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Abstract

Neutrophils are essential for host defense against Staphylo-
coccus aureus infections. Although significant progress has
been made, our understanding of neutrophil interactions
with S. aureus remains incomplete. To provide a more com-
prehensive view of this process, we investigated phagocyto-
sis and killing of S. aureus by human neutrophils using varied
assay conditions in vitro. A greater percentage of bacteria
were internalized by adherent neutrophils compared to
those in suspension, and, unexpectedly, uptake of S. aureus
by adherent neutrophils occurred efficiently in the absence
of opsonins. An antibody specific for S. aureus promoted up-
take of unopsonized bacteria in suspension, but had little or
no capacity to enhance phagocytosis of S. aureus opsonized
with normal human serum or by adherent neutrophils. Col-
lectively, these results indicate that assay conditions can
have a significant influence on the phagocytosis and killing
of S. aureus by neutrophils. More importantly, the results
suggest a vaccine approach directed to enhance opsono-
phagocytosis alone is not sufficient to promote increased
killing of S. aureus by human neutrophils. With the emer-

gence and reemergence of antibiotic-resistant microorgan-
isms, establishing parameters that are optimal for studying
neutrophil-S. aureus interactions will pave the way towards
developing immune-directed strategies for anti-staphylo-
coccal therapies. ©2014 S. Karger AG, Basel

Introduction

Polymorphonuclear leukocytes (PMNs) or neutro-
phils are the most prominent cellular component of in-
nate immunity and are recruited rapidly to the site of in-
fection by host- and microbe-derived chemotactic fac-
tors. Phagocytosis is typically aided by complement and
antibody (Ab) receptors present on the cell surface [1].
Following phagocytosis, microbes are exposed to reactive
oxygen species and antimicrobial peptides, which effec-
tively kill and digest most microorganisms [2]. Indeed, it
is well known that neutrophils are essential for host de-
fense against Staphylococcus aureus infections [3]. On the
other hand, S. aureus is a prominent cause of community
bacterial infections worldwide, and, thus, the pathogen
has significant capacity to circumvent killing by neutro-
phils and other phagocytic cells [4]. This immune evasion

© 2014 S. Karger AG, Basel
1662-811X/14/0065-0639$39.50/0

KARGER

E-Mail karger@karger.com
www.karger.com/jin

Dr. Frank R. DeLeo

Rocky Mountain Laboratories, NTAID/NIH
903 South 4th Street

Hamilton, MT 59840 (USA)

E-Mail fdeleo @ niaid.nih.gov


http://dx.doi.org/10.1159%2F000360478

attribute is confounded by the high prevalence of antibi-
otic resistance in S. aureus [e.g., as with methicillin-resis-
tant S. aureus (MRSA)], a major problem for treatment of
infections. Therefore, enhanced understanding of neu-
trophil-S. aureus interactions is important for the devel-
opment of immune-based therapies designed to prevent
or moderate S. aureus infections [5].

Previous studies, some performed many years ago [6],
investigated the contribution of host serum Ab and com-
plement to neutrophil phagocytosis of S. aureus. Phago-
cytosis of S. aureus by neutrophils can occur in the ab-
sence of these opsonins [7-10], but the process is more
efficient with opsonized microorganisms [11]. Therefore,
it seems logical that past efforts to develop a vaccine
against S. aureus have largely been directed to enhance
opsonophagocytosis [12, 13]. These vaccine candidates
promote opsonophagocytosis in vitro and confer protec-
tion in animal infection models, but human clinical trials
utilizing these molecules have met previously with little
or no success [14]. One possible explanation for this dis-
connect (that between the experimental systems and hu-
man clinical trials) is that opsonophagocytosis assays and
mouse infection models do not faithfully mimic condi-
tions in humans. Notably, the mouse is naive and lacks
specific Ab to S. aureus. Therefore, previous vaccine ap-
proaches directed to enhance opsonophagocytosis work
well in the mouse because it lacks preexisting opsonic Ab.
By comparison, all humans have specific (opsonic) Ab to
S. aureus and/or generate an immune response to S. au-
reus because of previous exposure. Thus, addition of ad-
ditional opsonic Ab in human neutrophil assays in vitro
is not likely to have a major effect on opsonophagocytosis,
although it is possible that uptake is influenced by assay
conditions. A systematic approach to testing the impact
of assay conditions in vitro on human neutrophil phago-
cytosis of S. aureus has not been conducted. Here, we test-
ed the hypothesis that opsonophagocytosis and opsono-
phagocytic killing of S. aureus by human neutrophils in
vitro are highly influenced by assay conditions. Further-
more, we investigated whether the ability of normal hu-
man sera to promote opsonophagocytosis can be en-
hanced by addition of rabbit Ab specific for S. aureus.

Methods

Bacterial Strain and Culture

S. aureus strain LAC (a pulsed-field type USA300 strain) [15,
16] was grown overnight in trypticase soy broth (BD Biosciences).
Overnight cultures of S. aureus were diluted 1:200 in fresh trypti-
case soy broth. S. aureus were cultured at 37°C with shaking (220
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r.p.m.) to mid-exponential (ODgqp = 0.7) or stationary (ODgg =
2.0) phase of growth, at which time they were washed with phos-
phate-buffered saline (PBS). Bacteria were opsonized using 1, 3, or
50% autologous human serum or 50% pooled human serum
(pooled from 5 blood donors) by incubating at 37°C for 30 min
with gentle agitation, washed twice with PBS, and resuspended in
RPMI 1640 medium (Invitrogen) buffered with 10 mM HEPES
(RPMI/H, pH 7.2). Freeze-thawed serum was prepared by freezing
fresh serum aliquots at -80°C and subsequently thawing at room
temperature. Serum-opsonized bacteria were used immediately
for experiments.

Ab Production and Purification

S. aureus strains MW2 [17], LAC [15, 16], MRSA252 [18],
Newman [19], COL [20], and N315 [21] were grown to mid-expo-
nential (ODgg = 0.7) and early stationary (ODgqo = 2.0) phases of
growth. Colony-forming units (CFUs; 1.7 x 10%) of each strain
were heat-killed at 95°C for 5 min. All strains were combined and
washed once with PBS. Killed bacteria were suspended in 2.5 ml
PBS and mixed 1:1 with complete Freund’s adjuvant and emulsi-
fied. New Zealand white female rabbits (n = 6) were given subcu-
taneous injections of the S. aureus cocktail containing 10° killed
bacteria in Freund’s adjuvant every 4 weeks for 20 weeks. Serum
was collected 2 weeks after the first boost (6 weeks after the first
immunization) and then every 4 weeks thereafter. Twenty-two
weeks following the first immunization, sera were harvested and
pooled, and used for the current studies. Ab was purified using the
Pearl IgG purification kit (G Biosciences). The anti-S. aureus poly-
clonal rabbit antiserum (aS. aureus), or purified Ab, recognized
multiple surface S. aureus proteins by immunoblot analysis and
bound intact S. aureus as assessed by immunofluorescence micros-
copy (data not shown). Production of Ab in rabbits was approved
by the Institutional Animal Care and Use Committee, Rocky
Mountain Laboratories, National Institute of Allergy and Infec-
tious Diseases. The studies conformed to the guidelines of the Na-
tional Institutes of Health.

Isolation of Human PMNs

Human neutrophils were isolated from heparinized venous
blood of healthy donors using dextran sedimentation and Ficoll-
Hypaque gradient centrifugation as described previously [22].
This work was performed in accordance with a protocol approved
by the Institutional Review Board for Human Subjects, National
Institute of Allergy and Infectious Diseases. All human subjects
gave informed consent prior to participation in the study. Purity
of PMN preparations and cell viability were determined by flow
cytometry (FACSCalibur, BD Biosciences) as described previously
[22]. Using this method, cell preparations typically contain ap-
proximately 98-99% granulocytes — primarily neutrophils with
~2-5% eosinophils.

Binding (Association) of S. aureus with Human PMNs

S. aureus strain LAC was cultured to mid-exponential phase of
growth and suspended in RPMI/H to 10 CFU/ml; 100 pl of bac-
teria were combined with 900 pl human heparinized blood in a
1.5-ml tube and rotated gently at 37°C for the indicated time
points. At desired times, samples were prepared on microscope
slides and stained with Wright-Giemsa. To determine the associa-
tion of bacteria with isolated adherent neutrophils, neutrophils
were allowed to adhere to serum-coated coverslips for 15 min at
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room temperature. Bacteria were combined with neutrophils at a
1:1 CFU:PMN ratio and centrifuged at 524 g for 8 min at 4°C.
Samples were then incubated at 37°C for the indicated times, at
which point coverslips were washed with PBS to remove unbound
bacteria, and cells were stained with Wright-Giemsa and evaluated
as described below. Alternatively, neutrophils and bacteria (1:1
CFU:PMN ratio) were combined in a 1.5-ml tube and rotated gen-
tly at 37°C for the indicated time points. To remove the majority
of unbound bacteria, supernatant was removed after centrifuga-
tion (110 g, 4°C, 5 min). The resulting pellet containing bacteria-
associated neutrophils was resuspended in RPMI/H. Slides were
prepared from cell pellets using a CytoSpin (Thermo Shandon Cy-
toSpin 4) and they were subsequently stained with Wright-Giem-
sa. For assays with adherent PMNs or those in suspension, 50 cells
per time point per treatment from random fields were scored for
associated bacteria by using a light microscope.

Phagocytosis of S. aureus by Human PMNs

For assays with adherent PMNs, synchronized phagocytosis
was performed as described previously [22-24]. In general, bacte-
ria were washed in PBS and opsonized with 1, 3, or 50% autologous
or pooled normal human serum as indicated at 37°C for 30 min.
Bacteria were washed with PBS and resuspended at the desired
concentration in RPMI/H. Human neutrophils were aliquoted at
the desired concentration in tissue culture plates precoated with
normal human serum to prevent PMN activation. Neutrophils
were allowed to adhere to the assay plate for 15 min at room tem-
perature before addition of bacteria. Bacteria were added to the
desired wells and assay plates were then centrifuged at 524 g for
8 min and 4°C to synchronize phagocytosis.

For assays with PMNs in suspension, human neutrophils and
bacteria were combined in 1.5-ml tubes and incubated at 37°C for
up to 1 h with gentle rotation. At each time point, the contents of
the tubes were transferred to plates containing coverslips and cen-
trifuged at 524 g for 8 min at 4°C. A ratio of 1 or 10 CFU per PMN
was used for experiments as indicated. PMNs were allowed to in-
gest S. aureus for the indicated times at 37°C.

Bactericidal Activity Assay

For measurement of S. aureus survival after phagocytic interac-
tion with adherent neutrophils, opsonized or unopsonized bacte-
ria were combined with PMN at a ratio of 1:1 or 10:1 (CFU:PMN
ratio) as indicated in 96-well flat-bottom microtiter plates (pre-
coated with human serum and then washed extensively). Plates
were centrifuged at 456 g for 7 min to synchronize phagocytosis,
and samples were incubated at 37°C for up to 120 min as indicat-
ed. For measurement of S. aureus survival after interaction with
neutrophils in suspension, PMNs in RPMI/H were combined with
opsonized or unopsonized bacteria and incubated at 37°C for up
to 120 min with gentle rotation. At the desired time points, saponin
(22 pl of a 1% solution, 0.1% final concentration) was added to each
well or tube, the contents were mixed, and the plates or tubes were
incubated on ice for 15 min. Bacteria were subsequently passaged
through a 25-gauge blunt-end needle (to disperse cell clumps) and
plated on LB agar.

Surviving bacteria were enumerated the following day. Percent
survival was calculated by comparing the numbers of surviving
bacteria to those at t = 0 with the equation: (CFUpyn at #/CFUpyn_
at f,) x 100.

Phagocytosis and Killing of S. aureus by
Human Neutrophils

Immunofluorescence Microscopy

Coverslips were washed with nitric acid, flamed with ethanol,
and coated with 100% normal human serum in 24-well tissue cul-
ture plates for 1 h. Coverslips were washed twice with PBS and 3 x
10° PMNs were centrifuged (456 g) onto coverslips to facilitate
adherence. Cells were fixed in 4% paraformaldehyde for 30 min on
ice, washed three times in PBS, and incubated in blocking buffer
(5% goat serum in PBS) for 30 min at room temperature.

To stain uningested bacteria, PMN were incubated with a 1:100
dilution of aS. aureus (described above) for 1 h at room tempera-
ture. Cells were subsequently washed three times with blocking
buffer and stained with AlexaFluor 594 conjugated to goat anti-
rabbit Ab (Molecular Probes, Life Technologies No. A11012) for 1
h at room temperature. After three washes in PBS, cells were fixed
and permeabilized with 1:1 methanol:acetone for 10 min at -20°C.
After three more washes in PBS, PMNs were incubated with aS.
aureus (1:100 dilution) in blocking buffer for 1 h at room temper-
ature. Cells were subsequently washed three times with blocking
buffer and counterstained with AlexaFluor 488 conjugated to goat
anti-rabbit Ab (Molecular Probes, Life Technologies No. A11008)
for 1 h at room temperature. Phagocytosis for each condition was
scored on a fluorescence microscope by counting bacteria associ-
ated with 50 PMNs from random fields of view. Percent internal-
ized bacteria were determined using the following equation: [(bac-
teriagreen — bacteriareq)/bacteriagreen] x 100 = bacteriainernalized-

To quantify CD63-positive phagosomes, PMNs were fixed with
300 pl 4% paraformaldehyde on ice for 30 min and permeabilized
with 1:1 methanol:acetone for 10 min at -20°C. PMN were incu-
bated subsequently for 1 h at room temperature with a 1:1,000 di-
lution of mouse anti-human CD63 (BD Pharmingen). After three
washes in blocking buffer, cells were stained with AlexaFluor 488
goat anti-mouse Ab (1:1,000 dilution; Molecular Probes, Life
Technologies). PMNs were stained with 4',6-diamidino-2-phenyl-
indole (300 nM in PBS, Molecular Probes, Life Technologies) prior
to mounting coverslips onto slides. PMNs were scored for CD63-
positive phagosomes by counting 50 cells from random fields.

Statistical Analyses

Five independent experiments were performed for each assay.
Data were evaluated using one-way analysis of variance and
Tukey’s or Dunnett’s post hoc test as indicated (GraphPad Prism
5; GraphPad Software).

Results

Factors or Conditions That Influence Phagocytosis of

S. aureus

To better understand the factors or conditions in vitro
that are optimal for phagocytosis of S. aureus by human
neutrophils, we tested the impact of the bacteria/PMN
ratio, S. aureus growth phase, freezing/thawing of human
serum used for opsonization, opsonization with autolo-
gous versus pooled human serum, and assays with neu-
trophils in suspension versus those that are adherent on
neutrophil phagocytosis (fig. 1). Although previous stud-
iesreported conditions that can impact neutrophil phago-
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Fig. 1. Phagocytosis of S. aureus by human PMNs. a-d Adherent  gle) or pooled from 5 donors (Pooled) (c), LAC opsonized with
PMNs (Adh.) or those in suspension (Susp.) were incubated with  fresh normal human serum (0x), serum freeze-thawed once (1x)
S. aureus strain LAC and phagocytosis of bacteria was determined  or five times (5x) (d). Bacteria were opsonized with 50% serum (d),
by fluorescence microscopy. Assays were performed using a  or 0 (not opsonized), 1, 3 or 50% serum as indicated (e, f). b-
CFU:PMN ratio of 1:1 or 10:1 (a), with LAC cultured to mid-log-  f Assays were performed using a CFU:PMN ratio of 1:1. Data rep-
arithmic (ODgg = 0.7) or stationary phase (ODgg = 2.0) of growth  resent the mean of 5 independent experiments + SEM. * p < 0.001
(b), LAC opsonized with normal serum from 1 human donor (Sin- ~ PMN adherence vs. suspension assays. FT = Freeze-thaw cycle.
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Fig. 2. Bactericidal activity of human PMN toward S. aureus.
a-e PMNs in suspension were incubated with S. aureus strain LAC
and bactericidal activity was determined as described in the Meth-
ods. Assay conditions are identical to those described in the legend
of figure 1. d Significant physical dispersion of bacterial clumps

cytosis of S. aureus [7-9], only one of the conditions test-
ed here influenced uptake of S. aureus by human neutro-
phils (see below; fig. 1). This finding is somewhat
unexpected, since the repertoire and expression of S. au-
reus surface proteins that could impact phagocytosis are
different at stationary and mid-exponential phases of
growth. Moreover, multiple freeze-thaw cycles might be
predicted to decrease effectiveness of serum opsonins,
which, in turn, could impact phagocytosis [25]. Nonethe-
less, there was no difference in neutrophil uptake of S.
aureus opsonized with fresh serum or serum that had
been repeatedly frozen and thawed (fig. 1¢, e, f).

In contrast, there was a significant difference in phago-
cytosis of S. aureus between neutrophils in suspension
and those that were adherent (fig. 1). Approximately 40%
of the bacteria associated with the neutrophils in suspen-
sion were internalized by 10 min, but this level of S. au-

Phagocytosis and Killing of S. aureus by
Human Neutrophils

and cell aggregates by using a 25-gauge flat-end needle. Assays
were performed using a CFU:PMN ratio of 1:1 unless indicated
otherwise. Data represent the mean of 5 independent experiments
+ SEM. * p < 0.05.

reus uptake did not increase significantly over time (for
up to 60 min). By comparison, the level of phagocytosis
by adherent neutrophils increased over time (phagocyto-
sis was ~80% by 60 min; fig. 1). The observation that
more bacteria were ingested by adherent neutrophils
compared with those in suspension is consistent with the
idea that adherent neutrophils are ‘primed’ for enhanced
phagocytosis, results also in accordance with previous
studies [7-9].

Bactericidal Activity of Neutrophils in Suspension

We next determined if the phagocytosis results with
neutrophils in suspension were mirrored by bactericidal
activity. Although on average there was a difference in
bacterial survival among some of the conditions tested,
the differences were not statistically significant with a few
exceptions (fig. 2). Notably, >80% of the initial S. aureus
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inoculum was recovered from all conditions tested except
for bacteria cultured to the stationary phase of growth
(recovery of CFUs was 61.5 + 15.2%) and conditions in
which cells were not dispersed by needle aspiration (63.5
+ 15.0%). A number of previous studies have reported
significant killing (range of ~35-88%) of S. aureus by
neutrophils in suspension within 60 min, albeit the assay
conditions varied considerably [26-31]. Our initial re-
sults were consistent with these previous studies, but the
reduction in CFUs was largely attributed to cell aggrega-
tion rather than killing of S. aureus, since aspiration and
dispersion of samples with a 25-gauge needle significant-
ly increased the number of CFUs recovered (fig. 2d).
Therefore, we used a 25-gauge needle to disaggregate all
assay contents after solubilization in 1% saponin. Aggre-
gation of S. aureus and neutrophils - especially serum-
opsonized S. aureus — in such assays is often not addressed
and is a potential confounding factor that must be con-
sidered [32].

The apparent discordance between phagocytosis
(~40-50%) and S. aureus survival (280%) in suspension
assays might be explained by at least two phenomena.
First, uningested bacteria are not counted in phagocytosis
assays but contribute to recovered CFUs in the survival
assays. Second, a significant percentage of ingested S. au-
reus (30-50% for strain LAC) are not killed by neutro-
phils [15, 31, 33]. In aggregate, these results suggest
phagocytosis and killing of S. aureus by neutrophils in
suspension — presumably akin to those in the blood-
stream - are largely ineffective or inefficient under the
conditions tested. That said, we previously demonstrated
that neutrophils in human venous blood bind and/or in-
gest S. aureus, and that these bacteria ultimately cause
neutrophil lysis [34]. The binding of S. aureus with PMNs
in blood was verified here, as >90% (92.6 + 1.4%) of neu-
trophils in human venous blood had bound and/or in-
gested S. aureus by 5 min (data not shown). These obser-
vations provide strong support to the idea that factors
present in whole blood, likely molecules produced by oth-
er cell types or those in plasma, enhance neutrophil bind-
ing to S. aureus — conditions not fully reproduced by as-
says with purified neutrophils.

Serum Opsonization and Neutrophil Phagocytosis

It is well known that serum opsonins promote phago-
cytosis of S. aureus by neutrophils [35, 36]. Indeed, bind-
ing and uptake of opsonized S. aureus by human neutro-
phils in suspension was significantly greater than that
with unopsonized bacteria (e.g., association of S. aureus
with neutrophils at 60 min was 62.5 + 4.4% for opsonized
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S. aureus compared with 42.2 + 5.7% for unopsonized
bacteria) (fig. 3a, b). In contrast, binding and phagocyto-
sis of S. aureus was similar between opsonized and unop-
sonized adherent neutrophils (e.g., at 60 min 96.6 + 1.1%
and 94.3 £ 2.2% of adherent neutrophils were associated
with opsonized and unopsonized S. aureus, respectively)
(fig. 3a, b). These latter results were reflected in general
by bacterial survival, since S. aureus survival was signifi-
cantly reduced over time following phagocytosis by ad-
herent neutrophils (serum opsonized or unopsonized)
(fig. 3e). Collectively, these data indicate that serum op-
sonization of S. aureus enhances phagocytosis by neutro-
phils in suspension, which is consistent with previous
work [7, 8], but has no apparent impact on binding or
uptake of the pathogen by adherent neutrophils.

Neutrophil Granule-Phagosome Fusion after

Phagocytosis of S. aureus

We next determined whether the fusion of azurophilic
granules with S. aureus phagosomes was enhanced by op-
sonization or neutrophil adherence. There was very sim-
ilar - if not virtually identical — enrichment of CD63, a
protein present in the membranes of azurophilic granules
on phagosomes of adherent neutrophils following inges-
tion of opsonized or unopsonized USA300 (fig. 3f). No-
tably, 97-98% of these phagosomes were enriched with
CD63 by 60 min, indicating typical granule-phagosome
fusion after ingestion of S. aureus. The findings are in ac-
cordance with our previous results using adherent neu-
trophils and serum opsonized S. aureus [15]. In contrast,
there was limited enrichment of S. aureus phagosomes
with CD63 by neutrophils in suspension and very little
(or zero) with unopsonized bacteria (fig. 3f). These results
suggest that granule-phagosome fusion and thus neutro-
phil activation is limited in suspension conditions follow-
ing uptake of unopsonized S. aureus. This finding is per-
haps not surprising, since different agonists have differ-
ential capacity to elicit neutrophil degranulation (e.g., see
[37, 38] and more recently [39]), and activation by opso-
nized versus unopsonized bacteria proceeds in part
through distinct receptors. These findings, coupled with
limited phagocytosis by suspension neutrophils, provide
an explanation in part for the high level of S. aureus sur-
vival under these assay conditions (compare fig. 3e and f).

Anti-S. aureus Ab and Neutrophil Phagocytosis

To determine whether uptake of opsonized S. aureus
by neutrophils was mediated at least in part by specific
Ab, or if such Ab enhances uptake of S. aureus by neutro-
phils, we tested the ability of aS. aureus to promote opso-
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Fig. 3. Opsonization enhances uptake but not killing of S. aureus
by human PMNss in suspension. a Percentage of PMNs associated
with strain LAC was determined by light microscopy as described
in the Methods. Phagocytosis (b-d) and bactericidal activity (e) of
adherent PMNs (Adh.) or those in suspension (Susp.) were deter-
mined for opsonized (Ops.) and unopsonized S. aureus (Unop.).
f CD63-enriched S. aureus phagosomes were assessed using fluo-

Phagocytosis and Killing of S. aureus by
Human Neutrophils

rescence microscopy. Assays were performed using a CFU:PMN
ratio of 1:1. Data represent the mean of 5 or 10 independent ex-
periments + SEM as indicated. * p < 0.05 for phagocytosis using
adherent PMNs vs. those in suspension using either opsonized or
unopsonized bacteria. ** p < 0.05 for phagocytosis assays contain-
ing opsonized bacteria vs. unopsonized bacteria using either ad-
herent PMNs or those in suspension.
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nophagocytosis. For these experiments, we used rabbit
antiserum or purified rabbit IgG directed against 6 strains
of heat-killed S. aureus (from two separate phases of
growth) as described in the Methods. Notably, aS. aureus
failed to enhance uptake by adherent neutrophils, which
was >80% within 1 h (and therefore near maximum)
(fig. 4a). Consistent with this result, aS. aureus had no
impact on killing of S. aureus by adherent neutrophils
(fig. 4b).

In contrast, aS. aureus Ab significantly increased
phagocytosis of S. aureus by neutrophils in suspension
(e.g., uptake/internalization of bacteria increased from
0.7 £ 0.7% in the absence of specific Ab at 60 min to 55.9
+ 6.1% with aS. aureus) (fig. 4c). Although there was a
trend towards increased uptake of human serum-opso-
nized S. aureus following addition of aS. aureus (e.g.,
uptake increased from 36.3 + 9.2% with no exogenous
aS. aureus added to 49.5 + 2.0 and 61.8 + 6.3% using
1:1,000 and 1:100 dilutions of aS. aureus, respectively),
these results were not statistically significant. Moreover,
the level of phagocytosis with bacteria opsonized with
normal human serum alone (36.3 £ 9.2%) was not sig-
nificantly different than that with unopsonized bacteria
plus the highest concentration of aS. aureus (55.9 *
6.1%) (fig. 4c).
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Despite the enhanced aS. aureus-mediated uptake of
S. aureus by human neutrophils, there was no significant
difference in bacterial survival in the presence or absence
of aS. aureus (fig. 4d). The seeming inconsistencies with
suspension phagocytosis (increased with specific Ab) and
S. aureus survival (no increase) are explained above (see
text for fig. 2). The results with aS. aureus were mirrored
by assays that contained IgG purified from rabbit antisera
(aS. aureus) (fig. 5). These data suggest that the increased
phagocytosis of S. aureus by suspension neutrophils in
our assays was mediated primarily by Ab and not other
factors present in serum (fig. 5). Taken together, these
data provide evidence that aS. aureus has the capacity to
enhance suspension phagocytosis under specific condi-
tions.

Discussion

Whether humans develop immunity to S. aureus in-
fections is an often-debated topic. On the one hand, the
vast majority of individuals fail to develop serious or life-
threatening S. aureus infections during the course of their
lifetime. This is perhaps remarkable, considering the high
percentage of people who are permanently or intermit-

Lu/Porter/Kennedy/Kobayashi/DeLeo


http://dx.doi.org/10.1159%2F000360478

= S
N

£100[Unop. WMOPS. ¢ 1007 — £ 1004=7
Fig. 5. Purified Ab against S. aureus en- g 804 WSo o 2 2 NE & 04 1 l
hances uptake of bacteria. a, b aS. aureus or 2 ne it & 1 —* = Ns 3
aS. aureus IgG purified from rabbit serum ; 604 7 ns B8 604 g 60 -
(25 pg/ml final concentration) was added i 9 il %
to phagocytosis (a, b) or bactericidal activ- 2 40 N 404 S 40 4
ity (c) assays containing PMNs in suspen- ﬁ § *g
sion. The assays contained unopsonized S. S 201 £ 204 @ 201
aureus (Unop.) or serum opsonized bacte- z ol = odL | |
ria (Ops.) as indicated. Assays were per- 2 & W R
formed using a CFU:PMN ratio of 1:1. ) & ° &
Data represent the mean of 5 independent a IO L \(§° b c oo \q(’
experiments = SEM. * p < 0.05. NS = Non-
significant.

tently colonized with S. aureus [40]. On the other hand,
there is a relative high abundance of invasive S. aureus/
MRSA infections in health care facilities, and some indi-
viduals develop recurrent infections. One explanation for
these infections is that the individuals have risk factors for
infection, such as indwelling medical devices or immune
suppression [41]. Thus, they lack competent innate im-
munity and/or they fail to develop adaptive immunity to
S. aureus. Inasmuch as neutrophil phagocytosis and kill-
ing of bacteria are critical for host defense — especially
against S. aureus — enhancing these functions would be
an important step forward in our efforts to develop new
therapies to treat infections. Indeed, there have been sev-
eral recent efforts to develop a vaccine that promotes op-
sonophagocytosis of S. aureus, but none has been success-
ful in human clinical trials. To better understand the dis-
connect between positive outcomes in pre-clinical studies
and negative outcomes in human clinical trials, we inves-
tigated conditions in vitro that are optimal for phagocy-
tosis and killing of S. aureus by human neutrophils. It is
important to note that vaccine approaches directed to en-
hance opsonophagocytosis are distinct from those direct-
ed to neutralize secreted S. aureus molecules such as cy-
tolytic toxins or enterotoxins. Thus, our data bear only on
opsonophagocytosis approaches.

Notably, we found that phagocytosis and killing of
USA300 by adherent neutrophils was comparable (and
rapid) for serum opsonized or unopsonized bacteria.
These findings seem at variance with the notion that spe-
cific Ab is required for efficient uptake of S. aureus by
neutrophils. However, it is well known that neutrophils
primed by adherence have enhanced functions, including
phagocytosis [42], a phenomenon that likely explains the

Phagocytosis and Killing of S. aureus by
Human Neutrophils

rapid uptake of S. aureus in the absence of host opsonins.
It is also known that phagocytosis of unopsonized S. au-
reus can proceed through a number of previously de-
scribed receptor pathways, including those involving lec-
tin, protein, or hydrophobic interactions [43]. An impli-
cation of these findings is that an approach to enhance
opsonophagocytosis will be ineffective for infections in
which neutrophils are adherent - e.g., skin and soft tissue
infections.

In contrast, opsonization of S. aureus with human se-
rum enhanced phagocytosis by neutrophils in suspen-
sion, findings that corresponded with increased granule-
phagosome fusion using these conditions (fig. 3). These
findings are consistent with previous studies that have
demonstrated the ability of normal human serum, which
includes IgG and complement, to promote phagocytosis
in suspension [7, 8]. Despite this observation, there was
weak correlation between uptake of S. aureus and subse-
quent killing of bacteria by neutrophils in suspension
(fig. 3). Such disparity may be inherent to the assay read-
outs, since the bactericidal activity assay measures viable
bacteria (inside or outside of neutrophils), whereas the
phagocytosis assay evaluates only those bound and/or in-
gested by neutrophils.

In addition to priming by adherence as discussed
above, a key difference between assays with adherent neu-
trophils and those containing neutrophils in suspension
is with the kinetics of phagocytosis. For assays with ad-
herent neutrophils, phagocytosis is synchronized and the
majority of bacteria are internalized within the first 30
min after the start of the assay. In contrast, phagocytosis
of bacteria in suspension is asynchronous, and some bac-
teria will be taken up at different time points over the
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course of the assay period. Such a phenomenon may also
contribute to the noted difference in bactericidal activity
between the two types of assays.

In accordance with previous in vitro studies, we found
that Ab specific for S. aureus enhanced uptake of unop-
sonized bacteria and, at the highest Ab concentration, to
the level of ingestion conferred by normal human serum
[44-48]. However, anti-S. aureus Ab failed to increase
phagocytosis of serum-opsonized S. aureus significantly,
although there was a trend to increased uptake (fig. 4c,
5a). Collectively, these findings indicate that Ab specific
for S. aureus promotes phagocytosis under defined cir-
cumstances (suspension in the absence of serum opso-

nins), but the additive contribution of such Ab is limited
for phagocytosis in human serum. These findings should
be considered as the field moves forward in an effort to
develop a vaccine designed to moderate or prevent S. au-
reus infections.
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