamine (1076-10"> m).

To confirm further that the H,R, but not the H4R, is
coupled to the cAMP/PKA pathway, we made use of fa-
motidine and JNJ 7777120, which are antagonists of the
H,R and the HyR, respectively. We found that the phos-
phorylation of VASP on Ser 157 induced by histamine
(107> M) was blocked in a dose-dependent manner by a
pretreatment of PLB-985 cells (Fig. 3a) or neutrophils
(Fig. 3b) with the H,R antagonist famotidine (1077-107°
M). In contrast, pretreatment of these cells with the H4,R
antagonist JNJ 7777120 (10~7-107° M) did not. All togeth-
er, these results demonstrate that the H,R, but not the
H,R, is coupled to the cAMP/PKA pathway.

The H4R, but Not the H,R, Is Coupled to the Src

Tyrosine Kinase Pathway

N-formulated peptides, such as fMLP, are potent ago-
nists of neutrophil responses implicated in host defense
[23]. Stimulation of neutrophils with fMLP triggers a rap-
id activation of tyrosine kinases of the Src family as well
as Syk [23-25], such kinases are indispensable for the ac-
tivation of inflammatory functions required for the intra-
cellular killing of microorganisms. We next compared the
pattern of tyrosine phosphorylated proteins in response
to fMLP and histamine. We detected tyrosine phosphor-
ylation of proteins in differentiated PLB-985 cells in re-
sponse to low doses (10°-10"% M), but not high doses
(107-107> M) of histamine (Fig. 4a, left panel). Further-
more, the pattern of tyrosine phosphorylated proteins,
obtained in response to histamine (107°-10"% M), was

Fig. 5. Construction of the hdc-deficient A. baumannii ATCC
17978 strain. a A region of the hdc gene (homology region) was
amplified by PCR using the genomic DNA of A. baumannii ATCC
17978 as a template. The PCR product was purified, and inserted
in to the pCR-Blunt II-TOPO plasmid. Competent A. bauman-
nii ATCC 17978 were electroporated with the pCR-Blunt II-TO-
PO plasmid containing the homology region of the hdc gene. Re-
combinants were selected on kanamycin plates. The predicted or-
ganization of the genomic DNA ofthehdcrecombinanthdc:: TOPO
is shown. To confirm that the hdc gene has been disrupted, the
region between the T7 promoter (plasmid sequence) and a region
upstream of the hdc gene were amplified by PCR using genomic
DNA of the hdc:TOPO recombinant as a template. Two reverse
primers (P1 rev or P2 rev) recognizing a gene sequence upstream
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similar to the one obtained in response to fMLP (1077 M).
The lack of tyrosine phosphorylation in response to high
doses of histamine may be explained in two ways, either
homologous desensitization of the H4R by histamine, or
heterologous desensitization of the H,R triggered by en-
gagement of the H,R as reported for other G protein-cou-
pled receptors [26].

We also observed tyrosine phosphorylation of pro-
teins in neutrophils stimulated with histamine (107°-107°
M) (Fig. 4a, right panel). Interestingly, a concentration of
histamine as low as 10~ M augmented basal tyrosine
phosphorylation of proteins. The highest level of tyrosine
phosphorylation was observed with histamine (1077 m).
Furthermore, a pretreatment of neutrophils with JN]J
7777120 (107> M) totally blocked tyrosine phosphoryla-
tion of proteins induced by histamine (107°-107> M)
(Fig. 4b, left panel). In contrast, a pretreatment of the cells
with famotidine (10~ M) did not (Fig. 4b, right panel).
These results demonstrate that in human neutrophils and
differentiated PLB-985 cells, the HyR, similarly to fMLP
receptors, is coupled to Src/Syk family tyrosine kinases, a
pathway controlling activation of neutrophil inflamma-
tory functions. We further confirmed this assumption by
showing that a pretreatment of differentiated PLB-985
cells (Fig. 4c, left panel) or neutrophils (Fig. 4c, right pan-
el) with the Src family tyrosine kinase inhibitor PP2 to-
tally blocked histamine- or fMLP-induced tyrosine phos-
phorylation of proteins.

Design of a Hdc-Deficient A. baumannii ATCC 17978

Strain

To evaluate the contribution of histamine produced by
Gram-negative bacteria in pathogenicity, we designed a
hdc-deficient A. baumannii strain by gene disruption
[17]. To confirm that the hdc gene was disrupted by plas-
mid insertion, regions between the T7 promoter (plasmid

of the hdc gene were designed. The predicted sizes of the ampli-
cons are 843 and 844 bp with P1 rev and T7 forward primers and
P2 rev and T7 forward primers, respectively. b The amplicons ob-
tained by PCR using either genomic DNA from the recombinant
hdc::TOPO or the WT strain as templates were separated on 1%
agarose gel and visualized. The size of the molecular standards (in
bp) is indicated on the left hand side of the gel. ¢ the sequence of
the amplicon obtained by PCR using the P1 rev and T7 forward
primers and genomic DNA of the hdc mutant hdc:TOPO as a
template is indicated. The gray part is the plasmid sequence up-
stream of the T7 promoter, followed by the sequence of the homol-
ogy region, then the sequence of the end part of the hdc gene (un-
derlined), and finally the genomic sequence 3" upstream of the hdc

gene (bold).
(For figure see next page.)
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sequence) and upstream of the hdc gene were amplified
by PCR using genomic DNA of A. baumanniihdc:TOPO
mutant as a template. The expected calculated PCR frag-
ment sizes are 843 bp (with P1 rev and T7 forward prim-
ers) and 844 bp (with P2 rev and T7 forward primers),

respectively (Fig. 5a). The amplicons obtained by PCR
were separated on 1% agarose gel and visualized. Their
sizes were estimated to be ~850 bp (Fig. 5b). Thus, the
sizes of the PCR products matched the predicted sizes of
the amplicons. As a control, we showed that no such am-
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plicons were generated by PCR, using the same sets of
primers, with genomic DNA of WT A. baumannii ATCC
17978 (Fig. 5b).

To confirm further hdc gene disruption, we sequenced
one of the amplicon and its sequence matched the pre-
dicted sequence (Fig. 5¢c). The gray part of the amplicon
sequence corresponds to the plasmid sequence upstream
of the T7 promoter, followed by the amplicon sequence
of the homology region cloned into the TOPO plasmid,
then the amplicon sequence of the end part of the hdc
gene (underlined), and finally the genomic sequence up-
stream of the hdc gene (bold).

Functional Activity of the A. baumannii hdc:: TOPO

Mutant

To verify that hdc gene disruption had functional con-
sequences, we compared histamine production by both
the hdc:: TOPO mutant and the WT strain. To this end,
we incubated the strains in a glass flask containing LB
medium, in the absence or presence of histidine (107> M).
After 18 h under shaking conditions, supernatants, free
of bacteria, were collected and histamine concentrations
were measured by ELISA. The rationale for adding histi-
dine to the LB medium is that this amino acid is a sub-
strate for hdc and hdc of Gram-negative bacteria are in-
ducible by histidine [27].

We found that addition of histidine (1073 M) to the LB
medium, in which the WT A. baumannii strain was in-
oculated, led to ~1.7-fold increase of the histamine con-
centration (Fig. 6a, left panel). Other Gram-negative bac-
teria including Branhamella catarrhalis, Haemophilus
parainfluenzae, and Pseudomonas aeruginosa have also
been shown to produce histamine in histidine-enriched
growth medium [11]. In contrast, no such increase in his-
tamine concentration was found following inoculation of
the hdc:TOPO mutant (Fig. 6a, right panel). As a control,
we showed that both the hdc:: TOPO mutant and the WT
strain have similar growth rates in LB medium regardless
of whether or not histidine was added (Fig. 6b). Thus, the
lack of histamine production by the hdc::TOPO mutant
cannot be attributed to defective growth but to hdc gene
disruption.

Histamine Produced by Gram-Negative Bacteria Is

Essential for Pathogenicity

We next compared the pathogenicity of both the
hdc:TOPO mutant and the WT strain in G. mellonella
larvae, an in vivo model which has been validated to study
A. baumannii pathogenesis, producing similar results to
those obtained from mammalian studies [28]. We found
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that inoculation of 5.6 x 10* CFU or 1.1 x 10° CFU of the
hdc:TOPO mutant in the larvae did not lead to signifi-
cant death over a 55 h time course. In contrast, inocula-
tion of similar doses of the WT strain led to rapid death
of the larvae. After 48 h following inoculation of 1.1 x 10°
CFU of the wild strain, all larvae died whereas, in con-
trast, with the inoculation of a similar dose of hdc:: TOPO
mutant, the survival rate was about 70% after 55 h (p <
0.0001) (Fig. 7a, b).

In parallel, we measured the concentration of hista-
mine in the haemolymph of G. mellonella larvae follow-
ing inoculation of the vehicle (PBS), the WT strain, or the
hdc::TOPO mutant (5.6 x 10* CFU). To this end, we col-
lected the haemolymph of six surviving larvae and deter-
mined the concentration of histamine in the pooled, cell-
free haemolymph. We found that the concentration of
histamine in the haemolymph was ~60 ng/mL when the
larvae had been inoculated with the WT strain, which
corresponds to a ~2-fold increase over basal histamine
levels (haemolymph collected after PBS inoculation). In
contrast, inoculation of the larvae with the hdc:TOPO
mutant did not lead to augmented basal histamine con-
centration in the haemolymph (~32 ng/mL) (Fig. 7c, left
panel). This result shows that histamine produced by the
microorganisms plays a major role in pathogenicity and
raises the question of whether histamine regulates the ca-
pacity of the immune cells of the host to clear bacteria.

Histamine Regulates the Capture and Killing of

Microorganisms by Hemocytes

The haemolymph of G. mellonella larvae is composed
of at least six different types of hemocytes, among which
granulocytes and plasmatocytes are the most abundant
phagocytic cells [29]. Hemocytes from G. mellonella cap-
ture and kill microorganisms by a mechanism similar to
the mechanism used by human neutrophils [30].

We then investigated whether histamine also regulat-
ed the ability of hemocytes to capture and/or kill micro-
organisms. To this end, hemocytes were collected from a
pool of ten larvae and incubated with opsonized Candida
albicans (C. albicans) cells, in the absence or presence of
histamine (107° M). We next measured the kinetic of C.
albicans cell capture by hemocytes. To do this, we incu-
bated hemocytes with opsonized C. albicans cells for dif-
ferent time periods (10-20 min), after which the hemo-
cytes were pelleted, and the amount of C. albicans cells
remaining in the supernatant (extracellular medium) was
determined by colony counting.

We found that the number of C. albicans cells in the
extracellular medium decreased linearly with time in con-
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Fig. 6. WT A. baumannii ATCC 17978, but not hdc:TOPO mu-
tant, produces histamine. a A. baumannii WT or hdc::TOPO mu-
tant strains were inoculated in LB medium and grown in a glass
flask under orbital rotation at 37°C in the absence or presence of
histidine (107 M). After 18 h, aliquots of bacteria were collected
and spun down (2,500 g, 10 min). The resulting supernatants were
transferred to 1.5 mL Eppendorf tubes and aliquots were diluted,
and then used for the quantification of histamine by ELISA using
the protocol provided by the manufacturer. The data are expressed

trol hemocytes. After 20 min, we could not detect any C.
albicans cells left in the extracellular medium meaning
that all yeast cells were captured. In contrast, a delay in
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as mean values + SD of triplicates. b A culture of overnight
grown A. baumannii ATCC 17978 or hdc::TOPO mutant were di-
luted in LB broth and adjusted to an OD value of 0.2 at 600 nm.
The samples were then diluted 1/100 in LB medium and 10 mL of
each mixture was transferred to 250 mL flasks. The flasks were put
in an orbital shaker at 37°C. After each hour, an aliquot is taken
out from the flask, diluted in LB medium, and turbidimetry at 600
nm was read. The OD values versus time are plotted. Wild type,
dashed line; hdc:TOPO mutant, solid line.

the capture of C. albicans cells was observed when hemo-
cytes were exposed to histamine (107® M). This is illus-
trated by the fact that half of the yeast cells were captured
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Fig.7. Histamine produced by A. baumannii ATCC 17978 in G. mel-
lonella larvae contributes to pathogenicity. G. mellonella (10 larvae
per group) were inoculated, through the proleg, with 5.6 x 10* CFU
or 1.1 x 10° CFU of A. baumannii ATCC 17978 or hdc: TOPO mu-
tant. Larval survival was recorded after 24 h-54 h. a Photograph of
larvae 18 h postinfection with A. baumannii ATCC 17978 or
hdc::TOPO mutant with 5.6 x 10* CFU (left panel), or 1.1 x 10° CFU
(right panel). b Kaplan-Meier survival analysis upon inoculation
of G. mellonellalarvaewith A. baumannii ATCC 17978 orhdc::TOPO
mutant at 5.6 x 10 CFU (left panel), or 1.1 x 10° CFU (right pan-
el). c (left panel) G. mellonellalarvae were inoculated with PBS (con-
trols), 5.6 x 10* CFU of A. baumannii ATCC 17978, or hdc: TOPO
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mutant for 18 h after which six surviving larvae were collected. The
haemolymph of the six larvae were pooled together. The concentra-
tion of histamine in the cell-free haemolymph was determined by
ELISA. The data represent mean values + SD of triplicate val-
ues. ¢ (right panel) The haemolymph of ten larvae were pooled and
hemocytes (1 x 107) were incubated with C. albicans (2 x 10°) in the
absence (dashed line) or presence (solid line) of histamine (1076 m).
After 10-20 min, the cell mixture was subjected to low speed cen-
trifugation and the supernatants, free of hemocytes, were collected.
The number of C. albicans remaining in the supernatants was deter-
mined by colony counting. The data represent the mean + SD of
three experiments performed in triplicates.
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Fig. 8. The H,R and the H,R have different
roles in human neutrophils. During acute
infection, the concentration of histamine is
low leading to engagement of the HyR, but
not the H,R. Engagement of the HyR accel-
erates intracellular killing of microorgan-
isms and this is achieved through coupling
of the HyR to Src family tyrosine kinases
and activation of inflammatory functions.
Later on, the concentration of histamine
rises due to the abundance of neutrophils.
The H,R is then engaged and the cAMP/
PKA pathway is activated, leading to inhi- l
bition of Mac-1-dependent neutrophil

functions including capture of microor- Sre TK
ganisms. In the context of chronic infec-

tion, Gram-negative bacteria, by produc-

ing histamine, may impair neutrophil Intracellular
functions through engagement of the H,R. killing

For more details, please refer to the Discus-
sion section.
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after 20 min incubation (Fig. 7c, right panel). Thus, his-
tamine produced in G. mellonella larvae by Gram-nega-
tive bacteria may block hemocyte phagocytosis, and this
may explain, at least in part, the high mortality rate of the
larvae in response to inoculation with A. baumannii WT
but not hdc::TOPO mutant.

In Figure 8, we propose a model explaining the roles
of the H,R and H,4R in the regulation of the capture and
killing of microorganisms by neutrophils. For more de-
tails, please refer to the discussion section.

Discussion/Conclusion

In this study, we investigated the contribution of the
H,R and the H4R in the regulation of the capture and/or
killing of microorganisms by neutrophils. We found that
stimulation of neutrophils with histamine (10~ M), a
concentration which activates the H,R, but not the H,R,
had no effect on the capture by neutrophils of serum-op-
sonized E. coli but significantly accelerated the intracel-
lular killing of E. coli. Intracellular killing of microorgan-
sims is dependent upon activation of neutrophil inflam-
matory functions: ROSis produced inside the phagosomes
and antimicrobials present in granules are released inside
the phagosomes to kill engulfed microorganisms. In neu-
trophils, activation of inflammatory functions, in re-

Histamine Regulates Neutrophil
Phagocytosis

sponse to bacteria-derived formyl-peptides, requires the
Src family tyrosine kinases including Hck and Fgr [23-
25]. This was well demonstrated by using hck™~fgr'~
mice. Neutrophils isolated from hck™~fgr~'~ mice show
absence of ROS production and degranulation, in re-
sponse to the chemotactic peptide fMLP [23]. Accord-
ingly, we investigated whether the H,R, similarly to fMLP
receptors, was also coupled to the Src family tyrosine ki-
nases. We found that nanomolar concentrations of hista-
mine induced tyrosine phosphorylation of proteins in
both human neutrophils and the neutrophil-like PLB-985
cells, such phosphorylation events were blocked by the
Src family tyrosine kinase inhibitor PP2. Furthermore,
the pattern of tyrosine phosphorylated proteins, obtained
in response to histamine, was very similar to the one ob-
tained with fMLP. We further proved that the HyR, but
not the H,R, is coupled to the Src family tyrosine kinases
by showing that histamine-induced tyrosine phosphory-
lation of proteins was totally abolished by the H4R an-
tagonist JNJ 7777120, but not by the H,R antagonist fa-
motidine. Therefore, the coupling of the HyR to the Src
family tyrosine kinase pathway explains how this recep-
tor controls activation of intracellular killing of microor-
ganisms by neutrophils.

In contrast, at high concentration, histamine (107° M)
significantly delayed the capture of E. coli by neutrophils
and reduced the accumulation of zymosan particles in-
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side acidic mature phagosomes indicating that engage-
ment of the H,R impairs Mac-1, the receptor binding
complement-opsonized microorganisms and involved in
pathogen clearance [31]. Since TNF-a augments expres-
sion of Mac-1 on the cell membrane and converts Mac-1
into an active ligand binding conformation [32], reduced
capture of E. coli in response to histamine (107° M) could
be due to inhibition by the diamine of TNF-a-induced
activation of Mac-1. In favor of this scenario, it was shown
that histamine decreases the binding of neutrophils to
surfaces coated with complement and inhibits the ability
of Mac-1 to cluster to the plasma membrane thereby pre-
venting Mac-1 binding ligands [33]. Also supporting this
is the fact that the PKA inhibitor H-89 reversed the capac-
ity of histamine (107 M) to delay bacterial capture and
inhibition of PKA activity has been linked to activation of
neutrophil 2 integrins [34]. In contrast, we found that
histamine had no effect on basal as well as TNF-a-induced
neutrophil adhesion on plates coated with fibrinogen, a
ligand for Mac-1 [16]. Therefore, it is plausible that his-
tamine controls both ligand-induced activation of Mac-1
and signals downstream of Mac-1 activation controlling
the dynamic of the actin-based cytoskeleton, a key feature
for the formation of the phagocytic cup and internaliza-
tion of the microorganisms [35].

We next investigated whether the H,R was coupled to
the cAMP/PKA pathway because this pathway has been
shown to prevent activation of Mac-1 in neutrophils by
reducing myosin light-chain phosphorylation [34]. We
provided support for a coupling of the H,R to the cAMP/
PKA pathway by showing that histamine, at high, but not
low concentrations, induced phosphorylation of VASP
on Ser 157 (used as readout to measure indirectly activa-
tion of PKA), an effect totally abolished by the H,R an-
tagonist famotidine, but not by the H4R antagonist JNJ
7777120. The mechanism by which the cAAMP/PKA path-
way impairs Mac-1 activation is not known but may in-
volve, at least in part, VASP phosphorylation on Ser 157.
Indeed, we showed that neutrophils isolated from
VASP~'~ mice exhibited constitutive activation of Rapl,
the GTPase controlling the conformational activation of
Mac-1, and this was associated with augmented adhesion
on fibrinogen, a ligand for Mac-1 [12]. Augmented Rap1
activation in neutrophil from VASP~~ mice may be ex-
plained by the fact that when VASP is not expressed, in-
hibition of Rap1 through PKA-dependent phosphoryla-
tion of VASP on Ser 157 is lost. We also provided evi-
dence for a role of PKA-dependent phosphorylation of
VASP on Ser 157 in the inhibition of ligand-induced ac-
tivation of Rapl and integrins in platelets [36].

170 J Innate Immun 2023;15:153-173

DOI: 10.1159/000525536

Mac-1 is not only the receptor binding complement-
opsonized microorganisms, it is also the dominant integ-
rin controlling adhesion and migration of neutrophils to
the site of inflammation as well as activation of adhesion-
dependent inflammatory functions [37]. Therefore, his-
tamine by binding and activating the H,R, may also play
arole in the resolution of inflammation. Such a role of the
H,R is well supported by findings showing that histamine
impairs fMLP-induced superoxide production and de-
granulation [38], effects which are reversed by H,R an-
tagonists. Histamine also inhibits fMLP-induced leukot-
riene biosynthesis, an effect reversed by H,R antagonists
[39]. Leukotrienes, among which LTB4, are molecules
amplifying formyl peptide-mediated neutrophil polariza-
tion and chemotaxis [40].

We next addressed the role of histamine produced by
bacteria during infection. We found that G. mellonella
larvae inoculated with a high CFU of the hdc::TOPO mu-
tant have a low mortality rate. In contrast, larvae inocu-
lated with the WT strain did not survive. This result is
significant because it demonstrates that it is the histamine
produced by the bacteria in the host that contributes to
pathogenicity. There are at least two ways by which his-
tamine could protect the invading pathogen in the host.
Histamine could favor bacterial growth, survival, or viru-
lence. Such scenario could be envisioned for bacteria such
as Pseudomonas aeruginosa strains which express the his-
tamine receptor TIpQ controlling bacterial migration and
accumulation at sites of infection modulating in turn ex-
pression of virulent factors [41].

A recent study has shown that disruption of the basG
gene (which encodes a HDC), in A. baumannii ATCC
17978, interrupts the acinetobactin biosynthetic pathway
as histamine is an essential precursor molecule to the bio-
synthesis of this siderophore [42]. These acinetobactin
biosynthetic mutants have reduced capacity for acquiring
iron from host sources and therefore have a reduced
growth in vitro. However, we noted that the difference
between the WT and basG gene-deficient mutants, in
terms of in vitro growth under iron restriction, is rela-
tively modest, and this is explained by the fact that basG
gene-deficient mutants have other siderophores structur-
ally different from acitenobactin, with similar iron-cap-
turing functions. In contrast, acinetobactin biosynthetic
mutants are severely attenuated for survival and prolif-
eration in various tissues, organs or fluids in a mouse bac-
teremia model, hence high mouse survival rates. In light
of our data showing that histamine regulates the capture
and killing of microorganisms by neutrophils, it is plau-
sible that the high survival rate of mice infected with basG
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gene-deficient mutants cannot be solely explained by a
lack of acinetobactin synthesis but could be largely due to
augmented clearance of these bacteria by neutrophils.

In support of this hypothesis, we found that infection
of G. mellonellalarvae with A. baumannii WT lead to aug-
mented histamine concentration in the haemolymph of
the larvae. In contrast, a similar infection with A. bau-
mannii hdc:: TOPO mutant, did not. This implies that he-
mocytes are exposed to higher concentrations of hista-
mine (in the micromolar range) during the period of in-
fection. Such exposure to histamine may compromise the
capacity of the hemocytes to capture microorganisms,
similarly to what we found in human neutrophils. We
confirmed this assumption by showing that incubation of
hemocytes from G. mellonella with histamine (107° M)
significantly delayed the capture of C. albicans in vitro. In
keeping with our finding, treatment of hemocytes of the
tunicate Styela plicata with histamine reduced their
phagocytic capacity in vitro and ex in vivo following sys-
temic injection of histamine into the organism [8]. Thus,
by producing histamine in the host, bacteria may delay
their capture and killing by hemocytes and this would ex-
plain, at least in part, the high mortality rate of G. mel-
lonella inoculated with the WT strain and the high sur-
vival rate of G. mellonella inoculated with the hdc:TOPO
mutant. Colonization of the airways by Gram-negative
respiratory bacteria is a hallmark of acute exacerbations
of chronic bronchitis, cystic fibrosis, and pneumonia in
mammals. Incubation of sputum samples from patients
with exacerbations of chronic bronchitis or cystic fibrosis
lead to augmented histamine levels [43], indicating that
the airways of these patients contain bacteria synthesizing
histamine. Such synthesis is made possible because some
Gram-negative bacteria possess a pyridoxal-dependent
hdc gene in their genome [27]. Furthermore, high hista-
mine concentrations are found in the sputum samples of
patients with chronic obstructive bronchitis [44]. Thus,
respiratory bacteria contribute to sputum histamine in
infective lung diseases. In light of our data showing aug-
mented histamine concentration in the haemolymph of
G. mellonella in response to A. baumannii inoculation
and its association with reduced larvae survival, it is plau-
sible that accumulation of histamine in the airways of pa-
tients with chronic airways infectious diseases compro-
mises airways neutrophil functions.

Beside a direct regulatory role of histamine on neutro-
phil phagocytosis, histamine has also been shown to reg-
ulate neutrophil recruitment to the site of inflammation.
For example, the clearance of E. coli is augmented in mice
deficient in histamine synthesis (HDC™/~ mice) and this
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was associated with increased number of neutrophils re-
cruited to the peritoneal cavity [45]. In contrast, in a mod-
el of murine experimental colitis, histamine produced by
tissue resident mast cells controls HyR-dependent pro-
duction of neutrophil chemokines by mucosal epithelial
cells and neutrophil invasion of mucosa leading to severe
inflammation [46]. Similarly, in a HDC™/~ mouse model
of lung Mycobacterium tuberculosis infection, histamine
playsarolein enhancing pulmonary neutrophilia through
production of the proinflammatory cytokines IL-6 and
TNF-a [47]. Thus, conflicting data indicate histamine has
both proinflammatory and anti-inflammatory activity
[48].

In summary (Fig. 8), we propose that histamine is pro-
duced by neutrophils during periods of infection to ac-
celerate the killing of microorganisms. This effect of his-
tamine is controlled by the HyR, a receptor activated by
low concentrations of histamine. Engagement of the H,R
leads to the activation of the Src family tyrosine kinase
pathway controlling neutrophil inflammatory functions
required for pathogen killing. At the end of the inflam-
matory process, the concentration of histamine rises due
to the large number of infiltrated neutrophils. The H,R is
then engaged, and the cAMP/PKA pathway is activated,
leading to the inhibition of Mac-1-dependent functions
including capture of complement opsonized microor-
ganisms, inflammatory functions, and recruitment of
neutrophils.

However, in the context of chronic infections or high
CFU of pathogens during the acute phase of infection,
bacteria-producing histamine may hijack this regulatory
mechanism by maintaining high levels of histamine to
impair neutrophil phagocytosis by engaging the H,R and
possibly desensitizing the HyR. This scenario could ex-
plain, at least in part, why in chronic lung diseases (cystic
fibrosis, chronic obstructive pulmonary disease), there is
persistence of respiratory bacterial infections despite the
abundance of neutrophils in the airways which are ex-
pected to kill the pathogens but fail to do so [49].
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