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Specific antibody opsonization significantly enhances the level of phagocytosis of Candida in the absence of
complement. Furthermore, we have described a system using a recombinant human antibody single-chain
variable fragment that allows a comparative study of phagocytosis of multiple Candida species opsonized via

a common antigen.

Candidiasis, the most common systemic fungal infection, is
increasing in frequency (18). Antibody can play an important
role in the host response to Candida (8, 9); however, polyclonal
antibody responses may include antibodies detrimental to the
host (3). While phagocytes are considered the primary anti-
Candida effector cells (13, 27), previous studies on the effects
of antibody opsonization on phagocytosis were performed in
the presence of complement (4, 10, 15, 19). Specifically target-
ing organisms to phagocyte Fc receptors (FcR), however, has
been shown to benefit the host by augmenting phagocytosis,
organism killing, and stimulation of the adaptive immune sys-
tem (1, 5, 6, 26), whereas phagocytosis via complement has
been associated with suppressed immune responses (6). Fur-
thermore, although infections caused by Candida species other
than Candida albicans are now in the majority (16, 20, 21, 28),
little is known about the effects of antibody on the host re-
sponse to non-albicans Candida.

We previously described a human single-chain variable frag-
ment (scFv), scFvA2-18, that recognizes both C. albicans and
non-albicans species (2, 7). Herein, we investigated the ability
of scFvA2-18 to target FcR and mediate phagocytosis. sSCFvA2-
18, which recognizes cell surface mannans (data not shown) on
blastoconidia and filamentous forms of Candida, and a control
scFv, scFv5 (2), which recognizes a protein antigen expressed
only on filamentous Candida, were prepared using the method
of Kipriyanov et al. (11). Because scFv does not contain an Fc
region, but does contain the FLAG epitope tag (14), organisms
were opsonized with a three-layer complex consisting of 10 wg
of scFvA2-18 per ml, 10 pg of M2 anti-FLAG mouse mono-
clonal antibody per ml (Sigma-Aldrich, St. Louis, Mo.), and a
1:250 dilution of an immunoglobulin G (IgG) fraction of rabbit
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anti-mouse polyclonal antiserum (Jackson ImmunoResearch,
West Grove, Pa.). For comparison, organisms were opsonized
with a 1:250 dilution of an IgG fraction of rabbit anti-C. albi-
cans polyclonal antiserum (pIgG; Accurate Chemical, Inc.,
Westbury, N.Y.).

To demonstrate that the scFvA2-18 complex could target
Candida to FcR, opsonized blastoconidia (laboratory strain
3153A) were incubated for 30 min at 37°C with either an
FcyR1-expressing epithelial cell line, FcyR1/CV-1, or its pa-
rental line, FRT/CV-1 (Gibco Invitrogen, Carlsbad, Calif.), at
a blastoconidia/host cell ratio of 10:1. FcyR1/CV-1 cells bound
live Candida blastoconidia opsonized with either plgG or
scFvA2-18, but not unopsonized or scFv5-opsonized organisms
(Fig. 1A). Because there was no difference in binding levels of
unopsonized and scFv5-opsonized organisms, potential con-
taminants in the scFv preparations did not affect binding. No
differences in binding were observed with live and heat-killed
blastoconidia (data not shown), suggesting that C. albicans
does not actively evade opsonization or degrade the opsonizing
complex.

For phagocytosis assays, cells of a human monocytic cell line,
THP-1 (American Type Culture Collection, Manassas, Va.)
(23-25) were incubated with Candida as described above, ex-
cept that the sample was incubated for 30 min at 4°C prior to
the 37°C incubation to develop a synchronized pool of host
cells with membrane-bound organisms. Surface-bound organ-
isms were distinguished by labeling blastoconidia with fluores-
cein isothiocyanate (FITC) prior to opsonization and subse-
quently adding ethidium bromide (EtBr) to the sample prior to
microscopic analysis. EtBr, which is excluded from live host
cells and, therefore, internalized organisms, stains external or-
ganisms, causing them to fluoresce orange (Fig. 1B). Heat-
killed organisms were used because live organisms concentrate
FITC in their vacuole, which is subsequently protected from
EtBr staining. No difference in the level of phagocytosis of live
versus heat-killed organisms was observed in pilot studies (data
not shown).

The efficiency of phagocytosis was significantly enhanced by
antibody opsonization (Fig. 1C). The scFvA2-18 complex me-
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FIG. 1. scFvA2-18 targets C. albicans to FcR and mediates phagocytosis. (A) FcyR1-expressing epithelial cells (FcyR1/CV-1) or the parental
cells (FRT/CV-1) were incubated with C. albicans strain 3153A blastoconidia opsonized as indicated. Cells that bound three or more blastoconidia
were scored as positive (rosette formation). The mean percentage of cells forming rosettes *+ standard error is plotted. scFv5, which does not
recognize blastoconidia, was included as a mock opsonin. Anti-C. albicans plgG- or scFvA2-18-opsonized organisms were bound at a significantly
higher level (P < 0.001 for all comparisons) than unopsonized or mock-opsonized organisms. There was no significant difference between the levels
of binding of unopsonized or mock-opsonized organisms (P = 0.212). (B) Photomicrographs of THP-1 cells incubated with C. albicans strain 3153A
blastoconidia, opsonized as indicated, demonstrating extracellular (orange) and intracellular (green) blastoconidia. The white bar represents 10
pm. (C) Mean percentage of THP-1 cells completing phagocytosis *+ standard error of C. albicans strain 3153A blastoconidia, opsonized as
indicated. The levels of phagocytosis of pIgG- or scFvA2-18-opsonized organisms were not significantly different (P = 0.271); however, the levels
of phagocytosis of either scFvA2-18-or pIlgG-opsonized organisms, compared to those of unopsonized or mock-opsonized organisms (P < 0.001
for all comparisons), were significantly different.

TABLE 1. scFv \2-18 mediates phagocytosis of various C. albicans
strains and multiple Candida species by THP-1 cells

diated phagocytosis equivalently to mature antibody. The low

. . . % Phagocytosis”
level of phagocytosis seen with unopsonized or mock-opso-

. A K X Organism Strain Source®  Opsonin Not
nized organisms suggests that neither alternative receptors, opsonizeds  Opsonized”
such as mannose receptors, nor contaminants from the scFv
C. albicans 3153A L plgG 4+4 8112 12

preparation enhance phagocytosis under these conditions. This ScFWA2-18 14+ 9 B+10 12
is consistent with a recent study in which mannose receptor-
deficient mice were not found to have increased mortality from
Candida infections (12).

MRO4-O C  plgG

2x1 69 =2 3
scFvA2-18 14 =1 +7

Phagocytosis assays were conducted with seven C. albicans 613p L scFvA2-18 10*2 61=7 6
1s91’f1tes and.four non-al.blcans species (Table 1). Except f(.)r one MRO2-0 C  scFaI18 10+6 7o 6
clinical strain of C. albicans (MRO4-0), there was significant
enhancement of phagocytosis when organisms were opsonized. MRO9-R C  scFw2-18  35*38 805 6
Althopgh differences in the level o'f phagocytosis of various MRO17-0 C  scPvo-18 3510 71+6 6
organisms were observed, these differences were relatively
small compared to the large increase in the level of phagocy- CAH 7-1A M scFvA2-18 19 * 4 59+11 6
tosis associated with opsonization.

Because strain MRO4-O was efficiently ingested when op- ¢ aubliniensis CBS8500 R scFa2-18 9+11 817 6

sonized with pIgG, but not scFvA2-18 (Table 1), we performed
an immunofluorescence assay to investigate scFvA2-18 cognate
antigen expression in this strain (Fig. 2A). Both pIgG and
scFvA2-18 recognize Candida blastoconidia and filaments of
strain 3153A with a diffuse, bright staining pattern (2, 7). In ~ C glabrata MRO84-R  C  scFvA2-18  14£5  96+2 6
strain MRO4-O, this pattern was observed with pIgG but not
scFvA2-18, which recognized only the point of elongation (Fig. C. krusei ATCC 6258 R scFv\2-18 4+ 1 68 + 6 6
2A). Because stationary-growth-phase blastoconidia were used ) -

“ Source of strains used: L, laboratory; C, clinical; R, reference; M, mutant

in the phagocytosis assays, strain MRO4-O blastoconidia  (CAH 7-1A isJwp  fhwp ). All strains were obtained as previously described (2),

C. tropicalis MRO84-O C scFvA2-18 157 95*3 6

would not have been effectively opsonized. When the phago- except ATCC 6248, which was provided by the Clinical Microbiology Laboratory
cytosis assay was repeated by using blastoconidia that had been &t Strong Memorial Hospital, Rochester, N.Y.

R N . . Percentages of cells with ingested organisms. Values are means * standard
cultured for 1 h in medium M199 (Gibco), which allows de- deviation.
velopment of nascent filaments, a significantly higher level of © For scFvA2-18, secondary and tertiary antibody ligand only; for IgG, no

. . opsonin.
phagocyt051s was observed (Flg' 2B and C)' Furthermore, host @ For all organisms except MRO4-O (scFvA2-18), comparison of opsonized to

cells that partially ingested filaments, causing exclusion of EtBr not opsonized was statistically significant (P < 0.001). For MRO4-O, P = 0.185.
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FIG. 2. scFvA2-18 recognizes C. albicans strain MR04-O at the point of elongation and mediates phagocytosis of organisms with nascent germ
tube growth. (A) Immunofluorescence assays of C. albicans strain MRO4-O performed with pIgG (detected by BODIPY FL-conjugated goat
anti-rabbit antibody [Molecular Probes, Eugene, Oreg.]) or scFvA2-18 (detected by M2 anti-FLAG antibody and BODIPY FL-conjugated goat
anti-mouse antibody [Molecular Probes]) demonstrate that scFvA2-18 recognizes only the area at the point of elongation. (B) Phagocytosis assays
using scFvA2-18-opsonized blastoconidia (stationary growth) or scFvA2-18-opsonized nascent germ tubes were performed with C. albicans strains
3153A and MRO4-O. The mean percentage of phagocytosis * standard error is plotted in panel B. (C) Fluorescence photomicrographs of THP-1
cells that had ingested organisms from the nascent growth sample of strain MRO4-O. The white bars in panels A and C represent 10 pm.

(Fig. 2C, top), or that ingested relatively large filaments (Fig.
2C, bottom) were observed.

To verify that antibody opsonization could enhance phago-
cytosis in native human phagocytes, human monocytes and
neutrophils that were obtained through an institutionally ap-
proved protocol were assayed as described above. Blood was
drawn from healthy adult volunteers; monocytes were isolated
with the RosetteSep monocyte enrichment system (StemCell
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Technologies, Vancouver, British Columbia, Canada), and
neutrophils were isolated with the 1-Step Polymorphs system
(Accurate Chemical, Inc.). Monocyte preparations contained
98% monocytes, and neutrophil preparations contained >99%
neutrophils with no cross-contamination of cell types.
Phagocytosis by ex vivo monocytes obtained from two dif-
ferent donors (Fig. 3A) occurred in 40 to 50% of cells. The
level of phagocytosis was significantly enhanced by opsoniza-
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FIG. 3. Ex vivo human phagocytes ingest C. albicans blastoconidia opsonized with scFv A2-18. (A) Peripheral blood monocytes were obtained
from two different donors and assayed for phagocytosis with blastoconidia opsonized with scFv A2-18 or scFv 5, as indicated. THP-1 cells were
assayed in parallel for comparison. The mean percentage of phagocytosis *+ standard error is plotted. There was a significant increase in the level
of phagocytosis of opsonized versus mock-opsonized blastoconidia for donor A (P < 0.001) but not for donor B (P = 0.127). (B) Neutrophils
(PMN) were obtained from a single donor (donor B) on 2 different days (indicated as PMN-A and PMN-B) and assayed for phagocytic activity.
For both samples, there was a significant increase in the level of phagocytosis of opsonized versus mock-opsonized organisms (P < 0.001).
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tion in monocytes from donor A; however, cells from donor B
demonstrated a high level of phagocytosis of both opsonized
and unopsonized organisms. This donor-related discrepancy
could be due to the monocyte activation state: Marodi et al.
demonstrated that activated monocyte-derived macrophages
did not require opsonization for phagocytosis, whereas unac-
tivated monocytes did (15).

The ex vivo neutrophils, which were obtained in indepen-
dent experiments from the same donor, demonstrated a sig-
nificant increase in the level of phagocytosis of opsonized or-
ganisms (Fig. 3B). The ex vivo phagocytes did not undergo
phagocytosis at the level of the THP-1 cells, although the
observed level of 25 to 50% is similar to those in other inves-
tigations with human phagocytes (17, 22). The ex vivo phago-
cytes are likely to be heterogeneous in FcR expression and
activation state, which may have contributed to the lower level
of phagocytosis compared with THP-1 cells.

The majority of studies investigating the phagocytosis of
Candida have used fresh serum as an opsonizing agent (10, 15,
17, 19, 22). In their study on the protective monoclonal anti-
body B6.1, Caesar-TonThat and Cutler found that fresh serum
was necessary for optimal organism killing (4). Herein, we
demonstrated that specific antibody opsonization dramatically
increases the level of phagocytosis in the absence of comple-
ment. Furthermore, scFvA2-18 functions as a Candida binding
ligand equivalent to specific pIgG. Thus, scFvA2-18 is an im-
portant tool for studying the phagocyte response to Candida
because it functions as an opsonin for many Candida species.
Native antibody responses, which are complex and may not
confer protection (3), may not adequately enhance phagocy-
tosis. Because the antibody fragments tested in these studies
are of human origin, they may provide the basis for future
antibody prophylaxis or therapy for Candida infections.
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