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Ab binding alters gene expression in
Cryptococcus neoformans and directly
modulates fungal metabolism
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Abs facilitate humoral immunity via the classical mechanisms of opsonization, complement activation, Ab-
dependent cellular cytotoxicity, and toxin/viral neutralization. There is also evidence that some Abs mediate
direct antimicrobial effects. For example, Ab binding to the polysaccharide capsule of the human pathogenic
fungus Cryptococcus neoformans promotes opsonization but also inhibits polysaccharide release and biofilm
formation. To investigate whether Ab binding affects C. neoformans directly, we analyzed fungal gene expres-
sion after binding of protective and nonprotective mAbs. The 2 IgM Abs and 1 IgG1 Ab tested each induced
different changes in gene expression. The protective IgG1 mAb upregulated genes encoding proteins involved
in fatty acid synthesis, the protective IgM mAb downregulated genes encoding proteins required for pro-
tein translation, and the nonprotective IgM mAb had modest effects on gene expression. Differences in gene
expression correlated with mAb binding to different locations of the capsule. Of the 3 Abs tested, the protec-
tive IgG1 mADb bound to C. neoformans closest to the cell wall, produced specific differences in the pattern of
phosphorylated proteins, caused changes in lipid metabolism, and resulted in increased susceptibility to the
antifungal drug amphotericin B. These results suggest what we believe to be a new mode of action for Ab-medi-
ated immunity and raise the possibility that immunoglobulins mediate cross talk between microbes and hosts

through their effects on microbial metabolism.

Introduction

Current views of Ab function posit that specific immunoglobulins
mediate protection against microbes by promoting phagocytosis,
activating complement, neutralizing toxins and viruses, and poten-
tiating Ab-dependent cellular toxicity. Hence, humoral immunity
is thought to mediate protection largely by enhancing the ability
of other components of the immune system. In contrast, the con-
cept that microbial metabolism is directly affected by immuno-
globulins is not part of current immunological thought.

Recently, several mAbs have been shown to mediate direct antimi-
crobial activity through mechanisms that are yet to be fully elucidat-
ed. For example, specific IgM is microbicidal for Borrelia burgdorferi
(1); Abs to fungal cell wall components, such as melanin (2, 3) and
glucosylceramide (4), are fungistatic; and a genetically recombinant
mAD against cell wall HSP90 of Candida albicans is fungicidal against
different species of fungi in vitro (5) and increases the fungicidal effect
of amphotericin B in clinical trials (6). For encapsulated organisms
like Streptococcus pneumoniae and Cryptococcus neoformans, the binding
of specific Ab to the capsule can produce the phenomenon of capsu-
lar reaction (“quellung” reaction), whereby the capsule becomes vis-
ible through differential interference contrast microscopy, as a con-
sequence of refractive index change caused by the addition of protein
(7). However, the capsular reaction occurs in the extracellular space
and to date has not been associated with changes in microbial metab-
olism. For C. neoformans, Ab binding to the polysaccharide capsule
can prevent subsequent release of capsular polysaccharide in vitro (8).
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Furthermore, Ab binding can inhibit C. neoformans biofilm formation
by a mechanism that probably also involves interference with poly-
saccharide release (9). These observations have raised the question of
whether Ab binding affects fungal metabolism directly.

We investigated this question by comparing gene expression in the
presence of 3 capsule-binding mAbs that differ in isotype and protec-
tive efficacy in animal models of cryptococcosis (10). Binding of the
3 mADbs resulted in different gene expression profiles. The protec-
tive IgM mAD had a direct effect on microbial metabolic rate, while
binding of the IgG1 mAb increased susceptibility to the antifungal
amphotericin B, changed the pattern of phosphorylated proteins in
total cell lysate, and was associated with differences in lipid metabo-
lism. These results imply that specific Abs can affect microbial gene
expression, thus opening a new area for investigation in the potential
interactions of the humoral immune response and microbes.

Results

Three capsule-binding mAbs were used in this study, 2 IgM (12A1
and 13F1) and 11gG1 (18B7), together with 2 isotype-matched con-
trol mAbs, MOPC (IgG1) and TEPC (IgM), which do not bind to
the capsular polysaccharide (10). The IgG1 mAb 18B7 is protective
and was used in a human trial of passive therapy for cryptococcosis
(11), whereas the IgM mAbs differ in both epitope specificity and
protective efficacy (10). At mAb concentrations comparable to those
measured in serum during passive Ab experiments in animals (12)
and humans (11), we measured different microbial responses to
each mAb. IgG1 mADb 18B7 binding to C. neoformans strain H99 was
associated with the upregulation or downregulation of 43 differ-
ent genes, relative to cells incubated with a near-saturating concen-
tration of isotype-matched control mAb MOPC. These genes were
mostly related to metabolism and cell wall synthesis (Figure 1A and
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Categories and numbers of genes changed upon mAb binding to H99. Pie charts of the categories of genes upregulated or downregulated upon
(A) mAb 18B7, (B) 12A1, or (C) 13F1 binding to H99. Numbers indicate the number of genes in each category.

Supplemental Table 1; supplemental material available online with
this article; doi:10.1172/JCI38322DS1). In particular, both the ocand
[ subunits of the fatty-acid synthase and acetyl-CoA carboxylase, the
3 enzymes that catalyze fatty acid synthesis, were upregulated. Real-
time RT-PCR confirmed expression changes for 79% of the 14 genes
tested for mAb 18B7 binding to H99 (Supplemental Table 2). In
contrast, [gM mADb 12A1 binding to H99 was associated with the
upregulation or downregulation of 62 genes associated with metab-
olism, secretion, and translation, relative to H99 incubated with the
control IgM mAb TEPC (Figure 1B and Supplemental Table 3). Of
the 62 genes showing expression changes upon mAb 12A1 binding,
8 genes associated with ribosome biogenesis and protein translation
were downregulated, suggesting that translation was repressed upon
mADb binding. Real-time RT-PCR confirmed expression changes in
67% of the 21 genes tested for mAb 12A1 binding to H99 (Supple-
mental Table 4). When IgM mAb 13F1 bound to H99, 39 miscella-
neous genes were upregulated and downregulated, compared with
the isotype matched control mAb TEPC (Figure 1C and Supple-
mental Table 5). However, in contrast to the other 2 mAbs, real-time
RT-PCR confirmed expression changes in only 29% of the 14 genes
tested, suggesting that many of the microarray expression changes
for IgM mAb 13F1 binding to H99 may be false positives from weak
signals (Supplemental Table 6). Thus, the microbial response dif-
fered depending on the specific mAb, with the relative magnitude of
the effects being mAb 18B7 > mAb 12A1 > mADb 13F1.

The 3 mAbs were then used in immunofluorescence experiments
to establish their binding locations. To avoid potential uncertainties
associated with secondary Ab detection, each mAb was conjugated
to Alexa Fluor 488. The IgG1 mAb 18B7 bound to H99 in a compact
shell-like pattern (Figure 2A). The IgM mAb 12A1 binding to H99
produced a similar binding pattern to that of mAb 18B7 (Figure 2B).

Figure 2

The 3 Abs differ in their location of binding on the C. neoformans cap-
sule. (A—E) Three-dimensional reconstructions of confocal fluorescence
images of mAbs binding H99. (A) mAb 18B7 conjugated to Alexa Fluor
488 (green) binding H99. (B) mAb 12A1 conjugated to Alexa Fluor 488
(green) binding H99. (C) mAb 13F1 conjugated to Alexa Fluor 488
(green) binding H99. (D) mAb 18B7 conjugated to Alexa Fluor 488
(green) and unlabeled mAb 12A1 detected with anti-lgM—-TRITC (red)
binding H99. (E) mAb 18B7 conjugated to Alexa Fluor 488 (green) and
unlabeled mAb 13F1 detected with anti-lgM—TRITC (red) binding H99.
In all images, the cell wall is stained with calcofluor white (blue). Scale
bar: 5 um (A-E). (F) Distance in microns between mAb binding and the
cell wall (measured from the fluorescence profiles in ImageJ). ANOVA
was used to test for differences in the distance to the cell wall.
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However, when the IgM mAb 13F1 bound to H99, the binding pat-
tern was diffuse and punctate throughout the capsule (Figure 2C).
Double staining with IgG1 mAb 18B7 conjugated to Alexa Fluor
488 and unlabeled IgM mAbs, 12A1 or 13F1, detected with a TRITC-
labeled secondary Ab, revealed that mAb 18B7 bound closer to the
cell wall than either IgM (Figure 2, D and E). When the fluorescence
profiles of the 3 mAbs directly conjugated to Alexa Fluor 488 were
analyzed, the IgG1 mAb 18B7 bound significantly closer to the cell
wall than the IgM mAb 12A1 (P < 0.05), with the IgM mAb 13F1
manifesting an intermediate binding pattern, between mAbs 18B7
and 12A1 (Figure 2F). This implies that there are differences in the
spatial location of the epitopes recognized by each mAb or in the
depth that they can penetrate the capsule.

One mechanism for Ab-mediated changes in gene expression could
be activation of signal transduction cascades, by virtue of Ab-trig-
gered structural changes to the cell wall. Since signal transduction
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Figure 3

mAb binding to C. neoformans is associated with changes in
protein phosphorylation. (A) Autoradiogram of phosphorylated
proteins in cell lysates with and without mAb. (B) Graph of the
total pixels for each band in cell lysates of H99 and mAb 18B7
and H99 and mAb MOPC, normalized to H99 alone. The label-
ing experiment was done twice. The autoradiogram shown is
representative of both experiments. ANOVA was used to test
for differences in protein phosphorylation between mAbs 18B7
and MOPC. **P < 0.03.

18b7 MOPC

mAb

is often mediated by protein phosphorylation changes, we analyzed
cryptococcal lysates for changes in the pattern of phosphorylated
proteins, using 2 different methods. Pulse-labeling of C. neoformans
strain H99 with a-3?P-labeled ATP, followed by binding by the pro-
tective IgG1 mADb 18B7, resulted in differences in the pattern of
phosphorylated proteins in total cell lysate, relative to the pattern
observed after adding the IgG1 control mAb MOPC (Figure 3A).
Specifically, the first of the 3 bands seen in each lane had significant-
ly lower intensity in the H99 and mAb 18B7 condition, compared
with the same bands in the H99 and mAb MOPC condition (P < 0.03;
Figure 3B). The putative proteins that were dephosphorylated fol-
lowing mADb 18B7 binding had a molecular mass of around 190 kDa.
There were no differences in phosphorylation seen for binding of
the IgM mAbs, 12A1 or 13F1, relative to binding by the IgM control
mAb TEPC (data not shown), suggesting that for these mAbs the
mechanisms responsible for gene expression changes are different.
This suggests that the IgG1 mAb 18B7 is inducing gene expression
through changes in phosphorylation.

To confirm this finding and possibly identify the dephosphor-
ylated proteins, the 190-kDa band was excised and analyzed for
differences in phosphorylation with mass spectroscopy. Six dif-
ferent candidate proteins were identified that showed differences
in phosphorylation between cells bound with the protective IgG1
mADb 18B7 and cells bound by the isotype-matched control mAb
MOPC (data not shown). The only one that matched the expected
electrophoretic size was the clathrin heavy chain, which is known
to be dephosphorylated during endocytosis (13).

To determine whether Ab binding had direct effects on micro-
bial metabolism, we measured the C. neoformans metabolic rate
after incubation with these mAbs. When H99 was incubated
with increasing amounts of the IgM mAb 12A1, there was a sig-
nificant increase in the fungal metabolic rate for most concen-
trations tested, as measured by the 2,3-bis(2-methoxy-4-nitro-
S-sulfophenyl)-5-[(phenylamino)carbonyl]|-2H-tetrazolium
hydroxide (XTT) reduction assay, relative to cells incubated with
the control IgM mAb TEPC (P < 0.05; Figure 4). This colorimet-
ric test measures the activity of several dehydrogenases present

Figure 4

mAb 12A1 binding can affect the C. neoformans metabolic rate com-
pared with binding of the irrelevant control mAb TEPC, as measured
by XTT reduction. The XTT experiment was done 2 times with 6 wells
per concentration per experiment. Data shown is for 1 experiment that
is representative of both experiments. ANOVA was used to test for dif-
ferences in C. neoformans metabolic rate. All mAb/capsule ratios are
significantly different except the lowest (P < 0.05).
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in active mitochondria (14). There was no change in the meta-
bolic rate of H99 incubated with the IgG1 mAb 18B7 or the IgM
mADb 13F1, compared with H99 incubated with the control IgG1
mAb MOPC or the control IgM mAb TEPC (data not shown).
This observation implies that specific mAb binding induces
changes in microbial metabolism.

We next evaluated whether the binding of these mAbs to
C. neoformans affected susceptibility to amphotericin B, one of
the common antifungals used against C. neoformans, using mini-
mum inhibitory concentration (MIC) and growth curves. The
IgM mAbs 12A1 and 13F1 had no measurable effect (data not
shown); however, when H99 cells were incubated with mAb 18B7
at half-saturating mAb concentrations, followed by incubation
with the antifungal drug amphotericin B (2 ug/ml), MIC data
showed a 2- to 4-fold increase in death of H99, with the addi-
tion of mAb 18B7 relative to mADb control (data not shown). To
better evaluate these small differences, we improved the assay
by using an automated growth curve machine. When H99 cells
were incubated with half-saturating concentrations of mAb
18B7 and 0.125 ug/ml amphotericin B (2 times less than in the
MIC in this experiment), the presence of mAb 18B7 led to a delay
of approximately 36 hours in the onset of growth (Figure 5).
Hence, mAb binding increased the susceptibility of C. neoformans
to an important antifungal drug.

Given that binding of mAb 18B7 to C. neoformans induced
upregulation of the fatty acid synthesis pathway, we used radio-
actively labeled acetate and thin layer chromatography (TLC) to
evaluate the neutral lipid profile of cells, following incubation
with the mADb (Figure 6A). A significant increase in fatty acids
was measured in cells treated with mAb 18B7 relative to cells
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treated with the IgG1 control mAb MOPC (P < 0.05) or no IgG
atall (P < 0.01) (Figure 6B). These observations confirm that
binding of H99 by the IgG1 mADb 18B7 results in changes in
lipid metabolism.

Discussion
Despite increasing evidence that many specific Abs can inter-
fere with the growth and metabolism of microbes directly (15),
little is known about the microbial response to Ab binding. For
the human pathogenic fungus C. neoformans, Ab-mediated pro-
tection is associated with interference of polysaccharide release
and biofilm formation (8, 9). For example, the IgG1 mAb 18B7
and IgM mADb 12A1 each inhibit biofilm formation and poly-
saccharide release, while the IgM mADb 13F1 has no effect on
either phenomenon (9). Since these are direct immunoglobulin
effects on microbial physiologic functions that are not related
to the host immune system, we investigated whether binding
by these mAbs to C. neoformans strain H99 had a direct effect on
fungal metabolism.

When H99 was bound by the mAb 18B7, a
variety of genes involved in metabolism, secre-
tion, and fatty acid synthesis were upregulated.
We focused on the genes involved in fatty acid
synthesis, because it appeared that an entire
pathway was upregulated in unison, but note
that mAb 18B7 binding also induced other
metabolic and secretory changes that may have
important consequences for fungal metabo-
lism. When H99 was bound by the mAb 12A1,
a variety of protein translation genes were
downregulated. In contrast, when H99 was
bound by mAb 13F1, various genes involved
in metabolism, secretion, and cell wall synthe-
sis were upregulated or downregulated, but
only a small fraction of these were validated
with real-time RT-PCR. This result implies
both quantitative and qualitative changes in
the gene expression profile response depend-
ing on the mAb. We note that these effects
occurred at mAb concentrations that are
similar to concentrations used to measure
phagocytosis in vitro. Using immunoglobulin
and glucuronoxylomannan (GXM) molecu-
lar masses, we calculated that these effects
occurred at immunoglobulin/GXM molecular
ratios of 1:14 for IgG1 and 1:269 for IgM (or

Figure 6

1358 The Journal of Clinical Investigation

Sterol esters —

TAGS —

&
DAGS —
Ergosterol

http://www.jci.org

Figure 5

Growth curves in presence of IgG1 mAb 18B7 and amphotericin B.
C. neoformans cells were grown in the presence of near-saturating con-
centrations of mAb 18B7, mAb MOPC, or no Ab at all and 0.125 ug/ml
amphotericin B (2 times less than in the MIC). The presence of mAb
18B7 led to a delay of approximately 36 hours in the onset of growth.

~1:54 considering that IgM is pentameric) (16). When we evalu-
ated the dose response at lower concentrations of IgG1 mAD,
the number of genes that had altered expression changed in a
dose-dependent manner, such that there were no gene changes
at immunoglobulin/GXM molar ratios of less than 1:500 (data
not shown). One explanation for the relatively high mAb con-
centrations required for this effect is that the cryptococcal cap-
sule can sequester large amounts of Ab (17), and consequently,
the effects are only observed at near-saturating concentrations,
which are nonetheless comparable to those used in vitro and in
animal experiments (12).

Immunofluorescence revealed that the IgG1 mAb 18B7 bound
significantly closer to the cell wall than the IgM mAbs 12A1 or
13F1, possibly due to increased penetration given its smaller
size. Furthermore, the IgM mAbs 12A1 and 13F1 produced
qualitatively different immunofluorescent patterns (18). The
observation that each of the mAbs bound to a different area of
the capsule suggests that the differences in gene expression pro-
files may be related to mAD binding at distinct areas, where the
mAD epitope is located.

The observation that mAb 18B7 binding to the capsule was
associated with significant differences in dephosphorylation is
a bit surprising. However, dephosphorylation has been impli-
cated in at least one signal transduction cascade in plants (19)
as well as in a raft-mediated signaling pathway in astrocytes (20),
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Neutral lipid composition of C. neoformans in the presence of mAb 18B7, MOPC, or PBS.
(A) Autoradiography of TLC of neutral lipids. H99 cells were grown for 36 hours, and 6 x 107
cells were incubated with 12 mCi '“C-acetate, together with saturating concentrations of
the indicated mAbs for 2 hours at 37°C. Total lipids were extracted and loaded onto a silica
TLC plate. Lanes were loaded with equal amounts of total lipids, measured by scintillation
counting. The positions of triacylglycerols (TAGS), diacylglycerols (DAGS), fatty acids
(FA), sterols esters, and ergosterol are indicated. The left lane shows a standard with
100 nCi of “C-palmitic acid (PA). (B) The pixel intensity of the band corresponding to fatty
acids was measured and compared with the total pixel intensity of every lane. Mean and
SD from 3 replicates are shown. **P < 0.05, ***P < 0.001.
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suggesting that it is possible that this mechanism is involved in
signal transduction in C. neoformans. Thus, the finding of dif-
ferences in phosphorylation in association with mAb binding is
consistent with changes in gene expression through phosphory-
lation-related signaling.

When H99 was incubated with mAb 12A1, there was an increase
in metabolic rate that was not observed upon incubation with
either mAb 18B7 or mAb 13F1. This observation, in addition
to the microarray data, is consistent with upregulation of many
genes associated with metabolism. When H99 was incubated with
mAD 18B7, there was a 2- to 4-fold increase in susceptibility to
the antifungal amphotericin B, as measured with MIC. The MIC
test revealed that the concentration of amphotericin B necessary
to kill C. neoformans was lower in the presence of mAb. Given that
amphotericin B mediates its antifungal action by binding to and
inhibiting the synthesis of membrane sterols, the observation
of mADb 18B7 binding increasing cellular susceptibility to this
drug is consistent with observation that this mAb affects lipid
metabolism. A similar effect has been seen before in C. neoformans
biofilms (21) but not planktonic cells. Interestingly, when near-
saturating concentrations of mAb 18B7 are used, there seemed
to be a protective effect against amphotericin B. Since mAb bind-
ing crosslinks the capsule and reduces its permeability (22) and
amphotericin B is a large molecule, saturating concentrations of
the mAb may protect the cell from the effects of the antifungal
drug by reducing accessibility.

In considering the question of whether a 2- to 4-fold increase
in antifungal susceptibility has biological relevance, we note that
small differences between groups have been shown to be biologi-
cally significant in other studies. For example, a 2-fold increase in
intracellular adenylyl cyclase can have profound biological conse-
quences (23), and a 1.4-fold increase in Cyp3a expression levels hasa
significant biological impact on drug metabolism in SPF mice (24).
Thus, while the magnitude of the change in antifungal susceptibil-
ity is numerically small, it was consistently reproduced. Hence, we
believe that it has the potential to be biologically relevant, and we
note that capsule binding Ab has been shown to enhance ampho-
tericin B efficacy in murine studies (25, 26). Additionally, the pres-
ence of the mAb 18B7 and amphotericin B led to a delay in the
onset of growth by approximately 36 hours. In the grand scheme
of fungal growth in the host this is biologically meaningful, in that
addition of both mAb 18B7 and amphotericin B would allow the
host immune response a 36-hour head start, which could mean the
difference between clearance and control of the fungal infection.

When H99 was incubated with the IgG1 mAb 18B7, we measured
changes in lipid metabolism by TLC. The results were consistent with
the upregulation of the entire fatty acid synthesis pathway seen in the
microarray when H99 was bound by mAb 18B7. Given prior observa-
tions that mAb 18B7 inhibits polysaccharide shedding in vitro (8) and
biofilm formation (9), together with recent evidence that the major
component of the capsule, GXM (27), and other major virulence fac-
tors (28), are exported to the cell exterior in lipid vesicles, our data
suggest an association between lipid metabolism and capsule produc-
tion/shedding, which appears to be reflected in the metabolic changes
observed. Additionally, it is possible that changes in lipid metabolism
are seen because mADb 18B7 binds very close to the cell wall, and this
binding may somehow perturb membrane lipids that in turn produce
regulatory changes in lipid metabolism (29).

The observation that ergosterol synthesis was increased by the
binding of mAb 18B7 may provide an explanation for the chang-
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es in antifungal drug susceptibility following specific Ab bind-
ing. Given that amphotericin B mediates some of its antifungal
effects by binding to cell membrane ergosterol, an increase in
ergosterol synthesis would increase the amount of amphoteri-
cin B target and thereby enhance fungal cell susceptibility to the
polyene antifungal agent.

While coincubation of C. neoformans with specific Ab pro-
duced changes, relative to those observed with irrelevant mAb,
we also measured changes in gene expression, lipid metabolism,
and susceptibility to amphotericin B when fungi were incubated
with irrelevant mAD, relative to conditions in which no immu-
noglobulin was present. This result cannot be attributed to the
presence of protein alone, since the effect was observed relative
to conditions that contained albumin. Although we do not have
a good explanation for this effect, we note that immunoglobu-
lins are antimicrobial proteins that have been described to have
numerous properties that could affect microbial metabolism,
directly and indirectly. For example, immunoglobulins have been
reported to have catalytic activities that result in the generation of
oxygen-derived radicals (30, 31), which may have influenced fun-
gal metabolism through oxidative stress. Furthermore, peptides
derived from immunoglobulins can have antimicrobial effects
(32), and it is conceivable that low-grade degradation of Abs by
fungal proteases results in peptide products that affect fungal
metabolism. Immunoglobulins can chelate metals (33), and metal
scavenging by the irrelevant Ab could have affected trace concen-
trations in solution, producing nonspecific metabolic changes.
Hence, immunoglobulins caused specific and nonspecific changes
in fungal metabolism, and it is conceivable that both contribute
to their antimicrobial effects.

In summary, our results establish that Ab binding to a
microbe can affect microbial metabolism. mAb binding to
C. neoformans was associated with changes in gene expression,
protein phosphorylation, lipid metabolism, metabolic rate,
and susceptibility to antifungal agents. Ab-mediated changes
in gene expression involved genes implicated in lipid metabo-
lism, while biosynthetic labeling studies documented changes
in lipid profiles. Given that amphotericin B damages mem-
branes, we note that there is a reassuring internal consistency
in our findings of mAb-mediated changes in lipid metabolism,
gene expression, lipid biosynthesis, and susceptibility to this
drug. From a more global perspective on host-microbe interac-
tions, the results imply a connection between a product of the
adaptive immune system and microbial responses, which high-
light new possibilities for the ability of immune responses to
modulate microbial metabolism and engage in cross talk with
microbes through production of specific Abs.

Methods

Strains. C. neoformans strain H99 (serotype A) was grown from frozen stock
in yeast peptone dextrose (YPD) broth for 36-42 hours (mid-log phase) at
37°C and then washed 3 times and resuspended in PBS. Ab was added to
4 x 107 cells slowly to avoid aggregation.

Abs. Abs used were mAbs 18B7 (IgG1), 12A1 (IgM), and 13F1 (IgM) and
the control mouse IgG1, MOPC, and mouse IgM, TEPC183. Control mAbs
do not bind C. neoformans. mAb concentrations used were normalized to
the total number of cells used in the experiment, based on the ratio of mAb
molecules to GXM molecules in the capsule (34).

Microarray. The cells and mAbs were incubated at 37°C for 1 hour, and
RNA was extracted (RNAeasy Kit; Qiagen) and genomic DNA was removed
Volume 120 1359
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(Message Clean Kit; GenHunter). Multiple different pools of RNA were
analyzed at Washington University in St. Louis (St. Louis, Missouri), using
the C. neoformans JEC21 genomic microarray, which was developed by the
Cryptococcus Community Microarray Consortium with financial sup-
port from individual researchers and the Burroughs Wellcome Fund (The
Genome Center at Washington University; http://genome.wustl.edu/ser-
vices/microarray/cryptococcus_neoformans). The array includes 7,775
probes in duplicate. For the mAb 18B7 microarray, 6 different pools of RNA
were used, in which H99 and mADb 18B7 were compared with H99 and mAb
MOPC. For the IgM microarrays, 3 different pools of RNA were used, in
which H99 and mAb 12A1 and mAb 13F1 were compared with H99 and
mADb TEPC. Each comparison was done with a Cy3-CyS dye swap between
the RNA pools. The consistency of the dye swap was measured by correlat-
ing the average mean between channel 1 and 2. The r? value was 0.78, sug-
gesting that the dye swap was successful and the effect of the dye was rela-
tively insignificant. The gene expression data were averaged across the RNA
pools and analyzed (GeneSpring 7.2; Agilent), and the data were filtered for
genes with more than 2-fold change and Pvalues of less than 0.05. The Ben-
jamini and Hochberg false discovery rate for multiple testing corrections
was then done for all genes showing changes in gene expression.

Real-time RT-PCR. RNA was made from H99 incubated with near-satu-
rating concentrations of all mAbs, as above. As an additional control,
RNA was made from H99 cells incubated with boiled mAbs (18B7, 12A1,
and 13F1). cDNA was made from 2 pools of RNA (Quantitech Reverse
Transcription Kit; Qiagen), and real-time RT-PCR was done using SYBR
Green (Applied Biosystems), cDNA, and primer (see Supplemental Table
7) in an ABI PRISM 7900HT Sequence Detection System (Applied Bio-
systems). Each cDNA was done in quadruplicate and normalized with
actin, and the fold change was determined (35). Fold change for each
mAD and the boiled mAb control was relative to the control mAb. Real-
time RT-PCR was repeated twice.

Immunofluorescence microscopy. The mAbs 18B7, 12A1, and 13F1 were
conjugated to Alexa Fluor 488 (Invitrogen), and immunofluorescent
microscopy was done as described (36). For reconstruction in Image]J
software (http://rsbweb.nih.gov/ij/), the color palettes used were non-
linear. ANOVA was used to test for differences in the distance of mAb
binding to the cell wall.

Phosphorylated protein analysis. Approximately 6 x 107 H99 cells were
incubated with 100 uCi/ml 32P-labeled ATP for 30 minutes at 37°C.
Radioactive cells were then incubated with mAb for 1 hour at 37°C.
Cells were collected in PBS with inhibitors of serine, cysteine, and metal-
loproteases, and cell lysates were generated by homogenization in a bead
beater 10 times with 30-second bursts. The cell lysates were concentrated
through a 10-kDa molecular cutoff filter, and the protein concentration
measured (37). Ten milligrams of total protein were electrophoresed on
a 10%-20% polyacrylamide gel, which was then dried and exposed to
radiographic film for 24 hours. The film was scanned, and the lanes
were digitized and quantified using Un-Scan-It software (v6.3, Silk Sci-
entific). This experiment was repeated twice.

Mass spectroscopy. Approximately 4 x 107 H99 cells were incubated with
near-saturating concentrations of mAb, and cell lysates were generated as
above. Ten milligrams of total protein were electrophoresed on a 10%-20%
polyacrylamide gel, and then the gel was stained for 1 hour with Gel-
code Blue (Pierce). The 190-kDa band was carefully excised from the gel,
stored in 100 ul dH,0, and shipped overnight to NextGen Sciences Inc.,
where it was treated with trypsin and analyzed for differences in phos-
phorylation modifications with mass spectroscopy (GeLCMS).

XTT assay. H99 cells were grown to mid-log phase at 37°C, washed,
and diluted in PBS and 1% BSA. The XTT assay was done as in ref. 21,
with mAb concentrations of (6 wells each) 0, 5.2, 10.4, 20.8, 41.6, 83.25,
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166, and 333 ug/ml, and 5 x 10° H99 cells in each well. The mAb con-
centrations were correlated with the following ratios of mAb/capsule
(6 wells each): 0; 1:3,456; 1:1,728; 1:864; 1:432; 1:216; 1:108; and 1:54.
Plates were incubated at 37°C for 20 hours, and XTT and Menadione
were added. The absorbance was measured at 492 nm after incubation
for 4 hours at 37°C. Each assay was repeated twice. The data for mAb
12A1 at the highest concentration consist of 5 data points (instead of 6),
as an outlier was omitted.

Antifungal drug susceptibility. For determination of the MIC, H99 cells
were grown as described above and washed once with 2X minimal media.
Approximately 1 x 10* cells were incubated without mADb or with half- or
near-saturating concentrations of mAbs 18B7 or MOPC for 1 hour at
37°C. Two-fold concentrations of amphotericin B (1, 0.5, 0.25, 0.125,
0.063,0.031, and 0 ug/ml) were prepared in water, added to opsonized
H99 cells, and incubated at 37°C. At 36 hours and S days, the 96-well
plate was photographed to document the lowest amphotericin B con-
centration capable of restricting the growth of the H99 cells. The MIC
experiment was repeated 3 times.

For the growth curve assay, H99 cells grown as above were added to
appropriate plates for incubation in a Bioscreen C automated microbiol-
ogy growth curve system (Growth Curves USA). Each well contained in
a final volume of 200 ul minimal medium: 1 x 10* H99 cells; mAbs 18B7
or MOPC at 166 ug/ml; amphotericin B in 2-fold dilutions, starting at
4 ug/ml and ending at 16 ng/ml. Each Ab/drug concentration combina-
tion was done in triplicate in the plate, and the growth was carried on for
5 days with optical density readings every 30 minutes.

Lipid metabolism methods. H99 cells were grown from frozen stock in
YPD for 36 hours at 37°C. Cells were harvested, washed in PBS, suspend-
edin 1% BSA in PBS at 3 x 107 cells/ml, and incubated with gentle agita-
tion with 6 uCi/ml of [1-14C]-acetate at 37°C, with or without near-satu-
rating concentrations of mAbs 18B7 or MOPC. After 2 hours, cells were
harvested and suspended in 1 ml of PBS. Neutral lipids were extracted
using the Bligh-Dyer method (38). Briefly, 3.75 ml of chloroform/
methanol (1:2) were added to 1 ml of PBS-washed cells with 0.5 mm
glass beads, and the cells vortexed for 15 minutes. Next, 1.25 ml of chlo-
roform was added, and the cells were vortexed for 1 minute. One milli-
liter of water was finally added, and the cells were vortexed for 1 minute
before centrifugation at 110 g for 10 minutes. The lower phase was col-
lected and dried. The lipid extract was redissolved in a small volume of
chloroform/methanol (2:1). Neutral lipids were separated in a silica TLC
plate, using petroleum ether (boiling point, 60°-80°C) diethyl ether-
acetic acid (90:15:1, vol/vol/vol) as the solvent system. The plate was
exposed for 5 days on a BioMax radiographic film (Kodak). The identity
of the fatty acid band was determined by comparison with a radioactive
palmitic acid standard (39). To determine differences in fatty acids syn-
thesis, the pixel intensity of the band corresponding to fatty acids was
measured using the software multigauge v2.3 (Fujifilm) and expressed
relative to the accumulated pixel intensity of every lane. Mean and SD
are representative of 3 independent experiments.

Statistics. For the microarray analysis, the data were initially filtered
for genes with more than 2-fold change and P values of less than 0.05.
The Benjamini and Hochberg false discovery rate for multiple testing
corrections was then done for all genes showing changes in gene expres-
sion. A P value of less than 0.01 was considered significant. A 1-way
ANOVA was used to measure the distance of mAb binding to the cell
wall, differences in protein phosphorylation, differences in microbial
metabolic rate, and differences in lipid fatty acids. For all of the above
tests, except the microarray, a P value of less than 0.05 was considered
significant. For Figure 2F, Figure 3B, Figure 4, and Figure 6B, the data
shown are mean + SD.
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