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ABSTRACT Phagocytosis is the key mechanism for host control of Pseudomonas
aeruginosa, a motile Gram-negative, opportunistic bacterial pathogen which fre-
quently undergoes adaptation and selection for traits that are advantageous for
survival. One such clinically relevant adaptation is the loss of bacterial motility,
observed within chronic infections, that is associated with increased antibiotic
tolerance and phagocytic resistance. Previous studies using phagocytes from a leu-
kocyte adhesion deficiency type 1 (LAD-I) patient identified CD18 as a putative cell
surface receptor for uptake of live P. aeruginosa. However, how bacterial motility al-
ters direct engagement with CD18-containing integrins remains unknown. Here we
demonstrate, with the use of motile and isogenic nonmotile deletion mutants of
two independent strains of P. aeruginosa and with CRISPR-generated CD18-deficient
cell lines in human monocytes and murine neutrophils, that CD18 expression facili-
tates the uptake of both motile and nonmotile P. aeruginosa. However, unexpect-
edly, mechanistic studies revealed that CD18 expression was dispensable for the ini-
tial attachment of the bacteria to the host cells, which was validated with ectopic
expression of complement receptor 3 (CR3) by CHO cells. Our data support that sur-
face N-linked glycan chains (N-glycans) likely facilitate the initial interaction of bacte-
ria with monocytes and cooperate with CD18 integrins in trans to promote internal-
ization of bacteria. Moreover, talin-1 and kindlin-3 proteins promote uptake, but not
binding, of P. aeruginosa by murine neutrophils, which supports a role for CD18 in-
tegrin signaling in this process. These findings provide novel insights into the cellu-
lar determinants for phagocytic recognition and uptake of P. aeruginosa.
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Phagocytosis of bacteria by neutrophils and macrophages is the primary means of
immune control and clearance of Pseudomonas aeruginosa, a motile opportunistic

Gram-negative pathogen responsible for acute and chronic infections (1–3). Over the
course of chronic infections, P. aeruginosa undergoes adaptation and selection of
certain traits, such as the temporal transition from a motile to a nonmotile phenotype
through the loss of flagellar swimming motility (4–8). This progressive loss of motility
confers increased phagocytic resistance and antibiotic tolerance and promotes bacte-
rial persistence (9–12). Therefore, there is ongoing interest in the cellular determinants
for effective phagocytosis of P. aeruginosa with a particular focus on cell surface
receptors that mediate the host-pathogen interactions. Several types of receptors have
been implicated in innate immune host responses to P. aeruginosa. Notably, several of
the Toll-like receptors (TLRs) are critical for inflammatory responses to P. aeruginosa but
do not mediate the binding and uptake of the bacteria (13). To date, the only
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phagocytic cell surface receptor with genetic evidence to support that it is critical for
uptake of P. aeruginosa is CD18, the common subunit of �2 integrins (14, 15). However,
direct interactions between �2 integrins and P. aeruginosa, and how bacterial motility
may modulate these interactions, have yet to be described.

�2 integrins are heterodimeric type I transmembrane proteins composed of a
common � subunit (CD18) and an � subunit (CD11a through CD11d). Leukocyte
adhesion deficiency type I (LAD-I) is a disease caused by mutations in the gene that
encodes the CD18 protein (ITGB2), thus affecting �2 integrin function due to total
absence or low surface expression of �2 integrins on leukocytes. Since �2 integrins are
critical for the recruitment of neutrophils in response to bacterial infections, including
those caused by P. aeruginosa, LAD-I patients suffer from recurrent and life-threatening
bacterial infections (16–18). �2 integrins appear to have dual roles in mediating
responsiveness to bacterial infections. First, they facilitate adhesion and migration of
neutrophils to the sites of infections (19). Second, independent of migration, in vitro
studies of phagocytic cells from a patient with LAD-I demonstrated that complement
receptor 3 (CR3) (CD18/CD11b) facilitates nonopsonic phagocytosis of some P. aerugi-
nosa strains; uptake of other strains was dependent on interactions with CD14 (a
glycosylphosphatidylinositol [GPI]-anchored glycoprotein) (14, 20). In agreement with
the initial findings, Wilson et al. subsequently showed that murine neutrophils deficient
in CD18 expression were impaired in phagocytosis of heat-killed P. aeruginosa (15).

The initial step in recognition and phagocytic uptake of P. aeruginosa is cell surface
interactions of the bacteria with phagocytes. We previously showed that nonmotile
bacteria evade these interactions and therefore impair the ability of macrophages and
neutrophils to bind and consequently phagocytose them (9, 10). Importantly, in the
current work, we are guided by previous research on bacterial association with epithe-
lial cells which determined that P. aeruginosa can bind directly to negatively charged
N-linked glycan chains (N-glycans) on epithelial cell surfaces (21, 22). However, the
relationship between N-linked glycosylation moieties and CD18 expression for host-
bacterial (phagocyte-P. aeruginosa) interactions is not currently known.

Based on the aforementioned LAD data, the original premise of these studies was to
determine how bacterial motility altered direct bacterial engagement with CD18-
containing integrins. To do so, we employed CRISPR-generated CD18-deficient cell lines
of human monocytes and murine neutrophils and, with the use of two independent
strains of P. aeruginosa with genetically regulated motility, evaluated whether CD18-
dependent uptake of P. aeruginosa was modulated by bacterial swimming motility.
Quantitative phagocytosis assays revealed that the uptake of both motile and nonmo-
tile P. aeruginosa was dependent on CD18 expression by human monocytes and murine
neutrophils. However, surprisingly, mechanistic studies using complementary flow
cytometry and cytotoxicity assays identified that CD18 expression on monocytes was
dispensable for binding of bacteria by phagocytes, and this observation was validated
with ectopic expression of CR3 by CHO cells. These disparate observations regarding
the roles of CD18 for binding versus phagocytosis were subsequently reconciled by our
data that surface N-glycans likely mediate the initial interaction of bacteria with
monocytes and cooperate with CD18 (in trans) to promote uptake of bacteria. These
data were validated by evidence that CD18 integrin activation on murine neutrophils
is required for the uptake, but not binding, of P. aeruginosa in murine neutrophils.
These findings expand our current understanding of the interactions of P. aeruginosa
bacteria with phagocytic cells that functionally result in bacterial uptake and clearance.

RESULTS
CD18 expression is required for the uptake of motile and nonmotile P. aerugi-

nosa by phagocytes. Our lab’s previous findings showed that loss of flagellar swim-
ming motility by P. aeruginosa, regardless of flagellar expression, confers in vitro and in
vivo resistance (�100-fold) to phagocytic clearance (9, 10). Based on previous findings
(14, 15), we hypothesized that the expression of the �2 integrin, CD18, is necessary for
binding and internalization of P. aeruginosa, with the role of CD18 expression on the
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uptake of nonmotile P. aeruginosa unknown. To evaluate the functional effect of the
loss of CD18 expression on phagocytic uptake of P. aeruginosa, we performed quanti-
tative gentamicin protection phagocytic assays with THP-1 human monocytic cell lines.
Genetic deletion of CD18 was achieved through CRISPR-Cas9 targeting and verified by
Western blotting for CD18 protein (Fig. 1, inset). Phagocytosis of swimming-
competent PA14 wild type (WT) and PAO1 WT was diminished in THP-1 cells lacking
CD18 expression (Fig. 1A and B). Interestingly, PA14 motABmotCD (have flagella but lack
motility) and PAO1 fliC (flagellin structural gene) strains also exhibited decreases in their
phagocytic uptake by CD18-deficient cells compared to wild-type cells (Fig. 1A and B).
These findings were recapitulated by an independent CD18 knockout THP-1 cell line
generated through CRISPR gene editing (data not shown). These data suggest that the
effect of CD18 on phagocytosis may be broadly applicable to motile and nonmotile P.
aeruginosa and that the effect is independent of flagellar expression.

To determine whether the described findings are exclusive to human THP-1 mono-
cytes or represent a widespread mechanism applicable to neutrophils, we tested the
ability of CD18-deficient murine neutrophils (generated by CRISPR targeting) to phago-
cytose motile and nonmotile P. aeruginosa (15). Neutrophils were obtained by differ-
entiating conditionally immortalized murine myeloid progenitors with granulocyte
colony-stimulating factor and stem cell factor (23), and we confirmed that more than
80% of the cells expressed the murine neutrophil marker Ly6G (15). Murine neutrophils
recapitulated the outcomes derived with the THP-1 cells, such that motile and non-
motile bacteria were internalized to a much lower extent by CD18-deficient cells
(Fig. 1C and D). Importantly, these findings demonstrate that CD18 mechanistically

FIG 1 CD18-deficient phagocytes exhibit impaired phagocytosis of motile and nonmotile P. aeruginosa.
THP-1 human monocytic cell line WT and CD18 KO were assayed for relative in vitro phagocytosis of PA14
WT or motABmotCD (A) and PAO1 WT or fliC bacteria (B) by gentamicin protection assay at an MOI of 10,
as indicated. Murine neutrophils (WT or CD18 KO), differentiated from conditionally immortalized
myeloid progenitors, were assayed for relative in vitro phagocytosis of PA14 WT or motABmotCD (C) and
PAO1 WT or fliC bacteria (D) by gentamicin protection assay at an MOI of 10, as indicated. Phagocytic
uptake levels were normalized as percentages of respective mean WT THP-1 or murine neutrophil
phagocytosis. All data are analyzed using one-way ANOVA with Tukey’s post hoc analyses and are
representative of at least two independent biological experiments (n � 4). ***, P � 0.0005 compared to
WT cell type.
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contributes to the phagocytosis of both motile and nonmotile P. aeruginosa and has
broad applicability to phagocytic cells across multiple cell types and species.

Cell surface association of P. aeruginosa with human monocytes is indepen-
dent of CD18 expression. Based on the observation that CD18 deficiency leads to
decreased internalization of P. aeruginosa, we hypothesized that CD18 expression
facilitates association with the bacteria and that, therefore, loss of CD18 would reduce
the total association of bacteria by phagocytic cells. We quantitatively assessed the
total cell surface association of the bacteria with human monocytes using complemen-
tary assays: (i) fluorescence-activated cell sorter (FACS) analyses, and (ii) bacterial type
III secretion system (T3SS)-induced cytotoxicity, which is dependent upon interaction of
the bacteria with the cell surface but not upon phagocytic uptake (24). We have
previously demonstrated that nonmotile bacteria elicit less cytotoxicity by virtue of less
cellular association, but both nonmotile and motile PA14 bacteria are equally capable
of T3SS activity (9, 24). Consistent with previous data (9, 10), green fluorescent protein
(GFP)-expressing PA14 WT and PAO1 bacteria exhibited significantly greater association
with wild-type THP-1 cells than PA14 motABmotCD and PAO1 fliC (Fig. 2A and B).
Intriguingly, infection of CD18-deficient cells resulted in similar bacterial association, as
observed with CD18-expressing (wild-type) monocytes, and this outcome was observed
with both motile and nonmotile P. aeruginosa (Fig. 2A and B). As an independent
validation of the association data, wild-type and CD18-deficient monocytes infected
with PA14 (WT) exhibited equivalent levels of cytotoxicity as measured by lactate
dehydrogenase (LDH) release. This contrasted with the lower but comparable cytotox-
icity in both cell lines infected with PA14 motABmotCD (Fig. 2C). These data suggest
that cell surface association of bacteria to monocytes and the resulting cytotoxicity are
independent of CD18 expression, supporting that initial bacterial interactions with the
cells that result in phagocytosis are independent of CD18.

P. aeruginosa association to THP-1 cells is mediated by N-glycans. In order to
mechanistically elucidate the cell surface interaction between P. aeruginosa and THP-1
monocytes, we examined the relationship between N-glycosylation and CD18 for
bacterial association to phagocytes. WT and CD18-deficient THP-1 cells were pretreated
with tunicamycin, which blocks N-glycosylation of newly synthesized proteins prior to
FACS analyses of bacterial association and quantitation of infection-elicited cytotoxicity.
Inhibition of N-glycosylation with tunicamycin treatment induced a 50% reduction of
N-glycans and reduced PA14 WT and PAO1 WT bacterial association with THP-1 WT
cells, which is consistent with data derived from studies on epithelial cells (Fig. 3A and
B) (21, 22). Importantly, we observed a similar decrease in bacterial association with
CD18-deficient cells treated with tunicamycin (Fig. 3A and B). Taken together, these

FIG 2 Infection of CD18-deficient cells with bacteria elicits comparable bacterial association and cytotoxicity to WT cells.
Flow cytometry to assay relative association of GFP-expressing PA14 WT or motABmotCD (A) or GFP-expressing PAO1 WT
or fliC bacteria (B) with THP-1 WT or CD18 KO cells at 2 h postinfection (MOI of 25). The data are normalized to the mean
fluorescence intensity (MFI) of uninfected THP-1 cells (set to 1,000). (C) Cytotoxicity of THP-1 WT or CD18 KO following
infection with PA14 WT or motABmotCD (MOI of 25) was assayed using the LDH assay. Release of LDH into the culture
supernatants was measured at 2 h postinfection. All data are analyzed using one-way ANOVA with Tukey’s post hoc
analyses and are representative of at least two independent biological experiments (n � 4). ***, P � 0.0005; *, P � 0.05; ns,
not significant compared to WT cell type.
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data demonstrate that bacterial binding of cell surface N-glycosylation is likely inde-
pendent of the CD18 integrin and is acting in trans with the CD18 complex to mediate
internalization.

CR3 expression on CHO cells is insufficient for bacterial association. One
possibility that was considered, with respect to our previous data, was that there were
sufficient alternative receptor binding sites remaining on the CD18-deficient THP-1 cells
such that the observed binding deficit upon loss of CD18 was masked. Therefore, we
asked whether CR3 expression, including CD18, was sufficient to mediate bacterial
binding. To do so, we tested whether ectopic expression of CR3 (CD11b/CD18) by CHO
epithelial cells, which do not express any canonical phagocytic receptors, would be
sufficient to promote the association of bacteria. We confirmed robust CR3 surface
expression on CHO-CR3 cells by staining with anti-CD11b antibodies (Fig. 3C) and
coincubated the cells with GFP-expressing bacteria prior to FACS analyses. The same
cell lines had previously been used, with the same methodology (GFP-expressing
bacteria), to demonstrate measurable CR3-dependent binding of Borrelia burgdorferi as
well as zymosan (25, 26). Association of PAO1 WT and PA14 WT bacteria to cells with
or without CR3 expression was equivalent (Fig. 3D). This supports that CR3 expression
alone is insufficient to facilitate bacterial association. Overall, these data give us insight
into productive cell surface interactions during P. aeruginosa infection of human
monocytes, where bacterial ligands are initially recognized by and bind to N-glycans,
which cooperate with CD18 integrin complexes to drive internalization.

FIG 3 N-glycans mediate P. aeruginosa association to THP-1 cells, and CR3 overexpression on CHO cells does not promote
bacterial association. Relative association of GFP-expressing PAO1 WT (A) or PA14 WT (B) (MOI of 25 at 2 h postinfection)
to THP-1 WT or CD18 KO cells without, or after, treatment of cells with 1 �g/ml tunicamycin. The data are normalized to
the mean fluorescence intensity (MFI) of uninfected THP-1 cells analyzed by flow cytometry (set to 1,000). (C) Flow
cytometry of Chinese hamster ovary (CHO) and CHO-CR3 (CD11b/CD18) cells stained with anti-human CD11b antibody.
CHO is represented in blue and CHO-CR3 in magenta. (D) Relative association of GFP-expressing PAO1 WT or PA14 WT
bacteria with CHO and CHO-CR3 cells, quantitatively measured by FACS analyses. The data are normalized to the mean
fluorescence intensity (MFI) of uninfected CHO cells (set to 1,000). All data are analyzed using one-way ANOVA with Tukey’s
post hoc analyses and are representative of at least two independent biological experiments (n � 4). ***, P � 0.0005; **,
P � 0.005; *, P � 0.05; ns, not significant compared to WT cell type.
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Induction of inflammatory gene expression is regulated by P. aeruginosa
infection but not by CD18 expression. If CD18 expression controlled differential
engagement of bacteria with phagocyte cell surfaces, concurrently, we would expect
differential downstream inflammatory responses in CD18-deficient cells. However,
based on our data on cell surface association (Fig. 2 and 3), we hypothesized that loss
of CD18 expression would not significantly alter the transcriptional profiles in the
context of infection. Therefore, we evaluated whether CD18 was required for control-
ling RNA expression of various downstream inflammatory genes in response to P.
aeruginosa infection. We employed NanoString to find the top transcript differences
between uninfected or infected (PA14 WT) THP-1 monocytes and CD18-deficient cells.
As an important internal control, ITGB2, the gene that encodes the CD18 protein, was
not expressed in the knockout cell lines (Fig. 4). Interestingly, we observed that
anticipated inflammatory responses were dependent on P. aeruginosa infection but not
on the expression of CD18. For instance, chemokine and cytokine receptor binding and
activity were identified by gene ontology as some of the common molecular functions
regulated by PA14 WT infection. In this regard, RNA expression of chemokines and
cytokines such as interleukin-8 (IL-8), tumor necrosis factor (TNF), and NFKB2 was
upregulated postinfection in wild-type monocytes (Fig. 4). In contrast, expression of
receptors such as CCR2, HLA-B, and IL1RAP was downregulated postinfection (Fig. 4).
However, for all of the aforementioned molecular pathways, similar transcription
profiles were observed in CD18-expressing and -deficient cells following infection with
PA14 WT (Fig. 4). Therefore, these results do not support that inflammatory responses
dependent upon bacterial association with the cell are facilitated by CD18 expression.

CD18 integrin signaling is necessary for uptake and association of P. aerugi-
nosa by murine neutrophils. Next, we extended our studies with murine neutrophils
to elucidate the role of the integrin-associated signaling complex for binding and
uptake of P. aeruginosa. Talin and kindlin are intracellular proteins that play a major role

FIG 4 CD18 expression is dispensable for controlling mRNA levels of inflammatory genes in the context
of P. aeruginosa infection. Top transcript differences between THP-1 WT and CD18 KO either uninfected
or infected with PA14 WT bacteria (MOI of 25, set up in triplicates) using the PanCancer immune profiling
panel for gene expression. The raw count expression data were analyzed using nSolver analysis software
(NanoString). Heat map analysis shows the most highly expressed genes in red and the least highly
expressed genes in blue, as shown in the legend.
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in the regulation of integrin affinity. Integrin affinity is controlled by intracellular signal
transduction (inside-out signaling) that triggers interaction between talin-1 and
kindlin-3 proteins with distinct binding motifs in the short cytosolic tail of the �2
integrin (27). These interactions induce structural changes that eventually modulate the
ligand-binding affinity of the headpiece (27). To test whether P. aeruginosa binding and
uptake require signaling through talin-1 and kindlin-3, murine neutrophils deficient for
those proteins were employed for FACS analyses and phagocytosis assays (15). Indeed,
we observed a significant reduction in the total association (cell surface-bound and
internalized bacteria) of GFP-expressing PA14 WT and PAO1 WT bacteria with murine
neutrophils lacking talin-1, kindlin-3, and CD18 (Fig. 5A and B). Moreover, as expected,
there was a significant decrease in the association of PA14 motABmotCD and PAO1 fliC
compared to their respective motile wild-type strains (PA14 and PAO1 WT) in WT
murine neutrophils. Rigorous uptake assays, quantitating only phagocytosed bacteria,
recapitulated the outcomes of the total association experiments in that internalization
of all strains tested required talin and kindlin activities (Fig. 5C and D). Thus, the total
association deficit observed in the talin, kindlin, and CD18-deficient cell lines could
either be due to deficiencies in both bacterial binding and uptake or is simply reflective
of the phagocytic deficit. In order to resolve this, we also quantitatively measured the

FIG 5 CD18 integrin signaling is required for phagocytosis of P. aeruginosa by murine neutrophils. Flow
cytometry to assay relative total association of GFP-expressing PA14 WT or motABmotCD (A) or GFP-
expressing PAO1 WT or fliC bacteria (B) with murine neutrophils (WT, talin KO, kindlin KO, or CD18 KO) at
2 h postinfection (MOI of 25). Murine neutrophils (WT, talin KO, or kindlin KO) were assayed for relative in
vitro phagocytosis of PA14 WT or motABmotCD (C) and PAO1 WT or fliC bacteria (D) by gentamicin
protection assay at an MOI of 10, as indicated. Phagocytic uptake levels were normalized as percentages of
respective mean WT phagocytosis. (E and F) Relative association of GFP-expressing PA14 WT or PAO1 WT
(MOI of 25 at 45 min postinfection) to murine neutrophils (WT, talin KO, kindlin KO, or CD18 KO) without,
or after, treatment of cells with 10 �M cytochalasin D (cytoD). The neutrophils were preincubated with
cytoD for 30 min at 37°C prior to infection with bacteria. All flow cytometry data are normalized to the mean
fluorescence intensity (MFI) of uninfected murine neutrophils (set to 1,000). All data are analyzed using
one-way ANOVA with Tukey’s post hoc analyses and are representative of at least two independent
biological experiments (n � 4). ***, P � 0.0005; **, P � 0.005; *, P � 0.05; ns, not significant.
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binding of bacteria (bound bacteria) to cells, which is the initial step of phagocytosis.
To rigorously assess binding rather than total association, we treated cells with cy-
tochalasin D (cytoD), an inhibitor of actin polymerization, prior to incubation with
bacteria and the subsequent FACS analyses. CytoD blocks phagocytosis; hence, only
cell surface-bound bacteria, in the absence of internalized bacteria, contribute to the
observed outcome. For all the cellular genotypes treated with cytoD, we observed
equivalent binding of GFP-expressing PA14 WT and PAO1 WT bacteria to neutrophils
(Fig. 5E and F). Therefore, this suggests that the deficits in the total association of
bacteria to kindlin, talin, and CD18-deficient cells were reflective of the phagocytic
defect. Importantly, these data strongly support that the mechanism of internalization,
but not binding, of P. aeruginosa by murine neutrophils requires CD18 integrin signal-
ing through talin-1 and kindlin-3.

Internalization of P. aeruginosa by murine neutrophils is mediated by CD18 but
not CD11b alone. Based on our observations that CD18 expression is required for
uptake of P. aeruginosa by murine neutrophils, we wanted to study the effect of
antibody blockade on bacterial internalization. Therefore, we pretreated wild-type and
CD18-deficient murine neutrophils with GAME-46, a blocking antibody specific to CD18,
and performed bacterial phagocytosis and binding/association assays. Functional
blocking of CD18 in wild-type neutrophils resulted in diminished uptake of PA14 WT
and PAO1 WT (Fig. 6A and B), which phenocopied CD18-deficient neutrophils. As a
control, CD18-deficient neutrophils treated with the CD18-blocking antibody exhibited
no effect on phagocytosis (Fig. 6A and B). Additionally, since CR3 (CD11b/CD18) is a
possible candidate for phagocytosis of P. aeruginosa, among other bacteria (14, 28, 29),
we decided to use a blocking antibody (M1/70) against CD11b, the alpha subunit which
contains the ligand-binding domain. Unexpectedly, inhibition of CD11b did not abro-
gate uptake of PA14 WT or PAO1 WT P. aeruginosa, suggesting that CD11b interactions
are insufficient for phagocytosis in murine neutrophils (Fig. 6C and D). Finally, we
measured the binding and total association of bacteria to neutrophils in the presence
or absence of the CD18-blocking antibody (GAME-46) and cytoD. Consistent with the
phagocytosis phenotype, CD18 blocking decreased the total association of PAO1 WT
bacteria with wild-type cells, whereas binding of bacteria was unaffected regardless of
blocking CD18 (Fig. 6E). These data demonstrate that CD18 is required for phagocytosis
of P. aeruginosa by murine neutrophils.

DISCUSSION

P. aeruginosa is a motile bacterium that requires functional flagellar motility to
initially establish an infection and colonize a host (30, 31). Indeed, P. aeruginosa
mutants that lack flagella are often impaired in virulence in acute infection models (32).
While flagellar motility is an early colonization factor, clinical isolates recovered from
patients with chronic respiratory infections consistently demonstrate progressive loss
of flagellar motility due to downregulation or mutation (7, 8). This observed alteration
in bacterial phenotype is likely reflective of both the bacterial response to its environ-
ment and the selective pressure of phagocytes preferentially clearing motile bacteria.
In this respect, phagocytes utilize swimming motility, a function of flagellar rotation, to
recognize bacteria for internalization (9, 10). Specifically, previous work in our lab
illustrated that bacterial flagellar motility facilitates engagement between the cell
surface of the phagocyte and bacteria, which promotes subsequent uptake. The key
mechanism of host control of P. aeruginosa is bacterial clearance by phagocytic cells
(neutrophils and macrophages) (2). Therefore, we investigated the cellular determi-
nants of phagocytic recognition of P. aeruginosa. In particular, we addressed the role of
cell surface CD18-containing integrin complexes in mediating the differential interac-
tions with motile and nonmotile P. aeruginosa.

CD18-containing integrins, including LFA-1 (CD11a/CD18), CR3 (CD11b/CD18), and
CR4 (CD11c/CD18), are well characterized to mediate cellular activation, adhesion, and
subsequent migration (16). CD18 complexes and CR3 in particular have also been
recognized as important pattern recognition and phagocytic receptors for different
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pathogens. CR3 has been shown to mediate the internalization of bacteria in the
presence (opsonic) or absence (nonopsonic) of complement-derived opsonins (iC3b)
(29, 33, 34). Here, we report that CD18 expression on human monocytes and murine
neutrophils is required for nonopsonic uptake of motile and nonmotile strains of P.
aeruginosa. Nonopsonic phagocytosis is critical for host control during the early stages
of infections and especially in sites with low levels of opsonins or opsonic receptors
such as the lung (14, 35, 36). Based on previous data derived with the use of cells from
a patient with the genetic condition LAD-I, which conveyed the initial indication that
loss of CD18 expression reduces cellular uptake of P. aeruginosa, we anticipated that
CD18 expression on phagocytes would be required for direct interactions with bacterial
ligands. Unexpectedly, using complementary assays that evaluate bacterial interactions
with phagocyte cell surfaces, our studies indicate that the CD18 receptors do not
directly engage P. aeruginosa to facilitate uptake. With murine neutrophils, we ob-
served a significant phagocytic deficit and decreased total cellular association of
bacteria as a result of CD18 deficiency. However, we observed equivalent binding of
bacteria to the CD18-deficient murine phagocytes. Likewise, with the THP-1 human
monocytic cell line, we observed a significant phagocytic deficit but unaltered binding
of bacteria by CD18-deficient cells. In validation of this observation, T3SS-induced

FIG 6 Antibody blocking of CD18 but not CD11b is sufficient to reduce bacterial internalization of P. aeruginosa in murine
neutrophils. Murine neutrophils (WT or CD18 KO) were assayed by gentamicin protection assay for relative in vitro
phagocytosis of PA14 WT, PA14 motABmotCD (inset), or PAO1 WT (MOI of 10) in the presence of 10 �g/ml of GAME-46
CD18-blocking antibody (A and B) and M1/70 CD11b-blocking antibody (C and D) with the respective isotype controls (as
indicated). The neutrophils were pretreated with the antibodies for 15 min on ice. Phagocytic uptake levels were
normalized as percentages of respective mean WT phagocytosis. (E) Relative association of GFP-expressing PAO1 WT (MOI
of 25 at 45 min postinfection) to murine neutrophils (WT or CD18 KO) in the absence or presence of 10 �g/ml GAME-46
and 10 �M cytoD. The neutrophils were preincubated with GAME-46 and cytoD for 30 min at 37°C prior to infection. The
data are normalized to the mean fluorescence intensity (MFI) of uninfected murine neutrophils analyzed by flow cytometry
(set to 1,000). All data are analyzed using one-way ANOVA with Tukey’s post hoc analyses and are representative of at least
two independent biological experiments (n � 4). ***, P � 0.0005; *, P � 0.05; ns, not significant.
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cytotoxicity and downstream inflammatory responses, which depend on interactions of
bacteria with the cell surface, were independent of CD18 expression. These data
support that bacterial binding to phagocytes is likely not facilitated by CD18 and that
the decrease in total association in murine neutrophils was reflective of the larger
uptake deficit rather than a binding phenotype. We considered that phagocytes have
many binding sites and putative receptors to which P. aeruginosa could bind, thus
potentially masking a quantitative binding deficit in CD18 knockout cells. Therefore, we
tested CHO cells that do not express any canonical phagocytic receptors in comparison
to CHO-CR3 cells which ectopically express CR3. These assays directly address whether
CR3 mediates bacterial association, and the outcomes further support that CR3 expres-
sion is dispensable for P. aeruginosa binding and cytotoxicity.

We were guided by previous reports with respect to what cell surface molecules
mediate the initial interaction of P. aeruginosa with monocytes to subsequently pro-
mote CD18-dependent internalization. N-linked glycan chains (N-glycans) of glycopro-
teins, which are prominent cell surface-exposed structures (with long carbohydrate
chains), are reported to be necessary for P. aeruginosa binding, entry, and elicited
cytotoxicity at the apical surface of polarized epithelium (21, 22). Additionally, we
previously demonstrated that exogenous addition of the polyphosphoinositides PIP3
and PIP2 induced cell surface binding and uptake of nonmotile P. aeruginosa (37).
Therefore, we speculated that both motile and nonmotile P. aeruginosa may bind to
negatively charged molecules on the cell surface, with N-glycans prioritized as logical
candidate ligands. Our results illustrate that inhibition of N-glycosylation in THP-1
phagocytic cells that either express or do not express CD18 resulted in a reduction in
bacterial association. Importantly, these data suggest that N-glycans are required and
likely cooperate with CD18 integrins in trans to mediate uptake of P. aeruginosa;
N-glycan-dependent binding in the CD18-deficient cells excludes that it is covalently
associated glycans on CD18 that facilitate the interaction. In vitro binding assays in
heterologous systems have revealed that P. aeruginosa preferentially binds to a mixture
of complex N-glycans over single sugars, possibly recognizing specific ordered combi-
nations of sugar sequences (21). In addition to N-glycoproteins, it is worth noting that
heparan sulfate proteoglycans (HSPGs) were also shown to mediate P. aeruginosa
binding and downstream events, including internalization and cell damage at the
basolateral surface of the polarized epithelium (21, 22). Thus, future discovery of the
identity of the glycoprotein receptors and specificity of the functional glycans on
phagocytic cells that mediate initial productive interactions with P. aeruginosa will be
very informative.

We observed that CD18 uses a canonical signaling pathway via the intracellular
proteins talin-1 and kindlin-3 to promote uptake but not binding of P. aeruginosa by
murine neutrophils. This further supports that the ability of integrins to signal and to
activate are key steps for phagocytosis of P. aeruginosa bacteria. Antibody-blocking
experiments in murine neutrophils revealed that CD18 is required, but the coreceptor
CD11b, which contains the ligand-binding domain, is dispensable for the uptake of P.
aeruginosa. This suggests a possible redundant function for CD11b in our system.

As previously noted, CD18-containing integrins function as phagocytic receptors for
a variety of bacterial pathogens. Some examples of CR3-mediated phagocytosis of
iC3b-opsonized bacteria include opsonized Staphylococcus aureus (33, 34, 38), Franci-
sella tularensis (39), and Escherichia coli (38). However, CR3 has also been reported to
facilitate the nonopsonic phagocytosis of various bacteria, including P. aeruginosa (14,
15, 40). Interestingly, van Bruggen et al. demonstrated that, with the use of LAD-I
neutrophils and monoclonal antibodies against CD18 or CD11b in healthy human
neutrophils, expression of CD18 and CD11b is necessary for the uptake of nonop-
sonized Salmonella enterica serovar Typhimurium but not for the opsonic uptake of the
same bacterium (29). Thus, there may be value in revisiting previous reports that
illustrate the interaction of CR3 with various bacterial species based on phagocytic
assays to test whether glycosylation is required and possibly cooperates with CD18
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integrins for bacterial internalization as observed with the studies herein of P. aerugi-
nosa.

In summary, we have identified distinct roles for CD18 integrins expressed by
phagocytes for the internalization of motile and nonmotile P. aeruginosa, but not the
initial attachment of the bacteria to the host cells. We showed that N-glycans serve as
cell surface ligands to facilitate integrin-mediated uptake of P. aeruginosa, with subse-
quent integrin signaling required for internalization of the bacteria. As discussed, this
study provides a new understanding of the mechanisms by which integrins contribute
to the binding and phagocytosis of P. aeruginosa, and these insights may have broad
implications for host interactions with, and clearance of, other bacterial species.

MATERIALS AND METHODS
Bacteria. P. aeruginosa strains of the PAO1 and PA14 backgrounds were kindly provided by D. Hogan

and G. O’Toole (Dartmouth Medical School, Hanover, NH) and have been previously described and
published (9, 41), and the PAO1 fliC and PA14 motABmotCD mutants have been complemented (41, 42).
Bacterial strains expressing green fluorescent protein (GFP) were generated by transformation as
previously described (10). Bacteria were cultured overnight at 37°C and subsequently subcultured to
log-phase growth for 2 h in Luria-Bertani broth (LB), and the concentrations were determined by optical
density at 600 nm.

Cells. Guides targeting the ITGB2 gene in the THP-1 human monocytic cell line were selected using
the Benchling software. The single guide RNA sequences targeting ITGB2 (5= to 3=) are CACTGCTCGCC
CTGGTGGGG and GCCGGGAATGCATCGAGTCG (data not shown). Guides were then cloned into the
lentiCRISPR v2 lentiviral vector following the Zhang lab protocol (43). Lentivirus for each targeting
construct was made by transfecting 293HEK cells in a 10-cm plate with 3 �g pMD2.G, 2 �g psPAX2, and
1 �g of targeting plasmid (plasmids were a gift from the Zhang lab). Lentiviral supernatant was collected
at 72 h and used to infect THP-1 cells by spinfection at 2,500 rpm with 1:1,000 Polybrene. Selection was
carried out over 2 weeks by exposing cells to 0.75 �g/ml of puromycin, and cells lacking surface
expression of the CD18 protein were selected using the FACSAria III cell sorter.

Conditionally immortalized murine myeloid progenitors deficient in CD18, talin-1, or kindlin-3
expression were generated by CRISPR/Cas9 targeting of ITGB2, Tln1, or Fermt3 genes, respectively, and
were validated by Western blotting or FACS analyses (15). Neutrophils were obtained by differentiating
progenitors with 20 ng/ml granulocyte colony-stimulating factor and 20 ng/ml recombinant murine stem
cell factor and removing 4-hydroxytamoxifen (23).

CHO and CHO-CR3 cells overexpressing human CR3 (CD11b/CD18) were kindly provided by R. Ingalls
(Boston University) (26), validated herein for receptor cell surface expression by flow cytometry and
previously validated for ligand-binding capability (25, 26).

Gentamicin protection assay. Phagocytosis of live bacteria was performed as previously described
(44). A total of 2.5 � 105 nonadherent phagocytic cells were incubated with the indicated bacterial
genotype (multiplicity of infection [MOI] of 10) in serum-free Hanks balanced salt solution (HBSS; Corning
Cellgro, Manassas, VA) for 45 min at 37°C, followed by incubation with 100 �g/ml gentamicin for 20 min
at 37°C. The cells were then washed twice with HBSS and lysed with 500 �l 0.1% Triton X-100 solution
in 1� phosphate-buffered saline (PBS; HyClone Laboratories, Logan, UT). Lysates were plated on LB
plates and incubated overnight at 37°C. For phagocytosis assays, recovered CFU on LB plates are
represented as the percentage of mean WT bacterial phagocytosis to quantitatively compare relative
phagocytosis.

For antibody-blocking studies, 2.5 � 105 murine neutrophils were preincubated with 10 �g/ml of
GAME-46 CD18-blocking antibody (catalog no. sc-19624; Santa Cruz Biotechnology), 10 �g/ml M1/70
CD11b-blocking antibody (catalog no. sc-23937; Santa Cruz Biotechnology), or the respective isotype
controls for 15 min on ice before infection with specified bacterial strains (MOI of 10).

FACS-based bacterial association assay for fluorescent bacteria. Phagocytes (human THP-1 cells
or murine neutrophils) were incubated with GFP-expressing PA14 WT, PA14 motABmotCD, PAO1 WT, and
PAO1 fliC bacterial strains (MOI of 25) for 45 min or 2 h at 37°C (as indicated) to measure total bacterial
association (9, 10). THP-1 WT or CD18 knockout (KO) cells were incubated in the absence or presence of
1 �g/ml tunicamycin for 24 h at 37°C and 5% CO2 prior to infection with P. aeruginosa. For experiments
assessing bacterial binding to phagocytes, murine neutrophils were preincubated with 10 �M cytocha-
lasin D (cytoD; Enzo Life Sciences) for 30 min at 37°C before being coincubated with bacteria. As specified
in the figure legend, neutrophils were pretreated with GAME-46 and cytoD for 30 min at 37°C prior to
infection. FACS analyses were subsequently used to quantitatively measure the association of fluorescent
bacteria with the bone marrow-derived dendritic cells (BMDCs), with nonassociated bacteria excluded by
gating on scatter. In order to combine data derived from multiple independent experiments, the
fluorescence values from each experiment were normalized to the mean fluorescence intensity (MFI) of
uninfected BMDCs (set to 1,000).

LDH assay. Human THP-1 cells (2.5 � 105 cells) were infected with subcultured bacteria at an MOI of
25 in a total volume of 300 �l HBSS for 2 h at 37°C. The CytoTox kit (Promega) was used according to
the manufacturer’s protocol to measure lactate dehydrogenase (LDH) release from cell-free supernatants,
representing cytotoxicity. Percent cytotoxicity is measured using the following formula: (A490 sample �
A490 negative control)/(A490 positive control � A490 negative control) � 100, where A490 stands for

CD18-Mediated Phagocytosis of P. aeruginosa Infection and Immunity

May 2020 Volume 88 Issue 5 e00011-20 iai.asm.org 11

https://iai.asm.org


absorbance at 490 nm, negative control is uninfected cells, and positive control is lysed cells (maximum
LDH release).

NanoString analysis. THP-1 WT and CD18 KO were either left uninfected or infected with PA14 WT
bacteria (MOI of 25, set up in triplicates) for 3 h at 37°C. After RNA extraction, we compared the
transcriptional profiles in the context of CD18 deficiency and P. aeruginosa infection using the PanCancer
immune profiling panel for gene expression. The raw count expression data were analyzed using nSolver
analysis software (NanoString). Briefly, raw counts were normalized to positive control probes, which
recognize mRNAs spiked in with the samples at the time of analysis to control for sample application
differences and the geometric mean of manufacturer-defined housekeeping genes, followed by log2

transformation. A cutoff was then chosen (with standard deviation based on comparison) for most
differentially expressed genes among all four groups. Heat map analysis shows the most highly
expressed genes in red and the least highly expressed genes in blue.

Statistical analyses. Means � standard deviations (SDs) derived from multiple independent exper-
iments, with technical replicates, are shown for each graph. Sample sizes for each experiment are noted
in the figure legends. As indicated, unpaired Student’s t test with Welch’s correction or one-way analysis
of variance (ANOVA) with Tukey’s post hoc analyses was performed using Prism 8.2.1 to determine
statistical significance of the data. Statistical significance is represented in figures by asterisks.
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