
Human IgG isotypes and activating Fcc receptors in the interaction
of Salmonella enterica serovar Typhimurium with phagocytic cells

Introduction

Salmonella enterica threatens public health by causing a

spectrum of diseases such as typhoid and paratyphoid

fever, gastroenteritis in humans and similar diseases in

other animals.1 Salmonella enterica serovar Typhimurium

(S. Typhimurium) usually causes gastroenteritis in humans,

but is also a common cause of bacteraemia and sepsis in

immunocompromised individuals (such as those with

malaria and HIV-infected patients) and children, espe-

cially in developing countries.2–6 Increased drug resistance

and emergence of new multi-drug-resistant S. enterica

strains has rendered many antibiotics less effective against

the bacteria, resulting in increased morbidity and mortal-

ity in humans.6–10 Hence, vaccines are a desirable and

effective medical intervention for protection against sal-

monellosis. However, current vaccine development has

been impeded by the lack of understanding of the qualita-

tive requirements for a protective immune response

against S. enterica.

Salmonella enterica is a facultative intracellular pathogen

whose ability to grow and persist within phagocytes is a key

determinant for virulence.11–16 Although phagocytes pro-

vide an intracellular niche for the bacteria, they also form a

crucial component of the host immune response and medi-

ate bacterial killing through reactive oxygen intermediates,

and reactive nitrogen intermediates, phagolysosome fusion

and antimicrobial proteins (defensins).17–23

Immunoglobulin G antibodies, in addition to T-cell

receptor-ab+ CD4+ and CD8+ T cells, are essential for

resistance against enteric and septicaemic Salmonella

diseases in humans and animals.24 The requirement for

systemic antibody responses against such a facultative

intracellular pathogen can be explained considering that
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Summary

Several classes and multiple subclasses of immunoglobulins are produced

towards protein and polysaccharide antigens in response to Salmonella

infection and play a key role in protection against systemic disease. The

targeting of Salmonella to Fc receptors (FcR) on phagocytes is a key step

in the antibody-mediated antibacterial functions of host cells. We wished

to compare the relative efficiency of different human IgG subclasses,

which targeted the Salmonella enterica OmpA surface protein in modulat-

ing the interaction of bacteria with human phagocytes. To this end, we

developed a novel system by tagging OmpA with a foreign CD52 mimo-

tope (TSSPSAD) and opsonizing the bacteria with a panel of humanized

CD52 antibodies that share the same antigen-binding V-region, but have

constant regions of different subclasses. Our data revealed that opsoniza-

tion with all the IgG subclasses increases Salmonella uptake by human

phagocytes. IgG3 resulted in the highest level of bacterial uptake and the

highest average bacterial load per infected cell, which was closely followed

by IgG1, then IgG4 and lastly IgG2. Phagocytosis mediated by IgG1, IgG3

and IgG4 had a higher dependency on FccRI than FccRIIA, whereas

IgG2-mediated phagocytosis required FccRIIA more than FccRI. The

results show that IgG binding to OmpA increases the uptake of Salmo-

nella by human phagocytic cells and that the efficiency of this process

depends both on the subclass of the IgG and the type of FcR that is avail-

able for antibody binding.
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the release of S. enterica from infected cells is necessary

for the bacteria to spread and distribute to other areas to

establish new sites of infection.13,25 In enteric infections,

antibodies bind to bacteria in their transient extracellular

phase and enhance the antibacterial functions of phago-

cytes when the micro-organisms are recaptured by these

cells.

Bacteraemia can be a very serious consequence of

Salmonella infections with fatal outcomes especially in

young and immunocompromised individuals. Evidence

from laboratory models and from epidemiological obser-

vations in humans and other animals indicates a crucial

role for antibodies in protection against lethal septicaemic

infections.26,27 For example, circulating immunoglobulin

reduces or abrogates bacteraemia in animals by greatly

accelerating the clearance of the bacteria from the

blood.28 Rapidly evolving, often fatal, Salmonella septicae-

mias are prevalent in individuals with deficiencies in

humoral immunity and in younger children with a peak

of incidence between 6 and 24 months of age,27 which is

typical of those infections where immunoglobulins play a

prominent role in protection. It is likely that antibodies

contribute to the control of S. Typhimurium bacteraemia

in humans as indicated by the importance of antibody

and complement for oxidative burst and blood cell killing

of invasive non-typhoidal Salmonella in Africans.29

Immunoglobulin G molecules are key players in the

anti-Salmonella antibody response; IgG is the most abun-

dant antibody class in human serum, and is also the

dominant antibody class in human immune serum from

patients in areas of endemic typhoid fever.30 Human IgG

antibodies have been shown to offer protection against an

otherwise lethal S. enterica infection.31 Furthermore, natu-

ral infection or vaccination in mice induces mainly IgG

production, which contributes to protection against sec-

ondary virulent infections.24,32 Although the crucial role

of antibodies in protection against S. enterica infections

has been well documented, the presence of antibodies

does not always correlate well with protection.33 It is

therefore reasonable to postulate that differences in the

qualitative profile of the anti-Salmonella humoral

response might influence its efficacy.

Factors that determine the antimicrobial activities of

antibodies include the antibody isotype profile and, con-

sequently, the efficiency of their interactions with Fc

receptors (FcRs) on innate immune effector cells. We

have shown that in the mouse typhoid model FcRs play a

crucial role in host resistance and that IgG2a binding to

FccRI is the main mediator of the antimicrobial functions

of phagocytes via the enhancement in the production of

reactive oxygen intermediates.34,35 In humans, the main

activating FccRs are FccRI, FccRIIA and FccRIII. Multiple

IgG molecules that are bound to an antigenic surface and

to activating FccRs through their Fc regions cause cross-

linking of the receptors, which triggers downstream sig-

nalling, leading to increased phagocytosis and pro-inflam-

matory cellular responses.36

Little is known about the relative contribution of the

different human IgG subclasses to protection against

S. enterica infections in humans. Uptake of the bacteria is

the first key step in the antimicrobial activity of phagocy-

tic cells and is essential in the control and termination of

bacteraemia in septicaemic infections. In this study, we

therefore wished to examine the relative efficiency of dif-

ferent IgG subclasses of anti-Salmonella antibodies in the

enhancement of the phagocytic activity of the human

monocytic cell line THP-1.

In the present study we used the surface abundant

OmpA protein as our target antigen. The Omp proteins

are highly immunogenic and have been highlighted as

candidate targets for vaccine development against S. ent-

erica infections37–39 but the functional consequences of

targeting Omp with antibodies on the interaction of

S. enterica with phagocytes is not clear. We developed a

novel system by tagging OmpA with a foreign CD52

mimotope (TSSPSAD) and opsonizing the bacteria with a

panel of humanized CD52 antibodies that share the same

antigen-binding V-region, but have constant regions of

different subclasses. This experimental system allowed us

to examine the outcome of targeting OmpA with specific

antibodies and also to study how each human IgG sub-

class and activating FccR affects bacterial phagocytosis.

This study provides essential information on the rela-

tive efficacy of different IgG subclasses in enhancing the

first key step of anti-S. enterica phagocyte functions and

contributes to the overall understanding of the require-

ments for a protective immune response to S. enterica.

Materials and methods

Reagents and media

All reagents and media were obtained from Sigma-

Aldrich, Poole, UK unless stated otherwise.

Bacterial strains and opsonization

Salmonella enterica serovar Typhimurium SL3261 is an

attenuated aroA derivative of the wild-type SL1344

strain.40 To generate green fluorescent protein (GFP) -

expressing SL3261, a DNA fragment that consists of the

gfp gene from Aequoria victoria and a chloramphenicol

resistance cassette41 were inserted between pseudogenes

malX and malY on the chromosome by oligonucleotide-

directed mutagenesis, where PCR was used to amplify the

gfp gene and the chloramphenicol resistance cassette41

with 50 and 30 arms homologous to the DNA flanking the

pseudogenes. Using the same technique, a short peptide

(TSSPSAD), which is a mimotope of the human CD52

antigen, was inserted between S136 and T137 in the third
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surface exposed loop of OmpA. The insertion of the gfp

gene between malX and malY and the insertion of the

TSSPSAD mimotope-coding sequence in the ompA gene

were confirmed by sequencing. Expression of GFP and

the mimotope were verified by immunofluoresence.

Bacteria were grown overnight at 37� in Luria–Bertani

broth and bacterial opsonization was performed by incu-

bation in either the humanized anti-TSSPSAD antibodies

or the non-specific control antibody at 37� with shaking

for 30 min. The humanized anti-TSSPSAD antibodies

share the same variable regions (CAMPATH-142) that

recognize the human CD52 mimotope, but are of differ-

ent human antibody subclasses (either IgG143, IgG243,

IgG344, or IgG443). The non-specific control antibody

used in this study is the recombinant human Fog-1

IgG1 antibody,44 which recognizes the human RhD anti-

gen. The dilution of anti-TSSPSAD antibodies (either

IgG1, IgG2, IgG3, or IgG4) for opsonizing bacteria was

determined as the lowest dilution that does not cause

bacterial agglutination, which corresponded to 25 lg/ml.

As a control, the concentration of the recombinant

human Fog-1 IgG1 antibody used was also 25 lg/ml.

Unbound antibody was removed by extensive washing.

Effective opsonization was visualized with fluorescence

microscopy using Alexa Fluor 568-conjugated goat anti-

human IgG (Invitrogen, Paisley, UK). We also tested the

level of spontaneous release of the bound antibody in

tissue culture medium. As determined by ELISA, the

amount of antibody bound to the bacteria was < 2 ng

per 106 bacteria (which is the number of bacteria added

per well in the in vitro infection experiments). Less than

1% (< 20 pg) of the total antibody that was bound to

the opsonized bacteria is released spontaneously within

45 min of incubation. Furthermore, we have confirmed

that exogenous addition of this very low amount of

released antibody does not affect the uptake of wild-type

(non-CD52 expressing) bacteria by THP-1 cells.

Cell culture

The human monocyte cell line THP-1 was grown in

RPMI-1640 supplemented with 10% fetal calf serum,

2 mM L-glutamine, 0�05 mM 2-mercaptoethanol at 37�.

Before bacterial infection, THP-1 cells were grown in

RPMI-1640 supplemented with 10% Nu serum (VWR

International Ltd, Leicestershire, UK), 2 mM L-glutamine,

0�05 mM 2-mercaptoethanol for 22 days, followed by an

incubation with 100 U/ml recombinant interferon-c for

48 hr.45

THP-1 cells mainly express FccRI and FccRIIA whereas

FccRIII is only expressed at very low levels.45 For FccR-

blocking experiments, THP-1 cells were pre-incubated

with either anti-FccRI (10 lg/ml clone 10.1; AbD Serotec,

Oxford, UK), anti-FccRIIA (5 lg/ml clone IV.3; Stem Cell

Technologies, Grenoble, France), anti-FccRIII (5 lg/ml

clone 3G8; Santa Cruz Biotechnology Inc, Heidelberg,

Germany) antibodies or combinations of the three anti-

FccR antibodies for 30 min before bacterial infection.

These antibody clones have been reported to block the

respective FccRs in various studies, where blocking the

individual FccRI, FccRIIA and FccRIII with clone 10.1,

IV.3 and 3G8, respectively, has been shown to decrease

phagocytosis.46-48 Each anti-FccR antibody was used at

the lowest concentration that gave the maximal inhibition

of binding of monomeric or complexed anti-TSSPSAD

antibodies to THP-1 cells as determined by flow cytome-

try. This concentration was determined by pre-incubating

the THP-1 cells with increasing concentrations of the

FccR antibodies before exposure to each of the anti-TSSP-

SAD IgG subclasses.

Infection of THP-1 cells with S. Typhimurium

Opsonized bacteria were added to THP-1 cells at a multi-

plicity of infection of 10 : 1 (bacteria : THP-1 cells). After

45 min at 37�, the infected cells were washed three times

in PBS and incubated with fresh culture medium contain-

ing 100 lg/ml gentamicin at 37� for 1 hr to kill any

remaining extracellular bacteria. After three further

washes the cells were processed for immunofluorescence

(to determine the number of visible intracellular viable

bacteria) or for the determination of intracellular viable

bacterial counts.

Determination of the number of visible intracellular
viable bacteria

THP-1 cells were plated onto poly-L-lysine-treated cover-

slips (Fisher Scientific) 12 hr before infection. After bacte-

rial infection, THP-1 cells were fixed with 4%

paraformaldehyde for 15 min, followed by incubation with

mouse monoclonal anti-O4 antibodies (Abcam, Cambridge,

UK) and secondary goat anti-mouse Alexa Fluor 405 anti-

body (Invitrogen). Each antibody reagent was diluted

1 : 1000 in 10% normal goat serum (Dako, Cambridge,

UK). Following incubation with the secondary antibodies,

the coverslips were mounted onto Vecta bond-treated glass

slides (Vector Laboratories Ltd, Peterborough, UK) with

mounting medium (Vectashield; Vector Laboratories) and

viewed using a Leica DM6000B fluorescence microscope.

Intracellular bacteria were discriminated from extracellular

bacteria by the presence of GFP and the absence of labelling

by the mouse monoclonal anti-O4 antibodies.

Determination of intracellular bacterial viable counts

The THP-1 cells were lysed with 0�1% Triton X-100 for

15 min. To determine the bacterial colony-forming units

(CFU) in the lysates, viable bacteria were counted by the

pour plate technique using Luria–Bertani agar.
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Statistical analysis

For experiments exploring the percentage of infected cells

and intracellular bacterial load distributions, 450 cells

were counted for each of three repeats. Comparisons

between means were conducted using the paired Student’s

t-test. To explore changes in the intracellular bacterial

load distributions, pairwise Mann–Whitney U-tests were

used to provide evidence of shifts in the bacterial distri-

butions across the comparison groups. We considered

every possible paired combination of groups and con-

trolled for the family-wise error rate using a Holm–Bon-

ferroni correction. It is worth noting here that the

standard errors associated with these measurements are

small because of the large sample size. As a result, we

chose to focus on the size of the difference in the text,

but, for comparison, have reported the P-values associ-

ated with these results in the figure legends. For brevity,

we report only the least statistically significant P-value

across the pairs of combinations analysed. For FccR-

blocking experiments, all possible paired combinations of

FccR blocking were considered, with the exception of

FccRIII blocking because the parameters studied in the

presence of FccRIII blocking were similar to those

observed with no FccR blocking. Error bars in figures

indicate standard deviations.

Results

Relative importance of individual human IgG isotypes
in phagocytosis of S. Typhimurium

We used a novel system that combines a recombinant

S. Typhimurium SL3261-GFP strain where the CD52

mimotope TSSPSAD was inserted into OmpA and a panel

of humanized anti-TSSPSAD antibodies43,44 with identical

antigen-binding V-regions and different IgG constant

regions (IgG1, IgG2, IgG3 and IgG4). This system allowed

us to examine how different IgG subclasses affect the

uptake of the bacteria by the human phagocyte cell line

THP-1.

Salmonella Typhimurium was opsonized with either the

anti-TSSPSAD antibodies or the human Fog-1 antibody,

which recognizes the human RhD antigen, as a negative

control. After a 45 min exposure to the opsonized bacte-

ria, THP-1 cells were incubated for 1 hr with culture

medium containing 100 lg/ml gentamicin. Then the cells

were processed for visual detection of the bacteria by

immunofluorescence to determine the percentage of

infected cells in each culture and the number of visible

intracellular bacteria per infected cell (bacterial load).

Extracellular bacteria were identified by immunolabelling

with mouse monoclonal anti-O4 antibodies followed by a

goat anti-mouse antibody conjugated to Alexa Fluor 405,

whereas intracellular bacteria were identified by the pres-

ence of GFP and the absence of the mouse monoclonal

anti-O4 antibodies labelling.

Opsonization with each of the IgG subclasses resulted

in a higher percentage of infected cells than when using

the non-specific control antibody (Fig. 1). However, small

but significant differences were noted when testing the

different IgG subclasses individually. Opsonization with

IgG3 resulted in the highest percentage of infected cells

(mean ± SD: 23�73 ± 0�21%), followed closely by IgG1

(22�08 ± 0�15%), IgG4 (20�5 ± 0�18%), IgG2 (18�55 ±

0�18%), and lastly, the non-specific control (13�27 ±

0�16%). Opsonization resulted also in increases in the

average bacterial loads per phagocyte (Fig. 2). The pro-

portion of infected cells containing more than three bac-

teria was the highest with IgG3 antibody opsonization

(48%), followed by IgG1 (38%), IgG4 (32%), IgG2 (24%)

and lastly, the non-specific control (4%).

Next, we evaluated the effect of opsonization with dif-

ferent IgG subclasses on the numbers of viable intracellu-

lar bacteria. Infected THP-1 cells were lysed in 0�1%

Triton X-100 and intracellular viable bacteria in the

lysates were then counted by plating on agar. Opsoniza-

tion with each of the IgG subclasses resulted in a higher

number of recovered intracellular viable bacteria than

when using the non-specific control antibody. However,

small, but significant differences were noted when testing

the different IgG subclasses individually. Opsonization

with IgG3 resulted in the highest number of recovered

intracellular viable bacteria (5�38 ± 0�009 log10 CFU),
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Figure 1. Percentage of infected cells after phagocytosis of Salmonella

Typhimurium opsonized with different human IgG subclasses. THP-1

cells were infected with S. Typhimurium opsonized with anti-TSSP-

SAD antibodies or with bacteria exposed to control IgG. The anti-

TSSPSAD antibodies of different subclasses, either IgG1, IgG2, IgG3

or IgG4, are labelled as 1, 2, 3, and 4, respectively and the non-speci-

fic control antibody is labelled as N; 450 cells were counted for each

of the three experimental repeats. The graph shows the percentages of

cells harbouring visible intracellular bacteria which are expressed as

the mean percentage of infected cells from three experimental repeats.

The error bars represent standard deviations. Every possible paired

combination of groups was considered for comparison (i.e. N versus

1, N versus 2, N versus 3, N versus 4, 1 versus 2, 1 versus 3, 1 versus

4, 2 versus 3, 2 versus 4, 3 versus 4) and all P values are < 0�01.
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followed closely by IgG1 (5�29 ± 0�012 log10 CFU), IgG4

(5�17 ± 0�017 log10 CFU) and IgG2 (5�02 ± 0�011

log10 CFU). The number of recovered intracellular viable

bacteria was lowest when the bacteria were incubated with

the non-specific control antibody (4�53 ± 0�014

log10 CFU) (Fig. 3).

Taken together, the data show that all IgG subclasses

targeted to OmpA through the TSSPSAD mimotope

enhance S. enterica uptake by phagocytes and affect the

overall percentage of infected cells. Different IgG subclass-

es have different efficiencies and IgG3 is the most efficient

antibody subclass in mediating this process, followed by

IgG1, IgG4 and IgG2.

Relative importance of Fcc receptors in antibody-
mediated phagocytosis

We evaluated the involvement of the individual activating

FccRs in phagocytosis with respect to each of the different

antibody subclasses. We pre-incubated the THP-1 cells

with either anti-FccRI, anti-FccRIIA, anti-FccRIII or vari-

ous combinations of the three anti-FccR antibodies before

bacterial infection. After a 45-min exposure to the opson-

ized bacteria, THP-1 cells were incubated for 1 hr with

culture medium containing 100 lg/ml gentamicin, then

washed and either processed for immunofluorescence

studies to determine the percentage of infected cells and

the number of bacteria per infected cell (bacterial load)

or lysed to harvest and count the intracellular bacteria by

plating on agar.

The percentage of infected cells observed when the acti-

vating FccRs were blocked, either individually or in com-

bination, was compared with the percentage of infected

cells observed when none of the FccRs were blocked.

When FccRIII was blocked, the percentage of infected

cells was similar to that observed when none of the FccRs

were blocked, regardless of the opsonizing antibody sub-

class (Fig. 4). This is probably the result of the low

expression level of FccRIII in THP1 cells.45 When other

FccRs were blocked, there were reductions in the percent-

age of infected cells. When THP-1 cells were infected with

IgG1-, IgG3- and IgG4-opsonized bacteria the reduction

in the percentage of infected cells was greatest with a

combination of FccRI and FccRIIA blocking (5�86 ±

0�06%, 6�47 ± 0�04% and 4�9 ± 0�07% for IgG1, IgG3

and IgG4, respectively), followed by FccRI blocking

(3�9 ± 0�09%, 4�1 ± 0�06% and 3�85 ± 0�05% for IgG1,

IgG3 and IgG4, respectively), and lastly, by FccRIIA

blocking (1�92 ± 0�07%, 1�61 ± 0�17% and 0�98 ± 0�05%

for IgG1, IgG3 and IgG4, respectively) (Fig. 4a,c,d). When

IgG2-opsonized bacteria were used (Fig. 4b), the reduc-

tion in the percentage of infected cells was greatest with a

combination of FccRI and FccRIIA blocking (4�38 ±

0�04%), followed by FccRIIA blocking (3�3 ± 0�06%).

With FccRI blocking, the reduction in the percentage of

infected cells was lowest (0�77 ± 0�05%) compared with

other combinations of FccR blocking.

We also examined the effect of FccR blocking on the

numbers of visible intracellular bacteria (bacterial load)

within each infected phagocyte. For all antibody subclass-

es, the bacterial load was highest in the absence of the

specific FccR blocking (with the exception of FccRIII

blocking that did not show a significant effect). However,

when other FccRs were blocked, a decrease in the bacte-

rial load was observed. When THP-1 cells were infected

with IgG1-, IgG3- and IgG4-opsonized bacteria, the bac-
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Figure 3. Viability of intracellular bacteria after phagocytosis of Sal-

monella Typhimurium opsonized with different human IgG subclass-

es. THP-1 cells were infected as described in Fig. 1. The graph shows

the number of culturable intracellular bacteria (viable count) recov-

ered from THP-1 cells. Data are expressed as the mean of three

experimental repeats and the error bars represent standard devia-

tions. Every possible paired combination of groups was considered

for comparison (See Fig. 1 legend) and all P-values are < 0�0034.
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Figure 2. Number of intracellular bacteria per infected cell after

phagocytosis of Salmonella Typhimurium opsonized with different

human IgG subclasses. THP-1 cells were infected as described in

Fig. 1; 450 cells were counted for each of the three experimental

repeats. The graph shows the distributions of visible intracellular

bacteria per infected cell, which are expressed as the mean distribu-

tions from three experimental repeats. Every possible paired combi-

nation of groups was considered for comparison (See Fig. 1 legend)

and all P values are < 0�0013.

78 � 2011 The Authors. Immunology � 2011 Blackwell Publishing Ltd, Immunology, 133, 74–83

Y. S. Goh et al.



terial load was lowest in the presence of both FccRI and

FccRIIA blocking, which was followed by FccRI blocking,

and lastly, by FccRIIA blocking. More specifically, the

proportion of infected cells containing more than three

bacteria was lowest in the presence of both FccRI and

FccRIIA blocking (12%, 14% and 4% for IgG1, IgG3 and

IgG4, respectively), followed by FccRI blocking (19%,

23% and 7% for IgG1, IgG3 and IgG4, respectively), and

lastly, by FccRIIA blocking (36%, 38% and 27% for IgG1,

IgG3 and IgG4, respectively) (Fig. 5a,c,d). However, when

the cells were infected with IgG2-opsonized bacteria, the

bacterial load was lowest in the presence of both FccRI

and FccRIIA blocking, which was followed by FccRIIA

blocking, and lastly, by FccRI blocking (Fig. 5b). More

specifically, the proportion of infected cells containing

more than three bacteria was least in the presence of both

FccRI and FccRIIA blocking (3%), followed by FccRIIA

blocking (9%), and lastly, by FccRI blocking (21%).

Next, we investigated the number of viable intracellular

bacteria when FccRs were blocked before infection. When

FccRIII was blocked, the reduction in the intracellular

viable bacterial counts was negligible for all antibody sub-

classes (Fig. 6). However, when other FccRs were blocked,

there were reductions in the intracellular viable bacterial

count. When THP-1 cells were infected with IgG1-, IgG3-

and IgG4-opsonized bacteria, the reduction in the intra-

cellular viable bacterial count was greatest with a combi-

nation of FccRI and FccRIIA blocking (0�42 ± 0�011

log10 CFU, 0�45 ± 0�005 log10 CFU and 0�37 ± 0�009

log10 CFU for IgG1, IgG3 and IgG4, respectively),

followed by FccRI blocking (0�22 ± 0�008 log10 CFU,

0�24 ± 0�006 log10 CFU and 0�24 ± 0�01 log10 CFU for

IgG1, IgG3 and IgG4, respectively), and lastly, by FccRIIA

blocking (0�09 ± 0�007 log10 CFU, 0�1 ± 0�009 log10 CFU

and 0�05 ± 0�007 log10 CFU for IgG1, IgG3 and IgG4,

respectively) (Fig 6a,c,d). In contrast, when THP-1 cells

were infected with IgG2-opsonized bacteria, the reduction

in the intracellular viable bacterial count was greatest in

the presence of both FccRI and FccRIIA blocking (0�27 ±

0�01 log10 CFU), followed by FccRIIA blocking (0�19 ±

0�009 log10 CFU), and lastly, by FccRI blocking (0�04 ±

0�008 log10 CFU) (Fig. 6b).
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Figure 4. Importance of Fcc receptors (FccR) in mediating the percentage of infected cells. THP-1 cells were pre-incubated with anti-FccR anti-

bodies before being exposed to IgG1- (a), IgG2- (b), IgG3- (c), IgG4- (d) opsonized bacteria. The percentage of infected cells was determined by

fluorescence microscopy; 450 cells were counted for each of the three experiment repeats. Data are expressed as the mean percentage of infected

cells from three experimental repeats and the error bars represent standard deviations. The percentage of infected cells observed when the activat-

ing FccRs were blocked either individually or in combination was compared with the percentage of infected cells observed when none of the

FccRs were blocked. For each figure panel (a, b, c or d), all possible paired combinations of FccR blocking, with the exception of FccRIII block-

ing (alone and in combination), were considered for comparison. FccRIII blocking was excluded as there was negligible effect of FccRIII blocking

on the percentage of infected cells. For the combinations considered (which exclude those combinations involving FccRIII), the P-values are

< 0�015 for IgG1 (a), < 0�048 for IgG2 (b), < 0�026 for IgG3 (c) and < 0�03 for IgG4 (d).
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Our data show that when THP-1 cells were exposed

to IgG1-, IgG3- and IgG4-opsonized bacteria, the per-

centage of infected cells, bacterial load per infected cell

and intracellular viable bacterial counts were highest in

the presence of FccRIIA blocking, followed by FccRI

blocking, and lastly, by a combination of FccRI and

FccRIIA blocking. However, when THP-1 cells were

exposed to IgG2-opsonized bacteria, the percentage of

infected cells, bacterial load and the intracellular viable

bacterial counts were highest in the presence of FccRI

blocking, followed by FccRIIA blocking, and lastly, by a

combination of FccRI and FccRIIA blocking. Taken

together, this indicated that the involvement of the indi-

vidual activating FccRs in bacterial uptake is different

with different antibody subclasses. The bacterial uptake

mediated by IgG1, IgG3 and IgG4 has a higher depen-

dency on FccRI over FccRIIA, whereas bacterial uptake

mediated by IgG2 has a higher dependency on FccRIIA

over FccRI. It is worth noting that the dependency on

FccRI over FccRIIA in IgG4-mediated bacterial uptake is

higher than in IgG1- and IgG3-mediated bacterial

uptake.

Discussion

Using human anti-TSSPSAD IgG to target a mimotope-

tagged OmpA on the bacterial surface results in enhanced

bacterial uptake by human phagocytes, as indicated by

increases in the percentage of infected cells and by higher

intracellular bacterial loads. This work therefore indicates

that surface outer membrane proteins can be targeted effi-

ciently with antibodies resulting in the enhancement of

phagocyte functions (i.e. phagocytosis) associated with

immunoglobulin-mediated protection.

Exploiting a panel of human anti-TSSPSAD antibodies

that share the same antigen-binding V-region, but have

constant regions of different IgG subclasses, we were able

to assess the relative potency of each IgG subclass in

modulating the interactions between S. Typhimurium and

human phagocytic cells. All subclasses enhanced bacterial

uptake but there were functional differences between the

individual IgG subclasses. The greatest enhancement of

bacteria uptake was seen when S. Typhimurium was ops-

onized with IgG3, followed by IgG1, IgG4 and lastly,

IgG2. These observations correlated with intracellular
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viable bacterial counts recovered from infected cells

shortly after the phagocytosis event, where we observed a

similar pattern between the IgG subclasses. In line with

the above, IgG3 has been shown to be more efficient in

mediating phagocytosis of antibody-sensitized red blood

cells than IgG1 in human monocytes.49 Similarly, IgG3 is

highly efficient in mediating phagocytosis of Neisseria

meningitidis when the target cells were opsonized with

antibody and neutrophils were used as effector cells,

whereas IgG1 has an intermediate efficiency, and IgG2

and IgG4 have low efficiency.50

IgG3 antibodies are therefore more efficient than other

subclasses in activating the observed functions of human

THP-1 cells. The differences between subclasses were in

some cases small in these in vitro assays. However, these

differences were highly reproducible and were equally

detectable both when evaluating total numbers of intra-

cellular bacterial particles and numbers of viable intracel-

lular bacteria. One possible reason for the different

relative potencies of IgG sublasses for enhancing the

uptake of S. enterica may be differences in the molecular

flexibility. In line with the lengths of their hinge regions,

IgG3 is the most flexible of the IgG subclasses, followed

by IgG1, IgG4 and lastly, IgG2.51 More specifically, IgG3

has the greatest Fab-Fab and Fab-Fc flexibility, which

could be important in FccR binding.51,52 It has been

reported that a hinge deletion mutant of IgG3 has

reduced ability in FccRI and FccIIA binding.43 Hence, the

enhanced efficiency in THP-1 phagocyte function medi-

ated by IgG3 is likely to be the result of greater flexibility,

leading to possibly a better association with activating

FccRs such as FccRI and FccRIIA. Furthermore, IgG3 has

been shown to be more advantageous than the other IgG

subclasses in protection. Plasmodium falciparum infections

induce an IgG3-dominated antibody response against

merozoite surface protein 2 (MSP2) in adults, and the

presence of MSP2-specific IgG3 is negatively associated

with risk of clinical malaria.53 In addition, when using

the same variable regions against HIV antigen gp120, an

IgG3 antibody was 100 times more capable than IgG1 in

HIV neutralization.54

Hence, it is likely that the differences between the IgG

subclasses in mediating phagocyte functions could have a

biological significance in the protection against S. enterica

infections, although this effect would need to be further

examined. In fact, the greater enhancement of phagocyto-
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sis might have an impact on the bacterial spread within

the host. One of the ways that S. enterica spreads within

the host is through the bloodstream.12,25,55,56 Improve-

ments in bacterial uptake could reduce the levels of bacte-

ria in the circulating blood and hence possibly limit the

spread of the bacteria in vivo and prevent or stop bactera-

emia in septicaemic infections.

Studies on the distribution of IgG antibody subclasses

in human immune serum in areas of endemic typhoid

fever have shown that the dominating IgG antibody sub-

class is IgG2.30 However, IgG2 is the least efficient sub-

class in mediating THP-1 phagocyte function in our

study. Remarkably, despite being unable to induce either

high levels of protective antibodies in young children or a

booster response, the Vi polysaccharide vaccine induces

substantial, though not optimal, protection against

typhoid fever.57–59 Interestingly, the predominant IgG

subclass in immune serum from individuals vaccinated

with Vi polysaccharides is IgG1,60 which was one of the

more efficient subclasses in mediating phagocyte function

in our study. It would be desirable to adopt vaccines and

delivery systems that are able to evoke antibody responses

with a predominant abundance of efficient subclasses

such as IgG3 and IgG1. A serotype B meningococcal

outer membrane vesicle delivered intramuscularly has

been shown to increase IgG3 titres, suggesting that some

delivery systems through appropriate routes of adminis-

tration can deliver IgG3-biased responses.61

The work also revealed that the relative efficiency of

FccRI and FccRIIA in the enhanced bacterial uptake med-

iated by specific antibodies is dependent on the subclass

of the opsonizing antibody. The greater dependency on

FccRI over FccRIIA in both IgG3- and IgG1-mediated

bacterial uptake indicated that FccRI has a more impor-

tant role in the phagocytosis of bacteria opsonized with

these isotypes.

Each of the activating FccRs, FccRI, FccRIIA and

FccRIII, has a different antibody binding profile. FccRI

has a binding preference for IgG3, followed by IgG1, fol-

lowed by IgG4 and lastly, IgG2; FccRIIA has a binding

preference for IgG3, followed by IgG1, IgG2 and lastly,

IgG4; FccRIII has a binding preference for IgG1 and

IgG3, followed by IgG4 and IgG2.62 Furthermore, FccRI

is highly competent in phagocytosis,63 and important in

the uptake of bactaeremia-causing bacteria such as Staph-

ylococcus aureus by human neutrophils.64 However,

FccRIIA-transfected non-phagocytic cells are able to

phagocytose Escherichia coli efficiently65 and we found

that IgG2-mediated bacterial uptake has a greater depen-

dency on FccRIIA over FccRI. Hence, both FccRI and

FccRIIA are important in mediating phagocytosis in

THP-1 cells, and the relative importance of each FccR

differs, depending on the antibody subclass in question.

Although FccRIII has also been shown to mediate bacte-

rial phagocytosis,63 we observed little effect of FccRIII on

bacterial internalization by the THP-1 cells. This is proba-

bly because of the very low expression levels of FccRIII

on these cells and our data therefore by no means discard

the possibility that this receptor may play a role in the

uptake of Salmonella by other cell types.44

There have been a number of studies on the feasibility of

the Omp proteins as candidate targets for vaccine develop-

ment for protection against S. enterica infections as they

are highly immunogenic and can mediate protection in

immunized mice.37–39 In line with the above, our in vitro

findings illustrate that antibody targeting OmpA is efficient

in mediating phagocytosis, and suggest that antibodies tar-

geting OmpA might mediate protection. OmpA could be a

promising target for vaccine development.
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49 Rozsnyay Z, Sármay G, Walker M, Maslanka K, Valasek Z, Jefferis R, Gergely J. Dis-

tinctive role of IgG1 and IgG3 isotypes in Fc gamma R-mediated functions. Immunol-

ogy 1989; 66:491–8.

50 Aase A, Michaelsen TE. Opsonophagocytic activity induced by chimeric antibodies of

the four human IgG subclasses with or without help from complement. Scand J Immu-

nol 1994; 39:581–9.

51 Roux KH, Strelets L, Michaelsen TE. Flexibility of human IgG subclasses. J Immunol

1997; 159:3372–82.

52 Burton DR, Woof JM. Human antibody effector function. Adv Immunol 1992; 51:1–84.

53 Taylor RR, Allen SJ, Greenwood BM, Riley EM. IgG3 antibodies to Plasmodium falcipa-

rum merozoite surface protein 2 (MSP2): increasing prevalence with age and associa-

tion with clinical immunity to malaria. Am J Trop Med Hyg 1998; 58:406–13.

54 Cavacini LA, Emes CL, Power J, Desharnais FD, Duval M, Montefiori D, Posner MR.

Influence of heavy chain constant regions on antigen binding and HIV-1 neutralization

by a human monoclonal antibody. J Immunol 1995; 155:3638–44.

55 Carter PB, Collins FM. The route of enteric infection in normal mice. J Exp Med 1974;

139:1189–203.

56 Wain J, Diep TS, Ho VA, Walsh AM, Nguyen TT, Parry CM, White NJ. Quantitation

of bacteria in blood of typhoid fever patients and relationship between counts and clin-

ical features, transmissibility, and antibiotic resistance. J Clin Microbiol 1998; 36:1683–7.

57 Robbins JD, Robbins JB. Reexamination of the protective role of the capsular polysac-

charide (Vi antigen) of Salmonella typhi. J Infect Dis 1984; 150:436–49.

58 Landy M. Studies on Vi antigen. VI. Immunization of human beings with purified Vi

antigen. Am J Hyg 1954; 60:52–62.

59 Keitel WA, Bond NL, Zahradnik JM, Cramton TA, Robbins JB. Clinical and serological

responses following primary and booster immunization with Salmonella typhi Vi capsu-

lar polysaccharide vaccines. Vaccine 1994; 12:195–9.

60 Brugier JC, Barra A, Schulz D, Preud’homme JL. Subclasses of human vaccinal antibod-

ies to the Vi capsular polysaccharide of Salmonella typhi. Int J Clin Lab Res 1993;

23:38–41.

61 Aase A, Naess LM, Sandin RH et al. Comparison of functional immune responses in

humans after intranasal and intramuscular immunisations with outer membrane vesicle

vaccines against group B meningococcal disease. Vaccine 2003; 21:2042–51.

62 Van de Winkel JG, Anderson CL. Biology of human immunoglobulin G Fc receptors.

J Leukoc Biol 1991; 49:511–24.

63 Anderson CL, Shen L, Eichen DM, Wewers MD, Gill JK. Phagocytosis mediated by

three distinct Fc gamma receptor classes on human leukocytes. J Exp Med 1990;

171:1333–45.

64 Schiff DE, Rae J, Martin TR, Davis BH, Curnutte JT. Increased phagocyte FcgammaRI

expression and improved Fc gamma-receptor-mediated phagocytosis after in vivo

recombinant human interferon-gamma treatment of normal human subjects. Blood

1997; 90:3187–94.

65 Downey GP, Botelho RJ, Butler JR, Moltyaner Y, Chien P, Schreiber AD, Grinstein S.

Phagosomal maturation, acidification, and inhibition of bacterial growth in nonphago-

cytic cells transfected with FcgammaRIIA receptors. J Biol Chem 1999; 274:28436–44.

� 2011 The Authors. Immunology � 2011 Blackwell Publishing Ltd, Immunology, 133, 74–83 83

Antibody-mediated phagocytosis


