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Article
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Abstract: Peripheral blood leukocytes are able to migrate to the inflamed tissue, and to
engulf and kill invading microbes. This requires rapid modifications of cell morphology
and volume through fast movements of osmotic water into or out of the cell. In this
process, membrane water channels, aquaporins (AQPs), are critical for cell shape changes
as AQP-mediated water movement indirectly affects the cell cytoskeleton and, thereby, the
signaling cascades. Recent studies have shown that the deletion or gating of two immune
cell AQPs, AQP3 and AQP9, impairs inflammation and improves survival in microbial
sepsis. Here, we assessed the expression and distribution of AQP3 and AQP9 in human
leukocytes and investigated their involvement in the phagocytosis and killing of the Gram-
negative pathogenic bacterium Klebsiella pneumoniae, and their role in lipopolysaccharide
(LPS)-induced cell migration. By RT-qPCR, AQP3 mRNA was found in peripheral blood
mononuclear cells (PBMCs) but it was undetectable in polymorphonuclear white blood
cells (PMNs). AQP9 was found both in PBMCs and PMNs, particularly in neutrophil
granulocytes. Immunofluorescence confirmed the AQP3 expression in monocytes and, to
a lesser degree, in lymphocytes. AQP9 was expressed both in PBMCs and neutrophils.
Specific inhibitors of AQP3 (DFP00173) and AQP9 (HTS13286 and RG100204) were used
for bacterial phagocytosis and killing studies. No apparent involvement of individually
blocked AQP3 or AQP9 was observed in the phagocytosis of K. pneumoniae by neutrophils
or monocytes after 10, 30, or 60 min of bacterial infection. A significant impairment in the
phagocytic capacity of monocytes but not neutrophils was observed only when both AQPs
were inhibited simultaneously and when the infection lasted for 60 min. No impairment in
bacterial clearance was found when AQP3 and AQP9 were individually or simultaneously
blocked. PBMC migration was significantly impaired after exposure to the AQP9 blocker
RG100204 in the presence or absence of LPS. The AQP3 inhibitor DFP00173 reduced PBMC
migration only under LPS exposure. Neutrophil migration was considerably reduced
in the presence of RG100204 regardless of whether there was an LPS challenge or not.
Taken together, these results indicate critical but distinct involvements for AQP3 and AQP9
in leukocyte motility, while no roles are played in bacterial killing. Further studies are
needed in order to understand the precise ways in which these two AQPs intervene during
bacterial infections.
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1. Introduction
Peripheral blood leukocytes are stimulated by chemoattractants to migrate directionally

to the inflamed tissue where they ingest and inactivate potentially harmful microorganisms [1].
This requires a rapid and profound modification of cell shape, volume, and adhesive-
ness. F-actin plays a pivotal role by responding to and promoting the molecular signals
implicated in the structure–function dynamics of the cytoskeleton. Actin polymeriza-
tion/depolymerization and transmembrane ionic fluxes are believed to lead to rapid
changes in osmolality at the cytoplasm adjacent to the leading edge of moving cells. It
has been hypothesized that a fast influx of water generates membrane protrusions and
an F-actin gradient, followed by G-actin repolymerization for stabilizing the membrane
extensions, thereby leading to lamellipodia formation [2]. This hypothesis is supported
by the presence of aquaporin water channels at the membrane of the leading edge and
impaired migration resulting from their gating or depletion [2–7].

Aquaporins (AQPs) are a family of membrane channel proteins found in all areas
of the body where they play important roles both in health and disease [8–10]. Humans
possess 13 distinct AQPs (AQP0-12) grossly subdivided into three groups depending on
their molecular selectivity and sequence similarity: (i) the orthodox aquaporins (AQP0,
AQP1, AQP2, AQP4, AQP6, and AQP8), (ii) the aquaglyceroporins (AQP3, AQP7, AQP9,
and AQP10), and (iii) the superaquaporins (unorthodox aquaporins, AQP11 and AQP12).
Furthermore, based on the permeability to hydrogen peroxide and ammonia, classification
as peroxiporins (AQP1, AQP3, AQP5, AQP8, AQP9, and AQP11) or ammoniaporins (AQP1,
AQP3, AQP6, AQP7, AQP8, and AQP9) has also been used occasionally.

AQPs are reported to play several functions both in adaptive and in innate
immunity [11], including immune cell energy production and redox balance [12–14],
memory CD8+ T-cell longevity [13], bacterial phagocytosis [5], antigen uptake [15], cell
maturation [12,16], NLRP3 inflammasome activation [7,17–19], and proinflammatory cy-
tokine release [16,17,20]. Important involvements for AQPs have also been described in
disorders of the immune system and inflammatory diseases such as sepsis [14,18,20–22],
systemic inflammatory response syndrome (SIRS) [23], LPS-induced endotoxemia [24],
psoriasis [25], hapten-induced contact hypersensitivity [26], asthma [27], severe acute
pancreatitis [7], acute respiratory distress syndrome (ARDS) [7,28], neuromyelitis optica
spectrum disorder [29,30], and Crohn’s disease [19]. Immune AQPs have been attracting
increasing translational interest for several years now, as immune disease markers and drug
targets [14,31]. A fair amount of work has already been conducted to define the involve-
ment and modulation of the various AQPs in the immune system. However, molecular
mechanisms and downstream signaling pathways in which they are implicated in immune
cells are not yet fully known, or there is no general consensus [14]. Furthermore, given
their broad selectivity, their precise roles in the immune system, either as water, glycerol,
hydrogen peroxide, or other solute channels, or purely as structural scaffolds, remain
open questions.

We recently developed and characterized the potent and selective inhibitors of
AQP3 [32] and AQP9 [18,33–36]. With the help of these inhibitors, and by using Aqp9-/-

knockout mice, we showed the important roles for AQP9 in murine models of endotox-
emia [24] and polymicrobial sepsis and systemic inflammation [18]. In the current work,
we have assessed the expression of AQP3 and AQP9 in neutrophils and peripheral blood
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mononuclear cells (PBMCs) isolated from healthy human donors. We studied their involve-
ment in LPS-induced cell migration, and the phagocytosis and killing of the opportunistic
Gram-negative pathogen Klebsiella pneumoniae. We have observed differences between these
two AQP isoforms in cellular expression, and found a significant, but differing involvement
in leukocyte migration. Neither AQP appeared to have major functions in the phagocytosis
and killing of infecting bacteria.

2. Materials and Methods
2.1. Aquaporin Inhibitors

HTS13286 and DFP00173 were purchased from Molport (Riga, Latvia). The synthesis
and identification of RG100204 have been described previously [18,37].

2.2. Blood Collection and Serum Isolation

Whole peripheral blood samples were collected from healthy adult male volunteers.
For white blood cells (WBCs), isolation blood was collected by venipuncture into Vacutainer
K3-EDTA tubes (Becton, Dickinson and Company, Franklin Lakes, NJ, USA) and processed
within 1 h from harvesting. For serum isolation, blood was collected in S-Monovette
serum tubes (Sarstedt AG & Co., Nümbrecht, Germany) and incubated for 30 min at room
temperature. After centrifugation (2000× g, 10 min, at RT), serum was collected. The
collection and use of human whole peripheral blood, serum, and plasma were approved by
the Regional Ethics Committee of North Denmark region (N-20150073, N-20220006).

2.3. Polymorphonuclear, Neutrophil Granulocyte, and PBMC Isolation

WBC fractions were isolated from whole blood samples anticoagulated with K3-EDTA.
PMNs were isolated by dextran sedimentation followed by gradient separation. Briefly,
blood was mixed 10:1 with Dextran 500 (8% weight/volume of saline solution; Merck
Group, Darmstadt, Germany), and, after 30 min, the supernatant made of leucocyte-rich
plasma was layered over 3 mL of Lymphoprep (STEMCELL Technologies, Vancouver, BC,
Canada) and then centrifuged at 200× g for 30 min at RT (low acceleration, with the brake
off). The pellet was resuspended in 6 mL of red blood cell (RBC) lysis buffer (0.15 M NH4Cl,
0.01 M NaHCO3, and 0.0001 M EDTA), and, after 10 min, centrifuged at 300× g for 5 min
at room temperature (RT). The enriched PMN pellet was resuspended in RPMI 1640, with
penicillin (100 U/mL) and streptomycin (100 µg/mL; RPMI1640-Pen-Strept; Euroclone,
Pero, Italy). Neutrophil granulocytes were isolated by immunomagnetic negative selection
with the EasySep™ Direct Human Neutrophil Isolation Kit (STEMCELL Technologies)
according to manufacturer’s instructions. PBMCs were isolated by density gradient cen-
trifugation with SepMate™ tubes (STEMCELL Technologies). Briefly, lymphosep density
gradient medium (Biowest, Riverside, MO, USA) was pipetted into a SepMate™ tube
through the insert hole, and whole blood diluted 1:1 with phosphate-buffered saline (PBS)
(VWR international, Radnor, PA, USA) plus 2% FBS (VWR international, Radnor, PA, USA)
was gently pipetted down the side of the tube before spinning at 1200× g for 10 min at RT.
The upper layer containing plasma and PBMCs was poured into a separate 15 mL tube,
before washing once (500× g, 10 min, RT) with PBS-2% FBS, and resuspending the pelleted
PBMCs in the same medium. Aliquots of each isolated WBC fraction were analyzed by cell
count and cell integrity evaluation by a LUNA-II™ counter (Aligned Genetics, Anyang-Si,
Republic of Korea).

2.4. Total RNA Extraction and RT-qPCR Analysis

For each WBC fraction, total RNA was extracted from 1 × 106 cells using the RNeasy
Plus Mini Kit (QIAGEN, Hilden, Germany) according to the manufacturer’s protocol.
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Total RNA samples were retrotranscribed into cDNA using the High-Capacity cDNA
Reverse Transcription Kit (Applied Biosystems, Waltham, MA, USA) as described by the
manufacturer. qPCR reactions were carried out using the PowerUp™ SYBR™ Green Master
Mix (Applied Biosystems) and specific primers for AQP1, AQP3, AQP5, AQP9, and β-Actin
(Table S1, Supplementary Material). cDNA samples were plated in duplicates and amplified
in a QuantStudio™ 1 Real-Time PCR System (Applied Biosystems) with the following
program: UDG activation, 50 ◦C for 2 min; activation, 95 ◦C for 2 min; and 40 cycles of
denaturation (15 s), annealing (15 s), and extension (30 s). AQP3 and AQP9 expression
levels were calculated against those of β-actin, used as reference gene according to the
2−∆Ct method.

2.5. Immunofluorescence

Isolated PBMCs or neutrophil granulocytes were seeded on SuperFrost Plus™ glass
slide (Epredia™, Portsmouth, NH, USA) and incubated at 37 ◦C for 10 min in humidi-
fied atmosphere, then fixed with 4% paraformaldehyde (DDK Italia, Vigevano, Italy) for
20 min before permeabilization with 0.1% Triton X-100 (Merck Group) in PBS for 20 min
at RT. Unspecific sites were saturated with 1% BSA (Euroclone) in PBS for 20 min before
incubating (90 min at RT) with the rabbit anti-AQP3 (Thermo Fisher Scientific, Waltham,
MA, USA) or anti-AQP9 (Merck Group) primary antibodies at a final dilution of 1:60 and
1:100, respectively, in PBS-1% BSA. The antibodies were removed and cells incubated with
a 1:1000 dilution of an Alexa Fluor 488 donkey anti-rabbit IgG (Thermo Fisher Scientific) in
PBS-1% BSA for 60 min at RT. The negative control condition was made by omitting the
primary antibody. Slides were mounted and nuclei stained with Fluoroshield-containing
DAPI (Merck Group). Slides were observed with a Leica DMRXA fluorescent microscope
and fluorescence images captured with a Leica DFC450 C camera and processed by the
Leica Application Suite Advanced Fluorescence software (LAS AF 3.1.0 build 8587).

2.6. Detection of IgG Antibodies to K. pneumoniae in Human Serum

Human serum specimens were tested for IgG antibodies to K. pneumoniae by micro-
immunofluorescence as previously described [38]. Briefly, the Klebsiella pneumoniae HA391
strain transformed with the pDsRed plasmid (K. pneumoniae HA391 DsRed) expressing
high levels of recombinant red fluorescent protein (RFP) (Addgene, Watertown, MA, USA)
was grown in RPMI to OD600 = 0.35, followed by washing in PBS. Blood sera harvested
as described above were diluted 1:100 in PBS, and bacteria were added to a final OD of
0.03, incubated at 37 ◦C for 30 min, and then washed three times in PBS, followed by
resuspension in FITC-conjugated goat anti-human IgG, Fcγ-fragment-specific (Jackson
ImmunoResearch, Cambridge, UK), diluted 1:200 in 0.1% BSA in PBS. The samples were
incubated at 37 ◦C for 30 min and bacteria washed with PBS. Fluorescence microscopy
analysis was carried out with a Leica DM4000 microscope.

2.7. Methylene Blue Staining of Bacterial Phagocytosis in Human Blood

K. pneumoniae HA391 DsRed was grown in RPMI to OD600 = 0.3 and 5 × 106 cfu
were resuspended in 500 µL of whole blood. After 60 min of incubation at 37 ◦C under
shaking, one drop was smeared on a microscope glass slide, air-dried, and fixed with 4%
paraformaldehyde for 20 min. Staining was carried out with 1% methylene blue for 1 min.
Slides were washed in H2O and then air-dried. Phagocytosed bacteria were examined by
contrast microscopy using a Leica DM4000 microscope.

2.8. Flow Cytometry Analysis of Bacterial Phagocytosis

Fresh anticoagulated whole blood samples were treated for 15 min with 10 µM
DFP00173, 10 µM HTS13286, or the vehicle (1% DMSO) K. pneumoniae HA391 DsRed
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(5× K. pneumoniae HA391 strain 106 cfu/250 µL of whole blood) and incubated at 37 ◦C
for 0, 10, 30, or 60 min under shaking. After RBC lysis as detailed above, WBCs were
pelleted by centrifugation (100× g, 5 min, at 4 ◦C) and washed with cold FACS buffer (PBS
containing 0.5% BSA and 2 mM EDTA) and resuspended in PBS with the anti-CD14 APC
labelled (BD Pharmingen, Franklin Lakes, NJ, USA) and anti-CD66b-v450-labelled (BD
Pharmingen) antibodies at a dilution of 1:300 and 1:130, respectively. Fluorescence was
analyzed with a CytoFLEX S flow cytometer (Beckman Coulter, Brea, CA, USA) equipped
with three laser sources (405 nm, 561 nm, and 638 nm). Emitted fluorescent lights (FLs)
were collected from specific fluorescent channels, with the blue fluorescence of (CD66b+)
neutrophils in the FL1 channel (450/45 nm), the orange fluorescence of (RFP+) cells in the
FL2 channel (585/42), and the red fluorescence of (CD14+) monocytes in the FL3 channel
(712/25). The flow cytometry results were analyzed using FlowJo™ v10.8 Software (Becton,
Dickinson, and Company).

2.9. Klebsiella Pneumoniae HA391 Survival Assay

Samples of fresh anticoagulated whole blood (450 µL) or PMNs (1.7 × 106 cells in
RPMI 1640 added to autologous serum at 1:1 volume ratio) were exposed or not (vehicle
alone, 1% DMSO) to the AQP inhibitor (10 µM DFP00173, 10 µM HTS13286, or 10 µM
RG100204) for 15 min at 37 ◦C in humidified atmosphere with 5% CO2. Cells were then
infected by the addition of 50 µL K. pneumoniae HA391 DsRed (5 × 106 cfu) grown overnight
in Brain Heart Infusion (BHI) broth (Merck Group). After 10, 30, and 120 min of incubation
at 37 ◦C under shaking, 30 µL aliquots collected from each infected cell suspension were
lysed in 270 µL of cold PBS-0.1% saponin for 15 min. Thirty microliters of each lysed
sample were diluted at a ratio of 1:10,000 in PBS and 20 µL of each corresponding dilution
were plated in triplicate on Müller Hinton (MH) agar plates and incubated at 37 ◦C o/n.
Colonies were counted manually and bacterial survival was expressed as percentage of
the inoculum.

2.10. Transwell Assay of Cell Migration

Three hundred µL RPMI1640-Pen-Strept containing 5 × 105 isolated PBMCs or PMNs
were mixed with 300 µL autologous serum (50%) and different doses of DFP00173 or
RG100204 or the vehicle alone (0.5% DMSO), before incubating for 15 min at 37 ◦C. Cell
suspensions thus treated were transferred into 3 µm pore cell culture inserts (ThinCert,
Greiner Bio-One, Kremsmunster, Austria) that were placed in a multiwell plate which had
been prepared by adding 750 µL of RPMI1640-Pen-Strept, 750 µL of autologous serum,
and the inhibitor or the vehicle alone in the lower compartment. Depending on the
experimental condition, LPS at a final concentration of 100 ng/mL was added or not to
the lower compartment solution. The multiwell plates thus prepared were incubated for
16 h at 37 ◦C. After the incubation, the cell culture insert and medium were removed from
each well and cells that had migrated through the filter and attached themselves to the
bottom of the well were fixed with 3.7% formalin for 10 min, permeabilized with 0.2%
Triton X-100 for 7 min, and, finally, stained with DAPI (1 µg/mL) to be then counted by
fluorescence microscopy.

2.11. Statistical Analysis

The expression levels of AQP3 and AQP9 in PMNs, neutrophil granulocytes, and
PBMCs were compared by Student’s t-test. The role of AQP3 and AQP9 in bacterial
phagocytosis, bactericidal activity, and cell migration was assessed using GraphPad Prism
software (version 8.0.1). Data analysis was performed using two-way analysis of variance
(ANOVA), followed by Tukey’s post hoc multiple-comparisons test. Statistical significance
was defined as p-values less than 0.05.
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3. Results
3.1. Expression and Localization of AQP3 and AQP9 in Human Leukocytes

The transcriptional expression and subcellular localization of AQP3 and AQP9 in samples
of PMNs, neutrophil granulocytes alone, and PBMCs isolated from the peripheral blood of
healthy male subjects were determined by RT-qPCR and immunofluorescence, respectively.

After normalization relative to the housekeeping gene β-actin, high levels of AQP9
mRNA were found in all three WBC fractions that were examined (Figure 1A–C). The
AQP9 mRNA was particularly high in PMNs, especially in neutrophil granulocytes. AQP3
was expressed in PBMCs (Figure 1C), where it was more abundant than AQP9, while it
was barely detectable in all neutrophil types (Figure 1A,B). Expression analysis was also
extended to AQP1 and AQP5 in consideration of previous works reporting on AQP5 in
neutrophil granulocytes [22,39] and moderate levels of AQP1 and AQP5 in THP-1 cells, a
human monocyte cell line [40]. Both AQP1 and AQP5 were barely detectable or absent in
all WBC fractions when compared to the levels of AQP3 and AQP9 (Figure 1A–C).

Figure 1. Real-time quantitative PCR analysis of AQP1, 3, 5, and 9 mRNA expression in human white
blood cells. PMNs, neutrophil granulocytes alone, and PBMCs were isolated from the peripheral
blood of healthy donors (n = 5). The mRNA levels of the four AQPs were normalized against those
of the housekeeper gene β-Actin. High levels of AQP9 mRNA are detected in polymorphonuclear
leukocytes (A), especially in neutrophil granulocytes (B). The level of AQP9 transcript is considerably
less abundant in PBMCs (C). AQP3 is expressed in PBMCs (C), while, in neutrophils, it is very weak
or absent (A,B). AQP1 and AQP5 are barely appreciable or absent in all three WBC fractions (A–C).
Data are shown as mean ± SEM (n = 5). **, p < 0.01; ***, p < 0.001.

For the immunofluorescence analysis, aliquots of isolated neutrophil granulocytes
and PBMCs were incubated with anti-AQP9 or anti-AQP3 polyclonal antibodies and pro-
cessed as reported in Materials and Methods. Cell nuclei were counterstained with DAPI
(Figures 2 and 3; blue fluorescence). Consistent with the results of the RT-qPCR, a strong
AQP9 immunofluorescence was seen in neutrophil granulocytes. AQP9 immunoreactivity
was observed both at the cell membrane and in the intracellular compartment where it ap-
peared to be granular (Figure 2E,F; green fluorescence), whereas no immunoreactivity was
seen with the AQP3 antibody (Figure 2B,C). The specificity of the anti-AQP9 and anti-AQP3
antibodies was tested on Jurkat cells, an immortalized human T lymphocyte cell line ex-
pressing AQP9 [41], and on human keratinocytes, a cell type expressing AQP3 [42,43],
respectively. Negative controls were carried out by omitting the primary antibody
(Figure S1, Supplementary Material).

Among PBMCs, both monocytes and lymphocytes showed significant AQP3 im-
munoreactivity, with the former apparently slightly more fluorescent than the latter
(Figure 3B,C and Figure 3E,F, respectively). With the AQP9 antibodies, both monocytes and
lymphocytes showed strong and comparable immunostaining over the plasma membrane
and at the intracellular compartment (Figure 3H,I).
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Figure 2. Immunofluorescence analysis of AQP3 and AQP9 in isolated human neutrophils. Neu-
trophils were isolated by immune-magnetic negative selection from the peripheral blood of healthy
donors and analyzed using immunofluorescence with anti-AQP3 or anti-AQP9 polyclonal antibodies
((B) and (E), respectively). Cell nuclei were counterstained with DAPI ((A,D); blue fluorescence).
(C) and (F) represent the merging of (A,B) and (D,E), respectively. Strong AQP9 immunofluorescence
is seen in neutrophils, where it appears to be granular (arrows), and over the plasma membrane (E);
green fluorescence). By contrast, neutrophils do not show any AQP3 immunoreactivity (B,C). Scale
bars, 10 µm.

 

Figure 3. Immunofluorescence analysis of AQP3 and AQP9 in isolated human PBMCs. Isolated
PBMCs were subjected to immunofluorescence (green) with anti-AQP3 (B,E) or anti-AQP9 (H) poly-
clonal antibodies. Cell nuclei were stained with DAPI ((A,D,G); blue fluorescence). Cells in (C), (F),
and (I) are the merging of (A,B), (D,E), and (G,H), respectively. AQP3 immunoreactivity is high in
monocytes (B,C), while it is barely appreciable in lymphocytes (E,F). Strong AQP9 immunofluores-
cence is instead seen in monocytes and lymphocytes both at the intracellular compartment (solid
arrows) and over the plasma membrane (linear arrows) (H,I). Mc, monocyte; Lc, lymphocyte. Scale
bars, 10 µm.
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3.2. Inhibition of AQP3 or AQP9 Do Not Impair the White Blood Cell Phagocytosis and Killing of
the Gram-Negative Pathogen Klebsiella pneumoniae

Given the suggested involvement of AQP3 and AQP9 in infection, inflammation, and
the development of disease [14], we investigated the contribution of these two AQPs to
leukocyte phagocytosis.

The potential involvement of AQP3 and AQP9 in the leukocyte phagocytosis of infect-
ing bacteria was investigated with a strain of the Gram-negative pathogen K. pneumoniae
expressing a recombinant red fluorescent protein (K. pneumoniae HA391 DsRed) allowing
the visualization of the whole bacteria. The K. pneumoniae HA391 DsRed was also used to
run the subsequent bacterial killing studies.

Firstly, we worked to rule out the risk that the phagocytic immune response to the
K. pneumoniae infection could depend completely on the innate immunity of the blood
sample donors rather than on the contribution of the pre-existing presence of antibodies
directed against K. pneumoniae (adaptive immunity). Aliquots of each serum specimen
were, therefore, incubated with the K. pneumoniae strain, and an FITC-conjugated antibody
directed against the human immunoglobulins G was used to detect the eventual presence
of anti-K. pneumoniae antibodies (see Materials and Methods for details). For each blood
sample, a negative control condition was run by omitting the blood serum. No antibodies
against K. pneumoniae were detected in all serum samples analyzed, suggesting that the
immune recognition of the K. pneumoniae strain was not serum-mediated (Figure 4A–D).

Figure 4. Human serum specimens are without antibodies to K. pneumoniae HA391. K. pneumoniae
HA391 DsRed was incubated with the blood sera of three of the five subjects used for the study.
An FITC-conjugated antibody against the human immunoglobulins G (hIgG; green fluorescence)
was used to detect eventual anti-K. pneumoniae antibodies. (A) Negative control (absence of serum).
(B–D) K. pneumoniae HA391 DsRed incubated with each one of the three sera, separately. Arrows
indicate unspecific spots located outside of bacterial bodies (C). Scale bars, 2 µm.

The role of AQP3 and AQP9 in the phagocytosis of K. pneumoniae HA391 DsRed was
monitored over a 60 min time course. Blood samples exposed to the BHI medium served
as controls. Thereby, bacterial ingestion was accompanied by distinct changes in the cell
size and morphology compared to neutrophils exposed to the medium alone (Figure 5A,B).
This can be explained by the bacterial LPS that induces a better adherence of granulocytes
and, thereby, leads to changes in the infected granulocytes [44].
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Figure 5. Phagocytosis of K. pneumoniae HA391 DsRed by blood neutrophils. Black and white
micrograph of neutrophils in whole blood, stained with methylene blue. (A) Neutrophil from a blood
sample incubated for 60 min with BHI medium. (B) Phagocytic-positive neutrophil from a blood
sample infected for 60 min with K. pneumoniae HA391 DsRed in BHI medium. Arrows indicate the
ingested bacteria. A distinct change in cell size and morphology is noted compared to the uninfected
neutrophil shown in (A). n, nucleus. Scale bars, 2 µm.

In a series of flow cytometry experiments, neutrophil and monocyte phagocytosis
with K. pneumoniae HA391 DsRed was carried out by the selective inhibition of AQP3
or/and AQP9. Whole blood samples were incubated with BHI medium infected or not
with K. pneumoniae for 10, 30, or 60 min. For each time point, aliquots of the infected
blood samples received the inhibitor vehicle alone (1% DMSO), the AQP3 or/and the
AQP9 inhibitor (10 µM DFP00173 and 10 µM HTS13286, respectively), or neither the
vehicle nor the AQP blockers (basal condition). After erythrocyte lysis and washout,
blood sample specimens were submitted to a flow cytometry evaluation of the RFP-positive
neutrophils or monocytes, depending on the specific cell marker that was employed, CD66b
for neutrophils and CD14 for monocytes. The percentages of RFP-positive neutrophils
(Figure 6B–D) or monocytes (Figure 7B–D) were calculated based on the fluorescence
intensity of the internalized RFP after arbitrarily setting the fluorescence of the uninfected
blood samples to 0% (Figures 6A and 7A). After 60 min of inoculation with K. pneumoniae,
about 32% and 43%, respectively, of neutrophils and monocytes, respectively, had ingested
the pathogen (Figures 6D and 7D). At all three time points, the addition of neither DFP00173
nor HTS13286, whether individually or in combination, impaired the phagocytosis of K.
pneumoniae HA391 DsRed by neutrophils (Figure 6E–G and Figure 7E–G) or monocytes,
with one exception: both blockers used together for 60 min led to a reduction in infected
monocytes by approximately 40% (Figure 7G).

Experiments were then conducted to investigate if AQP3 and/or AQP9 could con-
tribute to the resolution of the phagocytic process through which the ingested bacterium is
degraded by the lysosomes. A first series of experiments was performed with aliquots of
the whole blood samples. A survival curve was constructed by exposing the blood samples
to the BHI medium infected with K. pneumoniae for up to 120 min. Live intracellular bacteria
were quantified after plating serial dilutions of the lysate of the various whole blood sam-
ples on LB agar plates. After 120 min, all infecting bacteria were killed by blood phagocytes
with a killing score of 65% already achieved after the first 10 min of infection (Figure 8A).
The involvement of AQP3 and AQP9 in bacterial killing was evaluated by measuring the
percentage of bacterial survival at 10, 30, and 120 min of infection in the presence or not
of 10 µM DFP00173 or HTS13286 or both inhibitors added together (Figure 8B). Infected
blood samples without the addition of the vehicle or inhibitors, or with the vehicle alone
were used as controls (Figure 8B; black and grey histograms). The inhibition of AQP3 or
AQP9 or both at the same time did not impair the killing efficacy of leukocytes.
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Figure 6. Flow cytometry analysis of neutrophil phagocytosis of K. pneumoniae after AQP3 and/or
AQP9 inhibition. Whole blood was exposed to K. pneumoniae HA391 DsRed, or BHI control medium
(with or without vehicle) for 10, 30, or 60 min. After red blood cells lysis and washout, flow cytometry
analysis of neutrophils was conducted by selection through the CD66b marker. Percentages of
RFP-positive neutrophils were calculated. (A) Basal condition. Blood sample exposed to the medium
alone for 60 min (no infection). (B–D) Blood samples infected with K. pneumoniae for 10, 30, or 60 min,
respectively. About one third of neutrophils are infected after 60 min of exposure to K. pneumoniae
HA391 DsRed (D). (E–G) Percentage of RFP-positive in the different control and experimental
conditions (inset), following 10, 30, or 60 min of infection, respectively. There are no statistically
significant differences among the different conditions. Vehicle, 1% DMSO. Percentages are expressed
as mean ± SEM (n = 5). a.u., arbitrary units.

Figure 7. Flow cytometry analysis of monocyte phagocytosis of K. pneumoniae after AQP3 and/or
AQP9 inhibition. Whole blood was infected (or not) with BHI medium containing K. pneumoniae.
After washout and red blood cell lysis, flow cytometry analysis of monocytes was conducted by
selection through the CD14 marker. Percentages of phagocytic-positive monocytes were calculated
through the signal of the internalized red fluorescent protein (RFP). (A) Basal condition. Blood
sample exposed to the medium alone for 60 min (no infection). (B–D) Blood samples infected with K.
pneumoniae for 10, 30, or 60 min, respectively. More than 40% of monocytes are infected after 60 min
exposure to the bacterial strain (D). (E–G) Percentage of phagocytic-positive monocytes (RFP+) in
the different control and experimental conditions (see inset) following 10, 30, or 60 min of infection,
respectively. The only statistically significant difference is seen between the control with no vehicle
and the experimental condition where the two inhibitors, DFP00173 and HTS13286, were both added.
Vehicle, 1% DMSO. Percentages are expressed as mean ± SEM (n = 5). *, p < 0.05.
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Figure 8. Inhibition of AQP3 and AQP9 does not impair killing of K. pneumoniae by WBCs. Whole
blood samples were exposed to the BHI medium containing K. pneumoniae for up to 120 min and
intracellular bacteria were quantified by lysis, serial dilution, and viable counting on LB agar plates
(see Materials and Methods for details). (A) Survival curves of K. pneumoniae inoculated in whole
blood samples and evaluated after 10, 30, and 120 min of incubation in absence or presence of vehicle
(1% DMSO) and AQP3/AQP9 selective inhibitor. In all conditions, all inoculated bacteria are almost
totally eliminated within 120 min. (B) Percentages of bacterial survival in presence or absence of
the AQP3 or AQP9 inhibitor after 10, 30, or 120 min of exposure to whole blood. Both DFP00173
and HTS13286 do not impair the clearance efficacy of leukocytes. Percentages are expressed as
mean ± SEM (n = 5).

A second series of experiments investigated the specific involvement of AQP9 in the
bacterial killing by PMNs. In addition to HTS13286, RG100204, a novel specific inhibitor of
AQP9 [18,34], was used. Isolated PMNs were infected with the K. pneumoniae bacteria for
up to 120 min, and the surviving intracellular bacteria were quantified at the time points
of 10, 30, and 120 min (Figure 9A). After 120 min of infection, nearly 90% of bacteria were
eliminated by PMNs. No bacterial killing impairment was seen at all three time points in
the PMNs that were exposed to 10 µM RG100204 compared to the related controls where
the vehicle was omitted or compared to the vehicle alone (Figure 9B).
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Figure 9. Killing of K. pneumoniae by PMNs is not impaired by the AQP9 inhibitor RG100204. Isolated
PMNs were infected with K. pneumoniae for up to 120 min and surviving intracellular bacteria were
quantified by lysis, serial dilution, and viable counting on LB agar plates (see Materials and Methods
for details). (A) Survival curve of K. pneumoniae inoculated in PMN samples and analyzed after 10,
30, and 120 min of incubation in absence or presence of vehicle or 10 µM RG100204. In all three
conditions, after 120 min of incubation, nearly 90% of bacteria are resolved by PMNs. (B) Percentages
of bacterial survival in presence or absence (see inset for conditions) of the AQP9-selective inhibitor
RG100204 after 10, 30, or 120 min of killing by PMNs. RG100204 does not seem to affect the killing
capacity of PMNs. Percentages are expressed as mean ± SEM (n = 5).

The AQP3 inhibitor DFP00173 was not tested, as the RT-qPCR analysis did not detect
a substantial expression of AQP3 in PMNs (Figure 1A).

3.3. Selective Inhibition of AQP3 and AQP9 Reduces Cell Migration of PBMCs and Neutrophils

Next, we investigated the role of AQP3 and AQP9 in the migration of PMNs and
PBMCs in response to the pathogen-associated molecular pattern (PAMP) LPS. A transwell
assay was used to evaluate the migration of the WBC specimens in the presence or absence
of DFP00173 or RG100204.

With PMNs, RG100204 was used at a single dose (10 µM) in the transwell migration
experiments carried out in the absence of LPS, while, in the evaluations made in the
presence of LPS, the inhibitor was applied in a range of scalar doses, from 10 µM up
to 14 nM. Compared to the conditions with the vehicle alone (0.5% DMSO), RG100204
significantly reduced the migration of PMNs through the transwell filter both in the absence
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and presence of LPS. The lowest concentration of RG100204 that conferred a significant
reduction in LPS-stimulated cell migration was 41 nM (Figures 10 and 11).

Figure 10. Effect of RG100204 on LPS-induced cell migration of human PMNs. Representative
micrographs showing the PMNs that had migrated (white spots) across the transwell filter after 16 h
with (panels (C–J)) or without (panels (A,B)) LPS challenging in absence (vehicle, 0.5% DMSO; panel
(C)) or presence of a series of doses of the AQP9 inhibitor RG100204 (RG; panels (D–J)). Scale bars,
150 µm.

Since PBMCs express both AQP3 and AQP9 (Figure 1), cell migration experiments
with these cells were performed using both inhibitors, separately, for 16 h both under an
LPS challenge and in its absence. Interestingly, RG100204 was found to impair the cell
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migration of human PBMCs both with and without an LPS challenge, while DFP00173 led
to a significant reduction in PBMC migration only under LPS stimulation (Figure 12).

Figure 11. The AQP9-selective inhibitor RG100204 reduces neutrophil migration. Migration analysis
of isolated whole PMNs after 16 h with or without LPS challenge, and in presence or absence (vehicle
alone, 0.5% DMSO; V) of serial concentrations of RG100204 (RG). Transmigrated PMNs are expressed
as percentage, compared to the number of PMNs migrating without LPS stimulation and in the
presence of the vehicle alone. Percentages are expressed as mean ± SEM (n = 5; 6 fields/condition).
** p < 0.01; *** p < 0.001.

Figure 12. Selective inhibition of both AQP3 and AQP9 reduces PBMC migration. Migration anal-
ysis of isolated PBMCs after 16 h with or without LPS challenge and in absence (vehicle alone,
0.5% DMSO; V) or presence of 10 µM DFP00173 (DFP) or 10 µM RG100204 (RG). Migrated PBMCs
are expressed as percentage of PBMCs migrating without LPS stimulation and in presence of ve-
hicle alone. Percentages are expressed as mean ± SEM (n = 5; 10 fields/condition). ** p < 0.01;
*** p < 0.001.

4. Discussion
AQPs are emerging as important players at various levels in immunity, a process in

which WBCs and other specialized cells of the immune system mediate protection against
pathogens to maintain homeostasis. In this work, we investigated the expression and
involvement of AQP3 and AQP9, two aquaglyceroporins also permeable to hydrogen
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peroxide, in important processes of immunity such as cell migration, and the phagocytosis
and killing of ingested bacteria by WBCs following infection.

The RT-qPCR and immunofluorescence analyses showed the expression of AQP3 in
monocytes and, to a lower extent, in lymphocytes. In PMNs instead, the level of AQP3
was barely detectable. There, AQP9 is highly expressed, especially in neutrophil granu-
locytes. AQP9 was also found in monocytes and lymphocytes. This profile is consistent
with previous studies by other authors [11,17,45,46]. In humans, neutrophils have also
been reported to express AQP5 [22], while AQP1 and AQP5 were detected in B and T
lymphocytes together with AQP3 and have been reported to be upregulated after cell
activation [45]. Therefore, the low expression of AQP3 seen in lymphocytes may be ex-
plained by the basal conditions in which the PBMCs were evaluated in the current study.
The AQP9 immunoreactivity seen at the intracellular level suggests that the translocation
of this AQP to the plasma membrane is regulated, in line with a previous work reporting
that the phosphorylation of AQP9 at S11 through a Rac1-dependent pathway mediates
membrane localization and neutrophil polarization [47].

The specificity of DFP00173 to AQP3, HTS13286 to AQP9, and RG100204 to AQP9, com-
pared to the most homologous AQP isoforms, has been established previously [18,32,33].
Furthermore, selectivity has not been formally established. However, phenotypes induced
by the inhibitors in various test systems are similar to the effects induced by an AQP3-
targeting antibody [48], and by Aqp9 gene deletion [16,18,24].

The availability of these inhibitors allowed us to evaluate the individual roles of
AQP3 and AQP9 in various functions of innate immunity. The contributions of AQP3 and
AQP9 to the phagocytosis and killing of pathogenic bacteria were studied in vitro using
an engineered K. pneumoniae strain. No apparent involvement of individually targeted
AQP3 or AQP9 was observed in the phagocytosis or phagolysosomal degradation of K.
pneumoniae by neutrophils or monocytes. Interestingly, the significant impairment of the
phagocytic capacity of monocytes was observed only when both AQPs were inhibited
simultaneously. No functional involvement of either AQP3 or AQP9 in bacterial clearance
was observed. Regarding AQP9 in neutrophils, this result was a bit surprising, since AQP9
was suggested to have a key role in the polarization of primary human neutrophils [46].

Neither AQP9 nor AQP3 appear to play an individual role in the bacterial phagocytosis
by monocytes. However, a significant decrease in the phagocytosis of K. pneumoniae was
observed when both AQPs were inhibited simultaneously. This interesting result is in line
with the previous work where human macrophages were infected with P. aeruginosa [5].
The important involvements of AQP3 and AQP9 have already been reported, in terms of
the changes in cell volume and morphology and in the phagocytic function of human and
rodent macrophages [4,5,49]. However, it should also be noted that AQP redundancy in
human monocytes may include two additional AQPs, AQP1 and AQP5, that were detected
at moderate levels in THP-1 cells [40]. In this study, in all three WBC fractions, both AQP1
and AQP5 were barely detectable. Hence, further research is needed in order to understand
signaling pathways that are associated with each of these channels in leukocytes.

On the other hand, both AQP3 as well as AQP9 were found to be involved in leukocyte
migration. Thereby, AQP9 seems to contribute to PMN migration at the basal level, but
also when migration was stimulated with LPS, whereas AQP3 affected PBMC migration
only when cells were challenged with LPS. Therefore, the active function AQP9 played
in regulating human neutrophil volume may be necessary for activities of cell motility
such as those performed in extravasation and/or chemotaxis to move towards potentially
harmful microorganisms.

The key roles for AQP3 and AQP9 in immune cell migration have been repeatedly
reported both in innate and adaptive immunity (see [11,14] for reviews). However, to
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our knowledge, this is the first study in which the individual contribution of each one
of these channels in immune cell migration is evaluated using specific inhibitors. We
show that the selective inhibition of AQP9 with RG100204 strongly impairs neutrophil cell
migration in vitro. This is fully consistent with previous studies using murine models of
hyperinflammation where AQP9 deletion or inhibition by RG100204, respectively, led to
a significant reduction in neutrophil tissue infiltration [7,18,26]. Here, we observed that
neutrophil cell migration was reduced by approximately 62% and 68%, respectively, after
the specific inhibition of AQP9 with or without LPS stimulation (Figure 11). This suggests
an important role for AQP9 in neutrophil migration. A role for an additional AQP channel,
AQP5, in neutrophil locomotion was suggested after observing the impaired neutrophil
tissue infiltration and increased survival in severe sepsis in subjects with srs3759129 poly-
morphism, which was accompanied by reduced neutrophil AQP5 [21,22,50]. Here, we
find that the expression level of AQP5 in isolated human neutrophils is barely appreciable.
Further work is, therefore, needed to unravel this apparent discrepancy.

Moreover, we observed that the selective inhibition of AQP9 impairs LPS-stimulated
and unstimulated PBMC migration, while the inhibition of AQP3 only reduced LPS-
induced migration (Figure 12). Taken together, these data suggest that AQP3 and AQP9
contribute to the migration of PBMCs in distinct ways. This seems to be consistent with a
recent study indicating opposing roles for leukocyte AQPs 3 and 9 in human sepsis [20].
High levels of AQP3 were associated with augmented survival, whereas AQP9 did not
appear to change during sepsis when normalized against the neutrophil count, and a
low expression of AQP9 was associated with increased survival. The neutrophil AQP9
expression was considered an independent risk factor for sepsis lethality.

However, further studies are needed to better understand which molecular transport
facilitated by AQP3 and AQP9 is affecting downstream signaling and leading to altered
locomotion. The movement of water could be related to the cell volume/morphology,
cytoskeletal rearrangement, dynamical adhesion, and retraction and motility (i.e., filopodia
formation), and the movement of glycerol could be related to metabolic shifts that could ac-
tivate some immune functions, while the transport of hydrogen peroxide could reasonably
be linked to the activation/modulation of some signaling pathways such as NF-κB and
p38 MAPK, leading to the activation of inflammasomes (i.e., NLRP3) and the consequent
production of proinflammatory interleukins [7,16,18,19,24,51,52]. The AQP3-mediated
H2O2 uptake was found to be required for chemokine-dependent T-cell migration through
the activation of the Rho family GTPase Cdc42 and the subsequent actin dynamics [53].
The availability of the specific and potent inhibitors of AQP3 and AQP9 now allows us
to answer these questions step by step. Unraveling the precise molecular mechanisms
by which AQPs affect cell motility remains challenging. In part, this may be due to the
generally low expression of AQPs in dedifferentiated cell lines [54].

5. Conclusions
In conclusion, in human WBCs, AQP9 is expressed both in neutrophils where it is

particularly abundant, and in PBMCs, whereas AQP3 is found only in the latter, with a
higher expression in monocytes than in lymphocytes. AQP9 plays major roles in neutrophil
and PBMC basal locomotion, and chemotaxis. AQP3 impacts monocyte chemotaxis. The
phagocytosis of K. pneumoniae is only impaired when both AQPs are blocked simultane-
ously. The two AQPs do not appear to have roles in bacterial killing. Despite a role in
neutrophil locomotion that might reduce innate immunity, we have previously shown that
the inhibition of AQP9 can be beneficial in a murine model of bacterial sepsis [18].
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The results of the present work provide further and useful insights into the role of
AQPs in innate immunity and their relevance as markers and potential therapeutic targets
of inflammatory diseases.
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isolated human neutrophil granulocytes are incubated with the secondary antibody by omitting the
AQP9 antibody (B,C). (D–F) Anti-AQP9 antibody positive control. Immunofluorescence is seen at the
plasma membrane of Jurkat cells (E,F; green fluorescence). (G–I) Anti-AQP3 antibody negative control.
No fluorescence is seen when isolated human PBMC are incubated with the secondary antibody by
omitting the AQP3 antibody (H,I). (J–L) Anti-AQP3 antibody positive control. Immunofluorescence
is seen at the plasma membrane of human keratinocytes (K,L; green fluorescence). Cell nuclei are
counterstained with DAPI fluorophor (A,C,D,F,G,I,J,L; blue fluorescence). Scale bars, 10 µm; Table S1:
Forward and reverse primer sequences for Real time quantitative PCR. Reference [55] is cited in the
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APC Allophycocyanin
AQP Aquaporin
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CFU Colony-forming unit
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DAPI 4,6′-diamidino-2-phenylindole
DFP DFP00173
DMSO Dimethylsulfoxide
DPBS Dulbecco’s phosphate-buffered saline
EDTA Ethylenediaminetetraacetic acid
FACS Fluorescence-Activated Cell Sorting
FBS Fetal Bovine Serum
FITC Fluorescein isothiocyanate
FL Fluorescent Lights
IgG Immunoglobuling G
LB Luria–Bertani broth
LPS Lipopolysaccharide
MH Müller Hinton
NF-κB Nuclear factor kappa B
NLRP3 NLR family pyrin domain containing 3
OD Optical Density
p38 MAPK Mitogen-activated protein kinase
PAMP Pathogen-Associated Molecular Pattern
PBMCs Peripheral Blood Mononuclear Cells
PBS Phosphate-Buffered Saline
PEN Penicillin
PMNs Polymorphonuclear white blood cells
Rac1 Rac family small GTPase 1
RBCs Red Blood Cells
RFP Red Fluorescence Protein
RG RG100204
Rho Ras Homolog
RPMI Roswell Park Memorial Institute
RT Room temperature
RT-qPCR Reverse Transcription—quantitative Polymerase Chain Reaction
SAP-ARDS Severe Acute Pancreatitis-associated Acute Respiratory Distress Syndrome
SEM Standard error of the mean
SIRS Systemic Inflammatory Response Syndrome
STREPT Streptomycin
UDG Uracil-DNA glycosylase
WBCs White Blood Cells

References
1. Fenteany, G.; Glogauer, M. Cytoskeletal remodeling in leukocyte function. Curr. Opin. Hematol. 2004, 11, 15–24. [CrossRef] [PubMed]
2. Papadopoulos, M.C.; Saadoun, S.; Verkman, A.S. Aquaporins and cell migration. Pflug. Arch. 2008, 456, 693–700. [CrossRef] [PubMed]
3. Loitto, V.M.; Forslund, T.; Sundqvist, T.; Magnusson, K.E.; Gustafsson, M. Neutrophil leukocyte motility requires directed water

influx. J. Leukoc. Biol. 2002, 71, 212–222. [CrossRef]
4. Zhu, N.; Feng, X.; He, C.; Gao, H.; Yang, L.; Ma, Q.; Guo, L.; Qiao, Y.; Yang, H.; Ma, T. Defective macrophage function in

aquaporin-3 deficiency. FASEB J. 2011, 25, 4233–4239. [CrossRef]
5. Holm, A.; Karlsson, T.; Vikstrom, E. Pseudomonas aeruginosa lasI/rhlI quorum sensing genes promote phagocytosis and

aquaporin 9 redistribution to the leading and trailing regions in macrophages. Front. Microbiol. 2015, 6, 915. [CrossRef]
6. Loitto, V.M.; Magnusson, K.E. Hg2+ and small-sized polyethylene glycols have inverse effects on membrane permeability, while

both impair neutrophil cell motility. Biochem. Biophys. Res. Commun. 2004, 316, 370–378. [CrossRef]
7. Chen, J.; Zhu, X.; Wang, Z.; Rutzler, M.; Lu, Q.; Xu, H.; Andersson, R.; Dai, Y.; Shen, Z.; Calamita, G.; et al. Inhibition of aquaporin-

9 ameliorates severe acute pancreatitis and associated lung injury by NLRP3 and Nrf2/HO-1 pathways. Int. Immunopharmacol.
2024, 137, 112450. [CrossRef]

8. Azad, A.K.; Raihan, T.; Ahmed, J.; Hakim, A.; Emon, T.H.; Chowdhury, P.A. Human Aquaporins: Functional Diversity and
Potential Roles in Infectious and Non-infectious Diseases. Front. Genet. 2021, 12, 654865. [CrossRef]

9. Agre, P. Aquaporin water channels (Nobel Lecture). Angew. Chem. Int. Ed. Engl. 2004, 43, 4278–4290. [CrossRef]

https://doi.org/10.1097/00062752-200401000-00004
https://www.ncbi.nlm.nih.gov/pubmed/14676623
https://doi.org/10.1007/s00424-007-0357-5
https://www.ncbi.nlm.nih.gov/pubmed/17968585
https://doi.org/10.1189/jlb.71.2.212
https://doi.org/10.1096/fj.11-182808
https://doi.org/10.3389/fmicb.2015.00915
https://doi.org/10.1016/j.bbrc.2004.02.056
https://doi.org/10.1016/j.intimp.2024.112450
https://doi.org/10.3389/fgene.2021.654865
https://doi.org/10.1002/anie.200460804


Cells 2025, 14, 880 19 of 20

10. Wagner, K.; Unger, L.; Salman, M.M.; Kitchen, P.; Bill, R.M.; Yool, A.J. Signaling Mechanisms and Pharmacological Modulators
Governing Diverse Aquaporin Functions in Human Health and Disease. Int. J. Mol. Sci. 2022, 23, 1388. [CrossRef]

11. Quan, Y.; Kan, B.; Yang, B. Aquaporins in Immune System. Adv. Exp. Med. Biol. 2023, 1398, 195–202. [CrossRef] [PubMed]
12. Bertolotti, M.; Farinelli, G.; Galli, M.; Aiuti, A.; Sitia, R. AQP8 transports NOX2-generated H2O2 across the plasma membrane to

promote signaling in B cells. J. Leukoc. Biol. 2016, 100, 1071–1079. [CrossRef] [PubMed]
13. Cui, G.; Staron, M.M.; Gray, S.M.; Ho, P.C.; Amezquita, R.A.; Wu, J.; Kaech, S.M. IL-7-Induced Glycerol Transport and TAG

Synthesis Promotes Memory CD8+ T Cell Longevity. Cell 2015, 161, 750–761. [CrossRef]
14. Rump, K.; Adamzik, M. Aquaporins in sepsis- an update. Front. Immunol. 2024, 15, 1495206. [CrossRef]
15. Hara-Chikuma, M.; Sugiyama, Y.; Kabashima, K.; Sohara, E.; Uchida, S.; Sasaki, S.; Inoue, S.; Miyachi, Y. Involvement of

aquaporin-7 in the cutaneous primary immune response through modulation of antigen uptake and migration in dendritic cells.
FASEB J. 2012, 26, 211–218. [CrossRef]

16. De Santis, S.; Serino, G.; Fiorentino, M.R.; Galleggiante, V.; Gena, P.; Verna, G.; Liso, M.; Massaro, M.; Lan, J.; Troisi, J.; et al.
Aquaporin 9 Contributes to the Maturation Process and Inflammatory Cytokine Secretion of Murine Dendritic Cells. Front.
Immunol. 2018, 9, 2355. [CrossRef]

17. da Silva, I.V.; Cardoso, C.; Martinez-Banaclocha, H.; Casini, A.; Pelegrin, P.; Soveral, G. Aquaporin-3 is involved in NLRP3-
inflammasome activation contributing to the setting of inflammatory response. Cell. Mol. Life Sci. 2021, 78, 3073–3085. [CrossRef]

18. Mohammad, S.; O’Riordan, C.E.; Verra, C.; Aimaretti, E.; Alves, G.F.; Dreisch, K.; Evenas, J.; Gena, P.; Tesse, A.; Rutzler, M.; et al.
RG100204, A Novel Aquaporin-9 Inhibitor, Reduces Septic Cardiomyopathy and Multiple Organ Failure in Murine Sepsis. Front.
Immunol. 2022, 13, 900906. [CrossRef]

19. Zhu, Q.Q.; Zhang, Y.; Cui, L.; Ma, L.; Sun, K.W. Downregulation of AQP9 Ameliorates NLRP3 Inflammasome-Dependent
Inflammation and Pyroptosis in Crohn’s Disease by Inhibiting the p38 MAPK Signaling Pathway. Mol. Biotechnol. 2025, 1–14.
[CrossRef]

20. Thon, P.; Rahmel, T.; Ziehe, D.; Palmowski, L.; Marko, B.; Nowak, H.; Wolf, A.; Witowski, A.; Orlowski, J.; Ellger, B.; et al. AQP3
and AQP9-Contrary Players in Sepsis? Int. J. Mol. Sci. 2024, 25, 1209. [CrossRef]

21. Adamzik, M.; Frey, U.H.; Mohlenkamp, S.; Scherag, A.; Waydhas, C.; Marggraf, G.; Dammann, M.; Steinmann, J.; Siffert, W.;
Peters, J. Aquaporin 5 gene promoter--1364A/C polymorphism associated with 30-day survival in severe sepsis. Anesthesiology
2011, 114, 912–917. [CrossRef] [PubMed]

22. Rump, K.; Unterberg, M.; Bergmann, L.; Bankfalvi, A.; Menon, A.; Schafer, S.; Scherag, A.; Bazzi, Z.; Siffert, W.; Peters, J.; et al.
AQP5-1364A/C polymorphism and the AQP5 expression influence sepsis survival and immune cell migration: A prospective
laboratory and patient study. J. Transl. Med. 2016, 14, 321. [CrossRef] [PubMed]

23. Matsushima, A.; Ogura, H.; Koh, T.; Shimazu, T.; Sugimoto, H. Enhanced expression of aquaporin 9 in activated polymorphonu-
clear leukocytes in patients with systemic inflammatory response syndrome. Shock 2014, 42, 322–326. [CrossRef] [PubMed]

24. Tesse, A.; Gena, P.; Rutzler, M.; Calamita, G. Ablation of Aquaporin-9 Ameliorates the Systemic Inflammatory Response of
LPS-Induced Endotoxic Shock in Mouse. Cells 2021, 10, 435. [CrossRef]

25. Hara-Chikuma, M.; Satooka, H.; Watanabe, S.; Honda, T.; Miyachi, Y.; Watanabe, T.; Verkman, A.S. Aquaporin-3-mediated
hydrogen peroxide transport is required for NF-kappaB signalling in keratinocytes and development of psoriasis. Nat. Commun.
2015, 6, 7454. [CrossRef]

26. Moniaga, C.S.; Watanabe, S.; Honda, T.; Nielsen, S.; Hara-Chikuma, M. Aquaporin-9-expressing neutrophils are required for the
establishment of contact hypersensitivity. Sci. Rep. 2015, 5, 15319. [CrossRef]

27. Ikezoe, K.; Oga, T.; Honda, T.; Hara-Chikuma, M.; Ma, X.; Tsuruyama, T.; Uno, K.; Fuchikami, J.; Tanizawa, K.; Handa, T.; et al.
Aquaporin-3 potentiates allergic airway inflammation in ovalbumin-induced murine asthma. Sci. Rep. 2016, 6, 25781. [CrossRef]

28. Rahmel, T.; Rump, K.; Peters, J.; Adamzik, M. Aquaporin 5 -1364A/C Promoter Polymorphism Is Associated with Pulmonary
Inflammation and Survival in Acute Respiratory Distress Syndrome. Anesthesiology 2019, 130, 404–413. [CrossRef]

29. Arnett, S.; Chew, S.H.; Leitner, U.; Hor, J.Y.; Paul, F.; Yeaman, M.R.; Levy, M.; Weinshenker, B.G.; Banwell, B.L.; Fujihara, K.; et al.
Sex ratio and age of onset in AQP4 antibody-associated NMOSD: A review and meta-analysis. J. Neurol. 2024, 271, 4794–4812.
[CrossRef]

30. Liu, L.; Guo, K.; Yang, D. Advances in biomarkers for optic neuritis and neuromyelitis optica spectrum disorders: A multi-omics
perspective. Front. Neurol. 2025, 16, 1559172. [CrossRef]

31. Wang, S.; Solenov, E.I.; Yang, B. Aquaporin Inhibitors. Adv. Exp. Med. Biol. 2023, 1398, 317–330. [CrossRef] [PubMed]
32. Sonntag, Y.; Gena, P.; Maggio, A.; Singh, T.; Artner, I.; Oklinski, M.K.; Johanson, U.; Kjellbom, P.; Nieland, J.D.; Nielsen, S.; et al.

Identification and characterization of potent and selective aquaporin-3 and aquaporin-7 inhibitors. J. Biol. Chem. 2019, 294,
7377–7387. [CrossRef] [PubMed]

33. Jelen, S.; Wacker, S.; Aponte-Santamaria, C.; Skott, M.; Rojek, A.; Johanson, U.; Kjellbom, P.; Nielsen, S.; de Groot, B.L.; Rutzler, M.
Aquaporin-9 protein is the primary route of hepatocyte glycerol uptake for glycerol gluconeogenesis in mice. J. Biol. Chem. 2011,
286, 44319–44325. [CrossRef] [PubMed]

https://doi.org/10.3390/ijms23031388
https://doi.org/10.1007/978-981-19-7415-1_13
https://www.ncbi.nlm.nih.gov/pubmed/36717495
https://doi.org/10.1189/jlb.2AB0116-045R
https://www.ncbi.nlm.nih.gov/pubmed/27256569
https://doi.org/10.1016/j.cell.2015.03.021
https://doi.org/10.3389/fimmu.2024.1495206
https://doi.org/10.1096/fj.11-186627
https://doi.org/10.3389/fimmu.2018.02355
https://doi.org/10.1007/s00018-020-03708-3
https://doi.org/10.3389/fimmu.2022.900906
https://doi.org/10.1007/s12033-025-01382-z
https://doi.org/10.3390/ijms25021209
https://doi.org/10.1097/ALN.0b013e31820ca911
https://www.ncbi.nlm.nih.gov/pubmed/21427539
https://doi.org/10.1186/s12967-016-1079-2
https://www.ncbi.nlm.nih.gov/pubmed/27871297
https://doi.org/10.1097/SHK.0000000000000218
https://www.ncbi.nlm.nih.gov/pubmed/24978896
https://doi.org/10.3390/cells10020435
https://doi.org/10.1038/ncomms8454
https://doi.org/10.1038/srep15319
https://doi.org/10.1038/srep25781
https://doi.org/10.1097/ALN.0000000000002560
https://doi.org/10.1007/s00415-024-12452-8
https://doi.org/10.3389/fneur.2025.1559172
https://doi.org/10.1007/978-981-19-7415-1_22
https://www.ncbi.nlm.nih.gov/pubmed/36717504
https://doi.org/10.1074/jbc.RA118.006083
https://www.ncbi.nlm.nih.gov/pubmed/30862673
https://doi.org/10.1074/jbc.M111.297002
https://www.ncbi.nlm.nih.gov/pubmed/22081610


Cells 2025, 14, 880 20 of 20

34. Florio, M.; Engfors, A.; Gena, P.; Larsson, J.; Massaro, A.; Timpka, S.; Reimer, M.K.; Kjellbom, P.; Beitz, E.; Johanson, U.; et al.
Characterization of the Aquaporin-9 Inhibitor RG100204 In Vitro and in db/db Mice. Cells 2022, 11, 3118. [CrossRef]

35. Calamita, G.; Gena, P.; Ferri, D.; Rosito, A.; Rojek, A.; Nielsen, S.; Marinelli, R.A.; Fruhbeck, G.; Svelto, M. Biophysical assessment
of aquaporin-9 as principal facilitative pathway in mouse liver import of glucogenetic glycerol. Biol. Cell 2012, 104, 342–351.
[CrossRef]

36. da Silva, I.V.; Garra, S.; Calamita, G.; Soveral, G. The Multifaceted Role of Aquaporin-9 in Health and Its Potential as a Clinical
Biomarker. Biomolecules 2022, 12, 897. [CrossRef]

37. Evenas, J.; Larsson, J.; Dreisch, K. US20190127360—Compounds for Modulating Aquaporins. Available online: https://
patentscope.wipo.int/search/en/detail.jsf?docId=US241661753&_cid=P10-KRUCZT-24131-1 (accessed on 2 May 2019).

38. Opstrup, K.V.; Christiansen, G.; Birkelund, S. Beta-lactam induced morphological changes in serum of extended-spectrum
beta-lactamase-producing Klebsiella pneumoniae blood isolates. Microbes Infect. 2023, 25, 105036. [CrossRef]

39. Rump, K.; Spellenberg, T.; von Busch, A.; Wolf, A.; Ziehe, D.; Thon, P.; Rahmel, T.; Adamzik, M.; Koos, B.; Unterberg, M.
AQP5-1364A/C Polymorphism Affects AQP5 Promoter Methylation. Int. J. Mol. Sci. 2022, 23, 11813. [CrossRef]

40. Rump, K.; Brendt, P.; Frey, U.H.; Schafer, S.T.; Siffert, W.; Peters, J.; Adamzik, M. Aquaporin 1 and 5 expression evoked by
the beta2 adrenoreceptor agonist terbutaline and lipopolysaccharide in mice and in the human monocytic cell line THP-1 is
differentially regulated. Shock 2013, 40, 430–436. [CrossRef]

41. Iriyama, N.; Yuan, B.; Yoshino, Y.; Hatta, Y.; Horikoshi, A.; Aizawa, S.; Takeuchi, J.; Toyoda, H. Aquaporin 9, a promising predictor
for the cytocidal effects of arsenic trioxide in acute promyelocytic leukemia cell lines and primary blasts. Oncol. Rep. 2013, 29,
2362–2368. [CrossRef]

42. Sugiyama, Y.; Ota, Y.; Hara, M.; Inoue, S. Osmotic stress up-regulates aquaporin-3 gene expression in cultured human ker-
atinocytes. Biochim. Biophys. Acta 2001, 1522, 82–88. [CrossRef] [PubMed]

43. Wu, X.; Zhang, Y.; Yi, F.; Geng, Z.; Guo, M.; Ling, X.; Li, J.; Li, L. Anti-inflammatory and barrier repair mechanisms of active
components in Daemonorops draco Bl. for UVB-induced skin damage. Sci. Rep. 2025, 15, 17124. [CrossRef]

44. Dahinden, C.; Fehr, J. Granulocyte activation by endotoxin. II. Role of granulocyte adherence, aggregation, and effect of
cytochalasin B, and comparison with formylated chemotactic peptide-induced stimulation. J. Immunol. 1983, 130, 863–868.
[CrossRef]

45. Moon, C.; Rousseau, R.; Soria, J.C.; Hoque, M.O.; Lee, J.; Jang, S.J.; Trink, B.; Sidransky, D.; Mao, L. Aquaporin expression in
human lymphocytes and dendritic cells. Am. J. Hematol. 2004, 75, 128–133. [CrossRef]

46. Karlsson, T.; Glogauer, M.; Ellen, R.P.; Loitto, V.M.; Magnusson, K.E.; Magalhaes, M.A. Aquaporin 9 phosphorylation mediates
membrane localization and neutrophil polarization. J. Leukoc. Biol. 2011, 90, 963–973. [CrossRef]

47. Loitto, V.M.; Huang, C.; Sigal, Y.J.; Jacobson, K. Filopodia are induced by aquaporin-9 expression. Exp. Cell Res. 2007, 313,
1295–1306. [CrossRef]

48. Tanaka, M.; Yasui, M.; Hara-Chikuma, M. Aquaporin 3 inhibition suppresses the mitochondrial respiration rate and viability of
multiple myeloma cells. Biochem. Biophys. Res. Commun. 2023, 676, 158–164. [CrossRef]

49. Holm, A.; Magnusson, K.E.; Vikstrom, E. Pseudomonas aeruginosa N-3-oxo-dodecanoyl-homoserine Lactone Elicits Changes in
Cell Volume, Morphology, and AQP9 Characteristics in Macrophages. Front. Cell Infect. Microbiol. 2016, 6, 32. [CrossRef]

50. Adamzik, M.; Frey, U.H.; Bitzer, K.; Jakob, H.; Baba, H.A.; Schmieder, R.E.; Schneider, M.P.; Heusch, G.; Peters, J.; Siffert, W. A
novel-1364A/C aquaporin 5 gene promoter polymorphism influences the responses to salt loading of the renin-angiotensin-
aldosterone system and of blood pressure in young healthy men. Basic Res. Cardiol. 2008, 103, 598–610. [CrossRef]

51. da Silva, I.V.; Soveral, G. Aquaporins in Immune Cells and Inflammation: New Targets for Drug Development. Int. J. Mol. Sci.
2021, 22, 1845. [CrossRef]

52. Meli, R.; Pirozzi, C.; Pelagalli, A. New Perspectives on the Potential Role of Aquaporins (AQPs) in the Physiology of Inflammation.
Front. Physiol. 2018, 9, 101. [CrossRef] [PubMed]

53. Hara-Chikuma, M.; Chikuma, S.; Sugiyama, Y.; Kabashima, K.; Verkman, A.S.; Inoue, S.; Miyachi, Y. Chemokine-dependent T cell
migration requires aquaporin-3-mediated hydrogen peroxide uptake. J. Exp. Med. 2012, 209, 1743–1752. [CrossRef] [PubMed]

54. Lindskog, C.; Asplund, A.; Catrina, A.; Nielsen, S.; Rutzler, M. A Systematic Characterization of Aquaporin-9 Expression in
Human Normal and Pathological Tissues. J. Histochem. Cytochem. 2016, 64, 287–300. [CrossRef] [PubMed]

55. Taihi, I.; Nassif, A.; Berbar, T.; Isaac, J.; Berdal, A.; Gogly, B.; Fournier, B.P. Validation of Housekeeping Genes to Study Human
Gingival Stem Cells and Their In Vitro Osteogenic Differentiation Using Real-Time RT-qPCR. Stem Cells Int. 2016, 2016, 6261490.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/cells11193118
https://doi.org/10.1111/boc.201100061
https://doi.org/10.3390/biom12070897
https://patentscope.wipo.int/search/en/detail.jsf?docId=US241661753&_cid=P10-KRUCZT-24131-1
https://patentscope.wipo.int/search/en/detail.jsf?docId=US241661753&_cid=P10-KRUCZT-24131-1
https://doi.org/10.1016/j.micinf.2022.105036
https://doi.org/10.3390/ijms231911813
https://doi.org/10.1097/SHK.0000000000000035
https://doi.org/10.3892/or.2013.2388
https://doi.org/10.1016/S0167-4781(01)00320-7
https://www.ncbi.nlm.nih.gov/pubmed/11750058
https://doi.org/10.1038/s41598-025-01289-4
https://doi.org/10.4049/jimmunol.130.2.863
https://doi.org/10.1002/ajh.10476
https://doi.org/10.1189/jlb.0910540
https://doi.org/10.1016/j.yexcr.2007.01.023
https://doi.org/10.1016/j.bbrc.2023.07.053
https://doi.org/10.3389/fcimb.2016.00032
https://doi.org/10.1007/s00395-008-0750-z
https://doi.org/10.3390/ijms22041845
https://doi.org/10.3389/fphys.2018.00101
https://www.ncbi.nlm.nih.gov/pubmed/29503618
https://doi.org/10.1084/jem.20112398
https://www.ncbi.nlm.nih.gov/pubmed/22927550
https://doi.org/10.1369/0022155416641028
https://www.ncbi.nlm.nih.gov/pubmed/27026296
https://doi.org/10.1155/2016/6261490

	Introduction 
	Materials and Methods 
	Aquaporin Inhibitors 
	Blood Collection and Serum Isolation 
	Polymorphonuclear, Neutrophil Granulocyte, and PBMC Isolation 
	Total RNA Extraction and RT-qPCR Analysis 
	Immunofluorescence 
	Detection of IgG Antibodies to K. pneumoniae in Human Serum 
	Methylene Blue Staining of Bacterial Phagocytosis in Human Blood 
	Flow Cytometry Analysis of Bacterial Phagocytosis 
	Klebsiella Pneumoniae HA391 Survival Assay 
	Transwell Assay of Cell Migration 
	Statistical Analysis 

	Results 
	Expression and Localization of AQP3 and AQP9 in Human Leukocytes 
	Inhibition of AQP3 or AQP9 Do Not Impair the White Blood Cell Phagocytosis and Killing of the Gram-Negative Pathogen Klebsiella pneumoniae 
	Selective Inhibition of AQP3 and AQP9 Reduces Cell Migration of PBMCs and Neutrophils 

	Discussion 
	Conclusions 
	References

