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Abstract

Fungal infections usually occur in immunocompromised patients. Intravenous immunoglobulin (IVIG) has been used as
therapeutic interventions for many infectious diseases, but seldom applied in mycosis due to unknown antifungal specific-
ity. This study aims to determine the presence of antifungal antibodies in IVIG. Binding reactivity of IVIG with crude and
recombinant antigens of Candida albicans, Aspergillus fumigatus, Cryptococcus neoformans and Talaromyces marneffei
were observed in a dose-dependent manner, similar with mixed normal human sera. The antifungal specificity was further
confirmed by competitive enzyme-linked immunosorbent assays (ELISA) inhibited by rabbit specific antifungal polyclonal
antibodies (PAbs) and homogenous crude antigens with inhibitions of 65.5-87.2% and 73.1-94.2%, respectively. Moreover,
IVIG also reacted with fungal glycoproteins (Csa2, Cpll and Mplp) in a dose-dependent way, which was inhibited by spe-
cific rabbit PAbs and homogenous antigens with different inhibitions and pulled down 72.8-83.8% of specific antibodies
if preabsorption IVIG with Dynabeads® coupled with homogenous glycoproteins. These results furthermore verified the
antifungal specificity of IVIG. Among four brands of IVIG, there was different antifungal IgG against C. albicans (P <
0.05) and C. neoformans (P < 0.05), while no difference for A. fumigatus (P = 0.086) and T. marneffei (P = 0.057). IVIG
contained a significantly higher level of specific IgG for C. albicans than other three fungi (P <0.001). In conclusion, we
proved antifungal IgG against C. albicans, A. fumigatus, C. neoformans and T. marneffei present in IVIG, which might be
expected to provide a possible immunoregulation choice for mycosis and an evaluation to humoral immunity against fungi.
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Introduction in global fungal infections [1], while T. marneffei con-

tributes unneglectable fungal-related death, especially

Fungal exposure has been associated with human fungal
infections and allergic diseases. Candida, Aspergillus and
Cryptococcus caused most of the fungal-related deaths
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for HIV-infected patients in Southeast Asia and southern
China [2]. Besides limited therapeutic choices for fungal
infections, host defense failed to clean fungi in the form
of noninvasive colonization in immunocompromised indi-
viduals is an important contributing factor [3, 4]. Humoral
response to opportunistic fungal infections is indispensa-
ble [5, 6], which is mediated by antibodies mainly reacted
with various components of fungal cells, such as glyco-
proteins, polysaccharides and secondary metabolites.
Antibody response induced by fungal glycoproteins were
detected and used to diagnosis in mycosis patients [7, 8],
while antifungal antibodies against polysaccharides such
as beta-glucans, mannan and some crude antigens were
sparkly reported in normal human sera [9-11].
Intravenous immunoglobulin (IVIG) is prepared from
plasma pooled from thousands of healthy donors, which
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has been used in treatment of many diseases including
infectious diseases, since IVIG has been proved with a
diversity of antibacterial and antiviral specificities [12].
But the antifungal specificity was unknown. Pedraza-
Séanchez S et al reported that IVIG therapy was beneficial
to chronic oral candidiasis patients [13] by opsonization
of C. albicans with polyvalent intravenous IgG and killing
the fungi by blood leukocytes. This suggested IVIG as an
optional adjuvant treatment for fungal infection. However,
the direct evidence of presence and specificity of antifun-
gal antibody in IVIG was absent. In normal human sera,
antifungal antibodies against C. albicans and A. fumiga-
tus in normal sera were reported [9, 11] However, these
reports were just performed based on small number of
serum samples, in which the antibody level showed a sig-
nificant dispersion due to individual variation. A large
number of serum samples could be needed to evaluate the
antifungal antibodies in normal population.

In this study, we aimed to test antibody response to C.
albicans, A. fumigatus, C. neoformans and T. marneffei
by measuring antifungal IgG in different brands of IVIG
derived from China. Antifungal IgG against recombinant
protein Afmplcr of A. fumigatus, Mplp of T. marneffei,
Csa2 of C. albicans and Cpll of C. neoformans were further
tested to determine the possible target. It could be expected
to evaluate antifungal humoral immunity in normal sera and
to provide some evidences for antifungal therapy by IVIG.

Materials and methods
Fungi strains and crude fungal antigens

T. marneffei PM4 strain and A. fumigatus were obtained
from the Department of Microbiology, University of Hong
Kong. C. neoformans and C. albicans (BMUO03833), which
were originally clinical isolates recovered from infectious
patients, were obtained from the Research Centre for Medi-
cal Mycology, Beijing University, China [14]. All the fungi
were cultured in Sabouraud broth at 37°C for 3-7 days to
prepare the crude antigens as reference described [14].
Briefly, fungal cells were collected and suspended in phos-
phate-buffered saline (PBS), after disruption by sonication,
the supernatant was collected by centrifugation. The concen-
tration of fungal antigens was determined by bicinchoninic
acid (BCA) protein assay kit (Thermo Scientific).

Expression of recombinant fungal glycoproteins
in Pichia pastoris

Recombinant glycoproteins (Csa2 specific for C. albicans
[15], Afmplcr expressed as part of Afmplp which specific
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for A. fumigatus [16, 17], Cpl1 specific for C. neoformans
[18], Mplp specific for T. marneffei [19]) were expressed
previously in Pichia pastoris with his-tag. In brief, accord-
ing to the manufacturer's instructions, the truncated genes
of recombinant fungal glycoproteins were expressed in P.
pastoris strain GS115 (Invitrogen). Nitrilotriacetic acid
affinity chromatography (Qiagen, Hilden, Germany) was
used to purify the recombinant protein, after a large-scale
production of the protein. The Bicinchoninic Acid Protein
Assay Kit (Sigma-Aldrich, St. Louis, MO) was used to
measure the concentration of purified fungal glycoproteins
according to the manufacturer’s instructions.

Preparation of rabbit antifungal polyclonal
antibodies (PAbs)

In previously study, we also prepared rabbit PAbs against
crude fungal antigens of C. albicans (anti-C. albicans),
A. fumigatus (anti-A. fumigatus) and recombinant gly-
coproteins including anti-Csa2, anti-Afmplcr, anti-Cpll
and anti-Mplp PAbs [14, 15, 18, 19]. These PAbs were
purified from immune rabbit serum by ammonium sulfate
precipitation. Normal rabbit IgG from Sigma-Aldrich was
used as control.

The potency of antifungal antibody in rabbit PAbs were
tested by indirect enzyme-linked immunosorbent assay
(ELISA), which was set to be the concentration when
the ratio of Ayso antiung al rabbit PAbs /A450 normal rabbit 1gG >
2.1. The microplates were coated with crude antigens and
recombinant proteins (Csa2, Afmplcr, Cpll and Mplp)
followed by blocking and washing, then aliquots of 50pl/
well of rabbit antifungal specific PAbs or normal rabbit
IgG (in serial four-fold dilution) was added into micro-
plate at 37°C for 1 h. After washing, a HRP labeled goat
anti-rabbit IgG antibody (Sigma-Aldrich) at a working
concentration of 1:2000 was added and incubated at 37°C
for 30 min, color developing reaction was stopped and
the absorbance was read at 450 nm.

Normal human ser

Normal serum samples from 563 healthy donors, which
were detected with Mplp antigen negative in previ-
ous study [20], were mixed and stored at -80°C, which
was approved by the Ethics Committee of the Zhujiang
Hospital of Southern Medical University (No. ZJYY-
2011-JYYXB-002). The concentration of total IgG
in mixed human sera was measured by BNPro Spec®
System (Dade Behring, Siemens) in a concentration of
14.5mg/ml.
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Commercial IVIG and Human Serum Albumin (HSA)

IVIG preparations from four brands were measured. The IVIG
preparations of Taibang® human immune globulin intrave-
nous (Shandong Taibang, Inc., China), Nanyue® human
immune globulin intravenous (Nanyue Biopharming Co.
Ltd., China), and RAAS® human immune globulin intrave-
nous (Shanghai RAAS Blood Products Co. Ltd., China) were
purified by cold ethanol fractionation. They were formulated
as a liquid with a low pH (pH 4) in the presence of maltose
as a stabilizer and contained 50 mg/ml IgG. Intragam® P
human normal immunoglobulin (CSL, Hongkong, China)
was made by chromatographic fractionation of large pools of
human plasma donated by Hong Kong’s voluntary and non-
remunerated donors, which contained 60 mg/mL IgG (PH
4.25). Human Serum Albumin (HSA, 250mg/ml) (Grifols
Biologicals LLC, CA, USA) from plasma of healthy donors
was used as control.

Measurement of antifungal antibodies in IVIG
and mixed normal human sera by indirect ELISA

Crude antigens and recombinant proteins (Csa2, Afmplcr,
Cpll and Mplp) of four fungi at a concentration of 0.25-1pg/
ml were coated into microplates (plant bottom, KE-96-12,
YJM LABWARE CO. Ltd, China), followed by blocking
with 0.25% casein at 4°C for 24 h. Then aliquots of 100pl/
well of IVIG (from 1250 pg/ml in serial two-folds diluted)
was added to microplate at 37°C for 1h, after washed with
0.5%Tween-20 PBS, the goat anti-human IgG antibody con-
jugated with HRP (Sigma-Aldrich, St Louis, MO, USA) at a
working concentration of 1:3000 was added at 37°C for 30 min
followed by washing, substrate solution (TMB) was added at
room temperature for 10 min. The reaction was stopped by
the addition of 1M H,SO,, and absorbance at 450 nm(A 45,)
was measured by an ELISA reader. The absorbance values of
IVIG in different concentrations were detected. Antifungal IgG
levels against crude fungal antigens in different IVIG prepara-
tions were calculated as the value of Signal-to-Cutoff (S/CO)
ratio [21] (described in Results Part). Mixed normal human
sera from 563 healthy donors in serial 10-fold dilution were
also measured for the antifungal IgG as above.

Confirmation for specificity of antifungal IgG
by competitive ELISA with rabbit specific PAbs
or fungal antigens

Briefly, rabbit specific PAbs against homogenous fungal
antigens were used as inhibitors from 2500pg/ml in a two-
fold dilution, and normal rabbit IgG as negative control,
which were mixed with IVIG and added to microplates

coated with fungal antigens, respectively, then followed
by adding HRP labeled goat-anti human IgG. The colors
development reaction was the same as above indirect
ELISA. The competitive test was repeated in three indi-
vidual experiments.

Additionally, fungal antigens in different concentra-
tions were also used as inhibitors to confirm the specificity
of antifungal antibodies in IVIG. Serial diluted inhibit-
ing antigens, including crude antigens and recombinant
proteins of C. albicans, A. fumigatus, C. neoformans
and T. marneffei were mixed and incubated with Tai-
bang® IVIG at 4°C for 16 h, respectively. Then the mix-
tures were detected by ELISA as above with microplates
coated with fungal antigens of C. albicans, A. fumigatus,
C. neoformans and T. marneffei. The inhibition test was
repeated in three individual experiments. The inhibition
was calculated as below: Inhibition = (A5 without inhibitor -

Ays0 inhibitor) / A4s0 without inhibitorX 100%.

Antibody absorption test by magnetic Dynabeads
coupled with His-tagged recombinant fungal
glycoproteins

His-tagged recombinant fungal glycoproteins (Csa2,
Afmplcr, Cpll and Mplp) were coupled to magnetic Dyna-
beads, according to manual procedures of commercial Dyna-
beads® His-Tag Isolation & Pulldown (Life Technologies
AS, Norway). BCA protein assay was used to determine
the concentration of recombinant proteins before and after
coupling procedures, until it reached a claimed capacity of
40pg His-tagged protein per mg of Dynabeads®. Dyna-
beads coupled with recombinant proteins were mixed and
incubated with 1250 pg/ml Taibang® IVIG at 4°C for 16
h, then the mixture was added to microplates coated the
same recombinant protein, followed by conventional indi-
rect ELISA. The competition efficiency of Dynabeads cou-
pled with His-tagged proteins was calculated by the formula
as below: Competition efficiency = (Aysg pefore incubation™

A450 after incubation) / A450 before incubation< 100%.

Statistical analysis

Antifungal IgG levels in S/CO ratio values among different
brands of IVIG were compared with nonparametric Kruskal-
Wallis test. A value of p <0.05 was considered significant.
Antifungal IgG levels against different fungi were compared
with independent samples t test. A two-sided p value of <
0.05 was considered significant. All statistical analyses were
performed using SPSS (version 23.0).
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Results

Antifungal IgG against C. albicans, A. fumigatus,
C. neoformans and T. marneffei were observed
in mixed normal human sera and IVIG

Similar antifungal IgG reactivity patterns in both mixed
normal human sera and Taibang® IVIG were observed
with crude antigens from C. albicans, A. fumigatus, C.
neoformans and T. marneffei (Fig. 1a, b). Strongest posi-
tive signal was showed in crude antigens of C. albicans
with mixture of normal human sera from 563 healthy
donors and IVIG. Lower A5, values was detected for A.
fumigatus, C. neoformans and T. marneffei. This indicated
a possibility of different levels of antifungal IgG in sera
from different population.

To further confirm the presence of antifungal IgG, recom-
binant fungal glycoproteins were used to verify the binding of
IVIG with fungus. The results showed that a different reaction
pattern of IVIG and recombinant proteins was observed, with
the highest positive signal with Mplp from T. marneffei. It
confirmed the possibility of antifungal antibodies in IVIG for
C. albicans, A. fumigatus, C. neoformans and T. marneffei,
and reminded us that the complexity of fungal antigens would
influence the reaction pattern. Taibang® IVIG reacted with
recombinant proteins (Csa2, Afmplcr and Cpll) in lower A5
values than homogenously crude antigens, while Mplp with
a highest positive reaction than crude antigen (Fig. 1c). This
may hint that Mp1p could provide more targeting epitopes of
antifungal IgG than other recombinant proteins.

Specificity of antifungal IgG by competitive ELISA
using rabbit antifungal PAbs

Competitive ELISA was conducted to confirm the antifungal
specificity of IVIG using rabbit PAbs against homogenously
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fungal antigens as inhibitors. First, we evaluated the potency
of rabbit PAbs against crude and recombinant antigens com-
paring with normal rabbit IgG. The binding potency con-
centrations of rabbit specific PAbs to crude antigens were
0.15pg/ml and 0.61pg/ml for anti-C. albicans and anti-A.
fumigatus, respectively (Fig. 2a, c). The binding potency
of PAbs against recombinant proteins reacted strongly with
corresponding proteins with the binding concentration of
0.01pg/ml for anti-Csa2 PAb, anti-Afmplcr PAb, anti-Cpl1
PAb and 2.4ng/ml for anti-Mp1p PADb, respectively (Fig. 2b,
d). Due to absent of PAbs specific for crude antigen of C.
neoformans and T. marneffei, we used anti-Cpl1 and anti-
Mplp PAbs which reacted with a limit detection of 312.5pg/
ml and 9.77pg/ml for crude antigens of C. neoformans and
T. marneffei, respectively.

The binding of fungal crude antigens with IVIG was obvi-
ously inhibited by corresponding rabbit anti-C. albicans,
anti-A. fumigatus, anti-Cpll and anti-Mp1lp PAbs respec-
tively in a dose-dependent way (Fig. 3a, c, e, g), which con-
firmed the antifungal specificity of IVIG. However, rabbit
specific PAbs (Fig. 3b, d, f) showed lower inhibitions on
binding of IVIG with most of recombinant proteins except
for Mplp, even though with high potency. The binding of
IVIG with crude antigens was significantly inhibited by anti-
C. albicans PAb compared with normal control (87.2% vs
18.8%) (Fig. 3a), while a lower inhibition of rabbit anti-Csa2
PAb and normal control (58.8% vs 34.9%) was observed
in the binding activity of IVIG with Csa2 (Fig. 3b). Rab-
bit anti-A. fumigatus PAb obviously inhibited IVIG binding
with crude antigen (76.3% vs 20.3%, Fig. 3c), while no dif-
ference on inhibitions between anti-Afmplcr PAb and nor-
mal control (34.9% vs 30.1%, Fig. 3d). For C. neoformans
and T. marneffei, we only prepared PAbs for recombinant
proteins, which were used as inhibitors for IVIG binding
with both crude and recombinant antigens. The results
showed that both anti-Cpll and anti-Mplp PAbs could
significantly inhibit the binding of IVIG with fungal crude
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Fig. 1 The binding of fungal antigens with normal human sera and
IVIG. Mixture of normal human sera collected from 563 healthy
donors in Guangdong Province reacted with fungal crude antigens

@ Springer

N 9 % .9 %
\,@Q.&.'b&.\‘)e. «‘b' 'bg. \q. Q' k. {L. N

IVIG concentrations (ng/ml)

9 IR
S B AL P D oD
oS A S

N N
N o? o 4 ¥ WY

IVIG concentrations (pLg/ml)

(a). The binding of Taibang® IVIG with crude antigens (b) and
recombinant proteins(c) from C. albicans, A. fumigatus, C. neofor-
mans and T. marneffei
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Fig.2 Determination the
potency of antifungal specific
PAbs compared with normal
rabbit IgG. The crude fun-

gal antigens reacted strongly
with specific antifungal rabbit
PAbs (anti-C. albicans and
anti-A. fumigatus) and weakly
reacted with anti-Cpl1 PAb and
anti-Mp1lp PAbs (a). Weaker
reaction was observed in normal
rabbit IgG of a concentration of
156 pg/ml with crude antigen
(c). Higher potency was found
for specific antifungal rabbit
PAbs (anti-Csa2, anti-Afmplecr,
anti-Cpll and anti-Mplp

PADbs) with recombinant fungal
proteins (b) than that with crude
antigens (a), while no reaction
was observed with recombinant
fungal proteins (Csa2, Afmplcr
and Cpl1) except a paint posi-
tive with Mplp in a concentra-

Absorbance at 450nm

(2]

-©- C.albicans
- A.fumigatus
-+ C.neoformans
- T.marneffei

“w o A N O > N
&S o ST S S

Antifungal rabbit PAb (pg/ml)

Coating: crude antigen

C.albicans
-® - A.fumigatus
-k C.neoformans
-%- T.marneffei

3 e

Absorbance at 450nm O

o

-~ Csa2
-= Afmp1cr
-+ Cpl1
- Mpip

0 T T T T T
e A > A O >SS
SHIPVSEN S O

T

Antifungal rabbit PAb (1g/ml)

Coating: recombinant protein

34 -0- Csa2
-®- Afmpicr
-&- Cpl1

tion of 39 pg/ml for normal
rabbit IgG (d)

Absorbance at 450nm
N

W o A B> N O
N

Normal rabbit IgG (png/ml)

antigens (75.3% vs 12.63% for C. neoformans; 65.5% vs
25.3% for T. marneffei) and recombinant antigens than nor-
mal control (48.0% vs 20.3% for Cpll; 69.5% vs 23.7% for
Mplp) (Fig. 3e - h). These observations demonstrated that
antifungal antibodies against the recombinant proteins was
only small a part of antifungal IgG against for the four fungi.
Normal rabbit IgG also showed a weak inhibition in a dose
dependent manner, which indicated a possibility of contain-
ing low level of antifungal antibody in normal rabbit IgG.

Specificity of antifungal IgG by competitive ELISA
using the same crude fungal antigens

For further confirmation of antifungal specificity of IVIG,
the same crude antigen was used as inhibitor. The results
showed that crude antigens could effectively inhibit IVIG
binding to microplates coated crude antigens. The half
maximal inhibitory concentration (IC 50) was estimated
to be 2.02ng/ml, 670.80 ng/ml, 258.60 ng/ml and 261.90
ng/ml for crude antigens of C. albicans, A. fumigatus, C.
neoformans and T. marneffei, respectively (Fig. 4). All the
inhibitive effect by crude antigens was in dose-dependent,
which suggested that the antibodies towards fungal antigens
were specific. These results were also consistent with inhibi-
tion results by antifungal PAbs, which further confirmed the
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presence of antifungal antibody in IVIG, especially for C.
albicans with the lowest IC 50.

Specificity of antifungal IgG against recombinant
fungal glycoproteins

Additional competitive ELISA was also conducted to com-
pete binding of IVIG with four recombinant fungal proteins
coated on microplate, each of which shown a distinct degree
of inhibition. The half maximal IC 50 was estimated to be
1107 ng/ml, 4517 ng/ml and 92.01 ng/ml for recombinant
antigens Csa2 of C. albicans, Cpll of C. neoformans and
Mplp of T. marneffei respectively (Fig. 4). For Afmplcr
of A. fumigatus, no IC 50 was determined despite a 100-
fold inhibitor dose of coated antigen. A highest inhibition
of 89.40% was observed, when Mplp was used as inhibitor
(Fig. 4h), with an estimated IC50 of 92.01ng/ml. This result
was consistent with the result of anti-Mp1p PAD inhibiting
test (Fig. 3h) as well as antibody absorption test (Fig. 5),
which confirmed the specificity of reaction.

For further confirming the specificity of antifungal anti-
bodies, IVIG was absorbed with Dynabeads coupled with
recombinant proteins (40pg) for each fungus, 72.8%-73.8%
of IVIG decreased when tested with recombinant proteins
(Csa2, Cpll and Mplp) coated on microplates (Fig. 5).
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Fig.3 The binding of crude and
recombinant fungal antigens
with Taibang® IVIG was inhib-
ited by fungal specific PAbs

in competitive ELISA. Rabbit
anti-C. albicans PAbs inhibited
the binding of IVIG with C.
albicans crude antigen (a). Rab-
bit anti-Csa2 PAbs inhibited the
binding of IVIG with recom-
binant Csa2 (b). Rabbit anti-A.
fumigatus PAbs inhibited bind-
ing of IVIG with A. fumigatus
crude antigen (c). Anti-Afmplcr
PAbs inhibited the binding of
IVIG with Afmplcr. e Rabbit
anti-Cpl1 PAbs inhibited the
binding of IVIG with C. neo-
formans crude antigen (d) and
recombinant Cpl1 (f). Rabbit
anti-Mp1p PAbs inhibited the
binding of IVIG with Binding
of IVIG with T marneffei crude
antigen (g) and recombinant
Mplp (h). Normal rabbit IgG
from Sigma-Aldrich was used

as control. The inhibition test
was repeated in three individual
experiments
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Fig.4 The binding of fungal
antigens with Taibang® IVIG
was inhibited by homogenous
antigens in competitive ELISA.
The binding of coated fungal
crude and recombinant antigens
with IVIG was inhibited by
homogenous crude and recom-
binant antigens of C. albicans
(a, b), A. fumigatus (c, d), C.
neoformans (e, f) and T. marn-
effei (g, h),which preincubated
with IVIG at 4°C for 16h,
respectively. The inhibition test
was repeated in three individual
experiments
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Dynabeads coupled with recombinant proteins

Fig.5 Specific binding of antifungal antibodies in IVIG with
his-tagged recombinant proteins. IVIG was mixed and incubated
with Dynabeads coupled with his-tagged recombinant fungal pro-
teins (40pg) at 4°C for 16 hours, followed by reaction with micro-
plates coated with corresponding recombinant proteins (Csa2,
Cpll and Mplp), and A,5, was determined before and after incu-
bation . The competition efficacy was calculated as the formula:
Competition efﬁCienCy = (A450 before incubation ~ A450 after incubalion) /
A450 before incubation X 100%

These results further proved the binding specificity of IVIG
with C. albicans, C. neoformans and T. marneffei. Unfortu-
nately, we could not obtain the result about Afmplcr since
we failed to couple Afmplcr to Dynabeads.

Different levels of antifungal IgG in four
manufactures of IVIG preparations

Similar reaction curves between increasing IVIG concentra-
tions with crude antigens of C. albicans, A. fumigatus, C.
neoformans and T. marneffei was observed among different
brands of IVIG (Fig. 6), with the highest positive signal for
C. albicans, which was consistent with normal human sera.
No binding of HSA with IVIG was observed. S/CO ratio
value was used to express the antifungal IgG level in 1mg/ml
IVIG. The S/CO ratio was described as A,sq rvig / Asso tas
then divided by the concentration of IVIG and multiplied by
1000 to be expressed the ratio in 1 mg/ml IVIG. The A5,
values were chose in a linear range in which the concentra-
tion of IVIG for C. albicans, A. fumigatus, C. neoformans
and T. marneffei were 19.53pg/ml, 312.5pg/ml, 312.5pg/
ml and 312.5pg/ml, respectively to calculate the S/CO ratio
value. The S/CO ratio value would be represented the level
of the antifungal IgG in 1 mg/ml IVIG, which were showed
in Table 1 in mean =+ standard deviation.

We compared different levels of antifungal IgG for each
fungus using nonparametric Kruskal-Wallis test. The anti-
fungal IgG levels among four brands of IVIG were statis-
tically significant for C. albicans (P < 0.05) and C. neo-
formans (P < 0.05), while no significant differences for
A. fumigatus (P = 0.086) and T. marneffei (P = 0.057)
(Table 1). Group pairwise comparison was furthermore
performed by independent samples t test among different

Fig. 6 The binding of crude a b
fungjdl antigens and antifungal 44 -+ Introgam® IVIG 4- _ . + Introgam® IVIG
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Table 1 Antifungal IgG level

X X . Crude antigens Signal-to-Cutoff (S/CO) ratio ? P value
against crude fungal antigens in
IVIG from four brands RAAS® IVIG Nanyue® IVIG  Taibang® IVIG  Intragam®IVIG
C. albicans 2379.80+33.89% 2282.01+33.41 1833.08+47.91 2054.74+48.55 0.016
A. fumigatus 86.97+0.95 90.89+1.79 93.96+1.89 90.37+3.23 0.086
C. neoformans 74.87+2.19 ¢ 65.70+1.44 58.75+1.73 64.93+1.00 0.024
T. marneffei 82.02+0.52 118.58+ 4.18 85.52+2.63 81.91+5.75 0.057

2The S/CO ratio was used to express antifungal antibody levels in different brands of IVIG. The average S/
CO ratio value + standard deviation of four fungal antigens in triplicate showed the differences among IVIG
from four brands. Statistical analysis was performed by nonparametric Kruskal-Wallis test. » ¢ RAAS®
IVIG had the highest level of antifungal IgG against C. albicans and C. neoformans among four brands

brands of IVIG for specific IgG against C. albicans or C.
neoformans. The highest level of antifungal IgG against C.
albicans and C. neoformans was observed in RAAS® IVIG,
while the lowest in Taibang® IVIG.

IVIG contained different levels of antifungal IgG specific
for different fungi. When comparing the antibody levels for
C. albicans, A. fumigatus, C. neoformans and T. marnef-
fei, we noted IVIG contained significantly higher level of
specific IgG for C. albicans than for other three fungi (P <
0.001) with the lowest for C. neoformans. No difference of
the specific IgG level was observed between antifungal IgG
specific A. fumigatus and T. marneffei (P = 0.772).

Discussion

Humoral immunity plays important role in host against fun-
gal infections, but little attention was paid on it. IgG against
various beta-glucans including beta-glucans derived from C.
albicans, laminarin, and pustulan were reported in normal
human sera [10, 22]. Antifungal antibodies against C. albi-
cans and A. fumigatus in normal human sera were sparkly
reported in small number of samples [9, 11], which was con-
sistent with the positive results of antifungal IgG in 563 nor-
mal human sera mixture. Further detection in several brands
of IVIG derived from China were investigated and compared
the antifungal IgG for both crude antigen and recombinant
glycoproteins of C. albicans, A. fumigatus, C. neoformans
and T. marneffei.

In this study, we found antifungal IgG against crude anti-
gens of C. albicans, A. fumigatus, C. neoformans and T.
marneffei were present in mixture of normal human sera
from 563 healthy donors. Similar results were further con-
firmed in four brands of IVIG derived from China. Crude
antigens of four clinical pathogenic fungi were observed
with strong positive reaction with normal human sera and
IVIG, among which C. albicans gave the highest positive
signal. Mannan and beta-glucans were reported to be tar-
gets of antifungal antibodies against C. albicans [11, 22].

However, various antigens could attribute to heterogenic
antibody response [23]. Beta-glucan which was abundant
in most of fungi except for C. neoformans and Mucor spe-
cies, reacted with specific IgG in normal human sera [22].
But reactions occurred between IVIG with C. neoformans
(Fig. 1a, b) and Mucor (Data was not shown), which sug-
gested antifungal IgG targets more antigens not just beta-
glucans. Polysaccharides and glycoproteins are abundant in
fungal cells, which could be expected the binding targets.
Csa2, Afmplcr, Cpll and Mp1p specific for four fungi were
chose to verify the reaction with IVIG to different extent,
of which Mplp from T. marneffei reacts strongest than the
others. Mplp is a mannoprotein used for serodiagnosis for
talaromycosis, which dampens host innate immune response
[24]. Moreover, the binding of IVIG with recombinant Mp1p
was stronger than crude antigen of T. marneffei, while an
opposite phenomenon was observed in other fungi, espe-
cially C. albicans. It was in accordance with the study that
antibody responses to different forms of A. fumigatus anti-
gens were widely distributed in normal sera [9].

The binding with recombinant glycoprotein of 7. marn-
effei also confirmed the binding diversity of antifungal
IgG. The direct evidences of antifungal IgG were provided
by several inhibition tests. Both fungal antigens and rab-
bit antifungal PAbs specific for C. albicans, A. fumigatus,
C. neoformans and T. marneffei were used as inhibitors
with efficient inhibition to prove the presence of antifungal
IgG against fungal crude antigens. To the specific fun-
gal proteins, Mplp in T. marneffei was expected to be a
new target of antifungal antibody in IVIG, according to
results of inhibition tests and preabsorption by magnetic
beads. Other glycoprotein, such Csa2 in C. albicans and
Cpll in C. neoformans was probable target, with lower
inhibitionthan Mplp. However, whether antifungal IgG
against Afmplcr present in IVIG was not sure, according
to the results of PAbs inhibition test, which was out of
expectation. Although Afmplp was a homolog of Mplp
[25, 26], antifungal IgG against Mplp was confirmed to
be present in IVIG, while anti-Afmplcr antibodies was
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not found. It could be considered that Afmplcr only as a
part of Afmplp [17], may not be a predominant epitope.

To determine the difference among manufactures of IVIG,
four brands of IVIG derived from healthy population from
North (Taibang® IVIG), East (RAAS® IVIG), Middle
(Nanyue® IVIG) and South (Intragam® IVIG) of China were
tested. Significant difference of specific IgG against crude anti-
gens of C. albicans and C. neoformans occurred among four
brands of IVIG with no significant difference for A. fumigatus
and 7. marneffei. The discrepancy among IVIG from different
manufactures may result from different procedures of prepara-
tions or sources of healthy populations. We noted that IVIG
contained higher level of specific IgG for C. albicans, with
low level for A. fumigatus, C. neoformans and T. marneffei.
An interesting result showed that specific IgG for A. fumigatus
showed no significant difference with for 7. marneffei, a fun-
gus endemic in Southern China. This finding suggested that
antifungal antibodies in IVIG may be elicited by conserved
antigens, including proteins and polysaccharides. It’s reported
that antibodies generated against conserved bacterial polysac-
charides were reactive with A. fumigatus [27].

The production of antifungal IgG in IVIG was probably
related with fungal colonization in lung, gastric intestinal
tract. In this study, antifungal IgG against C. albicans was
found in normal human sera and IVIG, which may asso-
ciate with colonization of Candida. As the most common
commensal fungi in human, antibody against C. albicans
was found in normal human sera and rodent model with C.
albicans colonization [28, 29]. The antibody responses for
C. albicans were shaped by commensal fungi in the human
gut [30]. Not just in adulthood, naturally acquire antibodies
against C. albicans and C. neoformans were developed by
infancy [31]. This implied that the measurement of antifun-
gal IgG could provide a screening test for antifungal humoral
response, even for humoral immunodeficiency. A. fumiga-
tus and C. neoformans widely distribute in the environment
[32, 33], which could induce humoral response by inhalation
of fungal cells. It is noteworthy that no significant differ-
ence among four brands of IVIG was found for antifungal
IgG against T. marneffei derived from endemic and non-
endemic areas. Intragam® IVIG derived from Hong Kong,
an endemic area of talaromycosis, had no more antifungal
IgG than others. However, colonization of T. marneffei was
rarely reported. 7. marneffei was formerly classified to Peni-
cillium, which was ubiquitous airborne fungus in environ-
ment [33] and recognized as contaminating fungus. The spe-
cific IgG against T. marneffei may be induced by inhalation
of Penicillium spores.

The role of antifungal antibodies in IVIG was not known.
Antifungal antibodies against fungal glycoprotein or poly-
saccharides were reported to protect against murine models
of aspergillosis, histoplasmosis, candidiasis and cryptococ-
cosis [34-36], which provide a promising therapeutic option
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for refractory fungal infections. Recently, it was reported
that the protective antifungal IgG could be induced by
human gut commensal fungi and protect the host from sys-
temic candidiasis [37].

Concerning these evidences of specific antifungal anti-
body present in IVIG, it would be important for understand-
ing humoral defense against fungi. First, it may provide a
basic perception of antifungal humoral immunity in Chinese
normal adult population, which could contribute to the sur-
veillance of humoral antifungal response in humans. Second,
IVIG also could be expected to provide a novel therapeutic
intervention for fungal infections. Successful treatment in
chronic oral candidiasis patients with human polyvalent IgG
[10], demonstrated the benefits of IVIG in fighting fungal
infection. Further investigation on the role of antifungal anti-
body in IVIG should be performed. Third, the presence of
antifungal antibody might lead to false negative results in
antigen detection, which implied the importance of dissocia-
tion of antigen-antibody complex. This was consistent with
the purpose of pretreatment of sera sample during galacto-
mannan antigen detection [38].

Overall, this study provide evidence for antifungal speci-
ficity of IVIG from China. However, the health impact of
antifungal antibody remains unclear and further investiga-
tions are needed. First, there would be further observation
and research on the effect and mechanism of antifungal anti-
bodies on fungi in vivo and in vitro. Second, IVIG would
be expected to be an evaluation tool for humoral immunity
against fungus, and also to be a possible choice for therapy
of invasive fungal diseases.

Acknowledgements The authors would like to thank Professor Jian
Zheng for providing Intragam® IVIG preparation.

Author contribution Conceptualization: Ning Fu, Yanfang Wang;
Methodology: Yanfang Wang, Yugu Liu, Susu Jiang, Yan Zhao; For-
mal analysis and investigation: Yanfang Wang; Writing - original draft
preparation: Yanfang Wang; Writing - review and editing: Ning Fu,
Yanfang Wang; Funding acquisition: Yanfang Wang; Resources: Wei
Hao and Jianpiao Cai; Supervision: Yanfang Wang

Funding This work was supported by grants from the Natural Science
Foundation of China (NSFC 81873974), Guangdong Basic and Applied
Basic Research Foundation (2016A030313629).

Declarations

Ethics approval Mixed normal human sera from 563 healthy donors
used in this study was approved by the Ethics Committee of the Zhu-
jiang Hospital of Southern Medical University (application number
ZJYY-2011-JYYXB-002). The specimens were anonymized and the
need for informed consent was waived.

Conflict of interest On behalf of all authors, the corresponding author
states that there is no conflict of interest.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,



Brazilian Journal of Microbiology (2023) 54:81-92

91

adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate
if changes were made. The images or other third party material in this
article are included in the article's Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article's Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.
org/licenses/by/4.0/.

References

10.

11.

12.

13.

Brown GD, Denning DW, Gow NA, Levitz SM, Netea MG, White
TC (2012) Hidden killers: human fungal infections. Sci Transl
Med 4(165):165rv113

Li HR, Cai SX, Chen YS, Yu ME, Xu NL, Xie BS, Lin M, Hu
XL (2016) Comparison of Talaromyces marneffei Infection in
Human Immunodeficiency Virus-positive and Human Immuno-
deficiency Virus-negative Patients from Fujian, China. Chin Med
J129(9):1059-1065

Mackel 1], Steele C (2019) Host defense mechanisms against
Aspergillus fumigatus lung colonization and invasion. Curr Opin
Microbiol 52:14-19

Aslanyan L, Sanchez DA, Valdebenito S, Eugenin EA, Ramos RL,
Martinez LR (2017) The Crucial Role of Biofilms in Cryptococ-
cus neoformans Survival within Macrophages and Colonization of
the Central Nervous System. J Fungi (Basel, Switzerland) 3(1):10
Elluru SR, Kaveri SV, Bayry J (2015) The protective role of
immunoglobulins in fungal infections and inflammation. Semin
Immunopathol 37(2):187-197

Casadevall A, Pirofski LA (2012) Immunoglobulins in defense,
pathogenesis, and therapy of fungal diseases. Cell Host Microbe
11(5):447-456

Cao L, Chan KM, Chen D, Vanittanakom N, Lee C, Chan CM,
Sirisanthana T, Tsang DN, Yuen KY (1999) Detection of cell
wall mannoprotein Mplp in culture supernatants of Penicillium
marneffei and in sera of penicilliosis patients. J Clin Microbiol
37(4):981-986

CmC,PCY W, ASPL, SKPL, Xy C, Cao L, Ky Y (2002) Detec-
tion of Antibodies Specific to an Antigenic Cell Wall Galactoman-
noprotein for Serodiagnosis of Aspergillus fumigatus Aspergil-
losis. J Clin Microbiol 40(6):2041-2045

Richardson MD, Llewellyn PA, Warnock DW (1984) Antibody
to Aspergillus fumigatus antigens in normal sera: influence
on positive-negative discrimination in ELISA. J Immunoass
5(3-4):205-220

Noss I, Wouters IM, Smit LA, Meijer E, Pronk A, Heederik DJ,
Doekes G (2012) IgG to various beta-glucans in a human adult
population. Int Arch Allergy Immunol 157(1):98-108

Kozel TR, MacGill RS, Percival A, Zhou Q (2004) Biological
activities of naturally occurring antibodies reactive with Candida
albicans mannan. Infect Immun 72(1):209-218

Krause I, Wu R, Sherer Y, Patanik M, Peter JB, Shoenfeld Y
(2002) In vitro antiviral and antibacterial activity of commercial
intravenous immunoglobulin preparations--a potential role for
adjuvant intravenous immunoglobulin therapy in infectious dis-
eases. Transfus Med (Oxford, England) 12(2):133-139
Pedraza-Sanchez S, Méndez-Leodn JI, Gonzalez Y, Ventura-Ayala
ML, Herrera MT, Lezana-Fernandez JL, Bellanti JA, Torres M
(2018) Oral Administration of Human Polyvalent IgG by Mouth-
wash as an Adjunctive Treatment of Chronic Oral Candidiasis.
Front Immunol 9:2956

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Hao W, Pan YX, Ding YQ, Xiao S, Yin K, Wang YD, Qiu LW,
Zhang QL, Woo PC, Lau SK et al (2008) Well-characterized mon-
oclonal antibodies against cell wall antigen of Aspergillus species
improve immunoassay specificity and sensitivity. Clin Vaccine
Immunol : CVI 15(2):194-202

LiuL, CaiJ, Liu C, Guo Y, Pan Y, Wang Y, Che X (2014) Estab-
lishment and evaluation of a double antibody sandwich ELISA to
detect Csa2 protein of Candida albicans. Xi Bao Yu Fen Zi Mian
Yi Xue Za Zhi 30(7):732-735

Wang 7Y, Cai JP, Qiu LW, Hao W, Pan YX, Tung ET, Lau CC,
Woo PC, Lau SK, Yuen KY et al (2012) Development of mono-
clonal antibody-based galactomannoprotein antigen-capture
ELISAs to detect Aspergillus fumigatus infection in the inva-
sive aspergillosis rabbit models. Eur J Clin Microbiol Infect Dis
31(11):2943-2950

Yang M, Wang Z, Hao W, Wang Y, Huang L, Cai J, Jiang L,
Che X, Zhong X, Yu N (2014) Double-antigen sandwich ELISA
for detecting Aspergillus fumigatus anti-Afmplcr and Afmp2cr
antibodies. Nan fang yi ke da xue xue bao = J South Med Univ
34(5):646-650

CaiJP, Liu LL, To KK, Lau CC, Woo PC, Lau SK, Guo YH, Ngan
AH, Che XY, Yuen KY (2015) Characterization of the antigenic-
ity of Cpll, a surface protein of Cryptococcus neoformans var.
neoformans. Mycologia 107(1):39-45

Wang YF, Cai JP, Wang YD, Dong H, Hao W, Jiang LX, Long J,
Chan C, Woo PC, Lau SK et al (2011) Immunoassays based on
Penicillium marneffei Mp1p derived from Pichia pastoris expres-
sion system for diagnosis of penicilliosis. PLoS One 6(12):e28796
Wang YF, Xu HF, Han ZG, Zeng L, Liang CY, Chen XJ, Chen
YJ, Cai JP, Hao W, Chan JF, Wang M, Fu N, Che XY (2015)
Serological surveillance for Penicillium marneffei infection in
HIV-infected patients during 2004-2011 in Guangzhou, China.
Clin Microbiol Infect 21(5):484-489

Liu W, Kou G, Dong Y, Zheng Y, Ding Y, Ni W, Wu W, Tang S,
Xiong Z, Zhang Y et al (2020) Clinical application of Chemilu-
minescence Microparticle Immunoassay for SARS-CoV-2 infec-
tion diagnosis. J Clinical Virol : Off Pub Pan Am Soc Clin Virol
130:104576

Chiani P, Bromuro C, Cassone A, Torosantucci A (2009)
Anti-beta-glucan antibodies in healthy human subjects. Vaccine
27(4):513-519

Demkow U, Filewska M, Michalowska-Mitczuk D, Kus J, Jagodz-
inski J, Zielonka T, Zwolska Z, Wasik M, Rowinska-Zakrzewska
E (2007) Heterogeneity of antibody response to myobacterial anti-
gens in different clinical manifestations of pulmonary tuberculo-
sis. J Physiol Pharmacol : Off J Polish Physiol Soc 58:117-127
Sze KH, Lam WH, Zhang H, Ke YH, Tse MK, Woo PCY, Lau
SKP, Lau CCY, Cai JP, Tung ETK et al (2017) Talaromyces marn-
effei Mplp Is a Virulence Factor that Binds and Sequesters a Key
Proinflammatory Lipid to Dampen Host Innate Immune Response.
Cell chemical biology 24(2):182-194

Yuen KY, Chan CM, Chan KM, Woo PC, Che XY, Leung AS, Cao
L (2001) Characterization of AFMP1: a novel target for serodiag-
nosis of aspergillosis. J Clin Microbiol 39(11):3830-3837

Woo PCY, Chan CM, Leung ASP, Lau SKP, Che XY, Wong
SSY, Cao L, Yuen KY (2002) Detection of Cell Wall Galacto-
mannoprotein Afmplp in Culture Supernatants of Aspergillus
fumigatus and in Sera of Aspergillosis Patients. J Clin Microbiol
40(11):4382-4387

Kin NW, Stefanov EK, Dizon BL, Kearney JF (2012) Antibod-
ies generated against conserved antigens expressed by bacteria
and allergen-bearing fungi suppress airway disease. J] Immunol
189(5):2246-2256

Tansho S, Abe S, Ishibashi H, Mitsuya M, Wada K, Ikeda T,
Suegara N, Koshio O, Ono Y, Yamaguchi H (2004) Production of

@ Springer


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

92

Brazilian Journal of Microbiology (2023) 54:81-92

29.

30.

31.

32.

33.

anti-Candida antibodies in mice with gut colonization of Candida
albicans. Mediat Inflamm 13(3):189-193

Huertas B, Prieto D, Pitarch A, Gil C, Pla J, Diez-Orejas R (2017)
Serum Antibody Profile during Colonization of the Mouse Gut
by Candida albicans: Relevance for Protection during Systemic
Infection. J Proteome Res 16(1):335-345

Moreno-Sabater A, Autaa G, Sterlin D, Jerbi A, Villette R, Holm
JB, Parizot C, Selim S, Senghor Y, Ghillani-Dalbin P et al (2020)
Systemic anti-commensal response to fungi analyzed by flow
cytometry is related to gut mycobiome ecology. Microbiome
8(1):159

Goldman DL, Khine H, Abadi J, Lindenberg DJ (2001) Pirof-
ski L-a, Niang R, Casadevall A: Serologic Evidence for Cryp-
tococcus neoformans Infection in Early Childhood. Pediatrics
107(5):e66—-e66

Kido N, Makimura K, Kamegaya C, Shindo I, Shibata E, Omiya
T, Yamamoto Y (2012) Long-term surveillance and treatment of
subclinical cryptococcosis and nasal colonization by Cryptococ-
cus neoformans and C. gattii species complex in captive koalas
(Phascolarctes cinereus). Med Mycol 50(3):291-298

Odebode A, Adekunle A, Stajich J, Adeonipekun P (2020) Air-
borne fungi spores distribution in various locations in Lagos,
Nigeria. Environ Monit Assess 192(2):87

@ Springer

34.

35.

36.

37.

38.

Nosanchuk JD (2005) Protective antibodies and endemic dimor-
phic fungi. Curr Mol Med 5(4):435-442

Chaturvedi AK, Kavishwar A, Shiva Keshava GB, Shukla PK
(2005) Monoclonal immunoglobulin G1 directed against Aspergil-
lus fumigatus cell wall glycoprotein protects against experimental
murine aspergillosis. Clin Diagn Lab Immunol 12(9):1063-1068
Casadevall A, Feldmesser M, Pirofski LA (2002) Induced humoral
immunity and vaccination against major human fungal pathogens.
Curr Opin Microbiol 5(4):386-391

Doron I, Leonardi I, Li XV, Fiers WD, Semon A, Bialt-DeCelie
M, Migaud M, Gao IH, Lin WY, Kusakabe T et al (2021) Human
gut mycobiota tune immunity via CARD9-dependent induction
of anti-fungal IgG antibodies. Cell 184(4):1017-1031.e1014
Mennink-Kersten MA, Donnelly JP, Verweij PE (2004) Detection
of circulating galactomannan for the diagnosis and management
of invasive aspergillosis. Lancet Infect Dis 4(6):349-357

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.



	Antifungal antibodies present in intravenous immunoglobulin derived from China
	Abstract
	Introduction
	Materials and methods
	Fungi strains and crude fungal antigens
	Expression of recombinant fungal glycoproteins in Pichia pastoris
	Preparation of rabbit antifungal polyclonal antibodies (PAbs)
	Normal human ser
	Commercial IVIG and Human Serum Albumin (HSA)
	Measurement of antifungal antibodies in IVIG and mixed normal human sera by indirect ELISA
	Confirmation for specificity of antifungal IgG by competitive ELISA with rabbit specific PAbs or fungal antigens
	Antibody absorption test by magnetic Dynabeads coupled with His-tagged recombinant fungal glycoproteins
	Statistical analysis

	Results
	Antifungal IgG against C. albicans, A. fumigatus, C. neoformans and T. marneffei were observed in mixed normal human sera and IVIG
	Specificity of antifungal IgG by competitive ELISA using rabbit antifungal PAbs
	Specificity of antifungal IgG by competitive ELISA using the same crude fungal antigens
	Specificity of antifungal IgG against recombinant fungal glycoproteins
	Different levels of antifungal IgG in four manufactures of IVIG preparations

	Discussion
	Acknowledgements 
	References


