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We recently established that antibody (Ab)-binding can induce gene expression changes in a serotype A
strain (H99) of the pathogenic yeast, Cryptococcus neoformans. That study showed that monoclonal anti-
bodies (mAbs) differing in epitope specificity and protective efficacy elicited differences in gene expres-
sion. Because many mAbs bind to serotypes A and D strains differently, we now investigate the binding of
one mAb to two strains representing these serotypes. Cells of the serotype A strain H99 and the serotype
D strain 24067 were incubated with near saturating concentrations of the IgG1 capsule-binding mAb
18B7 or MOPC, an irrelevant mAb matched control. Comparative immunofluorescence analysis of mAb
18B7 binding revealed that it bound closer to the cell wall in H99 than 24067, where it was associated
with decreased or increased cell diameter, respectively. A comparison of encapsulated cell compressibil-
ity showed that strain 24067 was more compressible than that of strain H99. RNA was extracted and used
for gene expression analysis using the C. neoformans JEC21 genomic microarray. After 1 h incubation with
mAb 18B7, there were just 2 gene expression changes observed with strain 24067 or strain JEC21, unlike
the 43 seen with strain H99. After 4 h incubation with mAb 18B7, there were 14 and 140 gene expression
changes observed with strain 24067 and JEC21, respectively. Thus, C. neoformans strains differ both in the
response and the time of response to mAb binding and these differences may reflect differences in the
location of Ab binding, Ab-mediated changes in cell diameter and compressibility of the capsular
polysaccharide.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

The human pathogenic yeast Cryptococcus neoformans can be
grouped into four major serotypes A, B, C, and D. Recently, crypto-
coccal strains were phylogenetically divided into two species
known as gattii (serotypes B and C) and neoformans (Kwon-Chung
and Varma, 2006), with the latter being subdivided into two
varieties: neoformans (serotype D) and grubii (serotype A). Crypto-
coccus gattii serotypes cause disease primarily in immunocompe-
tent hosts while C. neoformans varieties neoformans and grubii
primarily cause disease in immunocompromised hosts (Peachey
et al., 1998).

Over the past two decades numerous studies from various lab-
oratories have documented that Ab-mediated immunity can pro-
tect against experimental C. neoformans infection in rodents
(reviewed in Casadevall and Pirofski (2005)). Recently, defects in
humoral immunity were associated with increased susceptibility
to C. neoformans in humans (Subramaniam et al., 2009). Abs to
ll rights reserved.
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the C. neoformans capsule can promote phagocytosis, activate com-
plement, modulate inflammation, inhibit biofilm formation and re-
duce the shedding of capsular polysaccharide (reviewed in
Zaragoza et al. (2009)). In this regard, there is considerable interest
in the development of vaccines that protect by eliciting a protec-
tive Ab response and in passive Ab therapies as adjuncts of anti-
fungal therapy for cryptococcosis (Datta and Pirofski, 2006;
Magliani et al., 2005).

We recently reported microbial gene expression changes upon
Ab binding to strain H99, a serotype A strain (McClelland et al.,
2010). That work revealed a previously unsuspected action for
Ab-mediated immunity whereby Ab could directly modulate micro-
bial metabolism. A recent study has shown that antibody can also
induce gene expression changes in the bacterium Streptococcus
pneumoniae (Yano et al., 2011), suggesting that this phenomenon
is generalizable and applicable to other microbes. With regards to
C. neoformans, because there are epitope differences in the capsule
between serotypes A and D, we investigated whether the effects
described previously after the binding of the IgG1 mAb 18B7 to a
serotype A strain were applicable to a serotype D strain. The mAb
18B7 has been extensively studied and was evaluated clinically
for use on patients with cryptococcosis (Larsen et al., 2005). It
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was shown to bind to all four serotypes of C. neoformans with higher
agglutination in serotype A strains compared to serotype D strains
(Casadevall et al., 1998). mAb 18B7 binds to both serotypes A and
D strains in an annular immunofluorescence pattern that is associ-
ated with Ab-mediated protection (Nussbaum et al., 1997).
Whereas our previous study analyzed the effect of different mAbs
on one strain of C. neoformans, this study analyzed the response of
different strains to a single mAb. In contrast to the prior study,
which revealed that a single strain responded differently to differ-
ent mAbs, we now report that two strains from serotypes A and D
respond very differently to capsule binding mAb. These data raise
the intriguing possibility that the C. neoformans serotypes A and D
respond differently to the host immune response.
2. Methods

2.1. Strains

C. neoformans strains H99 (serotype A), 24067 (serotype D) or
JEC21 (serotype D) were grown from frozen stocks in Yeast Pep-
tone Dextrose (YPD) media for 24–36 h (mid-log phase) at 37 �C
and then washed three times with phosphate buffered saline
(PBS). Approximately 4 � 107 cells were aliquoted into a 6-well
plate and allowed to settle to the bottom of the plate for 10–
30 min at room temperature. mAb was then added to the cells
slowly, so as not to disturb the cell monolayer and promote
aggregation.

Strain 24067, known as 52D, was originally isolated from a case
of human cryptococcosis. This strain was used because prior exper-
iments with antibody efficacy have used this strain (Mukherjee
et al., 1992, 1993a,b, 1994a,b; Zebedee et al., 1994).

2.2. Antibodies

The mAbs used in the experiments were 18B7 (a C. neoformans
capsule-specific IgG1) and the control irrelevant mouse IgG1,
MOPC. The IgG1 mAb 18B7 was used because it is protective and
was used in a human trial of passive therapy for cryptococcosis
(Larsen et al., 2005). A near saturating mAb concentration
(333 lg/ml) was used for the mAbs 18B7 and MOPC to ensure that
all binding sites were occupied (Macura et al., 2007). Using immu-
noglobulin and glucuronoxylomannan (GXM) molecular masses,
we calculated that this concentration corresponded to an
IgG1:GXM molar ratio of 1:14. However, we note that even at this
relatively high mAb concentration, the capsule is probably not fully
saturated because soluble GXM can bind 11 molecules of mAb for
each polysaccharide molecule (Janda and Casadevall, 2010). For
polysaccharide molecules assembled into an intact capsule such
saturation ratios are not achievable, possibly because many of
the binding sites are not accessible due to steric hindrance or poor
mAb penetration.

2.3. Immunofluorescence microscopy

The mAb 18B7 was directly conjugated to AlexaFluor 488 with
the AlexaFluor 488 labeling kit from Invitrogen (Carlsbad, CA). H99
and 24067 were grown from frozen stocks for 2–3 days at 37 �C in
YPD broth and then washed three times with PBS. The cells were
counted and 5 � 106 cells/ml were aliquoted into microcentrifuge
tubes. The cells were blocked with PBS containing 1% bovine serum
albumin (BSA) and 0.5% goat serum for 1 h at 37 �C and then
washed twice with PBS. C. neoformans cells were then incubated
with near saturating concentrations of AlexaFluor 488-18B7 and
50 lg/ml calcufluor white (cell wall stain) for 45 min at 37 �C
and then washed three times with PBS. The cells were resuspended
in mounting media (50% PBS, 50% glycerol, 0.05 M N propyl gallate)
and added to polypropylene slides.

Images and 3-dimensional z-series were taken on 3–5 cells
using 0.25 lm slices on an AOBS Leica Confocal microscope. Z-ser-
ies were reconstructed and analyzed using the free software Ima-
geJ (v1.37, National Institutes of Health) and Voxx (v2.09d,
Indiana University). Fluorescence profiles of the equatorial plane
of each cell were generated using ImageJ and copied into Microsoft
Excel (2003) where they were graphed and the widths of mAb
18B7 binding were measured.

2.4. Measurement of Ab-bound cell diameter

The irrelevant control mAb MOPC was directly conjugated to
AlexaFluor 488 and immunofluorescence was done as above with
mAb 18B7 plus calcufluor white, mAb MOPC plus calcufluor white
or calcufluor white alone. mAb concentrations were near saturat-
ing and the concentration of calcufluor white was 50 lg/ml.
Twenty-five images of individual cells of each group were taken
at the equatorial plane using an AOBS Leica Confocal microscope.
Fluorescence profiles were calculated using ImageJ for each image
and the diameter of the cell wall was measured as the distance be-
tween calcufluor white peaks.

2.5. Capsule compression and diameter studies

H99 and 24067 cells were grown from frozen stocks for 2–
3 days at 37 �C in YPD broth and washed three times with PBS.
The cells were counted and 1 � 107 cells/ml were aliquoted into
hematocrit tubes (75 mm � 1.1 mm). For capsule compression
studies, tubes were sealed using two different methods. Four
experiments were done where the end of the hematocrit tube
was sealed by flame and two experiments were done using candle
wax to seal the end of the tube. The open end of the hematocrit
tubes was wrapped with parafilm to prevent evaporation and the
cells were allowed to settle by gravity overnight. The next day
the tubes were centrifuged in a hematocrit centrifuge for 10 min
at 4000 rpm. A digital camera was used to photograph the hemat-
ocrit tubes prior to and immediately after centrifugation, and the
change in cryptococcal column dimensions was measured. For
each experiment, 4–6 hematocrit tubes were measured. Adobe
Photoshop (v7) was used to measure the distance the cells com-
pressed in mm. Because the cell size of 24067 is significantly more
heterogeneous than that of H99, the results were analyzed by
dividing the cell distance after centrifugation by the cell distance
before centrifugation, yielding the distance compressed for each
experiment.

For capsule diameter studies, 1 � 107 cells/ml were aliquoted
into hematocrit tubes (75 mm � 1.1 mm), hematocrit tubes were
sealed with candle wax and centrifuged in a hematocrit centrifuge
for 10 min at 4000 rpm. Capsule diameter was measured before
and after centrifugation on 50 cells of each strain. This experiment
was done twice with similar results.

2.6. Microarray

The experimental design and the data for the microarray have
been deposited in NCBI’s Gene Expression Omnibus (Edgar et al.,
2002) and are now accessible through GEO Series accession
number GSE35241 (http://www.ncbi.nlm.nih.gov/geo/query/ac-
c.cgi?acc=GSE35241). Cells and mAbs were incubated at 37 �C for
1, 2 or 4 h, RNA was extracted (RNAeasy Kit, Qiagen, Valencia,
CA) and genomic DNA was removed (Message Clean Kit, GenHun-
ter, Nashville, TN). Multiple different pools of RNA were analyzed
at Washington University (Table 1), using the Cn JEC21 genomic
microarray, which was developed by the Cryptococcus Community
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Table 1
Summary of the number of genes with >2-fold changes in gene expression and validated with Q-PCR at each microarray timepoint.

Strain Serotype mAb Incubation time at 37 �C
(h)

No. of genes identified >2-fold 18B7 vs.
MOPC

No. of genes validated with Q-
PCR

Reference

24067 D 18B7 1 2 Down-regulated 2 (3 Genes tested) This study
MOPC 1
18B7 2 6 Down-regulated 2 (4 Genes tested) This study
MOPC 2
18B7 4 14 Down-regulated 5 (5 Genes tested) This study
MOPC 4

JEC21 D 18B7 1 2 Up-regulated 1 (2 Genes tested) This study
MOPC 1
18B7 2 16 Up, 3 down 6 (9 Genes tested) This study
MOPC 2
18B7 4 140 Down-regulated 12 (42 Genes tested) This study
MOPC 4

H99 A 18B7 1 4 Down, 38 up 11 (14 Genes tested) McClelland et al.
(2010)

MOPC 1
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Microarray Consortium with financial support from individual
researchers and the Burroughs Wellcome Fund. The array includes
7775 probes in duplicate. Briefly, at least two different pools of
JEC21 or 24067 RNA made from cells incubated with mAb 18B7
or the control mAb MOPC were each labeled with Cy3 and Cy5
and then hybridized against each other, resulting in two indepen-
dent biological replicates and two technical replicates (four slides)
for each strain at each timepoint. The microarray slides were
scanned immediately after hybridization on a ScanArray Express
HT Scanner (Perkin Elmer, San Mateo, CA) to detect Cy3 and Cy5
fluorescence. Laser power was kept constant and photomultiplier
tube values were set for optimal intensity with minimal back-
ground. An additional scan (low PMT) was done for each slide with
the PMT such that <1% of the elements were saturating in order to
characterize spots which were saturated at the higher PMT setting.
Gridding and analysis of images was performed with ScanArray
Software Express V2.0 (Perkin Elmer, San Mateo, CA).

For the microarray data of C. neoformans strain 24067 incubated
with mAb 18B7 or MOPC for 1 h, the gene expression data were
averaged across the RNA pools and analyzed (GeneSpring 7.2, Agi-
lent, Redwood City, CA) taking into account the local background
intensity and the Cy3/Cy5 dye swap. Twenty percent of the data
were used to calculate the Lowess fit at each point and then a
Lowess curve was fit to the log-intensity vs. log-ratio plot. After
this, the mean signal to Lowess-adjusted controlled ratios was cal-
culated. The cross-chip averages were derived from the antilog of
the mean of the natural log ratios across the two microarrays.
The data were then filtered in the following manner. First, oligonu-
cleotide elements that received a ‘‘present’’ call by the ScanArray
software in half of the high PMT scans in either dye were identified
for each condition and all others were excluded from the analysis.
Second, the data were filtered for genes in which the mean of the
replicates had >2-fold change and p < 0.05. The Benjamini &
Hoechberg false discovery rate for multiple testing corrections
was then done for all genes showing changes in gene expression
(p < 0.01).

For the microarray data of C. neoformans strains JEC21 or 24067
incubated with mAb 18B7 or MOPC for 1, 2 or 4 h, the gene expres-
sion data were analyzed as follows. Background subtracted raw
intensity values were extracted from the .gpr files from each of
the channels. The box plots showed minimum variability of the
expression values and therefore no normalization was required.
The data has been transformed into two-class unpaired data for-
mat as required by Significance Analysis of Microarrays (SAM) soft-
ware. Two files corresponding to strain 24067 at time course of 2 h
and 4 h that offered comparison between 18b7 and MOPC types
have been created. Similarly, three files corresponding to time
course 1, 2 and 4 h that offered comparison between 18b7 and
MOPC types were created for strain JEC21. Using t-statistic as the
test statistic, 100 random permutations, k-Nearest neighbor
imputer and 10 neighbors, we selected probes with false discovery
rate 0 or an insignificant value.

2.7. Real-time Q-PCR

RNA was made from log-phase serotype D strains 24067 or
JEC21 incubated with near saturating concentrations of mAb
18B7. cDNA was made from two pools of RNA (Quantitech Reverse
Transcription kit, Qiagen) and real-time Q-PCR was done using
SYBR Green (Applied Biosystems), cDNA and primer in an ABI
PRISM� 7900HT Sequence Detection System (Applied Biosystems).
Each cDNA was done in quadruplicate, normalized with actin and
glycerol-3-phosphate dehydrogenase and the fold change was
determined (Pfaffl, 2001). Fold change for mAb 18B7 was relative
to the control mAb, MOPC. Real-time Q-PCR was repeated twice.

2.8. Statistics

The width of fluorescence binding in the cryptococcal capsule
after mAb 18B7 binding was measured for each cell and then aver-
aged for each mAb concentration used. The Student’s t-test was
then used to test for statistical significance at p < 0.05. For mea-
surement of Ab-bound cell diameter, a Tukey–Kramer means com-
parison was done for all pairs to calculate statistical significance
between the pairs at p < 0.05. For the centrifugal packing studies,
the percentage compressed for all six experiments were averaged
and the Student’s t-test was used to calculate statistical signifi-
cance at p < 0.05. For capsule diameter studies, a multivariate anal-
ysis of variance with simple effects was used to test for differences
in capsule diameter by strain before and after centrifugation.
p < 0.05 was considered significant.

3. Results

To establish the pattern of mAb binding to strain 24067 vs. H99,
18B7-AlexaFluor 488 was incubated with cells of each strain for 1 h
at 37 �C and then visualized with direct immunofluorescence. mAb
18B7 bound to strain 24067 in a diffuse pattern across the capsule
(Fig. 1a). This pattern was different from the compact shell-like
binding pattern observed when mAb 18B7 bound to H99 (Fig. 1b).

To establish the location of mAb 18B7 binding on the capsule,
the fluorescent profiles of strains H99 and 24067 after 18B7-Alexa-



Fig. 1. 3-D reconstructions of mAb 18B7 binding to 24067 (a) and H99 (b). C.
neoformans cells were incubated with near-saturating concentrations of AlexaFluor
488-conjugated mAb 18B7 (indicated in green) and the cell wall stain calcofluor
white (indicated in blue). Cells were washed and mounted for visualization and
analysis. Images and 3-dimensional z-series were taken on 3–5 cells using 0.25 lm
slices on an AOBS Leica Confocal microscope and analyzed using ImageJ (v1.37,
National Institutes of Health) and Voxx (v2.09d, Indiana University). Scale bar is
5 lm. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)
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Fluor 488 binding were analyzed. mAb 18B7 binding to 24067
showed a significantly wider fluorescent intensity profile com-
pared to H99 (4.67 vs. 2.72 lm, p < 0.004, Fig. 2a). The fluorescent
intensity profile of the equatorial plane of one cell of H99 or 24067
bound to 18B7 is graphically demonstrated in Fig. 2b.

To evaluate whether Ab binding to the capsule affected cell wall
geometry we measured the radii of C. neoformans cells in the pres-
ence or absence of mAb 18B7 after staining with calcofluor white.
mAb 18B7 binding to the H99 capsule was associated with a signif-
icant reduction of the cell wall radius compared to H99 bound by
the control mAb MOPC (17.6 vs. 19.9 lm, p < 0.05, Fig. 3a) while
mAb 18B7 binding to the capsule of strain 24067 showed a small
increase in the average cell radius compared to 24067 bound by
the control mAb MOPC (19.8 vs. 18.5 lm, p < 0.05, Fig. 3b).

We hypothesized that Ab binding to the capsule could impose a
torsional stress on the cell wall and consequently attempted to
gain insight into the stiffness of the capsule of the two strains.
For a measure of stiffness we analyzed pellet compressibility after
sedimentation given that much of the volume of the pellet is deter-
mined by the cryptococcal capsule. In this assay the stiffer capsules
would be least compressible and this could be inferred by measur-
ing the change in the dimensions of the pellet after prolonged cen-
trifugation. Comparing the distance traveled by packed cells of
strains H99 and 24067 after centrifugation revealed that cells of
strain 24067 could be packed into a smaller space by centrifugal
forces (0.64 vs. 0.75 ratio of distance compressed, p = 0.0169,
Fig. 4). We interpreted the higher compressibility of strain 24067
relative to strain H99 as indicating that the capsule of 24067 was
less rigid.

If strain 24067 compresses more than H99, then capsule diam-
eter of 24067 should be smaller after centrifugation. To evaluate
this hypothesis, we measured the capsule diameter of H99 and
24067 before and after centrifugation. As expected, the capsule
diameter of strain 24067 was significantly smaller after centrifuga-
tion (1.08 vs. 1.68 lm, p < 0.001, Fig. 5). Interestingly, the capsule
diameter of strain H99 was significantly larger after centrifugation
(2.06 vs. 1.66 lm, p < 0.02, Fig. 5).

Given that we observed gene expression changes when mAb
18B7 bound the serotype A strain H99 (McClelland et al., 2010),
we used microarray analysis to determine if the same gene expres-
sion changes were observed upon mAb 18B7 binding two serotype
D strains. While 43 different genes were up- or down-regulated >2-
fold in strain H99 upon incubation with saturating concentrations
of mAb 18B7 relative to cells incubated with a saturating concen-
tration of an isotype matched control mAb MOPC after 1 h of
incubation (McClelland et al., 2010), there were only 2 genes
down-regulated >2-fold in strain 24067 and two genes up-regu-
lated >2-fold in strain JEC21 when incubated with saturating con-
centrations of mAb 18B7 relative to cells incubated with the
isotype matched control mAb MOPC after 1 h of incubation (Table
1). Real time Q-PCR confirmed expression changes in both genes
down-regulated in strain 24067 and 1 of the 2 genes up-regulated
in strain JEC21 (Table 1 and Supplemental Table S1).

Because this is substantially less than the number of genes
changed upon mAb 18B7 binding to H99, we tested whether
longer incubation times would increase the number of genes
changed in serotype D strains. When mAb 18B7 bound to strain
24067 for 2 h, six genes were down-regulated >2-fold, while 14
genes were down-regulated >2-fold after 4 h, relative to cells
incubated with the isotype matched control mAb MOPC (Table
1). Real time Q-PCR confirmed expression changes in 2 of 4 genes
tested when mAb 18B7 bound to strain 24067 for 2 h and 5 of 5
genes tested when mAb 18B7 bound to strain 24067 for 4 h (Ta-
ble 1 and Supplemental Table S1). When mAb 18B7 bound to
strain JEC21 for 2 h, 16 genes were up-regulated and 3 genes
down-regulated >2-fold, while 140 genes were down-regulated
>2-fold after 4 h of incubation, relative to cells incubated with
the isotype matched control mAb MOPC (Table 1). Real time Q-
PCR confirmed expression changes in 6 of 9 genes tested when
mAb 18B7 bound to strain JEC21 for 2 h and 12 of 42 genes tested
when mAb 18B7 bound to strain JEC21 for 4 h (Table 1 and Sup-
plemental Table S1).
4. Discussion

We have previously shown that mAbs differing in epitope spec-
ificity and protective efficacy elicit different gene responses from a
C. neoformans serotype A strain (McClelland et al., 2010). Because
of the known differences between C. neoformans serotypes A and
D in capsule structure, we investigated whether there would be
differences in the effects of mAb binding between the two sero-
types. Here we show that the effect of mAb on fungal gene expres-
sion is not only dependent on the mAb used but is also a function
of the target cell.



Fig. 2. Width of mAb 18B7 binding H99 or 24067. (a) Bar graph showing average width of mAb 18B7 binding to H99 and 24067. (b) Graphical depiction of the fluorescent
intensity profile of one cell that was used to measure width of mAb 18B7 binding to H99 and 24067. C. neoformans cells were incubated with near-saturating concentrations
of AlexaFluor 488-conjugated mAb 18B7 (indicated in green) and the cell wall stain calcofluor white (indicated in blue). Cells were washed and mounted for visualization and
analysis. Images and 3-dimensional z-series were taken on 3–5 cells using 0.25 lm slices on an AOBS Leica Confocal microscope and analyzed using ImageJ (v1.37, National
Institutes of Health) and Voxx (v2.09d, Indiana University). Fluorescence profiles of the equatorial plane of each cell were generated using ImageJ and graphed using Microsoft
Excel (2003), where the widths of mAb 18B7 binding were measured. Error is standard deviation of the mean. Numbers within bars are the numbers of individual cells
measured in each group. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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In contrast to the serotype A strain H99, the serotype D strains
24067 and JEC21 were barely responsive to Ab-binding to its cap-
sule with regards to changes in gene expression after 1 h of incuba-
tion. In investigating possible differences responsible for this effect
we focused on the location of mAb 18B7 binding to the cryptococ-
cal capsule. mAb 18B7 binding to strain H99 was localized primar-
ily to an area near the cell wall. In contrast, for strain 24067 most of
the mAb 18B7 bound throughout the capsule in a more diffuse pat-
tern. For H99, mAb 18B7 binding was associated with a significant
reduction in cell diameter providing evidence for mechanical
changes in yeast cell characteristics. In contrast, for strain 24067,
mAb 18B7 binding was associated with a small increase in the cell
diameter. To our knowledge this is the first demonstration that
antibody binding can alter the physical dimensions of a microbial
cell. Small changes in polysaccharide structure caused by Ab bind-
ing could result in the propagation of molecular forces to the cell
wall. There are at least 4.5 � 108 molecules of GXM/cell in the
H99 polysaccharide capsule (Bryan et al., 2005) and 8.6 � 107

mAb 18B7 binding sites/cell (Dadachova et al., 2007). The ratio of
mAb:GXM binding sites in the capsule is much lower than the
11:1 ratio measure for GXM in solution (Janda and Casadevall,
2010), suggesting that many sites in the assembled capsule are
not accessible to mAb. In saturating conditions, mAb binding to
capsular polysaccharide could conceivably produce forces capable
of triggering polysaccharide conformational changes that deform
cell wall architecture and trigger stress sensors that in turn lead
to changes in gene expression. In this regard, there are a number
of cell wall membrane proteins that act as mechanosensors, and
it is conceivable that mAb binding in close proximity to the cell
wall triggers them. For example, in Saccharomyces cerevisiae, the
proteins Wsc1 and Mid2 function to convey mechanical pressure
information to the cell that can trigger changes in gene expression
through the cell wall integrity signaling pathway (Philip and Levin,
2001). Because the Wsc1 protein has homologs in C. neoformans
strain H99, changes in the cell wall resulting from Ab binding to
the capsule may be sufficient to activate signal transduction cas-
cades that manifest themselves in changes in gene expression. In
this regard, the larger cell diameter contraction observed after
mAb 18B7 binding to strain H99 may be a more powerful signal
for mechanoreceptors than the small cell diameter increase ob-
served for strain 24067. Because strain JEC21 does not have
Wsc1 homologs and no mechanosensor genes were identified in
the microarray data (Table S2), this suggests that the observed
gene expression changes seen in the serotype D strains may be
due to a different mechanism.

We also considered the possibility that differences in strain re-
sponses were due to differences in capsule stiffness. Here we
hypothesized that differences in stiffness could result in differ-
ences in mechanical tension resulting from mAb binding being
transmitted to the cell wall. Sedimentation studies revealed that
strain 24067 cells were more compressible than those of strain
H99. In concordance with that finding, capsule diameter of strain
24067 was found to be smaller after centrifugation than the cap-
sule diameter of H99, which was paradoxically larger after centri-
fugation. We have no explanation for why the capsule of strain H99
was larger after centrifugation but we do not feel this curiosity



Fig. 3. Graph of the average cell diameters of 25 cells of H99 (a) and 24067 (b)
when bound by mAbs 18B7, the control mAb MOPC or no mAb at all. C. neoformans
cells were incubated with near-saturating concentrations of AlexaFluor 488-
conjugated mAb 18B7 and the cell wall stain calcofluor white, AlexaFluor
488-conjugated mAb MOPC and the cell wall stain calcofluor white or calcufluor
white alone. Cells were washed and mounted for visualization and analysis. Images
and 3-dimensional z-series were taken on 25 cells using 0.25 lm slices on an AOBS
Leica Confocal microscope. Fluorescence profiles at the equatorial plane were
calculated for each image using ImageJ and the diameter of the cell wall was
measured as the distance between calcufluor white peaks.

Fig. 4. Graph showing average distance compressed in H99 and 24067 cells. C.
neoformans cells were aliquoted into hematocrit tubes and allowed to settle by
gravity overnight. The next day the tubes were centrifuged and a digital camera was
used to photograph the hematocrit tubes prior to and immediately after centrifu-
gation. Adobe Photoshop (v7) was used to measure the change in cryptococcal
column dimensions (the distance the cells compressed in mm). Because the cell size
of 24067 is significantly more heterogeneous than that of H99, the results were
analyzed by dividing the cell distance after centrifugation by the cell distance
before centrifugation, yielding the distance compressed for each experiment.

Fig. 5. Effects of centrifugation on capsule diameter of H99 or 24067. C. neoformans
cells were aliquoted into hematocrit tubes and centrifuged. Capsule diameter was
measured before and after centrifugation on 50 cells of each strain. This experiment
was done twice with similar results. White bars are strain H99, gray bars are strain
24067.
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impacts our findings or their interpretation. It is also conceivable
that the pressure imparted upon the capsule by sedimentation
compression results in changes to the capsular polysaccharide
architecture and/or changes in hydration that translate into larger
volumes when the pressure is removed as the cells are suspended
in solution. Because most of the volume of C. neoformans cells is
made up of capsule, a higher compressibility and smaller capsule
diameter can be interpreted to mean less polysaccharide rigidity.
A stiffer polysaccharide capsule combined with closer binding of
mAb to the cell wall can be interpreted to mean that mAb-medi-
ated distortions in polysaccharide structure as a result of immuno-
globulin binding are more likely to cause cell wall stress that could
be sensed by the cell. Ab binding to the C. neoformans capsule is
known to mediate changes in cell charge and the ability of the
polysaccharide to interact with complement receptors (Zaragoza
and Casadevall, 2006), thus implying changes in conformation that
could translate into cell wall stress. Consistent with this notion is
the observation that mAb 18B7 binding to cells of strain H99
caused a reduction in the average radii of the fungal cell wall com-
pared to a small increase in the average radii of the fungal cell wall
when 24067 cells were bound by mAb 18B7.

Remarkably, while mAb binding to the C. neoformans capsule
was associated with many changes in fungal gene expression in
the serotype A strain, only two genes manifested changes in mRNA
expression >2-fold in the serotype D strains 24067 or JEC21 after
1 h of incubation. After 4 h of incubation with mAb 18B7, strain
24067 showed 14 genes down-regulated >2-fold, while strain
JEC21 showed 140 genes down-regulated >2-fold, suggesting that
serotype D strains take longer to respond to mAb binding. The dif-
ferences in gene expression response cannot be attributed to dif-
ferences in the number of binding sites because Scatchard
analysis of mAb 18B7 binding to H99 and 24067 cells revealed that
both strains have a comparable number of immunoglobulin bind-
ing sites (Dadachova et al., 2007). Additionally, the number of
genes showing >2-fold expression changes is similar to that seen
in other microarray studies looking at a variety of different re-
sponses including heat shock (Kraus et al., 2004), gene expression
during macrophage infection (Fan et al., 2005), response to blue-
light (Idnurm and Heitman, 2010), genes involved in signal trans-
duction (Maeng et al., 2010) and response to carbon dioxide (Kim
et al., 2010).

To get a better idea of the specific response of the serotype D
strains 24067 and JEC21 to binding by mAb 18B7 and because
there were so few genes showing >2-fold changes in expression,
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we broadened our analysis to include all genes with statistically
significant changes (Table S2). When we classified these genes
according to their functional role, we observed an overall picture
of the down-regulation of transcription, translation and metabo-
lism over time, with more down-regulation seen with longer incu-
bation times. We also investigated whether any of the 43 genes
whose expression was altered in strain H99 by mAb 18B7 binding
were also changed in strains JEC21 or 24067. Interestingly, only
three genes were changed that were common between the
serotypes A and D strains: CND03490 (mannoprotein MP98),
CND00530 (urea transporter), and CNJ02710 (membrane protein).
This data suggests that there is a different response to mAb 18B7
binding by serotypes A and D strains.

Finally, while the microarray data describe an overall picture of
the down-regulation of most house-keeping functions of the cell,
the phenotypic changes we report in strain 24067 after mAb
18B7 binding were observed after only 45 min to 1 h of incubation
with mAb 18B7, suggesting that these results are largely indepen-
dent of the down-regulation of transcription, translation and
metabolism and instead may be due to innate differences between
the serotypes.

In summary, our results show that the gene expression re-
sponse of C. neoformans in reaction to Ab binding can differ greatly
depending on the strain and that serotype D strains seem to have a
longer response time than serotype A strains. Historically, it has
been easier to demonstrate Ab-mediated protection against sero-
type D strains than serotype A strains in mouse models of infection
(Mukherjee et al., 1995). Although we can make no conclusions
regarding an association between Ab responsiveness and Ab-med-
iated protection given the relatively few strains examined, the
findings are intriguing and suggest new avenues for investigation.
In this study we associated strain-related differences in their re-
sponse to Ab binding with differences in the locations of the
mAb epitopes between the two serotypes, as well as differences
in cell diameter and in the compressibility and size of the capsule.
Our findings provide additional evidence that Ab binding by itself
can affect microbial physiology, a finding that has now been docu-
mented in both C. neoformans and the gram positive bacterium S.
pneumoniae (Yano et al., 2011). This connection between humoral
immunity and microbial metabolism provides new opportunities
for understanding how the immune system interacts with
microbes.
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