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Summary

Microbial pathogens induce or inhibit death of host cells during infection, with significant
consequences for virulence and disease progression. Death of an infected host cell can either
facilitate release and dissemination of intracellular pathogens or promote pathogen clearance.
Histoplasma capsulatum is an intracellular fungal pathogen that replicates robustly within
macrophages and triggers macrophage lysis by unknown means. To identify H. capsulatum
effectors of macrophage lysis, we performed a genetic screen and discovered three mutants that
grew to wild-type levels within macrophages but failed to elicit host-cell death. Each mutant was
defective in production of the previously identified secreted protein Chpl (calcium-binding protein
1), whose role in intracellular growth had not been fully investigated. We found that Cbpl was
dispensable for high levels of intracellular growth, but required to elicit a unique transcriptional
signature in macrophages, including genes whose induction was previously associated with
endoplasmic reticulum stress and host-cell death. Additionally Cbpl was required for activation of
cell-death caspases-3/7, and macrophage death during H. capsulatum infection was dependent on
the pro-apoptotic proteins Bax and Bak. Taken together, these findings strongly suggest that the
ability of Cbp1 to actively program host-cell death is an essential step in H. capsulatum
pathogenesis.

Introduction

Intracellular pathogens use their host cells as a safe place to reside and replicate, often
subverting the normal biology of the host in the process. Recently, it has become clear that
pathogens can induce or inhibit death of host cells during infection, and that the subsequent
consequences for virulence are significant (Labbe & Saleh, 2008). In some cases, death of
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an infected host cell facilitates release and dissemination of an intracellular pathogen,
thereby promoting disease progression. In others, death of an infected host cell eliminates a
pathogen niche and promotes pathogen clearance, thereby playing a protective role for the
host. Thus understanding the role and mechanism of cell death in the progression of disease
is critical to elucidating mechanisms of both virulence and host defense.

We are interested in identifying strategies used by the fungal intracellular pathogen
Histoplasma capsulatum to manipulate macrophage viability. H. capsulatum, which infects
both healthy and immunocompromised hosts, is thought to be one of the most common
causes of fungal respiratory infection in immunocompetent people (Bullock, 1993,
Eissenberg & Goldman, 1991, Woods, 2003). In endemic areas, the soil harbors a
sporulating mold form of the organism that can be inhaled by a mammalian host. Within the
lungs, fungal cells are phagocytosed by alveolar macrophages, one of the primary host cells
for H. capsulatum during infection, and switch their growth program to a budding-yeast
form during host colonization. /n vitro studies examining infection of murine macrophages
have demonstrated that the H. capsulatum yeast cells replicate to high levels within
phagolysosomes, ultimately lysing their host cells (Porta & Maresca, 2000). Recent work
showed that H. capsulatum can trigger apoptosis of host cells (Deepe & Buesing, 2012), but
the fungal molecules required to regulate host-cell death are unknown. Furthermore, it is
unknown whether lysis of the host cell is actively triggered by H. capsulatum, or whether
lysis is secondary to the very high intracellular fungal burden.

A previous screen investigating approximately 2000 mutants was performed to identify H.
capsulatum virulence factors (Edwards et a/., 2011b). To elucidate mechanisms of
Histoplasma-induced host-cell death, we performed a genetic screen targeted to identify H.
capsulatum mutants that are unable to kill host cells. We identified a class of mutants that
grew to high levels within macrophages but failed to lyse them, indicating that high fungal
burden is not sufficient for host-cell death. These mutants were defective in the calcium-
binding protein 1 (CBPI) gene, which was previously shown by others to be a highly
expressed yeast-specific gene required for macrophage lysis (Batanghari et al., 1998, Kugler
et al., 2000, Patel et al., 1998, Sebghati et al., 2000). Our results were surprising because the
published defect of the chpZ mutant in host-cell lysis was assumed to be secondary to a
requirement for intracellular growth. Here we use primary murine macrophages to examine
the role of Cbp1 in the ability of H. capsulatum to survive, replicate, and lyse host cells
during infection. Our observation that the copZ mutant grew to high levels within
macrophages without eliciting host-cell death provides the first evidence that macrophage
death during H. capsulatum infection is not simply a passive consequence of high
intracellular fungal burden, but instead reflects an active, Cbpl-dependent process. We also
show that Cbp1 is required for robust /n vivo growth and for mice to succumb to H.
capsulatum infection. Whole-genome transcriptional profiling of infected macrophages
revealed that H. capsulatum induces a Cbpl-dependent macrophage transcriptional signature
that is associated with cell death, and Cbpl is required for activation of executioner
caspases-3/7 during infection. Finally, we determine that pro-apoptotic Bcl2-family proteins
Bax and Bak are required for the normal kinetics and extent of host-cell death during H.
capsulatum infection. Taken together, these findings highlight a key role for Cbpl in the
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manipulation of macrophage cell death pathways and suggest that induction of macrophage
death is an important mechanism of virulence for H. capsulatum.

A genetic screen identifies H. capsulatum mutants defective in macrophage lysis

To identify genes that are important for virulence of H. capsulatum during macrophage
infection, we performed a forward genetic screen in the highly virulent G217B strain
background to isolate insertion mutants that were defective in macrophage lysis. We
generated 14,000 individual insertion mutants by Agrobacterium-mediated transformation of
the G217B ura5A parent strain and arrayed these mutants into 96-well plates. These mutants
were tested for their ability to cause host-cell lysis during infection of murine J774.1 cells or
bone-marrow derived macrophages (BMDMs) (Figure 1A). In an effort to identify the most
robust lysis-defective mutants, we sought those mutants that gave phenotypes in both types
of host macrophages. Mutants defective in causing host-cell lysis were identified by fixing
and staining infected monolayers with crystal violet. H. capsulatum strains that were capable
of wild-type levels of macrophage lysis cleared the macrophage monolayer, resulting in very
little crystal violet staining (e.g. Figure 1B). Forty-seven mutants reproducibly failed to clear
macrophage monolayers during infections of both J774.1 cells and BMDMs, indicating that
they were strong candidates for lysis-defective (LDF) mutants. The lysis defect of the LDF
mutants was verified and quantified in BMDMs using a lactate dehydrogenase (LDH)
release assay, which measures the release of cytosolic lactate dehydrogenase into the culture
supernatant as macrophages lyse. Two of the 47 mutants did not show a quantifiable defect
in the LDH release assay, whereas the lysis defect of the remaining 45 mutants ranged in
severity (e.g. Figure 1C). Southern blot analysis indicated that three of these mutants had
multiple insertion sites in the H. capsulatum genome, whereas the overwhelming majority of
mutants were single insertions. Using inverse PCR, we were able to map the site of insertion
in 26 mutants; these insertion sites are reported in Table S1. Several mutants had insertions
in repeat regions of the genome so the precise site of insertion could not be mapped. The
insertion sites of five additional mutants were mapped; however, in these cases, the borders
of each insertion did not map to adjacent regions in the genome, consistent with a genomic
deletion or rearrangement event that occurred concomitant with insertion of the T-DNA.
These types of rearrangements during Agrobacterium-mediated mutagenesis have been
observed previously (Kemski et al.,, 2013). These mutants are not included in Table S1.

For further analysis, we focused on mutant FE6-C3 (gene name HCL 1, described elsewhere
(Isaac et al., 2013)), as well as the three most severe lysis-defective mutants, 172-C5, 138-
G1, and UA6-C8. These latter mutants showed lysis profiles that were nearly
indistinguishable from uninfected macrophages (Figure 1C and data not shown). Inverse
PCR was used to map the location of the Agrobacterium T-DNA insertion in mutant 172-C5.
We determined that it contains an insertion 68 nucleotides upstream of the CBP1 ATG
(Figure S1A). Northern blot analysis confirmed that CBP expression was abrogated in this
mutant (Figure S1B). Since 138-G1 and UA6-C8 showed a severe lysis-defective phenotype
that was nearly indistinguishable from 172-C5, we hypothesized that they, too, might be
defective in CBPI expression. We found that the 138-G1 mutant has an insertion at a locus
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unrelated to CBPI (Table S1), but Northern analysis revealed that this mutant and UA6-C8
fail to express CBPI (Figure S1C). Additionally, both Southern blot analysis and PCR of
genomic DNA revealed a large genomic rearrangement at the CBPZ locus in mutant UA6-
C8 (data not shown).

Cbpl is required for macrophage lysis

Since 172-C5 contains an unambiguous insertion at the CBPI locus, we designated this
strain as the “chpZ mutant,” and continued to study it further. To quantify the lysis defect of
this mutant, we infected BMDMs with either wild-type H. capsulatum (the G217B urasA
strain), the cbop mutant, or the chpZ complemented strain (where the wild-type CBPI gene
was reintroduced into the mutant strain on an episomal plasmid (cbp + CBPI)) and
performed an LDH release assay. For BMDMs infected with wild-type H. capsulatum,
initiation of lysis was observed within 24 hours after infection (Figure 2A). By six days
post-infection, these monolayers were completely destroyed and no intact macrophages
remained. In contrast, the lysis profile of macrophages infected with the chpZ mutant was
indistinguishable from that of uninfected macrophages. Reintroduction of a wild-type copy
of the CBPI gene into the chpI mutant rescued the ability of the mutant to lyse BMDMs,
indicating that the lysis defect of the mutant was due to disruption of CBP1.

We next sought to determine if CBPI played a role in the lysis of alveolar macrophages
(AvMs), which are thought to be an initial host cell for H. capsulatum during natural
respiratory infection of mammalian hosts. Murine AvMs were isolated by broncheoalveolar
lavage and infected with wild-type H. capsulatum, the chpl mutant, and the complemented
strain. Measurements of the LDH released from these infected macrophages showed that
AVM lysis in response to H. capsulatum infection was also dependent on CBPI (Figure 2B).
Taken together, these data demonstrate that CBPI is required for H. capsulatum lysis of
primary macrophages.

CBP1 is dispensable for high intracellular fungal burden

The failure of the chpI mutant to lyse macrophages could simply be due to an inability of
this mutant to survive or replicate intracellularly. To determine if the chpZ mutant had an
intracellular viability or growth defect, intracellular yeasts were released from BMDMs by
osmoatic lysis and colony-forming units (CFUs) were enumerated. In the case of infection
with the wild-type and complemented strains, measurements were terminated at the onset of
Histoplasma-induced macrophage lysis (48 hpi) to avoid measuring the replication of
extracellular yeast cells that had been released from infected macrophages. The CFUs of all
three strains increased throughout the course of the infection, indicating that CBPZ was not
required for the viability of H. capsulatum within host macrophages (Figure 3A). Notably,
the chpI mutant achieved a high intracellular fungal burden that equaled or exceeded that of
wild-type cells at the time of Histoplasma-induced macrophage lysis, indicating that high
intracellular fungal burden is not sufficient to trigger host-cell death. When intracellular
yeasts were visualized by PAS staining, it was also clear that the chpZ mutant achieved high
fungal burden within macrophages at late time points (Figure 3B). Microscopic analysis of
infected AvMs also revealed intracellular survival and replication of the chpI mutant (Figure
30).
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Although the cHpI mutant survived and replicated within macrophages, it exhibited both a
growth delay and a reduced growth rate as detected by colony-forming units. The slower rate
of replication of the chpZ mutant was specific to its growth in macrophages, as the mutant
grew similarly to wild-type H. capsulatum during /n vitro broth culture (Figure 3D). We
reasoned that the inability of the chpZ mutant to lyse macrophages might be due to slower
accumulation of intracellular yeasts. To mimic a rapid increase in phagosome burden during
infections with the copZ mutant, we infected BMDMs with the cHpZ mutant at a high
multiplicity of infection (MOI). The resultant CFU and lysis data were compared to data
from infections with the complemented strain performed at a lower MOI (Figure 3E and F).
In the case of infections with the complemented strain, measurements were terminated at the
onset of Histoplasma-induced macrophage lysis 24-48 hpi) to avoid measuring the
replication of extracellular yeast cells that had been released from infected macrophages.
BMDMs were infected with either the cHpZ mutant or the complemented strain at MOI of 2,
5, and 10. Analysis of colony-forming units showed that infection with the cHpZ mutant at
MOI =5 yielded a similar increase in fungal burden as observed for infection with the
complemented strain at MOI = 2, and infection with the cHpZ mutant at MOI = 10 showed a
higher rate of increase in fungal burden compared to the complemented strain at MOI = 2
(Figure 3E). Nonetheless, despite an equivalent or higher increase in fungal burden
compared to the complemented strain, each of the chpZ mutant infections failed to trigger
BMDM lysis irrespective of MOI, whereas all infections with the complemented strain
resulted in lysis (Figure 3F). These data indicate that the requirement for Cbp1 in host-cell
lysis is not simply due to a requirement for Cbpl in intracellular growth rate, and suggest
that Cbp1 directly provokes macrophage cell death during infection.

Cbpl is required for H. capsulatum virulence in the murine model of histoplasmosis

Given the critical role for Cbpl in macrophage lysis, we hypothesized that Cbpl might be
required for optimal /n vivo growth and virulence of H. capsulatum in the mouse model of
histoplasmaosis. A previous study (Sebghati et al., 2000) generated a cfpZ mutant in a strain
background (G186AR) generally thought to be less virulent than the G217B parent strain
used in our laboratory, especially at standard infection doses (Mayfield & Rine, 2007,
Medoff et al., 1986, Sepulveda et al., 2014, Tewari & Berkhout, 1972). The ability of the
G186AR cbpI mutant to colonize the mouse lung was compromised (Sebghati et al., 2000).
To determine the role of Cbp1l in the highly virulent G217B strain, and to conduct the first
virulence study examining a role for Cbp1 in lethal infection, we infected female C57BI/6
mice intranasally with a lethal dose (1.25 x 10 yeast cells/mouse) of either wild-type H.
capsulatum, the chpI mutant, or the complemented strain, and monitored the mice daily for
symptoms of disease, including weight loss, panting, and lack of grooming. Mice infected
with wild-type H. capsulatum were symptomatic at five days post-infection and 90% of
these mice (n = 10) succumbed to the infection within nine days (Figure 4A). Conversely, all
mice infected with the cHpZ mutant survived for the duration of the experiment, even though
they transiently displayed symptoms of respiratory distress. Mice infected with the
complemented strain showed disease progression similar to that of mice infected with wild-
type H. capsulatum, with 81% of the mice (n=11) succumbing to the infection. These results
indicate that CBP1 is required for virulence in the mouse model of histoplasmosis.
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To determine if the chpZ mutant is avirulent due to a failure to survive in the mouse, we
monitored pulmonary fungal burden over time in mice infected with the wild-type, copI
mutant, or complemented strains. Female C57BI/6 mice were infected intranasally with a
sub-lethal dose (5 x 10% yeast cells/mouse) of each strain and CFUs were enumerated from
lungs at various times post-infection (Figure 4B). The pulmonary fungal burden of mice
infected with either the wild-type or complemented strains increased steadily between 4 hpi
and 8 dpi, resulting in a 40-50-fold increase in CFUSs. In contrast, levels of the chpZ mutant
were static over the first 4 days of infection, after which there was a modest 5-fold increase
in CFUs by 10 dpi. These data indicate that Cbp1 is required for robust growth within the
mouse lung. Interestingly, as observed previously (Edwards et a/., 2011a, Sebghati et al.,
2000), the chpI mutant was not cleared from the mouse. Consistent with the CFU analysis,
histological examination of lung sections at 8 dpi revealed a markedly decreased fungal
burden and inflammatory infiltrate in the lungs of mice infected with the cHpZ mutant when
compared to mice infected with the wild-type or complemented strains (Figure S2). We
reproducibly observed that infection with the cHpZ mutant yielded limited numbers of focal
lesions, as shown in Figure S2, consistent with limited growth within and/or escape of the
mutant from host cells. Taken together, a compelling hypothesis that arises from this work is
that the ability of Cbpl to trigger macrophage lysis correlates with increased fungal burden
and lethal infection in the mouse model of histoplasmosis.

Cbpl is required for a specific transcriptional signature of macrophages infected with H.

capsulatum

To take an unbiased approach to further explore the effect of Cbpl on host macrophages
during infection, we performed expression profiling on infected macrophages with the hope
of uncovering host pathways that might lead to Cbp1-dependent host-cell death. Since
whole-genome expression profiling of the host response to H. capsulatum had not been
performed before, we began by examining the transcriptional profile of macrophages
infected with wild-type G217B cells. To distinguish between host transcriptional responses
that were a consequence of passive pattern recognition versus those that were induced by
intracellular growth and replication of H. capsulatum, we compared the transcriptional
response of BMDMs infected with (1) live G217B cells, which undergo robust intracellular
replication, or (2) UV-treated (UVT) G217B cells, which are rapidly degraded following
phagocytosis (Figure S3). The transcriptional profile of BMDMs infected at an MOI of 10
was assessed at seven time points post-infection ranging from 2 hpi, an early time point
following phagocytosis of H. capsulatum, to 24 hpi, which was 6 hours after visible lysis
had initiated. A mock-infected time course was performed in parallel with these experiments
to identify those transcripts whose induction or repression was specific to H. capsulatum
infection rather than due to the culture conditions during infection. Microarray data from
several replicate time courses was subjected to Significance Analysis of Microarrays (SAM)
(Tusher et al., 2001) to identify 152 genes that were reproducibly induced (129 genes) or
repressed (23 genes) at least 2-fold during infection with wild-type H. capsulatum yeasts
when compared with mock-infected macrophages (Table S2).

A subset of the induced genes were canonical inflammatory response genes, which were
upregulated at early time points following infection (1-3 hpi) with both live and UVT cells
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(Figure 5). Notably, this inflammatory response was sustained at multiple time points after
infection with live G217B, but was only transiently induced by UVT cells and disappeared
concomitant with their degradation. This gene set included well-characterized inflammatory
mediators (CCRL2, CCL4/MIP1B, and CXCL2/MIPZa.) and genes involved in cell
migration and/or adhesion (/CAMI, PDPN).

We next compared the transcriptional response of BMDMs infected with the cHpZ mutant, as
well as its isogenic wild-type (G217B ura5A) and complemented strains. BMDMS were
infected at an MOI of 10, and harvested for transcriptional profiling at 3, 6, and 12 hpi,
before appreciable lysis by wild-type and complemented strains could occur. Of the 23
genes that are repressed during infection with wild-type H. capsulatum, 3 were dependent on
Chpl (Table S2). The chpI mutant induced a similar canonical inflammatory response as the
wild-type and complemented strains, indicating that Cbpl is not required for the ability of
the host to recognize H. capsulatum (Figure 5). Strikingly, of the 129 genes whose
transcription is induced in response to H. capsulatum infection, SAM analysis indicated that
44 genes were dependent on Cbp1 for their induction in infected macrophages (Table S2).
Of these, 32 showed at least a two-fold difference in induction in macrophages infected with
wild-type vs. chpI mutant yeasts (these genes are depicted in Figure 6). Several of the Cbpl-
dependent genes (Table S2) play important roles in mammalian cell biology and/or host-
fungal interactions. For example, Prostaglandin-endoperoxide synthase 2 (Ptgs2; also known
as Cox2) facilitates synthesis of prostaglandins from arachidonic acid. Interestingly, treating
H. capsulatum-infected mice with prostaglandin inhibitors results in decreased fungal
burden and increased host survival (Pereira et al., 2013), suggesting that H. capsulatum-
mediated stimulation of COXZ2 could promote pathogenesis.

We were intrigued by the realization that a number of the Cbpl-dependent genes are also
known to be induced during endoplasmic reticulum (ER) stress, suggesting that Cbpl may
directly or indirectly induce this stress response pathway in host cells during infection. For
example, Cbpl was required for expression of the stress-regulated transcription factor
NUPR1/p8, which is induced in human glioma cells during ER stress (Salazar et al., 2009).
In those experiments, NUPRI/p8 stimulates expression of the transcription factors ATF4
(activating transcription factor 4) and DD/73 CHOP (DNA-damage inducible factor 3/C-
EBP homologous protein), which in turn stimulate expression of the pseudo-kinase tribbles
homolog 3 (7RB3), (Carracedo et al., 2006, Salazar et al., 2009). Similarly, in human cells
treated with tunicamycin and other ER stress-inducing agents, ATF4and CHOP
coordinately regulate expression of 7RB3 (Ohoka et al., 2005). We observed that A7F4,
DDIT3 CHOP, and TRB3were also induced during infection of macrophages with H.
capsulatum, and that their induction was Cbpl-dependent (although A7F4 did not meet our
criteria of two-fold induction during infection with wild-type H. capsulatum and thus was
not included in the final data set). Notably, activation of 7/RB3expression by A7F4and
DDIT3/CHOP has been correlated with apoptosis in pancreatic islet cells (Bromati et al.,
2011).

Given its role in stimulating apoptosis and autophagy under some conditions (Shang et al.,
2009, Ohoka et al., 2005, Carracedo et al., 2006, Ord & Ord, 2005, Qing et a/., 2012), and
cell survival in other contexts (Shimizu et a/., 2012, Ord et al., 2012), we were particularly
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interested in Cbpl-dependent induction of 7/RB3. According to our microarray data,
infection of BMDMs with wild-type H. capsulatum stimulated 4.5-fold induction of 7RB3
at 12 hpi compared to an early mock-infected time point, whereas its expression was
repressed by 3.6-fold in chpZ mutant-infected macrophages compared to mock-infected
cells. To determine the kinetics of 7RB3induction relative to host-cell lysis, we
simultaneously monitored induction of 7/RB3transcript by qRT-PCR and release of LDH
from infected BMDMSs. We observed approximately 12-fold induction of 7/RB3expression
by 9-12 hpi at MOI of 5 (Figure 7A), which was at least fifteen hours prior to the onset of
detectable macrophage lysis by wild-type H. capsulatum (Figure 7B). In macrophages
infected with the cHpZ mutant, appreciable 7RB3induction was never observed even at late
time points after infection (Figure 7C). Additionally, Cbpl-dependent induction of 7RB3
was also observed at a lower MOI of 2 (Figure 7D). Taken together, our results suggest that
Cbp1 can mediate host-cell death by inducing 7RB3expression.

Activation of caspase-3/7 by Histoplasma capsulatum is dependent on Cbpl

Previous work indicated that GM-CSF-derived bone marrow macrophages produce tumor
necrosis factor a (TNFa), which triggers extrinsic apoptotic pathways to activate
caspase-3/7 during H. capsulatum infection (Deepe & Buesing, 2012). In contrast, in our
CSF-derived macrophages, we have never been able to detect TNFa production during H.
capsulatum infection (data not shown). Nonetheless, we hypothesized that Cbp1l could play a
role in triggering apoptosis, and we favor the model that Cbpl causes an intrinsic cellular
stress, triggers Trb3 induction, and activates proapoptotic pathways, resulting in caspase-3/7
activation. Caspase-3 and -7 play a critical role in the execution phase of apoptosis by
targeting a number of cellular substrates for cleavage (Salvesen & Riedl, 2008). We first
tested whether we could observe Cbhpl-dependent caspase-3/7 activation in BMDMs using a
microscope-based assay. To more easily detect H. capsulatum within macrophages, we
transformed the wild-type and chpI mutant strains with a construct encoding a secreted
fluorescent protein (mCherry fused to an H. capsulatum signal sequence). We observed
mCherry fluorescence marking H. capsulatum-containing phagosomes in infected
macrophages (Figure 8A). To detect active caspase-3/7, we used CellEvent caspase-3/7
detection reagent, which is a four amino-acid peptide (DEVD) conjugated to a nucleic acid
binding dye. In cells containing active caspase-3/7, the peptide is cleaved from the dye,
which then binds DNA and fluoresces. BMDMs were infected with either the wild-type or
cbpl mutant strain, and infected macrophages were treated with CellEvent caspase-3/7
detection reagent at 48 hpi. We observed significant intracellular fungal burden for
infections with both wild-type and cHpZ mutant strains as indicated by the mCherry signal
(Figure 8A). However, appreciable CellEvent signal was only detected in BMDMs infected
with wild-type H. capsulatum. \We also monitored caspase-3/7 activation in host-cell lysates
(Figure 8B). We observed a robust increase (7-8 fold over mock-infected) in caspase-3/7
activity at 24 hours post-infection in BMDMs harboring wild-type strains of H. capsulatum,
but not in BMDM s infected with chpZ mutant yeasts. We failed to detect induction of
caspase-3/7 activity in BMDMs infected with the chpZ mutant even late in infection, thus
ruling out the possibility that caspase-3/7 activation was simply delayed in the absence of
CBP1 (Figure 8C). These data indicate that H. capsulatum stimulates caspase-3/7 activation
in macrophages in a Cbpl-dependent manner.
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Histoplasma-mediated cell death is dependent on apoptosis but not necrosis or pyroptosis

We next performed a definitive genetic test to determine whether apoptosis plays a role in H.
capsulatum-mediated host-cell lysis. Although membrane integrity is usually preserved
during apoptosis, LDH release has been observed for macrophages treated with agents that
trigger apoptosis, such as gliotoxin (Brennan & Cookson, 2000), leaving open the possibility
that BMDMs could die from apoptosis during H. capsulatum infection. To test the
hypothesis that H. capsulatum triggers apoptosis in our macrophage model, we generated
BMDMs that were deficient in pro-apoptotic Bcl-2 family proteins Bak and Bax, which
form pores in the mitochondrial membrane during intrinsic apoptosis (Labbe & Saleh,
2008). We observed that Bak™/~ Bax™/~ mutant macrophages showed a markedly decreased
rate and extent of lysis during H. capsulatum infection compared to parental macrophages
(Figure 9A). In contrast, macrophages deficient in RIP3, which is required for many types of
necrosis (Sridharan & Upton, 2014), or caspase-1 and -11, which are required for pyroptosis
(Shin & Brodsky, 2015), showed no resistance to H. capsulatum-mediated host-cell death
(Figure 9B, C). These data indicate that intrinsic apoptosis contributes to host-cell death
during infection of macrophages with H. capsulatum.

Discussion

H. capsulatum is an intracellular fungal pathogen that grows to high levels within the
macrophage phagosome. In resting macrophages, the ultimate result of colonization with H.
capsulatum is destruction of the host cell (Porta & Maresca, 2000, Deepe & Buesing, 2012).
It was unknown whether death of the infected macrophage is simply a passive consequence
of high fungal burden, or if it is actively induced by a fungal factor. Thus, when we began
our genetic screen, it was unclear if it would be possible to identify mutants that grow to
high levels within macrophages but fail to lyse them. Of the 14,000 insertion mutants that
we screened, 3 were able to grow to high levels within macrophages and yet displayed an
extremely strong lysis defect. All 3 mutants were deficient in expression of the CBPI gene.
We show that mutants lacking Cbpl are able to survive and replicate within primary
macrophages, reaching a level comparable to or exceeding that achieved by wild-type cells.
Despite the high fungal burden achieved by the cHpZ mutant, infected macrophages fail to
lyse, demonstrating for the first time that macrophage lysis is not an inevitable result of
intracellular fungal load, but rather is the result of an active process mediated directly or
indirectly by Cbpl. Additionally, we show that Cbp1l is required for robust /n7 vivo growth
and virulence, hence correlating the ability of Cbp1l to trigger host-cell death /n vitro with a
productive and lethal infection /n vivo. Whole-genome expression profiling of infected
macrophages revealed that Cbpl is required for the induction of a unique transcriptional
signature in host cells, including the expression of ER stress-responsive genes, some of
which are known to modulate cell death. Additionally, we showed that Chp1 is required for
the activation of executioner caspases-3/7 during macrophage infection. Taken together,
these data lead to the provocative model that H. capsulatum utilizes Cbpl to actively trigger
macrophage death, thereby facilitating dissemination of the fungus and optimal growth
during animal infection.
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Cbpl is required for normal growth kinetics in vivo

Though Cbpl is dispensable for survival of H. capsulatum in macrophages and mice, our
data indicate that it modulates intracellular growth in addition to its role in host-cell lysis.
Although the cHpI mutant is able to replicate to high levels in macrophages, the mutant
yeasts exhibit a reduced accumulation rate, with a doubling time approximately twice that of
wild-type cells. Our data suggest that the lower rate of chpZ accumulation is due to
decreased growth rate rather than increased clearance because the mutant yeasts appeared to
be viable: quantification of chpI yeast cells released from infected macrophages using
microscopy gave numbers equivalent to enumeration of viable cells by CFU assay,
indicating that the majority of intracellular chpZ yeasts are alive. Additionally, there was no
microscopic evidence of yeast-cell degradation inside macrophages.

The reason for the reduced intracellular growth rate of the chpZ mutant is unclear. Cbpl was
originally identified as a highly abundant secreted calcium-binding protein present in the
culture supernatant of H. capsulatum yeast cells (Batanghari & Goldman, 1997). Initial
studies showed that Cbpl was required for the ability of H. capsulatum to grow under
calcium-limiting conditions /n vitro (Sebghati et al., 2000), but the relevance of these data to
intracellular growth is not known. Additionally, it has been hypothesized that Cbp1l could
alter the character of the phagosome to facilitate growth of H. capsulatum (Beck et al.,
2009).

In mice, we observed that Cbpl was required for robust /7 vivo growth, although the host
was unable to clear chpI mutant cells. In contrast to wild-type yeast cells, which increased
approximately 50-fold over the first eight days post-infection, levels of the chpZ mutant cells
were essentially constant for the first four days post-infection, after which only a modest
increase in cell number was observed. We favor the hypothesis that the inability of the cop1
mutant to lyse infected macrophages and spread through the mouse lung contributes to its
net replication defect. Additionally, we performed the first experiments to evaluate host
survival during infection with the chpZ mutant and observed an extremely strong virulence
defect for the mutant compared to infection with either the parental or complemented
strains.

H. capsulatum actively promotes host-cell death

Of particular interest from this work is the discovery that H. capsulatum actively promotes
host-cell death by a Cbpl-dependent pathway. Past studies hypothesized that copZ mutants
fail to lyse macrophages because of a presumed requirement for Cbpl in intracellular growth
(Sebghati et al., 2000). By showing that Cbp1 is dispensable for achieving high fungal
burden, our work strongly suggests that H. capsulatum utilizes Cbpl to trigger macrophage
lysis. There are an increasing number of studies of host-cell death triggered by fungi
(Johnston & May, 2013, Skeldon & Saleh, 2011), though little is known about fungal
molecules that manipulate the viability of mammalian host cells. Since Histoplasma species
and the closely related human fungal pathogen Paracoccidioides brasiliensis are the only
organisms that contain homologs of Cbpl (Beck et al., 2009), it could be that Cbp1 triggers
host-cell death by a mechanism that is specific to H. capsulatum and related fungi. The
timing of host-cell lysis may also be regulated such that it only occurs after high intracellular
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fungal burden has been achieved. Cbp1 is produced at high levels by yeast cells in culture as
well as by intracellular yeasts, but perhaps a threshold level of Cbp1 has to accumulate
before lysis ensues (Batanghari & Goldman, 1997, Batanghari et al., 1998, Patel et al.,
1998). This model is consistent with the observation that time to lysis decreases as MOI
increases.

Transcriptional profiling of infected macrophages reveals a Cbpl-independent
inflammatory response

The global transcriptional response of macrophages to infection with wild-type or copz
mutant H. capsulatum was compared to identify host pathways that are manipulated by
Cbpl. Additionally, these experiments provided a comprehensive molecular analysis of the
interaction between H. capsulatum and host macrophages. The majority (two-thirds) of the
transcriptional response of macrophages to infection with H. capsulatum is independent of
Cbpl. Wild-type yeasts, UV-treated (UVT) wild-type yeasts, and chpI mutant yeasts all
trigger a classic inflammatory response. Presumably this response reflects recognition of H.
capsulatum pathogen-associated molecular patterns by host pattern recognition receptors.
We found that the genes encoding the pattern recognition receptors TLR2 and CLEC7A/
Dectinl are upregulated in macrophages infected with H. capsulatum (Table S2). This
observation is intriguing because several studies show that Dectinl and TLR2 synergize to
mediate recognition and downstream signaling in response to fungi (Brown et al., 2003,
Gantner et al., 2003, Gersuk et al., 2006, Luther et al., 2007, Goodridge et al., 2007) as well
as Mycobacteria (Yadav & Schorey, 2006, Shinet al., 2008).

Cbpl triggers a specific gene expression response in host macrophages that could
promote host-cell lysis

Transcriptional profiling of the infected macrophage revealed that Cbp1l is required for the
induction of 44 genes. Given the requirement for Cbpl in host-cell lysis, we were intrigued
to discover that at least two of these genes, NUPR1/p8 and TRBS3, are known to play roles in
stress response and induction of cell death. NUPRI1/p8 encodes a stress-regulated
transcription factor with homology to the HMG/IY family of chromosomal binding proteins
(Mallo et al.,, 1997, Encinar et al., 2001). Its activity is induced in glioma cells that are
stimulated to undergo apoptosis by treatment with cannabinoids, resulting in expression of
the transcription factors A7F4and DD/T3 CHOP. In turn, ATF4 and DDIT3/CHOP induce
TRB3 expression, which is required for activation of autophagy and apoptosis (Carracedo et
al., 2006, Salazar et al., 2009). Notably, although the molecular function of TRB3 is not well
understood, its expression has been shown to induce death in a number of cell types (Ohoka
et al., 2005, Carracedo et al., 2006, Bromati et al., 2011).

Interestingly, a number of the Cbpl-dependent genes (NUPR1/p8, DDIT3 CHOP, ATF4,
TRB3, and CHACYI) are known to be induced during ER stress in a variety of cell types
(Goruppi & lovanna, 2010, Su & Kilberg, 2008, Mungrue et al., 2009, Ohoka et al., 2005).
ER signaling is becoming increasingly linked to innate immune responses (Martinon et al.,
2010). Higher eukaryotic cells can initiate a three-pronged unfolded protein response
pathway to counter ER stress, including PERK-dependent induction of DD/73 CHOP and
ATF4, IRE1-dependent splicing of XBP1, and ATF6 processing and activation (reviewed in
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(Todd et al., 2008)). Notably, it is well established that unmitigated ER stress can trigger
caspase activation and cell death (reviewed in (Merksamer & Papa, 2010)). These data,
along with our exploration of caspase-3/7 activation and the role of Bax and Bak in H.
capsulatum-mediated host-cell death, suggest the model that Cbpl initiates an ER stress
response, resulting in 7/B3induction, Bax/Bak oligomerization, caspase activation, and
apoptotic cell death. The pathways implicated by this study provide our first molecular
understanding of how H. capsulatum is able to manipulate macrophage viability so
effectively during infection.

Experimental Procedures

Strains and Culture Conditions

H. caspsulatum strain G217B urasA\ (WU15) was a kind gift of William Goldman
(University of North Carolina, Chapel Hill). For all studies involving the cbpZ mutant,
“wild-type” refers to G217B ura5A transformed with a URA5-containing episomal vector,
“chpI” refers to G217B urabA chpl::T-DNA (mutant 172-C5) transformed with the same
URAS5-containing episomal vector, and “complemented” strain refers to G217B uradh
cbpl..T-DNA transformed with the URA5-containing episomal plasmid bearing the wild-
type CBPI gene (see below). Yeast cells were grown in liquid H/stoplasma macrophage
media (HMM) or on HMM agarose plates (Worsham & Goldman, 1988). Liquid cultures
were grown in an orbital shaker at 37°C with 5% CO,. Stock cultures were maintained by
passaging every 2-3 days at a 1:25 dilution. Plates were incubated in a humidified chamber
at 37°C with 5% CO,.

For macrophage infections with individual strains, an overnight, mid-log culture of yeast
cells (ODggg = 5-7) was prepared. Approximately 18 hours prior to the infection, a two-day
late log/stationary phase culture (ODggp = 10-12) was diluted 1:5 into HMM media. The
diluted cells were then incubated at 37°C with 5% CO5 overnight to obtain mid-log cultures
at the time of infection. Culture ODs were measured using an Eppendorf BioPhotometer.

Insertional mutagenesis of H. capsulatum

H. capsulatum insertion mutants were generated using Agrobacterium-mediated
transformation of WU15 as previously described (Nguyen & Sil, 2008). Transformants
(hygromycin resistant (HygR)) were selected on HMM/uracil plates containing 400 pg/ml
uracil, 200 pug/ml hygromycin B and 200 uM cefotaxime.

Screen to identify lysis-defective H. capsulatum mutants

14,000 insertion mutants were screened for their ability to lyse BMDMs and J774.1
macrophages. Individual insertion mutants and the WU15 parental strain were inoculated
into the wells of a deep-well 96-well plate (Corning 3598) containing 600 uL HMM/hyg/
uracil or HMM/uracil, respectively. These plates were then sealed with Neptune Bioseal
Breathable Tape (Continental Life Products 2424.S) and incubated at 37°C with 5% CO,, for
four days in a Multitron shaker (Appropriate Technical Resources/Infors). Each culture was
then diluted 1:25 into fresh medium in a fresh deep-well 96-well plate and incubated as
above for an additional two days. Approximately 18-20 hours before infection, 20 L of
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each culture was added to 115 pL of HMM/uracil in a standard 96-well plate (BD Falcon
353027) and incubated as above. At the time of infection, the optical density of each well
was measured using the Spectramax Plus 384-well plate reader (Molecular Devices). The
median optical density was calculated for each plate, converted to cell number, and
macrophages were infected at a multiplicity of infection (MOI) of 10 based on the median
H. capsulatum concentration. Either J774.1 cells (at 5.5 x 104 macrophages per well) or
BMDMs (8 x 10* macrophages/well) were seeded in a 96-well plate approximately 16 hrs
before infection. Each infection was set up in duplicate, yielding two infection plates per one
plate of H. capsulatum insertion mutants. Infected macrophages were washed one hr after
addition of H. capsulatum. Wells were supplemented with fresh medium at 2 days post-
infection (dpi) and 4 dpi if the infection was still in progress. J774.1 monolayers were fixed
with by incubating with 150 puL of 10% formaldehyde in PBS for 5 min at 5 dpi whereas
BMDM monolayers were fixed at 3-4 dpi due to altered kinetics of infection compared to
J774.1 cells. Fixed monolayers were stored in PBS at room temperature for future crystal
violet staining. At the time of staining, PBS was removed from each well and replaced with
75 uL of 0.2% w/v crystal violet, 2% v/v EtOH. After 5 min, the crystal violet solution was
removed and cells were incubated in PBS for an additional 5 min. The PBS was then
removed and wells were air-dried.

Identification of the cbpl mutant

Forty-seven mutants were defective for macrophage lysis, including 172-C5, 138-G1, and
UAB-CS8, all of which had a severe lysis phenotype. Inverse PCR was used to map the
location of the Agrobacterium T-DNA insertion in mutant 172-C5 as described above, which
revealed the presence of an insertion 68 nucleotides upstream of the CBPI open reading
frame. This mutant was designated as the cHpZ mutant and complemented by introduction of
the wild-type CBPI gene as described below.

Complementation of the cbpl mutant

Transformation—An episomal complementation plasmid, pDT122, containing the CBPI
OREF, 2764 bp of 5° flanking sequence and 554 bp of 3’ sequence was generated (Figure
S1A). 100 ng of Pac/digested pDTI22 was transformed into the cHpZ mutant as previously
described (Woods et al., 1998), creating the chp1+CBPI strain. The chpl mutant was also
transformed with pLH211 as a vector control, creating the copI+ URAS5 strain. The uradA
parental strain, WU15, was also transformed with pLH211, generating the vrasA+URAS
strain (wild-type control). Transformants were selected on HMM-agarose plates.

In vitro H. capsulatum growth

Two-day, late log cultures of the urasA+URAS, the chpl+ URAS, and the cbp1+ CBPI
strains were used to inoculate 30 ml HMM media to a starting ODgo=0.1. At 20, 26, 47, 69,
97, 124, and 169 hours post inoculation, 3 x 1 ml samples were removed from each culture,
vortexed for 30 seconds to break up clumps, and analyzed to determine their ODgg.
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Macrophage culture

Bone marrow derived macrophages (BMDMs) from 6-8 week old female C57BI/6 (Charles
River Laboratories, Jackson Laboratories) mice (Jackson Laboratories) were isolated using
differentiation of bone marrow with murine macrophage colony-stimulating factor (CSF-1),
as described previously (Hwang et a/., 2008, Isaac et al., 2013). Alveolar macrophages
(AvMs) were obtained by broncho-alveolar lavage (BAL) from the lungs of 12- to 15- week-
old female C57BI/6 mice (Charles River Laboratories). 20 mL of BAL fluid (5 mM EDTA
in PBS without Ca2* and Mg2*) were collected from each mouse. The cells were pelleted
and resuspended in AKT lysis solution (150 mM NH4CI, 10 MM KHCO3, 0.1 mM EDTA in
ddH,0, pH 7.2-7.4). The remaining cells were pelleted and resuspended in AvM media,
which consists of Dulbecco's Modified Eagle Medium (DMEM) High Glucose (UCSF Cell
Culture Facility), 10% Fetal Bovine Serum (Hyclone, Thermo Fisher, www.hyclone.com),
penicillin and streptomycin (UCSF Cell Culture Facility).

Cytotoxicity/LDH release assay

Bone marrow derived macrophages (BMDMs)—In 24-well tissue-culture treated
dishes, 2 x 10° BMDMs were infected, in duplicate, with H. capsulatum strains at an MOI
of 2 or 5. In preparation for the infections, logarithmically growing H. capsulatum cultures
were pelleted, resuspended in DMEM without phenol red, sonicated for 3 seconds on setting
2 using a Fisher Scientific Sonic Dismembrator Model 100, and counted by hemacytometer.
After a 2-hour incubation period, the media was removed from the infected BMDMs, the
monolayers were washed twice with DMEM without phenol red and 750 ul BMM without
phenol red (DMEM High Glucose without phenol red (UCSF Cell Culture Facility), 20%
Fetal Bovine Serum, 10% v/v CMG supernatant (conditioned medium obtained from CMG
cells (3T3 fibroblasts transfected with the murine CSF-1 cDNA, kindly provided by Mary
Nakamura, UCSF), 2 mM glutamine, 110 mg/mL sodium pyruvate, penicillin and
streptomycin) was added to each well. The infected macrophages were then incubated at
37°C with 5% CO,_ Approximately 48 hours post-infection, 250 pl fresh BMM was added to
each well.

At various time points post-infection, LDH levels in the infected-macrophage supernatants
were measured to monitor BMDM lysis as previously described (Isaac et al., 2013). The %
BMDM lysis at each time point was calculated as the percentage of the total LDH from
lysed uninfected cells at 2 hours post-infection. Due to continued replication of BMDMSs
over the course of the experiment, the total LDH at later time points is greater than the total
LDH from the 2 hr time point, resulting in an apparent % lysis that is greater than 100%.

Alveolar macrophage (AvMs)—In 96-well tissue-culture treated dishes, 1.5 x 105 AvMs
were infected, in duplicate, with H. capsulatum strains at an MOI of 5. After a 6-hour
incubation period, the media was removed from the infected AvMs, the monolayers were
washed twice with DMEM without phenol red and 200 pl AvM media without phenol red
(DMEM without phenol red, 10% Fetal Bovine Serum, penicillin and streptomycin) was
added to each well. The infected macrophages were then incubated at 37°C with 5% CO5.
At various time points post-infection, LDH levels in the infected macrophage supernatants
were measured to monitor AvM lysis. To measure the total LDH, at 6 hours post-infection,
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one mock-infected macrophage monolayer was lysed with 200 pl of lysis solution (1%
Triton X-100 in DMEM-phenol red). 50 ul of clarified culture supernatant or mock-infected
lysate was transferred to a 96-well plate and LDH release was assessed as described above
for BMDMs.

Replication Assay

In 24-well tissue culture treated dishes, 2 x 10° BMDMs were infected, in duplicate, with H.
capsulatum strains at an MOI of 2. After a 2-hour incubation period, the media was
removed, the monolayers were washed twice with DMEM and 1 ml BMM was added to
each well. The infected macrophages were then incubated at 37°C with 5% CO, The media
was changed at 48 hours post-infection and every day thereafter. At various time points post-
infection, the media was removed from each well and 500 ul ddH,0 was added. After 5
minutes of incubation, the macrophages were mechanically lysed by vigorous pipetting. The
lysate was collected, sonicated, diluted in HMM and plated for H. capsulatum colony
forming units (CFUs) on HMM-agarose plates at 37°C. Colonies were counted 14 days later.
The relative CFU at time x is calculated as (CFU4y)/(CFUy).

Microscopic analysis of intracellular growth and dissemination

AvMs—2 x 10° AvMs per well were seeded in 24-well tissue-culture treated dishes
containing 15 mm glass coverslips. Approximately 18 hours later, these cells were infected
with 4 x 10° yeast cells per well and incubated for 3 hours. The media was then removed
from the infected AvMs, the monolayers were washed twice with AvM media and 750 pl
AvM media was added to each well. The infected macrophages were then incubated at 37°C
with 5% CO»,. An additional 250 pl of AvM media was added to infected cells at 48 hours
post-infection.

At various time points post-infection, the media was removed from each well and the
monolayers were fixed with 500 ul PAS fixative (3.7% formaldehyde in 100% ethanol) for 1
minute. The fixative was removed and cells were washed twice with PBS before being
stored in 500 pl PBS at 4°C. Slides were then stained with Periodic acid-Schiff reagent (to
highlight fungal cells) and methyl green (to counterstain macrophage nuclei) as previously
described (Webster & Sil, 2008). Microscopic images were taken using the Leica DM 1000
microscope.

BMDMs—3.25 x 10° BMDM s per well were seeded in 12-well tissue-culture treated dishes
containing 15 mm glass coverslips. Approximately 18 hours later, these BMDMs were
infected with 8.1 x 104 yeast cells per well, centrifuged for 5 minutes at 800 x g, and
incubated for 2 hours. The media was then removed from the infected BMDMs, the
monolayers were washed twice with DMEM and 2 ml BMM was added to each well. The
infected macrophages were then incubated at 37°C with 5% CO,_The media was changed at
48 hours post-infection and every day thereafter. At various time points post-infection the
media was removed from each well and the monolayers were fixed with 1 ml PAS fixative
(3.7% formaldehyde in 100% ethanol) for 1 minute. The fixative was then removed and cells
were washed twice with PBS before being stored in 2 ml PBS at 4°C. Coverslips were then
stained with Periodic acid-Schiff reagent (to highlight fungal cells) and methyl green (to
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counterstain macrophage nuclei) as previously described (Webster & Sil, 2008).
Microscopic images were taken with a Leica DM 1000 microscope.

Mouse infections

9 week-old female C57BI/6 mice (Charles River Laboratories) were anesthetized with
isoflurane and infected intranasally with wild-type H. capsulatum (G217B urasA+URA), the
cbpl mutant (chp1+ URA) or the complemented stain (chpI+ CBPI). In preparation for
infection, mid-logarithmic cultures of these H. capsulatum strains were washed once with
PBS, sonicated for 3 seconds on setting 2 using a Fisher Scientific Sonic Dismembrator
Model 100, and counted by hemacytometer to determine cell concentration. To monitor
mouse survival, fifteen mice were infected intranasally with 1.25 x 106 yeast cells in
approximately 25 ul PBS. At 4 hours post-infection, the lungs and spleens were harvested
and homogenized from 5 mice infected with each strain. These homogenates were plated for
H. capsulatum CFUs on Brain-Heart Infusion agar (BHI) plates and incubated at 30°C. The
remaining mice were monitored daily for symptoms of disease (i.e. weight loss, lack of
activity/response to stimulus, panting, lack of grooming). Mice were sacrificed after they
exhibited 3 days of sustained weight loss greater than 15% of their maximum weight in
conjunction with one other symptom of disease. For the /n vivo colonization assay, mice
were infected with 5 x 10% yeast cells. At 4 hrs, 2, 4, 8, 10, and 12 days post-infection, the
lungs and spleens were harvested from 5 mice infected with each H. capsulatum strain.
These organs were homogenized and plated for CFUs on BHI plates at 30°C. Statistical
analysis for survival and colonization experiments was performed using GraphPad Prism 5.

All mouse experiments were performed in compliance with the NIH Guide for the Care and
Use of Laboratory Animals and were approved by the Institutional Animal Care and Use
Committee at the University of California San Francisco.

Microarray hybridizations

In 6-well tissue culture treated dishes, 7 x 10° BMDMs were infected, in duplicate, with
various H. capsulatum strains at an MOI of 5 or 10. UV Treated (UVT) yeasts were prepared
by subjecting G217B to UV light (UV Stratalinker 1800, setting 1200 (120 J/m?) for 1 hour;
these yeasts failed to generate CFUs when plated on HMM agarose. After one hour of co-
culture, BMDMs were washed twice with BMM and 2 ml BMM was added to each well.
BMDM total RNA was isolated at various time points post-infection using the RNeasy Mini
Extraction Kit (Qiagen) and amplified using the Amino Allyl MessageAmp Il aRNA
Amplification Kit (Applied Biosystems). Microarray probes were generated by coupling
aRNA to Cy5 or Cy3 monofunctional dyes (Amersham). Probes were hybridized to MEEBO
(mouse exonic evidence-based oligonucleotide) microarrays (http://
alizadehlab.stanford.edu/) using a pooled reference strategy in which Cy5-labeled aRNA
samples corresponding to each time point were competitively hybridized against a Cy-3
labeled reference pool containing equal amounts of all infected and uninfected samples.
Arrays were hybridized for 36 hours at 63°C and scanned on a GenePix 4000B scanner
(Axon Instruments).
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Microarray data analysis

Arrays were gridded using Spotreader (Niles Scientific) and results files were generated
using GenePix Pro, version 6.0 (Molecular Devices). Poor quality features as identified by
visual inspection were flagged and excluded from further analysis. Normalization was
performed using Nomad 2.0 (http://derisilab.ucsf.edu/microarray/software.html). Ratio of
medians (635/532) were extracted for each array feature, excluding features for which the
sum of medians for the 635 nm and 532 nm channels was >= 500 intensity units. To extract
relative gene expression ratios, these data were transformed relative to the mock-infected 2-
or 3-hour time points in each experiment.

To identify genes that exhibit significant differential regulation between mock-infected and
infected time courses, Significance Analysis of Microarrays (SAM) (Tusher et al., 2001) was
performed on a comprehensive input data set that contained three mock-infected time
courses, five time courses of infection with wild-type G217B yeasts, and two time courses of
infection with chpZ mutant yeasts. Visual inspection of the original data showed that
expression of some genes is consistently restricted to early time points, and expression of
others is restricted to later time points during infection. To ensure inclusion of these classes
of genes, we performed three unpaired SAM analyses in which early (2 and 3 hours),
intermediate (6 and 8 hours), and late (12-24 hours) infected time points were compared to
mock infected samples; this analysis yielded 152 significant genes, corresponding to 173
different array oligos. To identify genes that exhibit differential regulation in macrophages
infected with wild-type or chpI mutant yeasts, three unpaired SAM analyses were
performed: 3 hr wild-type versus 3 hr cop1, 6 hr wild-type versus 6 hr chpI, and 12 hr wild-
type versus 12 hr chp1. Genes identified by SAM analysis that were induced or repressed by
at least 2-fold relative to mock-infected samples were combined, filtered to remove duplicate
data, and were hierarchically clustered and visualized in Java Treeview, version 1.1.0
(Saldanha, 2004).

The data discussed in this publication have been deposited in NCBI's Gene Expression
Omnibus (Edgar et al., 2002) and are accessible through GEO Series accession number
GSE23378 (http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE23378).

Quantitative RT-PCR

BMDM infections were performed as described under “Cytotoxicity/LDH release assay”.
Total RNA from infected BMDMSs was generated as described above and treated with DNase
using the RNase-free DNase set for on-column digestion (Qiagen). To generate cDNA, 1 ug
input total RNA was reversed transcribed using oligo-dT primer and Affinityscript Multi-
temperature Reverse Transcriptase (Stratagene) according to the manufacturer's protocol.
Quantitative PCR was performed, in triplicate, on 1:4 dilutions of cDNA template as
previously described (Hwang et al., 2008). Reactions were performed on the Mx3000P
machine and analyzed using MxPro software (Stratagene). Abundance of Trb3 mRNA was
normalized to hypoxanthine phophoribosyl transferase (HPRT) levels. Cycling parameters
were as follows: 95°C for 10 min, followed by 40 cycles of 95°C (30s), 55°C (60s), and
72°C (30s), followed by dissociation curve analysis. Gene-specific primer sequences are as
follows: 7RB3 (mTrb3-f: 5’-TGCAGGAAGAAACCGTTGGAG; mTrb3-r: 5’-
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CTCAGGCTCATCTCTCACTCG) and HPRT (MHPRT1-f: 5°-
AGGTTGCAAGCTTGCTGGT; mHPRT1-r: 5’-TGAAGTACTCATTATAGTCAAGGGCA).

To monitor Trb3 levels in the low MOI infection, the following protocol was used for RNA
extraction: Samples were lysed with QlAzol (Qiagen). After addition of chloroform, total
RNA was extracted from the aqueous phase using EconoSpin solumns (Epoch Life Science)
and then subjected to on-column RNase-free DNase treatment (Qiagen). 1.5 pg of total RNA
was used in cDNA synthesis using Superscript RT 11 (Life Technologies-Invitrogen)
following manufacturer's instructions.

Caspase-3/7 activation assays

To monitor caspase-3 activation in individual macrophages, BMDMs were seeded in a 96
well glass bottom plate (In Vitro Scientific, P96-1.5H-N) at a density of 4x10* cells per well
on the day prior to infection. WT and chpl H. capsulatum strains expressing mCherry fused
to a signal sequence (SPChe) were diluted in HMM to reach exponential phase of growth at
the time of infection. On the day of infection, H. capsulatum cells were resuspended in
BMM, sonicated for 3 seconds on setting 2 using a Fisher Scientific Sonic Dismembrator
Model 100, and counted by hemacytometer. BMDMs were infected at an MOI of 20. At 2
days post-infection, BMDMs were incubated with CellEvent Caspase-3/7 Green
ReadyProbes reagent (Life Technologies, R37111) in BMM at 37°C and 5% CO for 2
hours. Cells were then imaged with a CSU-X1 spinning disk confocal on a Nikon Eclipse Ti
inverted microscope with an Andora Clara digital camera using CFlI APO 60x Qil TIRF
objective. Images were collected using differential interference contrast (DIC), 488nm
excitation, and 561nm excitation, and analyzed with NIS-Elements software 4.10 (Nikon).

To monitor caspase-3/7 activation in macrophage lysates, 1.5 x 10’ BMDMs were infected
with urabA\+URAS, the cbpl+ URAS, and chpI+ CBP1 yeast strains at an MOI of 10 in 15
cm tissue culture-treated dishes (Corning). After three hours of co-culture, BMDMs were
washed twice and 25 ml BMM was added. At 9 and 24 hours post-infection, media was
removed, cells were scraped into 25 ml cold PBS and centrifuged for 10 minutes at 250xg.
Pellets were resuspended in lysis buffer and total protein concentration of lysates were
determined by BCA Assay (Pierce). Caspase-3 assays (R and D Systems) were performed,
in duplicate, according to the manufacturers protocol on 100 pg total protein.

Mutant macrophage infections

Bax/Bak '~ infections: Bax/fl Bak~~ mice (Takeuchi et al,, 2005) were a kind gift from
Scott Oakes (UCSF). These mice were crossed to the LyzM Cre mouse (B6.129P2-
Lyz2tm1(cre)lfal)) purchased from Jackson labs (Jackson Stock ID 004781) to generate
LyzM Cre*~ Bax* Bak™'~ mice. These mice were then crossed back to Bax/fl Bak~
mice to generate LyzM Cre*/~ Bax'/fl Bak~/~ mice. BMDMs from 6-8 week old female
Baxf/fl Bak~/~ mice (referred to as parental control in Figure 9) or LyzM Cre*/~ Bax!fl

Bak ™/~ mice (referred to as Bak/Bax™'~ in Figure 9) were differentiated as described above
and the absence of Bax and Bak in cells derived from LyzM Cre*/~ Baxf/fl Bak='~ mice was
confirmed by gPCR analysis of genomic DNA. Infections with H. capsulatum were
performed at an MOI of 1 and LDH release assays were performed as described above.
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RIP3~/~ infections: RIP3~/~ mice (Newton et a/., 2004) were a kind gift of Vishva Dixit
(Genentech). BMDMs from 6-8 week old male WT C57BI/6 (Charles River Laboratories)
and RIP3~/~ mice were differentiated as described above. Infections with H. capsulatum
were performed at an MOI of 1 and LDH release assays were performed as described above.

caspase-17/~ caspase-117/~ infections: Isogenic wild-type and caspase-1~/~ caspase-117/~
bone-marrow-derived macrophages (Monack et al., 2000) were a kind gift of Denise
Monack (Stanford). Infections with H. capsulatum were performed at an MOI of 2 and LDH
release assays were performed as described above.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. A genetic screen identifies Cbpl asrequired for lysis of macrophagesduring H.
capsulatum infection

(A) A schematic of the genetic screen used to identify lysis-defective mutants is shown.
14,000 H. capsulatum insertion mutants were arrayed into 96-well plates and used to infect
J774.1 macrophage-like cells or bone-marrow-derived macrophages (BMDMs). Each
infection was performed in duplicate. After incubation at 37°C, macrophage monolayers
were fixed and stained with crystal violet. Crystal violet staining was observed in duplicate
wells containing monolayers that failed to be lysed by a given mutant. (B) BMDMs were
mock-infected (uninf), infected with wild-type H. capsulatum (wild-type), or infected with
various H. capsulatum insertion mutants. At indicated hours (h) post-infection, the
supernatant was collected and the remaining monolayers were fixed and stained with 0.2%
crystal violet solution to assess monolayer integrity. Duplicate monolayers are shown for

each timepoint. (C) At 7, 30, 56, 82, 102 and 132 hours (h) post-infection for the experiment

shown in (B), the collected supernatants were assessed for lactate dehydrogenase activity to
monitor BMDM lysis. The average % BMDM lysis of four measurements + standard
deviation is shown.
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Figure 2. Cbplisrequired for lysisof primary macrophages

(A) BMDMs were mock-infected (uninfected) or infected with either wild-type G217B
urash+ URA (wild-type), the chpI+ URA mutant (cbpl), or the CBPI complemented strain
(cbp1+CBPI) at an MOI of 2. At 2, 24, 32, 40, 48, 72, 96, 120 and 144 hours post-infection,
supernatants were removed from the infected monolayers and lactate dehydrogenase activity
was assessed to monitor BMDM lysis. The average % BMDM lysis of four measurements +

standard deviation is shown. (B) Alveolar macrophages (AvMs) were mock-infected

(uninfected) or infected with wild-type, chpI mutant, or complemented (cbpl+ CBPI) yeast
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cells at an MOI of 5. At 6, 26, 49, 73, 97, and 122 hrs post-infection, supernatants were
removed from the infected monolayers and lactate dehydrogenase activity was measured to
monitor AvM lysis. The average % AvM lysis of four measurements + standard deviation is
shown.
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Figure 3. Intracellular growth delay of cbpl mutant isobserved in primary macrophages but is
not responsible for the cbpl lysis defect

(A) BMDMs were infected with either wild-type G217B urasi+URA (WT), the chpl
mutant + URA (cbpI), or the complemented strain (copI+CBP1)at an MOI of 2. At 2, 12,
24, 36, 48, 72, 96, 120, 144, and 168 hpi, BMDMSs were osmotically lysed and the lysates
were plated for H. capsulatum CFUs. Each measurement is the average of 4 platings
(duplicate infections/ duplicate platings) + standard deviation. (B) BMDMs were infected
with either wild-type G217B urabh\+ URA (WT), the copI mutant + URA (cbpl), or the
complemented strain (cbpI+ CBP1)at an MOI of 2. At 3, 24, 48, 96, and 144 hpi, the
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infected monolayers were fixed and H. capsulatum yeast cells were stained with periodic
acid/Schiff (PAS) reagent. Representative images at 100x magnification are shown. In the
case of infection with the wild-type and complemented strains, the monolayers showed
extensive lysis after 48 hpi. Scale bar = 10 um. (C) AvMs were infected with either wild-
type or chpI mutant yeast cells at an average MOI of 2. At 3 and 72 hpi, the infected
monolayers were fixed and H. capsulatum yeast cells were stained with periodic acid/Schiff
(PAS) reagent. Representative images at 100x magnification are shown. Scale bar = 10 um.
(D) In vitro growth curve analysis of wild-type H. capsulatum, the cbpl mutant, and the
complemented strains was performed. Yeast cells were inoculated into HMM at a starting
ODggp = 0.1 and subsequent ODggg Was monitored over time. The average of three
measurements + standard deviation is shown. (E) and (F) BMDMs were infected with either
the chpI mutant or the complemented strain (copZ+ CBPI) at an MOI of either 2, 5, or 10.
CFU are enumerated in (E) and an LDH release assay to quantify cytotoxicity is shown in
(F). Due to continued replication of BMDMs over the course of the experiments, the total
LDH at later time points is greater than the total LDH from the 2 hr time point, resulting in
an apparent % lysis that is greater than 100%.
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Figure4. Cbplisavirulencefactor that isrequired for growth of H. capsulatumin vivo
(A) Kaplan-Meir plots/survival curves of female C57BI/6 mice intranasally infected with

1.25 x 108 CFUs of either the wild-type G217B urash+URA (wild-type) (n=10), the chpl
mutant + URA (cbpl) (n=10), or the chpI+CBPI (n=11) strain. p < 0.0001 (log rank test,
wild-type vs chpl) (B) Female C57BI/6 mice were infected intranasally with a sublethal
dose of either wild-type, chp mutant, or chpI+CBPI (5 x 10* CFUs). At various time
points post-infection, lungs were harvested and homogenized. The homogenate was then
plated to determine H. capsulatum CFUs. Horizonal bars represent the average CFUs/group.
p < 0.0001 (ANOVA with Bonferroni post-tests correction, wild-type vs cop1.
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Figure5. H. capsulatum induces a Cbpl-independent general inflammatory responsein infected

macrophages

BMDMs were infected with H. capsulatum at an MOI of 5 and gene expression was

examined by microarray analysis at several time points post-infection. Select clusters of

macrophage genes whose expression is induced or repressed at least 2-fold following

infection with H. capsulatum yeasts are shown. Each column corresponds to the following
time points: G217B: 2, 3, 6, 8, 12, 20, 24 hpi; UVT (UV-treated G217B): 2, 3, 6, 8, 12, 20,
24 hpi; Mock: 3, 6, 12 hpi; WT (G217B urabA+URA): 3, 6, 12 hpi; cbpI+ CBPI: 3, 6, 12
hpi; cbp1 (cbpl+ URA): 3, 6, 12 hpi. Red indicates an increase in gene expression relative to
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mock-infected samples, green indicates a decrease, black indicates no change, and gray
indicates missing data. SAM analysis was performed on data from multiple time courses as
described in Materials and Methods. For clarity, only one representative time course for each
infection is shown. Individual clusters are separated by horizontal white lines. The general
(Cbp1l-independent) inflammatory response is shown.
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Figure 6. H. capsulatum induces a Cbpl-dependent macrophage transcriptional response
program

Data from the same experiments described in the Figure 5 legend are shown. The Chp1-
dependent transcriptional response is depicted.
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Figure 7. Induction of TRB3 mRNA is dependent on CBP1 and precedes macrophage lysis
(A) BMDMs were infected with G217B yeast cells at an MOI of 5. At various time points

post-infection, total RNA was isolated from BMDMSs and 7/RB3 expression was monitored
by quantitative RT-PCR. Fold induction was calculated relative to the uninfected 0-hour
sample. (B) To monitor macrophage lysis, supernatants from the same infected macrophages
assayed in (A) were subjected to LDH release analysis. (C) BMDMs were either mock-
infected (uninfected) or infected with wild-type G217B urabA+ URA (wild-type) or

cbp1+ URA mutant cells (cop) at an MOI of 10. Lysis of the macrophage monolayer
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infected with wild-type cells was complete by 48 hpi. At the indicated times post-infection,
total RNA was isolated from BMDMs and 7RB3 expression was monitored by quantitative
RT-PCR. Fold induction was calculated relative to the mock-infected 24-hour sample. (D)
BMDMs were either mock-infected (uninfected) or infected with wild-type G217B urasA
+URA (wild-type), cbpi+ URA mutant cells (cHpI), or the complemented strain

(cbp1+ CBPI) at an MOI of 2. At the indicated times post-infection, total RNA was isolated
from BMDMs and 7/RB3 expression was monitored by quantitative RT-PCR. Fold induction
was calculated relative to the mock-infected 0-hour sample.
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Figure 8. Cbplisrequired to promote caspase-3/7 activation in BMDM s infected with H.
capsulatum yeast cells
(A) Wild-type G217B ura5A or chp1 mutant cells, each transformed with a construct

expressing secreted mCherry, were used to infect BMDMSs. Two days post-infection,
infected BMDMs were incubated with CellEvent caspase-3/7 detection reagent. Scale bar
corresponds to 50 pm. (B) BMDMs were either mock-infected (uninfected) or infected with
either wild-type G217B urabA+URA (wild-type), chpl mutant + URA (cbpl), or CBP1
complemented (chpI+CBPI) yeast cells. At 9 and 24 hpi, BMDM lysates (containing 100
ug of total protein) were combined with DEVD-pNA colorimetric substrate, and cleavage of
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the substrate by active caspase-3/7 was monitored. Fold induction relative to mock-infected
BMDMs at 9 hpi is shown and is representative of two independent experiments. (C)
BMDMs were either mock-infected (uninfected) or infected with wild-type or chpI mutant
cells. At the indicated time post-infection, BMDM lysates (containing 100 ug of total
protein) were combined with DEVD-pNA colorimetric substrate, and cleavage of the
substrate by active caspase-3/7 was monitored. Fold infection relative to mock-infected at 24
hpi is graphed. Although infection with wild-type cells resulted in a strong signal by 24 hpi
followed by host-cell lysis, chpZ-infected cells did not show appreciable caspase-3/7
activation even at 56hpi.
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Figure 9._ Histoplasma-mediated cell death is dependent on apoptosis but not necrosis or
pyroptosis

Macrophages lacking the pro-apoptotic factors Bax and Bak (A), necrosis factor RIP3 (B),
or pyroptosis proteins caspase-1 and caspase-11 (C) were either mock-infected (uninf) or
infected with wild-type G217B wurabA+ URA cells (inf). At the indicated hours post-
infection, supernatants were removed from the infected monolayers and lactate
dehydrogenase activity was assessed to monitor BMDM lysis. The average % BMDM lysis
of four measurements + standard deviation is shown for all samples at each timepoint. In
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some instances, however, the standard deviation is below the limit of resolution of the graph
and is not apparent (i.e. uninfected BMDMs).
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