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Melioidosis is a life-threatening infectious disease caused
by the gram-negative bacillus Burkholderia pseudomal-
lei. An effective vaccine is needed, but data on protective
immune responses in human melioidosis are lacking. We
used ELISA and an antibody-dependent cellular phago-
cytosis assay to identify the major features of protective
antibodies in patients with acute melioidosis in Thailand.
We found that high levels of B. pseudomallei—-specific
IgG2 are associated with protection against death in a
multivariable logistic regression analysis adjusting for
age, diabetes, renal disease, and neutrophil count. Se-
rum from melioidosis survivors enhanced bacteria uptake
into human monocytes expressing FcyRlla-H/R131, an
intermediate-affinity 1gG2-receptor, compared with se-
rum from nonsurvivors. We did not find this enhancement
when using monocytes carrying the low IgG2—affinity
FcyRlla-R131 allele. The findings indicate the importance
of IgG2 in protection against death in human melioidosis,
a crucial finding for antibody-based therapeutics and vac-
cine development.

Melioidosis is a major cause of fatal community-
acquired septicemia in highly endemic areas,
including northeast Thailand and north Australia
(1,2). Melioidosis is now known to be endemic in
>45 countries across tropical regions (3). A formal
modeling framework predicted the global burden to
be 165,000 human melioidosis cases per year, with a
case-fatality rate of 54%. The causative agent of meli-
oidosis, the highly pathogenic gram-negative bacillus
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Burkholderia pseudomallei, is classified as a Tier 1 Select
Agent by the US Centers for Disease Control and Pre-
vention (https://www.cdc.gov/selectagent/index.
html). B. pseudomallei intrinsically is resistant to first-
line commonly available antimicrobial drugs, making
a prophylactic vaccine the most desirable approach
for disease control.

Growing evidence supports the effects of cel-
lular adaptive immunity in human defense against
B. pseudomallei infection (4-6), but additional evi-
dence also points to the role of protective antibodies
against fatal melioidosis. For instance, animal stud-
ies have demonstrated that passive transfer of an-
tibodies specific to the bacterial lipopolysaccharide
(LPS) or capsular polysaccharide (CPS) can protect
mice (7-9) or a diabetic rat model (10) from intrana-
sal or intraperitoneal challenge of B. pseudomallei at
lethal doses. Intraperitoneal or subcutaneous immu-
nization of mice with B. pseudomallei LPS, CPS (11),
or CPS covalently linked to recombinant CRM197
diphtheria toxin mutant (CPS-CRM197) plus hemo-
lysin coregulated protein 1 (Hcpl) (12) provided an
optimal protective antibody response. In addition,
results from studies of human melioidosis patients
demonstrated that elevated levels of anti-oligo poly-
saccharide (OPS) II (13) and anti-LPSII IgG (14) were
correlated with survival. Previous studies dem-
onstrated that IgG1 and IgG2 are the predominant
antibodies in response to the culture filtrate anti-
gen (15,16). A recent study in a population from the
same region showed differences in IgG subclass ef-
fects in response to 2 key antigens in B. pseudomal-
lei, Hepl and OPS (17), and IgG3 responses to Hepl
correlated with melioidosis survival. However, little
data on the mechanistic effects of IgG subclasses in
human melioidosis are available.

Clarifying the mechanistic role of immunoglob-
ulin-mediated protection against melioidosis would
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provide crucial information for developing an effec-
tive vaccine and therapeutic monoclonal antibodies.
We report on the role of B. pseudomallei-specific IgG2
subclass and its high binding activating Fc gamma
receptor (FcyR) Ila polymorphism H131 in protec-
tion against death in human melioidosis during the
acute phase.

Materials and Methods

Ethics Statement

The study was approved by the ethics committees
of the Faculty of Tropical Medicine, Mahidol Uni-
versity (submission no. TMEC 12-014) and Sunpa-
sithiprasong Hospital, Ubon Ratchathani (reference
no. 018/2555), and by the Oxford Tropical Research
Ethics Committee (reference no. 64-11). We conduct-
ed the study according to the principles of the Dec-
laration of Helsinki 2008 (https://www.wma.net)
and the International Conference on Harmonization
Good Clinical Practice guidelines (https://ichgcp.
net). We received written informed consent from all
patients enrolled in the study.

Serum Sample Collection

We enrolled 200 adult inpatients with acute melioi-
dosis 218 years of age at Sunpasithiprasong Hospital
at a median of 5 days (range 2-13 days; interquartile
range [IQR] 3-6 days) after admission, as described
previously (4,18). We recruited healthy controls
among donors at the hospital’s blood donation clinic.
We defined melioidosis as isolation of B. pseudomallei
from any clinical sample submitted to the laboratory,
including blood, sputum, pus, urine, throat or endo-
tracheal swabs, or bronchoalveolar lavage. Among
200 enrolled patients, 6 patients were lost to follow-
up, with survival status unknown, so they were ex-
cluded from the analysis. Of 194 patients included,
61 had insufficient stored serum specimens for IgG
subclass assays; hence, we analyzed serum samples
from 139 subjects.

Antigen Preparation

We prepared whole-cell antigen from wild type strain
B. pseudomallei K96243, an isolate from a patient in
northeast Thailand, which was modified from a previ-
ous study (19,20). In brief, we grew the bacteria in rice
medium at 37°C for 14 days, then heat-inactivated the
bacteria at 121°C for 30 min. We centrifuged the whole-
cell heat-inactivated (HIA) B. pseudomallei at 2,000 X g
for 1 h, then used the supernatant as an antigen. We
aliquoted and kept the supernatant at —20°C until
used. We quantitated the protein concentration of the
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antigens in the supernatant by using the Pierce BCA
Protein Assay Kit (Thermo Fisher Scientific, https://
www.thermofisher.com) according to the manufac-
turer’s protocol.

ELISA

We used ELISA to measure serum levels of IgM and
IgG specific to B. pseudomallei. We added whole cells
of HIA B. pseudomallei to wells of Nunc MaxiSorp flat
bottom 96-Well immunoplates (Thermo Fisher Scien-
tific) at a concentration of 200 ng/well and incubated
the plates overnight at 4°C. Between each step, we
washed the ELISA plate 3 times with 300 uL. of wash-
ing buffer consisting of 0.05% Tween-20 in phosphate
buffered saline (PBS; Sigma-Aldrich, https://www.
sigmaaldrich.com). After blocking with 5% skimmed
milk in PBS for 2 h at 37°C, we diluted the serum 1:100
and added it to the plate in duplicate, then incubated
for 1 h. We diluted the horseradish peroxidase (HRP)
enzyme-conjugated antihuman IgM or IgG (Sigma-
Aldrich) 1:2,000 and then added it to the ELISA plate
before incubating for 1 h. We developed the ELISA
by using 3,3',5,5'-tetramethylbenzidine (TMB; Ther-
mo Fisher Scientific) substrate and determined the
absorbance value (optical density = 450 nm) by using
a Multiskan GO microplate spectrometer (Thermo
Fisher Scientific).

For IgG subclasses, we blocked the overnight pre-
coated ELISA plate with 1% bovine serum albumin
(BSA) in PBS for 2 h. We then diluted the serum 1:100
for detecting IgG1, 1gG3, and IgG4 or 1:2,000 for de-
tecting IgG2, and then added the serum to the ELISA
plate. After 1-h incubation, we diluted the biotin-con-
jugated antihuman IgG1, IgG2, IgG3, or IgG4 1:1,000
and added them to the plate before incubating for 1 h.
Then we added streptavidin-HRP (Mabtech, https://
www.mabtech.com) to the plate and incubated for 1
h and developed by using TMB as we described in the
previous paragraph.

Genomic Methods

We extracted genomic DNA from blood samples
by using the QIlAamp DNA Blood Midi kit (QIA-
GEN, https://www.qgiagen.com) according to the
manufacturer’s instructions, then stored at —20°C.
We genotyped the FCGR2A c.535A>G (rs1801274)
single nucleotide variant (SNV) by using the Tag-
Man SNP genotyping assay (Applied Biosystems,
https:/ /www .thermofisher.com) on a CFX96 Touch
Real-Time PCR Detection System (Bio-Rad, http://
www.bio-rad.com). The SNV context sequence was
AATGGAAAATCCCAGAAATTCTCCC(A/G)
TTTGGATCCCACCTTCTCCATCCCA.
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We labeled the bacteria by incubating with fluorescein
isothiocyanate (FITC) for 30 min in the dark at room
temperature, then washed the bacteria with PBS and
immediately used the bacteria in the assay. We incu-
bated FITC-labeled B. pseudomallei with HIA serum
samples (10% vol/vol) or Roswell Park Memorial Insti-
tute (RPMI) 1640 medium (Sigma-Aldrich) as a control
at 37°C for 1 h. We then added opsonized FITC-labeled
B. pseudomallei to human monocyte cell lines, THP-1
(FcyRIIa-R-H131 genotype) or U937 (FcyRlIla-R131 gen-
otype), at a multiplicity of infection (MOI) of 5 CFUs/
cell. After incubation at 37°C for 30 min, we immedi-
ately transferred cells to ice to stop phagocytosis. We
washed the cells twice with cold PBS. We then added
cold trypan blue (Sigma-Aldrich) to the cells and in-
cubated for 10 min on ice to quench the FITC signal of
bound B. pseudomallei on cell surface. Next, we washed
the cells twice with cold PBS and incubated with BD Cy-
tofix Fixation Buffer (Becton Dickinson, https://www.
bd.com) cold fixative buffer at 4°C for 15 min. We then
washed the cells twice with cold MACSQuant Running
Buffer (Miltenyi Biotec, https://www.miltenyibiotec.
com), and analyzed the cells by using the MACSQuant
Analyzer 10 (Miltenyi Biotec). We expressed results as
fold-change in enhancement of phagocytosis calculated
by dividing the percentage of infected cells in the pres-
ence of serum by those in the absence of serum samples
in the RPMI-1640 control.

Statistics

We reported nonnormally distributed continuous
data as median and IQR. We analyzed the statistical
significance of differences by using Mann-Whitney
U-test for 2 groups and the Kruskal-Wallis 1-way
ANOVA to test the mean difference among 3 groups
in GraphPad Prism Version 6 (GraphPad Software
Inc., https:/ /www.graphpad.com). We calculated the
percentage of coefficient of variation (CV) in ELISA
by dividing SD of measurement by mean of measure-
ment multiplied by 100. The cutoff was 10% intra-
assay CV and 15% for inter-assay CV. We performed
univariable and multivariable logistic regression ad-
justing for age, diabetes, pre-existing renal disease,
and neutrophil counts by using Stata version 14.0 for
Windows (StataCorp LLC, https:/ /www.stata.com).

Results

Elevated IgG2 Levels in Patients

Who Survived Melioidosis

The characteristics of patients with acute melioidosis
enrolled in the study were previously described (4,18).
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Among 194 patients in the cohort, median age was 56
years (range 19-89 years; IQR 46-63 years); 129 (66.5%)
were men and 65 (33.5%) were women. Underlying
conditions among patients included diabetes (57.7%),
renal disease (17.5%), and heart disease (11.8%) (Table
1). Forty-nine (25%) persons died within 28 days despite
receiving appropriate antimicrobial drug treatment.

Serum levels of IgM specific to whole-cell HIA B.
pseudomallei were not statistically significantly differ-
ent between survivors (median 0.28, IQR 0.13-1.00)
and nonsurvivors (median 0.31, IQR 0.08-0.52; p =
0.18) (Figure 1, panel A). Similarly, anti-HIA B. pseu-
domallei IgG levels were not different between survi-
vors (median 2.32, IQR 1.10-2.94) and nonsurvivors
(median 2.12, IQR 1.42-2.50; p = 0.29) (Figure 1, panel
B). As expected, HIA B. pseudomallei-specific IgM and
IgG levels in patients with melioidosis, including
those who died and survived, were much higher than
those in healthy controls (Figure 1, panels A, B).

We then measured anti-HIA B. pseudomallei 1gG
subclasses in serum samples from melioidosis pa-
tients to determine whether IgG subclasses are as-
sociated with survival. We found statistically signifi-
cantly higher IgG2 levels (median 1.30, IQR 0.45-2.04)
against whole-cell heat-killed B. pseudomallei in serum
from survivors than in serum from nonsurvivors (me-
dian 0.59, IQR 0.26-1.51; p = 0.047) (Figure 1, panel
D). Levels of IgG1, IgG3, and IgG4 subclasses were
comparable between groups (Figure 1, panels C, E, F).

IgG2 Level Associated with Protection against Death

In a univariable model, we found that increasing IgG2
levels in serum samples was statistically significantly
associated with survival (odds ratio [OR] 0.63, 95% CI
0.43-0.92). In previous studies of the same cohort, we
found that age, pre-existing renal disease, and neu-
trophil count were associated with a 28-day mortality
rate of 26% (4,18). We next tested the association of
the IgG2 levels with death by using a multivariable

Table 1. Baseline demographic characteristics of patients with
acute melioidosis, Thailand

Characteristic No. patients (%), n = 194
Deaths 49 (25.3)
Median age, y (IQR) 56 (46—63)
Sex

M 129 (66.5)

F 65 (33.5)
Underlying conditions

Diabetes 112 (57.7)

Renal disease 34 (17.5)

Heart disease 23 (11.8)

Chronic liver disease 7 (3.6)
Previous melioidosis 5(2.6)
Clinical manifestation

Bacteremia 99 (51.0)

Pneumonia 48 (24.7)
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model adjusting for age, diabetes, pre-existing renal
disease, and neutrophil count (Table 2). Our results
demonstrate that elevated IgG2 levels correlate with
survival (OR 0.50, 95% CI 0.30-0.83).

Serum from Survivors Enhanced Phagocytosis

in THP-1 Human Monocytic Cells

IgG2 has the least functional potency of the subclass-
es due to low affinity binding between its Fc region
and activating FcyRs expressed on effector innate im-
mune cells (21,22). A single-nucleotide polymorphism
(SNP) resulting in a histidine (H) residue instead of

Table 2. Multivariable-adjusted logistic regression for melioidosis
mortality rates, Thailand*

Mortality rate

Variable Adjusted OR (95% Cl)  p value
Serum IgG2 level 0.50 (0.30-0.83) 0.007
Age >45y 0.36 (0.10-1.30) 0.120
Diabetes 0.92 (0.34-2.53) 0.876
Preexisting renal disease 9.41 (2.48-35.80) 0.001
Neutrophil count/uL

>4,000-8,000 Referent <0.001

<4,000 4.66 (0.52-41.50)

>8,000-12,000 19.00 (3.40-106.33)

>12,000 14.78 (2.78-78.73)

*OR, odds ratio.
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an arginine (R) at position 131 improves affinity for
human IgG2 and affects effector function (23). We
performed antibody-dependent cellular phagocytosis
(ADCP) assays by using 2 monocyte cell lines: U937
cells, containing a homozygous low-affinity R131 al-
lele, and THP-1 cells, containing heterozygous inter-
mediate-affinity H/R131 alleles of FcyRlla.

The ADCP activities of antibodies were not sta-
tistically significantly different between serum from
survivors (median 37.63, IQR 19.88-82.62) and non-
survivors (median 45.34, IQR 21.51-93.67) in U937
containing the low-affinity FcyRIIa-R131 phenotype (p
= 0.68) (Figure 2, panel A). In contrast, we did find a
statistically significant difference in phagocytic activity
between survivors (median 89.66, IQR 69.03-120.30)
and nonsurvivors (median 52.43, IQR 37.14-105.10)
when we used THP-1 expressing intermediate affinity
FeyRIIA-H/R131 (p<0.001) (Figure 2, panel B).

Association between Enhanced

Phagocytosis in THP-1 and Bacteremia

When we used U937 cells, we did not see a statisti-
cally significant difference in ADCP activity be-
tween patients without bacteremia (median 60.95,
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IQR 18.18-93.38) and those with bacteremia (median
30.68, IQR 20.22-76.03; p = 0.12) (Figure 3, panel A).
Furthermore, the ADCP activity in THP-1 of serum
from patients without bacteremia (median 90.18, IQR
61.62-135.5) was higher than in those with bacteremia
(median 75.38, IQR 41.39-106.80), but this difference
did not reach statistical significance (p = 0.07) (Figure
3, panel B).

FcyRlla Genotype Distribution among Cohort Patients

The genotype distribution was 63.4% FcyRlIla-
H131/H131, 29.3% FcyRIla-H131/R131, and 7.3%
FcyRIla-R131/R131 and exhibited a 9:4:1 ratio
in our melioidosis cohort. The frequency of the
FcyRIIa-H131 allele overall in our cohort was 78%.
However, we did not find a substantial association
between this FcyRIla polymorphism and death, bac-
teremia, diabetes status, or preexisting renal disease
in our cohort (data not shown).

Discussion

Our major finding in this study is the elevated level
of serum IgG2 against whole-cell HIA B. pseudomal-
lei lysate in melioidosis patients who survived the
disease compared with fatal cases. We confirmed the
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association between elevated IgG2 level and survival
in a multivariable logistic regression analysis adjust-
ing for age, diabetes, preexisting renal disease, and
neutrophil count. Some studies provide evidence for
a role of IgG2 in protection against various microor-
ganismal infections, including Plasmodium falciparum
malaria (24), and encapsulated bacteria, including
Streptococcus pneumoniae (25,26), Haemophilus influ-
enza (26,27), and Neisseria meningitidis (28). The 1gG2
in those studies mainly recognized CPS epitopes that
are highly repeated T-independent antigens. Previ-
ous work did not show a correlation between IgG2
responses to Hcpl or OPS and survival (14), so the
IgG2 responses to whole-cell B. pseudomallei in our
study are likely to be against other antigens yet to be
tested. Ongoing work also will address whether pro-
tective IgG2 also bind to carbohydrate epitopes on the
outside surface of Burkholderia spp.

A large body of literature supports IgG2 having no
or lower relative binding affinity for activating FcyRs
when compared with other IgG subclasses (21,29).
Nevertheless, IgG2 has been shown to possess opsono-
phagocytosis capacity in some studies (27,28,30). These
conflicting results might be explained by the presence
of a guanine to adenine SNP resulting in replacement

Figure 3. Comparison of
antibody-dependent cellular
phagocytosis (ADCP)

v activity between 61 patients
without bacteremia and 59
patients with bacteremia

v among patients with acute

melioidosis, Thailand. ADCP

activity was tested by using

U937 (A) and THP-1 (B)

human monocytic cell lines.

We used the Mann-Whitney U

1 1
Nonbacteremia Bacteremia
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of arginine (R) with histidine (H) at residue 131 of
FeyRlIla. The product of FcyRIla-H131, which has been
reported in 67 % of persons with Chinese ethnicity (31),
45% of White populations, and 41% of Black popula-
tions (32), were found to bind IgG2-immune complex
more efficiently than those of R131 (33,34), hence en-
hancing phagocytosis. Therefore, the considerable
association between elevated IgG2 and protection
against death in this cohort could be partly due to an
increase of IgG2-mediated phagocytosis of the bacte-
ria to effector innate immune cells via FcyRIIA, which
78% of our cohort possessed.

We used 2 types of human monocytic cells ex-
pressing different FcyRIla phenotypes to compare
ADCP activity between patients who survived the
disease and those who did not. U937 cells are homo-
zygous for low-affinity FcyRIla-H/R131 phenotype,
whereas THP-1 cells are heterozygous for intermedi-
ate-affinity FcyRIla-H/R131 phenotype. We demon-
strated that serum from survivors with much higher
levels of IgG2 subclass could enhance B. pseudom-
allei uptake into THP-1 cells compared with those
from nonsurvivors. Conversely, we did not find a
difference in ADCP activity in U937 cells between
survivors and nonsurvivors. When using U937 cells,
comparable phagocytic activities of serum samples
between survivors and nonsurvivors might be due
to the comparable levels of IgGlor IgG3 that can ef-
fectively interact with FcyRIla-R131. The phagocytic
activities of IgG1 and IgG3 imply that higher IgG2
levels can enhance ADCP activity in effector innate
immune cells carrying the FcyRIla-H131 allele and
that this ADCP activity was associated with protec-
tion against death in acute melioidosis patients.

Elevated ADCP activity of serum samples from
patients without bacteremia almost reached statisti-
cal significance (p = 0.07) compared with those from
patients with bacteremia when we used THP-1 cells
but not when we used U937 cells. The ADCP activity
results imply that the immune complex in circulat-
ing blood can be removed more effectively in persons
with the FcyRIla-H131 phenotype.

One limitation of this study is that we used differ-
ent cell types, which might have different genetic and
phenotypic backgrounds resulting in different out-
comes of ADCP activity in serum from survivors and
nonsurvivors. This finding should be confirmed in
U937 cells transfected with the FcyRIla-H131 recep-
tor. In addition, IgG2 serum samples from patients
also contain the other 3 IgG subclasses, 1gG1, 1gG3,
and IgG4, and IgM and IgA that might influence out-
comes. In addition, the antibody-dependent phagocy-
tosis activity of serum in this study was tested solely
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in human monocytic cells, U937 and THP-1, whereas
FcyRlla also is constitutively expressed on the surface
of other effective immune cells including dendritic
cells, neutrophils, and B cells.

We did not find a statistically significant associa-
tion between FcyRIla-H131 phenotype and ADCP ac-
tivity in either THP-1 or U937 cells when adjusting for
death, diabetes status, and pre-existing renal disease.
This result might be due to a low number of patients
with the FcyRIla-R131 phenotype (7.3%) in our co-
hort; therefore, we did not have the statistical power
to detect a difference in outcome.

In conclusion, the data in this study emphasize
the role of IgG subclasses in clinical outcomes of in-
fectious diseases. The relationship between elevated
IgG2 levels and protection against death in melioi-
dosis is comparable with those in other encapsulated
bacterial infections. The relationship between elevat-
ed IgG2 levels and protection against death in meli-
oidosis constitutes critical information for selecting
the appropriate antibody subclasses for therapeutic
antibody and vaccine development, in particular for
patients with the FcyRIla-H131 phenotype.
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etymologia

Falciparum [fal-'s1-pa-ram]

Aparna Tiwari, Abhinav Sinha

From the Latin falx or falci (sickle or scythe-
shaped) and parum (like or equal to another)
or parere (to bring forth or bear). The species fal-
ciparum in the genus Plasmodium is the parasite
that causes malignant tertian malaria in humans.

'
\ ‘
There were many terms suggested for this ‘

parasite, such as Ematozoo falciforme by Antolisei

and Angelini in 1890 and Haemotozoon falci- |

forme by Thayer and Hewetson in 1895, because :

of its sickle-shaped gametocytes, the sexual stage =
of falciparum parasites. However, the term falci-

parum, suggested by William Henry Welch in . .
1897, was eventually accepted. In 1954, Plasmo- ‘

dium falciparum (previously Laverania malariae) Figure. Giemsa-stained thin blood smear of Plasmodium falciparum (original
was approved by International Commission on magnification x1,000). Red arrows indicate gametocytes, and green arrows

Zoologmal Nomenclature. indicate trophozoite stages. Photograph provided by A. Tiwari.
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