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Abstract 

The ability of intracellular pathogens to manipulate host-cell viability is critical to 

successful infection. Some pathogens promote host-cell survival to protect their replicative 

niche, whereas others trigger host-cell death to facilitate release and dissemination of the 

pathogen after intracellular replication has occurred. We previously showed that the intracellular 

fungal pathogen Histoplasma capsulatum (Hc) uses the secreted protein Cbp1 to actively induce 

apoptosis in macrophages; interestingly, cbp1 mutant strains are unable to kill macrophages and 

display severely reduced virulence in the mouse model of Hc infection. To elucidate the 

mechanism of Cbp1, we performed a comprehensive alanine scanning mutagenesis and 

identified all amino acid residues that are required for Cbp1 to trigger macrophage lysis. Here we 

demonstrate that Hc strains expressing lytic CBP1 alleles activate the integrated stress response 

(ISR) in infected macrophages, as indicated by an increase in eIF2α phosphorylation as well as 

induction of the transcription factor CHOP and the pseudokinase Tribbles3 (TRIB3). In contrast, 

strains bearing a non-lytic allele of CBP1 fail to activate the ISR, whereas a partially lytic CBP1 

allele triggers intermediate levels of activation. We further show that macrophages deficient for 

CHOP or TRIB3 are partially resistant to lysis during Hc infection, indicating that the ISR is 

critical for susceptibility to Hc-mediated cell death.  Notably, CHOP knockout mice display 

reduced fungal burden and are markedly resistant to Hc infection. Together, these data indicate 

that Cbp1 is required for Hc to induce the ISR and mediate a CHOP-dependent virulence 

pathway in the host. This is the first description of an Hc virulence factor that promotes 

pathogenesis by activating a host signaling pathway rather than simply enabling Hc yeast to 

survive the potentially hostile environment inside the macrophage. Furthermore, our data are the 

first to show that CHOP plays a role in host susceptibility to a fungal pathogen.  
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CHAPTER ONE: 

INTRODUCTION 
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Histoplasma capsulatum epidemiology 

Histoplasma capsulatum, the causative agent of histoplasmosis, is a fungal pathogen that 

is found throughout the world in temperate regions. H. capsulatum is able to infect a wide range 

of mammals, including humans. Unlike more well-known fungal pathogens such as Candida and 

Aspergillus spp., H. capsulatum is a primary pathogen, meaning that it can infect 

immunocompetent individuals. H. capsulatum strains that infect people been divided into two 

varieties, primarily based on morphology and clinical parameters: H. capsulatum var. 

capsulatum (the focus of this work and hereafter referred to as Hc), which is geographically 

widespread and usually clinically presents as pulmonary and/or disseminated disease, and H. 

capsulatum var. dubosii, which is only found in certain regions of Africa and typically causes 

lesions in the skin and bones of infected individuals (1,2). A third variety has also been 

described: H. capsulatum var. farciminosum, which is found in Europe, North Africa, and Asia 

and causes disease in horses and related mammals (1). In addition to classifications based on 

morphology and clinical manifestation, Hc strains have been grouped phylogenetically, resulting 

in at least seven distinct clades, with five distinct phylogeographical clades from in North, 

Central, and South America  (3,4). 

Consistent with this phylogeographical observation, though it has been observed in all 6 

continents that are inhabited by humans, Hc is most commonly found in North and Central 

America (1). In the United States, it is highly endemic in the Mississippi and Ohio River valleys 

(1,2,5), though it can be found in other regions, including the San Francisco Bay Area (6) (Fig 

1.1). Determining the true prevalence of Hc infections in the US population is difficult for a 

multitude of reasons, including asymptomatic infections, misdiagnoses, and the fact that 

coccidioidomycosis is the only fungal infection that must be reported to the CDC (7). Thus, it is 
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not surprising that estimates vary widely, ranging from 500,000 (5) to 3 million (8) new 

infections annually in the U.S. Histoplasmosis is most common endemic mycosis in the U.S. (the 

others being blastomycosis, which is caused by Blastomyces dermatitidis and 

coccidioidomycosis, which is caused by Coccidioides spp.) requiring hospitalization (9), and it is 

estimated to cause approximately 25,000 life-threatening infections each year (7). One study 

examined over 2600 hospitalizations due to histoplasmosis with known end results and 

discovered a mortality rate of 9.5% (9), though estimates of mortality rates can range from 28-

50% (7).  

 

Hc pathogenesis 

 Hc is a thermally dimorphic fungus, meaning that it has two distinct morphologies 

regulated by temperature. In the environment at ambient temperatures, Hc grows as a 

saprophytic mold in soil, commonly associated with bird and bat droppings and thus frequently 

found near blackbird roosts, bat caves, overpasses, and abandoned buildings. This mycelial form, 

which consists of connected chains of long, filamentous cells, produces two types of vegetative 

spores called conidia: macroconidia, which are 8-15 μm in diameter, and microconidia, which 

are 2-4 μm in diameter (1). When the soil is disturbed and aerosolized, conidia and mycelial 

fragments can be inhaled by mammalians hosts. Hc is able to infect a wide range of mammals 

other than humans, ranging from cats and dogs (10) to tigers (11) and dolphins (12). It should be 

noted that histoplasmosis is not naturally a communicable disease, but rather is contracted from 

the environment, though there have been rare cases of organ transplant recipients developing 

histoplasmosis after receiving tissue from infected donors (13). 
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 Most individuals infected with Hc are unaware of their infection, as the majority of 

infections are asymptomatic or produce very mild symptoms and thus are never formerly 

diagnosed as histoplasmosis (1,2,8). Most individuals are able to control Hc infection through 

cell-mediated immunity (14–18). However, some individuals develop pulmonary histoplasmosis, 

which can be acute, subacute, or chronic. Risk factors for the development of more severe 

pulmonary histoplasmosis include a high inoculum, the virulence of the infecting Hc strain, as 

well as the overall health of the individual. Very young (less than 2 years) or older (older than 50 

years) individuals, as well as immunocompromised individuals, are at a higher risk (1,8). In 

addition to infecting the lungs, Hc can disseminate throughout the body, with often fatal results. 

Hc can infect every organ system, and patients with disseminated disease may only have a single 

lesion in an infected organ or may have high fungal burden in multiple organs throughout the 

body, including the central nervous system. In addition to its ability to disseminate, another 

clinically dangerous aspect of Hc is its ability persist within an infected individual for years, 

similar to tuberculosis, only to reactivate years later. Reactivation often occurs after the immune 

function of the host has diminished (19–23), but sometimes there is no obvious precipitory event 

(24).  

 

Hc interactions with host cells 

 Once inside a host, the mammalian body temperature is sufficient to induce a 

morphogenic switch by the fungus, causing it to now grow as budding yeast, approximately 2-

5μm in diameter. This transition to the yeast phase is intimately linked with pathogenesis, as 

hyphae blocked from forming yeast are unable to colonize mice in a murine model of infection 

(25,26), and transcriptional regulators that are essential for this transition also control the 
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expression of yeast phase-specific virulence factors (27,28). Thus, it is unsurprising that much of 

the research undertaken to explore the mechanisms behind Hc pathogenesis has focused on the 

interactions between Hc yeast and the host, including this work. 

 Inside the host organism, Hc yeast are primarily intracellular, residing in host phagocytes, 

namely dendritic cells (DCs), neutrophils, and macrophages (29). DCs are able to efficiently 

phagocytose Hc yeast, prevent intracellular replication, and ultimately kill the fungal cells (30–

32). The role of neutrophils during Hc infection is a little more uncertain. Neutrophils containing 

yeast can be observed during in vivo infections (29,33), but the fates of both the host and fungal 

cells are unclear. Neutrophils have been reported to be able to restrict Hc growth during some in 

vitro infections (34), but are unable to do so in other studies (35–37). Many factors, including 

multiplicity of infection (MOI) and opsonization of the yeast influence the fungistatic 

capabilities of the neutrophils, which are thought to produce an oxidative burst and defensins , 

(antimicrobial peptides in the azurophilic granules) after phagocytosis (35,36). 

 Perhaps the most well studied phagocyte during Hc infection is the macrophage. Indeed, 

the fungus is named for the fact that it was initially observed in histiocytes, a more historical 

term used to describe macrophages (38). At the initiation of infection, alveolar macrophages are 

some of the first phagocytes encountered by fungal cells. Phagocytosis of yeast occurs when 

complement receptor 3 (CR3; CD11b/CD18) on the macrophage recognizes Hsp60 on the fungal 

cell (39).  Naïve macrophages are permissive for robust intracellular growth of Hc, ultimately 

resulting in death of the macrophage and release of live Hc yeast. Activated macrophages, 

including murine macrophage-like cell lines as well as primary cells from both mice and 

humans, are able to restrict Hc growth. Activation may be achieved by exposure to various 

stimuli, including cytokines such as interferon-gamma (IFN-γ), with or without additional 
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lipolysaccharide (LPS), or with interleukin-13 (IL-13), IL-17, macrophage colony-stimulating 

factor (M-CSF), or granulocyte-macrophage stimulating factor (GM-CSF) (40–52).  The 

mechanism behind Hc restriction appears to be multifaceted: reactive oxygen species (ROS) 

(49), reactive nitrogen species (RNS) (41,43–47), and sequestration of metals, most notably zinc 

and iron (42,43,53), all seem to play a part in the fungistatic and/or fungicidal activities of 

activated macrophages.  

On the other hand, unstimulated macrophages are permissive for intracellular Hc growth. 

After internalization by resting macrophages, Hc yeast appear to replicate inside a membrane-

bound intracellular compartment. However, it is unclear if phagosome-lysosome fusion occurs in 

infected macrophages, as there are conflicting reports in the literature, suggesting that perhaps 

phagolysosome fusion is cell-type dependent (54,55) . Regardless, the Hc-containing 

compartment fails to acidify, displaying instead a pH of approximately 6.5 (56). The exact 

mechanism(s) used by Hc to maintain a more permissive pH are still unknown. It is likely that 

this relatively neutral pH is necessary for robust intracellular replication, as a mutant Hc strain 

that is unable to maintain a neutral phagosome is impaired for intracellular replication. However, 

a direct link between phagosome pH and the intracellular growth defect of this particular mutant 

has not been directly proven (57). In addition to preventing acidification of its intracellular 

compartment, Hc yeast also inhibit the superoxide burst after phagocytosis by resting 

macrophages (58). 

These modifications that lead to a more permissive growth environment inside the 

macrophage are responsible for robust intracellular replication of the fungus. Ultimately, after 

replicating to very high levels inside the macrophage, the fungal cells are able to kill the host 

cell. It has been  shown that Hc induces apoptosis in macrophages in vivo (59) and in vitro 
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(60,61). Death of the macrophage allows for the release of live fungal cells that can go on to 

infect new host cells in subsequent rounds of infection. Because macrophages are integral 

members of the early mammalian immune response, and due to the ease and availability of 

multiple macrophage models, the interaction between naïve macrophages and Hc yeast is one of 

the more widely studied areas in the field, and thus has led to the identification of several Hc 

virulence factors. 

 

Hc virulence factors 

 With one notable exception, Hc virulence factors are generally considered as such 

because they are necessary for survival inside host cells or for immune evasion. For example, Hc 

yeast produce several factors that are necessary for combatting reactive oxygen species. To date, 

a secreted superoxide dismutase and two catalases, one secreted and one intrafungal, have been 

identified, and the genes encoding these proteins (SOD3, CATB, and CATP, respectively), have 

been implicated in virulence (62,63). Resting and activate macrophages infected with Sod3-

deficient yeast show reduced fungal burden when compared to macrophages infected with 

wildtype Hc, with a greater observed difference in activated macrophages. Importantly, this 

reduction in fungal burden of the mutant can be negated by reducing ROS levels through 

inhibition of the macrophage NADPH-oxidase. Further, Sod3-deficient yeast showed reduced 

virulence and colonization during in vivo infections (63).  Similarly, activated macrophages 

infected with Hc deficient for CatP or both CatP and CatB, but not CatB alone, showed a 

reduction in fungal burden. Similarly, mice infected with the double mutant (catPΔcatBΔ) 

showed reduction in fungal burden, though no significant difference in fungal burden was seen 

after infection with catPΔ or catBΔ single knockouts. It should be noted that while colonization 
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of macrophages and mice were assessed, the eventual outcome (i.e., survival or death) of the 

cells and animals infected with the double mutant was not measured (62). Additionally, Hsp82 

has been shown to be necessary for Hc resistance to several stresses, including oxidative stress, 

and Hc yeast deficient for Hsp82 show attenuated virulence in in vitro macrophage infection and 

reduced colonization during in vivo infection (64). 

 In addition to combatting host-derived ROS, Hc yeast must also overcome nutrient 

limitation within the phagosome. Sequestration of the essential metal iron is a commonly used 

mechanism to limit pathogen replication, and thus it unsurprising that pathogens have evolved 

various mechanisms to acquire iron from the host. Hc yeast utilize both a reductive system 

(65,66) as well as siderophores (67–69) to obtain iron inside the host. Yeast deficient for Sid1, an 

enzyme involved in siderophore biosynthesis, are unable to grow in iron-limited conditions in 

vitro and also show severely reduced abilities to colonize both macrophages and mice (70,71). In 

addition to acquiring nutrients, Hc must be able to synthesize nutrients in the resource-limited 

environment of the phagosome. Hc yeast deficient for Ura5, an enzyme necessary for uracil 

synthesis; Rib2, an enzyme necessary for riboflavin production; PAN2, necessary for 

pantothenate production; or BIO2, necessary for biotin synthesis, all show reduced abilities to 

colonize macrophages and mice (72,73). In addition to synthesizing nutrients, there is some 

evidence that Hc must also be able to utilize multiple carbon sources within the phagosome. Hc 

yeast that do not express HCL1, which encodes an HMG CoA lyase involved in the final step of 

leucine catabolism, are unable to grow with leucine as the sole carbon source and are unable to 

efficiently colonize macrophages and mice. However, it is unclear if the intracellular growth 

defect is due to an inability to exploit multiple carbon sources or due to the buildup of acidic 

intermediates that ultimately result in an acidic intracellular compartment (57). 
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 In addition to ways to combat the harsh environment of the phagosome, some Hc strains 

have been shown to shield certain immunostimulatory fungal components as a virulence strategy. 

The strain G186AR has an outer layer of α-(1,3)-glucans on its cell wall, giving colonies a 

“rough” morphology (hence G186AR). But smooth variants (G186AS), which lack α-(1,3)-

glucans, have been known for decades to be attenuated for virulence (74,75). It has been shown 

that α-(1,3)-glucans shield β-glucans from the pattern recognition receptor dectin-1 on the 

macrophage surface, thereby preventing the release of TNFα during in vitro infection (76). 

Consistent with this observation, Hc in the G186AR background either deficient for Amy1 [α-

(1,4)-amylase] or with reduced levels of  Ags1 [α-(1,3)-glucan synthase], two enzymes involved 

in α-(1,3)-glucan synthesis, show attenuated virulence during in vitro macrophage infection and 

a reduced ability to colonize mouse lungs during in vivo infection (77,78). In addition to these 

two biosynthetic factors, another enzyme, Eng1, has been implicated in reducing β-glucan 

exposure in certain Hc strains and may also promote pathogenesis (79). However, this virulence 

strategy is not universally utilized by Hc; some strains, including the highly virulent clinical 

isolate G217B, do not have α-(1,3)-glucans on the surface of the yeast, and Ags1 is not required 

for pathogenesis (80). It has been speculated (but not validated) that Yps3, a secreted yeast-phase 

specific protein that is associated with the cell wall, may be an separate way of shielding 

immunostimulatory components of the cell wall (81), as YPS3 expression is inversely correlated 

with α-(1,3)-glucan abundance, and yeast with reduced YPS3 expression show a reduction in 

mouse lung colonization (82). 

 

Calcium binding protein 1 (Cbp1) 
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 Another Hc virulence factor, and the focus of this work, is calcium binding protein 1, 

hereafter referred to as Cbp1. Cbp1 was first identified in 1997 as a small calcium-binding 

protein found in high abundance in yeast culture supernatants, but not present in hyphal culture 

supernatants (83). Further work confirmed that CBP1 was expressed only by Hc yeast, both in 

culture as well as during intracellular growth (84–86). Interestingly, Cbp1 has no known protein 

domains, including canonical calcium-binding domains, and has few orthologs. NMR analysis 

has shown that Cbp1 is a homodimer. Though the two monomers are not covalently linked (87), 

the dimer is quite stable and unaffected by moderate changes in acidity, salt, and urea (88). Each 

monomer consists of 4 α-helices, with the 3 C-terminal helices held together by 3 intramolecular 

disulfide bonds (87). Cbp1 is incredibly stable, requiring high temperatures (Tm=59.6°C) or high 

levels of both denaturing and reducing agents to fully unfold the protein. Cbp1 was determined 

to have a high affinity for calcium (Kd = 6.45±0.4 nM), though calcium does not affect 

dimerization or conformation (88). 

 Intriguingly, Hc yeast, which produce Cbp1, do not show a decrease in metabolic activity 

when grown in the presence of EGTA (ethylene glycol-bis(2-aminoethylether)-N,N,N′,N′-

tetraacetic acid), a divalent cation chelator with a high affinity for calcium, whereas Hc 

filaments, which do not produce Cbp1, show a decrease in metabolic activity when grown with 

EGTA (83).  However, Cbp1-deficient yeast do show an reduction in metabolic activity in the 

presence of EGTA, and this reduction is rescued by the addition of wildtype CBP1 (89).  Further, 

addition of exogenous Cbp1 to wildtype yeast after calcium deprivation enhanced the amount of 

calcium associated with the yeast after reintroduction of calcium to the media (84). In addition to 

reduced metabolic activity during calcium limitation, it has also been previously shown that 

CBP1-deficient Hc, both in the G186AR and G217B strain backgrounds (North American, type 



 

11 

 

1 and type 2 clades, respectively) are unable to kill P388D1 cells, a murine macrophage-like cell 

lines, and these yeast also show a severe reduction in colonization of mouse lungs (80,89). These 

observations led to the model that Cbp1 is necessary for the acquisition of calcium; thus, CBP1-

deficient yeast are unable to grow in the calcium-limited environment of the macrophage 

phagosome, and the virulence defect of CBP1-null Hc is due to this intracellular growth defect 

(89). By 2009, this model became widely accepted in the field (87), despite the fact that Hc 

growth was never directly measured, neither during calcium limitation in vitro nor during 

macrophage infection; further, the concentration of calcium in the Hc-containing compartment 

has never been measured. It was not until 2011 that the reduced intramacrophage growth rate of 

CBP1-null Hc was quantified, but fungal burden was only monitored for 48 hours post-infection 

(80). Here we show that the reduced virulence of Cbp1-deficient yeast is not due to the reduced 

intracellular growth rate. Rather, Hc yeast use this secreted protein to actively induced apoptosis 

in macrophages by triggering the integrated stress response, and components of this signaling 

cascade are necessary for full pathogenesis in vitro and in vivo. 

 

The integrated stress response  

 The integrated stress response (ISR) is a metazoan signaling cascade that is activated in 

response to a variety of stresses. The term was first coined in 2002 to describe a common 

signaling pathway in mammalian cells that is activated during endoplasmic reticulum (ER) stress 

or amino acid starvation (90). ISR triggers are more diverse than first described, and include 

other stresses including low iron (91,92), cytosolic double-stranded RNA (dsRNA) (93), and 

ultraviolet (UV) radiation (94). The central signaling event of the ISR is the phosphorylation of 

the α-subunit of the eukaryotic translation initiation factor eIF2, which is a GTPase. Prior to 
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translation, GTP-bound eIF2 associates with the charged initiator tRNA (Met-tRNAi
Met

) to form 

the ternary complex, which then associates with the small 40S ribosomal subunit and other 

factors to form the pre-initiation complex. This complex is then recruited to the 5’ end of an 

mRNA by the methylguanine cap, and upon recognition of the start codon by the Met-tRNAi
Met

, 

GTP is hydrolyzed to GDP, leading to the release of eIF2, which can then be reactivated by 

exchanging its GDP for GTP, allowing the process to start again. The GTPase activity of eIF2 is 

stimulated by its cognate GTPase activating protein (GAP) eIF5, and the replacement of GDP by 

GTP is facilitated by the guanine nucleotide exchange factor (GEF) eIF2B. Phosphorylation of 

eIF2α inhibits eIF2B activity, reducing the levels of ternary complexes and thereby reducing the 

rate of protein translation (95). 

While ISR signaling causes an overall decrease in the amount of translation, certain 

transcripts are preferentially translated as phospho-eIF2α levels increase. One such transcript is 

ATF4, which encodes a transcription factor. The 5’ region of murine ATF4 contains two non-

overlapping upstream open reading frames (uORFs) (96). The second uORF overlaps with the 

ATF4 coding sequence, but in a different frame. During unstressed conditions, both uORFs are 

translated because there are sufficient levels of ternary complexes to re-initiate translation after 

the first uORF but before the start of the second. However, when there are high phospho-eIF2α 

levels, it takes more time to re-initiate translation after the translation of the first uORF, and thus 

the second uORF is scanned through more frequently, allowing for the translation of the ATF4 

coding sequence (96,97). ATF4 is a transcription factor that may regulate the expression of many 

genes, depending on different interacting factors, and it is just one of the transcription factors 

induced by the ISR. Thus, ISR activation has profound effects on the levels of many proteins 

throughout the cell. 
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The outcome of ISR signaling is either adaptation to the initiating stress and return to 

homeostasis, or death of the cell. Reduction in protein synthesis is a beneficial response to a 

number of the stresses that induce ISR signaling, such as ER stress, amino acid starvation, and 

low heme. Further, some upregulated proteins also promote a return to homeostasis and cellular 

survival, such asparagine synthetase (ASNS) (98). However, if the stress is too severe or 

prolonged, ISR signaling can promote apoptosis of the cell. Several ISR targets, including the 

transcription factor C/EBP homologous protein (CHOP; also called Ddit3 or GADD153), the 

pseudokinase Tribbles homologue 3 (Trib3; also called SKIP3), and the metabolic enzyme 

Chac1 have all been shown to be pro-apoptotic under certain conditions (99–108). Here, we 

demonstrate that the intracellular fungal pathogen Hc uses the secreted protein Cbp1 to activate 

the ISR in infected macrophages, ultimately resulting in apoptosis of the host-cell, and that pro-

apoptotic components of this pathway are necessary for full pathogenesis in vitro and in vivo. 
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Figure 1.1. Hc distribution in the United States of America. Hc is found throughout the US, 

but is most prevalent in the Ohio and Mississippi River Valleys. From (109). 
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CHAPTER TWO: 

PHENOTYPIC ANALYSIS OF THE cbp1 MUTANT REVEALS THAT HIGH 

INTRACELLULAR FUNGAL BURDEN IS NOT SUFFICIENT TO TRIGGER HOST-

CELL DEATH DURING Hc INFECTION 
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ABSTRACT 

We and others have shown that Hc yeast deficient for the small secreted protein Cbp1 are 

unable to lyse macrophages and showed an intracellular growth defect during infection 

(80,89,110). Here we demonstrate that this intracellular growth defect is likely not due to 

increased sensitivity to calcium limitation, zinc limitation, or ROS when presented as individual 

stressors. Furthermore, we also present evidence that the lysis defect of the cbp1 mutant is not 

secondary to its intracellular growth defect, suggesting that Cbp1 directly induces macrophage 

death during infection. To generate tools to elucidate the mechanism of Cbp1-mediated host-cell 

death, we conducted alanine scanning mutagenesis on the mature protein and identified residues 

that are essential for inducing robust macrophage lysis. In addition to the alanine scan, we also 

demonstrate that the Cbp1 ortholog from P. brasiliensis is able to fully complement the lysis 

defect of the Cbp1-deficient Hc. These CBP1 alleles that show a range of lytic capabilities can 

be used to probe the mechanism of Cbp1-mediated macrophage death during Hc infection, as 

discussed in Chapter 3.  

 

MAIN TEXT 

 To identify new Hc genes that are necessary for macrophage lysis, Dervla Isaac, a former 

member of the Sil lab, conducted an Agrobacterium T-DNA insertional mutagenesis screen in 

the highly virulent G217B strain background. This resulted in 14,000 Hc mutants that were 

assayed for their ability to lyse J774.1 cells, a murine macrophage-like cell line. Among the 

strongest hits in this initial screen for lysis-defective mutants were three independent Hc strains 

thatnfailed to produce the secreted protein Cbp1, and one those mutants contained a T-DNA 

insertion at the CBP1 locus. Consistent with previous reports (80,89), this cbp1 mutant was 
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unable to lyse J774.1 cells. This lysis defect was confirmed in primary cells (both murine 

BMDMs and alveolar macrophages (AvMs)), and the lysis defect could be rescued by 

complementing the mutant with the wildtype CBP1 gene (110). To determine if the attenuated 

virulence of the mutant was simply because it failed to grow inside macrophages, colony 

forming units (CFUs) were enumerated from infected BMDMs over the entire course of 

infection. Consistent with the literature (80,89), the cbp1 mutant showed a growth defect in 

BMDMs, demonstrating that CBP1 is not essential for intracellular replication. Surprisingly, 

given sufficient time, the cbp1 mutant was still able to replicate to a high level inside the 

macrophages; in fact, the cbp1 mutant was able to achieve the same intracellular fungal burden 

that was seen at the time of lysis of the macrophages infected with wildtype Hc (110). These data 

clearly demonstrate that a high intracellular fungal burden is not sufficient to cause macrophage 

death. 

 However, whereas the cbp1 mutant is able to grow inside macrophages, it does have a 

growth delay and a reduced intracellular growth rate (110), consistent with previous reports that 

CBP1 is necessary for wildtype levels of macrophage colonization (80,89). Importantly, the 

growth defect of our cbp1 mutant was only observed during intracellular growth; the wildtype 

Hc and the cbp1 mutant showed the same growth in broth culture in vitro (110). It has been 

previously reported that the intracellular growth defect of Cbp1-deficient Hc is due to calcium 

limitation in the phagosome (89). However, growth of cbp1 mutant Hc under calcium-limited 

conditions had not been assessed. To this end, we measured the growth of wildtype Hc and the 

cbp1 mutant in the presence of EGTA, a divalent cation chelator with a high affinity for Ca
2+

. 

We were never able to observe a difference in growth between the cbp1 mutant and wildtype Hc, 

even at extremely high concentrations of EGTA (Fig. 2.1A). Thus, we conclude that the cbp1 
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mutant is not sensitive to calcium chelation in vitro, and hypothesize that the reduced 

intracellular growth of the cbp1 mutant cannot be attributed solely to calcium limitation within 

the phagosome.  

To further investigate the reduced intracellular growth of the cbp1 mutant, we next 

examined whether zinc restriction, which has been shown to be one mechanism by which 

activated macrophages restrict Hc growth (53), has an effect on the cbp1 mutant. To this end, we 

grew wildtype Hc, the cbp1 mutant, and the complemented strain in the presence of DTPA 

(diethylenetriaminepentaaceticacid), a divalent cation chelator with a high affinity for Zn
2+

. 

Similar to what was observed with EGTA, the cbp1 mutant was not more susceptible to zinc 

limitation by DTPA chelation in vitro (Fig 2.1B). Finally, we also investigated whether the cbp1 

mutant has increased sensitivity to ROS, another stress Hc yeast must combat when inside host 

phagocytes (49,62,63). We treated wildtype and cbp1 mutant strains with the oxidant menadione 

(2-methyl-1,4-naphthoquinone), whose reduction generates superoxide and other free radicals 

(111).  Similar to what was observed with EGTA and DTPA, the cbp1 mutant was not more 

sensitive to increasing concentrations of menadione in liquid culture when compared to wildtype 

Hc or the complemented strain (Fig 2.1C). To validate this result, we also examined the survival 

of our Hc strains after exposure to varying concentrations of menadione. Consistent with what 

was observed for growth in broth, the cbp1 mutant was not more sensitive to killing by ROS (Fig 

2.1D). From these data, we conclude that the intracellular growth defect of the cbp1 mutant is 

likely not due to increased sensitivity to calcium limitation, zinc limitation, or ROS—at least 

when presented as individual stressors. 

In addition to our efforts to explain the reduced intracellular growth rate of the cbp1 

mutant, we also wondered if the mutant’s slower growth rate inside macrophages resulted in 
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reduced host-cell death. Thus we hypothesized that the cbp1 lysis defect may be due to the 

slower accumulation of intracellular yeast.  In order to compensate for the reduced fungal burden 

of the mutant early during infection, we infected BMDMs with the cbp1 mutant or the 

complemented strain (cbp1+CBP1) at varying MOIs and monitored macrophage death by LDH 

release and intracellular fungal burden by enumerating CFUs at the indicated time points.  As 

with all in vitro infections, CFUs were not assessed after the onset of macrophage lysis to 

prevent any extracellular fungal replication from confounding our results. Early during infection, 

the fungal burden of macrophages infected with the cbp1 mutant at an MOI of 5 was similar to 

that of macrophages infected with the complemented strain at an MOI of 2 (Fig. 2.2A). 

However, the BMDMs infected with the cbp1 mutant at an MOI of 5 did not lyse, while those 

infected with the complemented strain at an MOI of 2 were robustly killed (Fig. 2.2B). Indeed, 

even when the fungal burden of the cbp1 mutant exceed that of the complemented strain early 

during infection (MOI=10 and 2, respectively), the cbp1 mutant still fails to lyse the host cells 

(Fig. 2.2A,B). These data clearly demonstrate that a high intracellular fungal burden is not 

sufficient to induce macrophage death; rather, these data suggest that Cbp1 directly induces 

macrophage death during Hc infection. 

 Given this result, we then focused on determining the mechanism by which Cbp1 induces 

macrophage death during infection. Because Cbp1 is a fairly unique protein with no known 

protein domains and few unstudied orthologs (87), we conducted alanine scanning mutagenesis 

on the mature Cbp1 in the highly virulent G217B background. Alanine scanning mutagenesis is 

the systematic replacement of non-alanine residues with alanines individually; it is a technique 

that has been used for decades to characterize many proteins, including defining the regions of 

receptor-ligand interactions (112,113). Alanine is used in this technique because it is the most 
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abundant amino acid and can be found throughout proteins, either in secondary structures or in 

disordered regions, and either buried or exposed. And unlike proline or glycine substitutions, 

alanine substitutions are unlikely to disrupt the protein backbone, or to introduce large steric or 

electrostatic clashes. Thus, alanine scanning mutagenesis can be used to define the contributions 

of individual side chains to different protein characteristics. The motivation for the alanine scan 

of Cbp1 was twofold: first, to define residues and regions of the protein necessary for 

macrophage lysis; second, to create mutants that could be used as tools in experiments to 

determine the mechanism by which Cbp1 induces macrophage death during Hc infection. The 

former is the focus of this chapter, with the latter explored in chapter three. 

 Each of the 63 non-alanine amino acids in the 78 amino acid Cbp1 sequence were 

individually changed to alanine, and the resultant mutant CBP1 alleles were expressed in the 

cbp1 mutant strain, which does not express the wildtype CBP1 allele. The resulting strains were 

then screened to determine which mutant proteins were present at high levels in yeast culture 

supernatants. Of the 63 mutant proteins, 20 were not detected in yeast culture supernatants 

(Table 2.1; Fig 2.3A). We mapped those 20 non-secreted mutants onto the Cbp1 structure and 

observed that most of the side chains appeared buried or oriented toward the inside of the 

protein. We hypothesize that many of these residues are important for proper folding and 

stability of the protein, with many probably contributing to the hydrophobic core, which is 

essential in determining protein shape and stability, and therefore function (114,115). Consistent 

with the hypothesis that introduced mutations were disrupting proper folding, individual alanine 

substitutions of all six cysteine residues, which are involved in intramolecular disulfide bonds 

(87) and contribute to the robust stability of Cbp1 (88), were not secreted. An intermolecular salt 

bridge has been reported (87) between R17 (K17 in G217B) and D58 and has been hypothesized 
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to contribute to dimer stability. Interestingly, the K17A mutant was still fully lytic (data not 

shown) while the D58A was severely attenuated, suggesting that this salt bridge is not essential 

for induction of macrophage death and that D58 contributes to lysis by some other mechanism.  

 We next examined whether the 43 secreted mutant proteins were able to rescue the defect 

in macrophage lysis seen with our cbp1 mutant strain. To do so, we used the corresponding 43 

strains to infect J774.1 cells, a murine macrophage-like cell line whose lysis during Hc infection 

is dependent on Cbp1 (110). Mammalian cell death was qualitatively assessed by fixing and 

visualizing the monolayer with methylene blue (Fig 2.4A). Of the secreted mutants, 26 alanine 

mutants showed a reduction in macrophage lysis (Table 2.1; Fig 2.4A). We then mapped these 

26 reduced-lysis mutants onto the Cbp1 structure to determine if a particular region of the 

protein was essential for the ability to induce host-cell death.  We observed that several residues 

at the N-terminus were necessary for robust macrophage death during Hc infection. Intriguingly, 

these residues form a contiguous circle when the two monomers are together in the Cbp1 

homodimer (Fig. 2.4B), suggesting that this region on the surface of Cbp1 is critical for the 

induction of macrophage death. 

 We then wondered if these residues shared any other characteristics. Cbp1 has a net 

negative charge: the monomer from G186A contains nine acidic residues and three basic, and the 

monomer from G217B contains eight acidic residues and four basic. Most of the charged 

residues on the protein’s surface are found at the N-termini of the monomers and form a pattern 

that resembles a bullseye, with an outer ring of acidic residues surrounding two basic residues. 

We noticed that that the ring of reduced-lysis mutants mapped to this outer acidic ring (Fig. 

2.4B), leading us to hypothesize that perhaps the negative charge in this region conferred by the 

acidic residues is essential for Cbp1’s ability to cause host-cell death. 
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 In addition to generating an allelic series of CBP1 mutants by mutagenesis, we also 

examined the function of the CBP1 ortholog from the closely related fungus Paracoccidioides 

brasiliensis (Pb), another thermally dimorphic intracellular pathogen. Pb, which is also able to 

colonize and kill macrophages (116), is one of the few fungi with a clear ortholog of Hc Cbp1, 

but the function of the Pb protein is completely uncharacterized. The mature Pb Cbp1 differs 

from Hc Cbp1 at 32 of its 77 amino acids (Fig 2.5A). Based on our perusal of general 

transcriptomics and proteomics studies in Pb, the CBP1 transcript is highly expressed in Pb yeast 

cultures compared to mycelia (117), and the protein is highly abundant in yeast culture 

supernatants (118).  

 Given the similarities between Hc and Pb intracellular lifecycles, including the yeast 

phase-specific expression of CBP1, we wondered if Cbp1 from Pb could complement the lysis 

defect of the cbp1 mutant Hc. Thus, we expressed a fusion protein consisting of the G217B Cbp1 

signal peptide followed by the predicted mature Cbp1 from the Pb03 Pb strain in our cbp1 Hc 

strain. We first confirmed that this fusion protein (Pb_Cbp1) could be detected in culture 

supernatants (Fig 2.5B). We then determined that Pb_Cbp1 was able to fully complement the 

lysis defect of Cbp1-deficient Hc (Fig 2.5C).  To our knowledge, this is the first functional 

characterization of Pb Cbp1, and we hypothesize that this protein is necessary for full induction 

of macrophage death during Pb infection. 

 We then wanted to more closely compare Pb Cbp1 with the results from our alanine scan; 

however, the Pb Cbp1 structure has not been solved. Therefore, we used the program Swiss- 

Model (119–121) to conduct the threading analysis, also called homology modeling, using the 

solved Hc Cbp1 structure to predict the structure of the Pb Cbp1 primary sequence (Fig 2.5D). 

When comparing the Hc structure to the modeled Pb structure, we immediately noticed one 
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interesting feature: the charge bullseye in the Hc structure is not present in the Pb structure. Hc 

Cbp1 has more charged residues than Pb Cbp1, which has six acidic residues and three basic, 

including one histidine. Pb Cbp1 lacks many of the acidic and basic residues seen at the N-

terminus of the Hc Cbp1, though it does have some N-terminal polar residues. This intriguing 

result has led us to rethink our alanine scan results. It is possible that charge in this region is less 

important that conformation for triggering host cell lysis, and the Pb Cbp1 has the necessary 

shape. It is also possible that the electrostatic contribution of this region cannot be inferred by 

simply summing up charges, and that the Pb Cbp1 maintains the requisite electrostatic 

interactions by other means, such as hydrogen bonds, net dipoles, and/or using water molecules. 

Further studies are needed to fully elucidate the contributions of the residues of both the Hc and 

Pb Cbp1 proteins toward macrophage death. 

 In summary, we have demonstrated that a high intracellular fungal burden is not 

sufficient to cause macrophage death during Hc infection; rather, yeast use the secreted protein 

Cbp1 to actively trigger macrophage death during infection. Consequently, the lysis defect seen 

with the cbp1 mutant is not due to an intracellular growth defect, which is likely not due to 

increased sensitivity to ROS or to limitation of calcium or zinc. We have also generated a 

collection of CBP1 alleles consisting of individual alanine mutants as well as an allele from the 

related intracellular fungal pathogen P. brasiliensis, and these alleles vary in their ability to cause 

host cell lysis and thus may be used as tools to further probe the mechanism underlying 

macrophage death during Hc infection. 
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Figure 2.1. Cbp1-deficient yeast are not more sensitive to calcium chelation, zinc chelation, 

or reactive oxygen species. Wildtype (WT) or cbp1 mutant yeast were grown in broth in 

varying concentrations of the calcium chelator EGTA (A), the zinc chelator DTPA (B), or the 

oxidant menadione (C), and growth was measured by optical density at 600 nm (OD600) over 

time. (D) Wildtype (WT) yeast, the cbp1 mutant (cbp1), or the complemented strain 
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(cbp1+CBP1) were incubated with varying concentrations of menadione for four hours and 

viability was then assessed by plating on HMM agarose and then quantifying CFUs after 10 

days.  
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Figure 2.2. The macrophage lysis defect of the cbp1 mutant is not due to its reduced 

intracellular growth kinetics. BMDMs were infected with either the cbp1 mutant or the 

complemented strain (cbp1+CBP1) at MOIs of 2, 5, or 10. (A) Infected macrophages were 

osmotically lysed and the contents plated on HMM agarose plates to enumerate Hc CFUs. To 

prevent confounding by extracellular replication, CFUs were not measure after the onset of 

macrophage lysis. Each value is an average of duplicate platings of wells infected in triplicate ± 

standard deviation. (B) Macrophage lysis was measured by lactate dehydrogenase (LDH) activity 

in culture supernatants and is presented as the percentage of total LDH of uninfected 

macrophages at 3 hours post-infection. The lysis at each time point is an average of duplicate 

measurements of wells infected in triplicate, resulting in six total measurements, ± standard 

deviation. 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 h time point, resulting in an 

apparent lysis that is greater than 100%.  
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Figure 2.3. Alanine scan of Cbp1 results in 20 mutant proteins that are not detected in 

culture supernatants. Alanine scanning mutagenesis was performed on mature Cbp1, and the 

resulting alleles were expressed in our cbp1 null Hc strain. (A) Mutants were screened for 

secretion into Hc yeast culture supernatants, with at least four transformants per allele analyzed. 

In this representative image, 2 μg of total protein from culture supernatants from four-day old 

cultures of WT Hc, cbp1, cbp1+cbp1
P56A

, cbp1+cbp1
L57A

, or cbp1+cbp1
D58A

 was separated by 

SDS-PAGE. Proteins were visualized in the gel by coomassie staining. Cbp1 is the prominent 

band at approximately 8 kDa. The prominent 19 kDa band seen in the supernatant of Cbp1 was 

identified as YPS-3 by mass spectrometry, a secreted protein produced by Hc yeast that is found 

in culture supernatants and associated with yeast cell walls via chitin-binding (122) that is 



 

28 

 

sometimes seen prominently in supernatants from 4-day old cultures (data not shown). (B) The 

non-secreted mutants were mapped onto the Cbp1 structure. The NMR structure of Cbp1 is 

depicted (87), with one monomer is green and the other in cyan. Residues that when mutated to 

alanine result in undetectable protein in yeast culture supernatants are colored purple, and the 

bonds between the α and β carbons of these residues are shown as sticks. Two views of the 

homodimer are shown, and the right-hand image has the viewer looking down at the two N 

termini of the monomers.   
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Figure 2.4. Alanine scan identifies Cbp1 residues that are necessary for robust macrophage 

death during Hc infection. (A) Mutant alleles of Cbp1 that were secreted from Hc were 

assessed for their ability to lyse macrophages during Hc infection. At least three transformants 

per mutant were analyzed. In this representative image, J774.1 cells, a murine macrophage-like 

cell line, were mock infected (uninf) or infected with WT Hc, cbp1, cbp1+cbp1
I55A

, 

cbp1+cbp1
D58A

, or cbp1+cbp1
T66A

 at an MOI of 10 in duplicate wells. Macrophage lysis was 

visualized at 4 dpi by staining the cell monolayer with methylene blue. (B) Reduced-lysis alanine 
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mutants were then mapped onto the Cbp1 structure. Cartoon views are shown above with the 

corresponding surface views below. All images are oriented such that the viewer is looking down 

at the N termini. Acidic residues are colored red and basic residues are blue in the left images. 

Residues that when mutated to alanine cause a reduction in macrophage death are colored yellow 

on the right.  
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Figure 2.5. P. brasiliensis Cbp1 complements the lysis defect of Cbp1-deficient Hc but does 

not have the cluster of charged residues at the N terminus. (A) Mature Cbp1 sequences from 

6 Hc strains, 2 Pb strains, 1 Paracoccidioides lutzii (Pl) strain, and 1 Emmonsia crescens (Ec) 

strain were inferred and aligned as described in Materials and Methods. Emmonsia spp. are 

emerging dimorphic fungal pathogens (123), and the role of Cbp1 in their pathogenesis has yet to 
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be explored. Colors correspond to amino acid properties. (B) Total protein from culture 

supernatants from four-day old cultures of wildtype (WT) Hc and eight transformants of 

cbp1+Pb_CBP1 was separated by SDS-PAGE (2 μg/lane). Proteins were visualized in the gel by 

coomassie staining. Cbp1 is the prominent band at approximately 8 kDa. (C) BMDMs were 

mock infected (uninf) or infected with WT, cbp1, or two transformants of cbp1+Pb_CBP1. 

Macrophage lysis was measured by LDH activity in culture supernatants and is presented as the 

percentage of total LDH of uninfected macrophages at 3 hours post-infection. The lysis at each 

time point is an average of duplicate measurements of wells infected in triplicate, resulting in six 

total measurements, ± standard deviation. (D) Homology modeling of Pb Cbp1 was conducted 

using Swiss-Model (119–121). The Hc Cbp1 structure is shown on the left, and the 

corresponding view of the predicted Pb Cbp1 structure is shown on the right. Acidic residues are 

colored red, basic are blue, and polar are magenta. The proteins are oriented such that the viewer 

is looking down at the N termini. 

  



 

33 

 

Table 2.1 

Mutant 

Detected in culture 

supernatants? Macrophage lysis? 

D1A Y N 

Q2A Y I 

P3A Y I 

T4A Y N 

V5A Y N 

G6A Y Y 

D7A Y N 

F9A N N/A 

D10A Y N 

R11A Y Y 

Y12A N N/A 

N13A Y N 

E14A Y N 

V16A N N/A 

K17A Y Y 

V18A Y Y 

F19A Y Y 

T20A Y Y 

R21A Y Y 

L22A Y Y 

S23A Y Y 

S24A Y I 

N27A Y N 

C28A N N/A 

N29A Y N 

W30A N N/A 

P31A Y I 

S32A  Y Y 

C33A N N/A 

L34A N N/A 

S35A Y Y 

S36A N N/A 

L37A N N/A 

S38A Y I 

S40A N N/A 

S41A N N/A 

C44A N N/A 
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Table 2.1 cont.   

Mutant 

Detected in culture 

supernatants? Macrophage lysis? 

I45A Y I 

V48A Y N  

G49A Y Y 

E50A Y Y 

L51A Y I? 

G52A Y N 

L53A Y N 

D54A Y N 

I55A Y N 

P56A Y Y 

L57A N N/A 

D58A Y N 

L59A Y N 

C61A N N/A 

T64A N N/A 

T66A Y Y 

T67A Y N 

S68A Y Y 

T70A N N/A 

E71A Y Y 

C73A N N/A 

K74A Y N 

G75A Y N 

C76A N N/A 

L77A N N/A 

 

Table 2.1. Summary of Cbp1 alanine scan results.  For each mutant, the amino acid number 

corresponds to the location in the mature protein. Each mutant was assessed for presence in yeast 

culture supernatants (Y = yes, N = no), and each detectable mutant was assessed for ability to 

lyse macrophages (Y =  yes, I = intermediate lysis, N = no, N/A = not applicable). 
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CHAPTER THREE: 

THE TRANSCRIPTION FACTOR CHOP, AN EFFECTOR OF THE INTEGRATED 

STRESS RESPONSE, IS REQUIRED FOR HOST SENSITIVITY TO THE 

INTRACELLULAR FUNGAL PATHOGEN HISTOPLASMA CAPSULATUM. 
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ABSTRACT 

We previously showed that the intracellular fungal pathogen Histoplasma capsulatum 

(Hc) uses the secreted protein Cbp1 to actively induce apoptosis in macrophages; interestingly, 

cbp1 mutant strains are unable to kill macrophages and display severely reduced virulence in the 

mouse model of Hc infection. We set out to elucidate the mechanism of Cbp1-mediated 

macrophage death. Here we demonstrate that Hc strains expressing lytic CBP1 alleles activate 

the integrated stress response (ISR) in infected macrophages, as indicated by an increase in 

eIF2α phosphorylation as well as induction of the transcription factor CHOP and the 

pseudokinase Tribbles3 (TRIB3). In contrast, strains bearing a non-lytic allele of CBP1 fail to 

activate the ISR, whereas a partially lytic CBP1 allele triggers intermediate levels of activation. 

We further show that macrophages deficient for CHOP or TRIB3 are partially resistant to lysis 

during Hc infection, indicating that the ISR is critical for susceptibility to Hc-mediated cell 

death.  Notably, CHOP knockout mice display reduced fungal burden and are markedly resistant 

to Hc infection. Together, these data indicate that Cbp1 is required for Hc to induce the ISR and 

mediate a CHOP-dependent virulence pathway in the host. 

 

MAIN TEXT 

CBP1 alleles show a range of lysis capabilities and intracellular growth kinetics 

In Chapter 2 and in previously published work (110), we demonstrated that Cbp1 actively 

induces macrophage death during Hc infection by an unknown mechanism. We used some of the 

CBP1 alleles described in Chapter 2 as tools to elucidate the mechanism of Cbp1-mediated host-

cell death. We chose to use two lysis-defective mutants generated in the alanine scan of Cbp1, 

D10A and D58A, and the fully lytic Pb_Cbp1. We first validated that these proteins were present 
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in equivalent amounts in yeast culture supernatants (Fig 3.1A). We then quantified the lytic 

capabilities of these alleles in BMDMs. The D10A mutant was able to partially complement the 

macrophage lysis defect of the cbp1 strain, whereas D58A was completely defective for 

macrophage lysis.  Consistent with previous observations (Fig 2.5C), Pb_Cbp1 was able to fully 

rescue the lysis defect of the cbp1 mutant (Fig 3.1B). Importantly, the reduction in macrophage 

lysis after infection with the D10A mutant was not due to any differences in fungal burden; this 

mutant showed the same intracellular growth rate as wildtype Hc, as did Pb_Cbp1. In contrast, 

the non-lytic D58A mutant showed reduced growth kinetics in macrophages, though, like the 

cbp1 mutant, it was still able to achieve the same intracellular fungal burden that is observed at 

the time of macrophage death during wildtype Hc infection. (Fig 3.1C). 

 

Hc does not cause ER stress in infected macrophages 

We previously identified a set of host genes that are upregulated in Hc-infected 

macrophages in a Cbp1-dependent manner, and many of these same genes are induced during 

ER stress (110). This finding was intriguing for two reasons: many intracellular pathogens 

manipulate ER stress pathways in the host (124), and unresolved ER stress can lead to apoptosis 

through many mechanisms (125). To determine if Hc triggers ER stress in macrophages, we 

assessed the activation of the unfolded protein response (UPR) during infection. The mammalian 

UPR, which counters the effects of ER stress, consists of three distinct signaling pathways 

triggered by three ER-resident proteins that are able to detect ER stress: IRE1, ATF6, and PERK 

(125–127). Activated IRE1 is an RNase which removes a non-canonical intron in the transcript 

encoding the transcription factor Xbp1 (128). To examine IRE1 activation, we compared levels 

of unspliced and spliced Xbp1 transcripts (Xbp1u and Xbp1s, respectively) in macrophages 
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infected with Hc or treated with the potent ER stress-inducer tunicamycin (Tm), which activates 

all three branches of the UPR. Infection with Hc did not result in an increase in Xbp1s compared 

to uninfected macrophages, whereas Xbp1s was detected in macrophages as early as 9 hours after 

Tm treatment (Fig 3.2A). To further assess IRE1 activation, we also examined the induction of 

the Xbp1 target gene ERdj4 (129). Similar to Xbp1s, ERdj4 was upregulated 9 hours after the 

addition of tunicamycin but was not upregulated in Hc-infected macrophages (Fig 3.2B).  We 

then examined ATF6, which is cleaved during ER stress, resulting in the transcription factor 

ATF6n. To assess the activation of ATF6, we monitored the upregulation of one its specific 

targets, SEL1L (130). Similar to ERdj4, SEL1L was not induced in Hc-infected macrophages (Fig 

3.2C). We also examined the transcript levels of the chaperone protein BiP/GRP78, a classic 

marker of ER stress whose upregulation is dependent on both IRE1 and ATF6 (131). BiP was 

strongly induced after Tm treatment, but was not upregulated in macrophages after Hc infection 

(Fig. 3.2D). Next, we looked at the third and final mammalian UPR sensor, PERK. Upon 

activation, PERK oligomerizes and autophosphorylates (132,133). We were unable to detect 

phospho-PERK in Hc-infected macrophages (Fig 3.2E), suggesting that Hc infection does not 

activate PERK. To confirm this hypothesis, we utilized the PERK-specific inhibitor 

GSK2606414 (134). Consistent with previous observations (135), inhibition of PERK signaling 

increased caspase-3/7 activity in cells after tunicamycin treatment. However, GSK2606414 had 

no effect on caspase-3/7 activity in Hc-infected macrophages (Fig 3.2F), consistent with our 

observation that PERK is not activated during Hc infection. Taken together, these data 

demonstrate that Hc does not activate the UPR in infected macrophages. 
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Hc strains expressing lytic CBP1 alleles activate the integrated stress response (ISR) in 

macrophages. 

After determining that Hc-infected macrophages are not undergoing ER stress, we then 

re-examined our transcriptional profiling results (110). Many of the genes that are upregulated 

during infection in a Cbp1-dependent manner are involved in the integrated stress response 

(ISR), a pathway activated in response to a variety of cellular stresses, including ER stress. Thus, 

we shifted our focus to the ISR. The central event in the ISR signaling cascade is the 

phosphorylation of the α-subunit of the translation initiation factor eIF2 (136,95). 

Phosphorylation of eIF2α leads to an overall reduction in translation, but allows for the increased 

translation of select, stress-responsive transcripts due to unique features in their mRNAs. To first 

examine ISR activation, we assessed phospho-eIF2α levels in macrophages by Western blot. We 

observed an increase in phospho-eIF2α in macrophages infected with Hc strains expressing lytic 

alleles of CBP1, and the levels of phospho-eIF2α in these infected macrophages was comparable 

to the levels of phospho-eIF2α in macrophages treated with Tm (Fig 3.3A). Importantly, this 

occurs by 12 hours post-infection, which is well before the onset of macrophage lysis (Fig 3.1). 

To confirm ISR activation, we next looked at the levels of ATF4, a transcription factor that is 

preferentially translated as phospho-eIF2α levels increase (96,97). As expected, we saw robust 

levels of ATF4 in macrophages infected with Hc expressing lytic alleles of CBP1. ATF4 

induction preceded the onset of macrophage lysis and correlated with phospho-eIF2α levels (Fig. 

3.3B).  

To continue our exploration of the ISR, we also examined the expression of two 

downstream targets of ATF4, the transcription factor CHOP/DDIT3 and pseudokinase TRIB3 

(137), which were previously implicated by our transcriptional analysis of infected cells (110). 
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CHOP and Trib3, a target of CHOP, have been shown to be pro-apoptotic in a variety of cell 

types in response to multiple stresses (105–108,138).  Both CHOP and TRIB3 showed robust 

induction in macrophages after infection with lytic Hc strains. Notably, there was intermediate 

induction in macrophages infected with Hc expressing the partially lytic D10A CBP1 alanine 

mutant (Fig 3.3C). Further, robust TRIB3 expression after infection with Hc secreting wildtype 

Cbp1 is dependent on CHOP, as CHOP-/- macrophages showed reduced TRIB3 induction after 

infection with wildtype Hc or the complemented cbp1 mutant strain (Fig 3.3D). Together, these 

data demonstrate that Hc triggers the ISR in macrophages before the onset of host-cell death, and 

the activation of the ISR is dependent on the expression of lytic CBP1 alleles. Importantly, at 48 

hours post-infection, we did not see an increase in phospho-eIF2α, ATF4, CHOP, or TRIB3 

levels in macrophages infected with non-lytic Hc strains, even though the fungal burden of the 

non-lytic strains exceeds that of the lytic strains at 12 hours post-infection (Fig 3.1C). Thus, a 

high intracellular fungal burden is not sufficient to activate the ISR in infected macrophages. 

 

A reduction in phospho-Akt precedes host-cell death in macrophages infected with Hc strains 

expressing lytic CBP1 alleles.  

The pro-apoptotic pseudokinase Trib3 is hypothesized to promote apoptosis by binding 

Akt and preventing its phosphorylation, thereby reducing its pro-survival and anti-apoptotic 

signaling (139). After determining that TRIB3 is induced during Hc infection, we then evaluated 

phospho-Akt levels in infected macrophages. Macrophages infected with lytic Hc strains showed 

a reduction in phospho-Akt levels at 12 hours post-infection, whereas macrophages infected with 

non-lytic Hc strains showed no such reduction (Fig 3.4A). Importantly, those macrophages 

infected with non-lytic Hc strains showed no reduction in phospho-Akt, even 48 hours after 
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infection (Fig 3.4B), when the fungal burdens of the nonlytic strains exceed those of the lytic 

strains at 12 hours post-infection (Fig 3.1C). 

 

Caspase-8 is activated in macrophages infected with Histoplasma in a Cbp1-dependent manner 

 In addition to reducing phospho-Akt levels, ISR signaling has been shown to promote 

apoptosis by activating caspase-8 (140). Caspase-8 is an initiator caspase that is able to directly 

activate downstream caspases, thereby bypassing the need for mitochondrial outer membrane 

permeabilization (MOMP), canonically considered the central signaling even in the intrinsic 

apoptosis pathway (141). Macrophages infected with lytic Hc strains showed an increase in 

caspase-8 activity that was comparable to levels in macrophages treated with tunicamycin. In 

contrast, macrophages infected with non-lytic Hc strains showed no increase in caspase-8 

activity when compared to uninfected macrophages (Fig 3.5). Thus, expression of functional 

Cbp1 led to caspase-8 activation in macrophages during Hc infection. 

 

CHOP and TRIB3 are necessary for robust macrophage lysis during Hc infection. 

After concluding that the ISR was activated before the onset of lysis, we next wanted to assess 

the relevance of this signaling pathway during in vitro infection. To this end, we generated 

BMDMs from CHOP
-/-

 (105) and TRIB3
-/-

 (142) knockout mice. Both CHOP
-/-

 and TRIB3
-/-

 

macrophages showed a reduction in caspase-3/7 activity after infection with wildtype Hc (Fig 

3.6A). The reduction in the activity of these executioner caspases correlated with a reduction in 

host-cell lysis after infection with wildtype Hc (Fig 3.6B). Importantly, these reductions in 

macrophage death were not due any differences in fungal burden (Fig 3.6C). Thus, macrophages 

individually deficient for two different components of the ISR showed a reduction in lysis, 
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demonstrating that activation of the ISR by Hc is required to trigger robust host-cell death during 

infection. 

 

CHOP 
-/-

 mice are resistant to Hc infection 

 After determining that the ISR is necessary for macrophage death during in vitro 

infection, we next wanted to examine the relevance of the ISR during in vivo infection. We 

infected female CHOP
-/-

 and C57Bl/6 mice intranasally with a lethal dose (1 x 10
6
 CFU/mouse) 

of wildtype Hc and then monitored the animals daily for symptoms, including weight loss, 

hunching, panting, and lack of grooming. While all infected animals developed symptoms, the 

wildtype mice (n=11) showed more severe symptoms, with over half of the animals succumbing 

to infection. Notably, the CHOP
-/-

 mice were significantly more resistant to infection (Fig 3.7A), 

indicating that CHOP is required for virulence of Hc in vivo. 

 We next determined whether the resistance to infection exhibited by CHOP
-/-

 animals 

correlates with decreased fungal burden. We infected female CHOP
-/-

 and C57Bl/6 mice 

intranasally with a sub-lethal dose (3 x 10
5
 CFU/mouse) of wildtype Hc and then monitored 

fungal burden in the lungs and spleens of the infected animals. Even by 3 days post-infection 

(dpi), we observed a significant reduction in fungal burden in the lungs of CHOP
-/- 

mice 

compared to wildtype mice (Fig 3.7B). Similar to what we observed in the lungs, there was a 

significant reduction in Hc recovered from the spleens of CHOP
-/-

 mice compared to wildtype 

animals beginning at 5 dpi (Fig 7B). We monitored TRIB3 expression in the lungs of CHOP
-/-

 

mice at 1 dpi, when there is no statistically significant difference in fungal burden between 

wildtype and mutant mice, and observed that robust TRIB3 induction in vivo is dependent on 

CHOP (Fig 3.7B,C).  Together, these data support the model that Hc activates the ISR in a 
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CHOP-dependent manner, thereby promoting host-cell death and facilitating pathogen spread 

during infection. 
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Figure 3.1. Hc strains secreting different Cbp1 variants show a range of lytic capabilities 

but grow to high levels within macrophages (A) Five mL of culture supernatants from three-

day old cultures of the indicated Hc strains were concentrated to 250 μL. Equivalent volumes 

were then separated by SDS-PAGE, and proteins were visualized by Coomassie staining. (B) 

BMDMs were treated with 2.5μg/mL tunicamycin (Tm), infected with indicated Hc strains at an 

MOI of 5, or mock infected (uninf). Macrophage lysis was measured by LDH activity in culture 

supernatants and is presented as the percentage of total LDH in the supernatant and lysate of 

uninfected macrophages at 3 hpi. The lysis at each time point is an average of duplicate 

measurements of wells infected in triplicate, resulting in six total measurements, ± standard 

deviation. (C) BMDMs were infected with the indicated Hc strains at an MOI of 5. At the 

indicated time points, Hc CFUs were enumerated to monitor intracellular fungal burden. To 

insure that CFUs reflected intracellular but not extracellular yeast replication, CFUs were not 

measured after the onset of macrophage lysis. Each value is an average of triplicate wells ± 

standard deviation. 
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Figure 3.2. Hc does not cause ER stress in infected BMDMs. BMDMs were infected with the 

indicated Hc strains at an MOI of 5, mock infected (uninf), or treated with 2.5 μg/mL 

tunicamycin (Tm). (A) Unspliced (Xbp1u) and spliced (Xbp1s) isoforms of Xbp1 were detected 

by non-quantitative RT-PCR. (B-D) Relative abundances of (B) ERdj4, (C) SEL1L, and (D) BiP 

were measured by RT-qPCR. (E) Phosphorylated PERK (Thr 980) was detected by western blot 

at 12 hpi. (F) BMDMs were treated with the PERK-specific inhibitor GSK2606414 (3μM) or 

vehicle (DMSO) for 12 hpi, and caspase-3/7 activity was assessed and normalized to vehicle-

treated uninfected cells. Each value is an average of triplicate wells ± standard deviation.  
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Figure 3.3. Lytic CBP1 alleles activate the integrated stress response in infected 

macrophages. BMDMs were treated with 2.5μg/mL tunicamycin (Tm), infected with indicated 

Hc strains at an MOI of 5, or mock infected (uninf). (A) Phosphorylated eIF2α (Ser51) was 
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assessed by Western blot at 12 hpi. The signal intensity of phospho-eIF2α relative to the 

corresponding α-tubulin loading control is shown in the bar graph. (B) ATF4 levels were 

assessed by Western blot at 12 hpi. (C) Relative abundances of CHOP and TRIB3 transcripts 

were assessed by RT-qPCR at the indicated time points and normalized to uninfected BMDMs at 

3 hours-post-infection. (D) WT or CHOP
-/-

 BMDMs were mock infected (uninf) or infected with 

the indicated Hc strains at an MOI of 5. TRIB3 expression was assessed 12 hpi by RT-qPCR, 

with expression values normalized to uninfected WT BMDMs. 
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Figure 3.4. Lytic CBP1 alleles cause a decrease in phospho-Akt levels in infected 

macrophages. BMDMs were infected with the indicated Hc strains, and phospho-Akt (Thr308) 

and total Akt were assessed by Western blot at (A) 12 hpi and (B) 48 hpi. 
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Figure 3.5. Lytic CBP1 alleles cause an increase in caspase-8 activity in infected 

macrophages. BMDMs were treated with 2.5μg/mL tunicamycin (Tm), infected with indicated 

Hc strains at an MOI of 5, or mock infected (uninf). Caspase-8 activity was measured at 24 and 

48 hours post-infection and normalized to the activity in uninfected cells at 24 hpi. Each value is 

an average of triplicate wells ± standard deviation.  
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Figure 3.6. The host genes CHOP and TRIB3 are necessary for robust caspase-3/7 activity 

and macrophage death but not intracellular growth during Hc infection. (A) Wildtype 
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(WT), CHOP
-/-

, and TRIB3
-/-

 macrophages were mock infected or infected with WT Hc at an 

MOI of 5 or 10. Caspase-3/7 activity was measured 24 hpi and normalized to the activity in 

uninfected macrophages for each genotype. Each value is an average of triplicate wells ± 

standard deviation. *p<0.05, as determined by two-tailed t-test. (B) WT, CHOP
-/-

, and TRIB3
-/- 

BMDMs (MΦ) were infected with WT Hc at an MOI of 1 or mock infected (uninf), and 

macrophage lysis was measured by LDH release. BMDM lysis is presented as the percentage of 

total LDH in the supernatant and lysate of uninfected macrophages at 3 hours post-infection. The 

lysis at each time point is an average of duplicate measurements of wells infected in triplicate, 

resulting in six total measurements, ± standard deviation. (C) WT, CHOP
-/-

, and TRIB3
-/- 

BMDMs were infected with WT Hc at an MOI of 1, and intracellular fungal burdens were 

assessed by CFUs at the indicated time points. Each value is an average of triplicate wells ± 

standard deviation. 
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Figure 3.7. CHOP
-/-

 mice are resistant to Hc infection and show reduced TRIB3 expression 

during infection. (A) Kaplan-Meier survival curves of C57BL/6 and CHOP
-/-

 mice mock 

infected (uninf; n=2) or infected with 1 x10
6
 Hc yeast (n=11). (B) CFUs from lungs and spleens 

of C57BL/6 and CHOP
-/-

 mice infected with 3 x10
5
 Hc yeast. *p<0.05, **p<0.005, as 

determined by ANOVA. (C) WT and CHOP
-/- 

mice (n=5) were infected with 3x10
5 

Hc yeast. 

Lungs were collected and homogenized at 1 dpi. RNA was isolated from half of the homogenate, 

and TRIB3 expression was assessed by RT-qPCR. **p<0.005, as determined by two-tailed t-test. 
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CHAPTER FOUR: 

DISCUSSION 
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CONCLUSIONS 

Death of the host cell has profound consequences for an intracellular pathogen. It may 

eliminate the pathogen’s replicative niche, or it may promote pathogen spread. The specific form 

of cell death can impact immune activation of the host: pyroptosis and necroptosis are highly 

inflammatory types of cell death whereas apoptosis is more immunologically quiet, though 

apoptosis does promote cross-presentation of antigens by dendritic cells. Thus, it is unsurprising 

that many intracellular pathogens have evolved various mechanisms and strategies to manipulate 

host-cell survival and death (143,144). For example, Mycobacterium tuberculosis has been 

shown to inhibit apoptosis in macrophages to promote bacterial survival and replication early 

during infection, but also promote necrosis, allowing for bacterial spread (145). Additionally, 

Leishmania spp. induce apoptosis rapidly after phagocytosis by neutrophils, which promotes 

phagocytosis by macrophages. The parasite is able to prevent macrophage apoptosis, protecting 

its replicative niche and allowing for parasite development (146).   

Hc is a primary fungal pathogen that is able to replicate to very high levels within host 

macrophages; however, we have demonstrated that a high intracellular fungal burden is not 

sufficient to induce host-cell death. Rather, whereas fungal burden inside infected macrophages 

is independent of the small, secreted protein Cbp1, host-cell death is dependent on this Hc 

virulence factor, suggesting that this protein actively induces macrophage death (110).  

Apoptosis of bone marrow derived macrophages (BMDMs) was attributed at least in part to 

autocrine TNFα signaling (60). However, we have observed that BMDMs differentiated with M-

CSF are still killed by Hc yeast but do not produce TNFα during infection (Alison Coady and 

Youngnam Lee, personal communication); therefore, we reasoned infected macrophages must be 

activating other signaling pathways to induce apoptosis. Here, we demonstrate that Hc strains 



 

58 

 

expressing functional alleles of CBP1 induce a host signaling pathway called the integrated 

stress response (ISR) in infected macrophages. Furthermore, two pro-apoptotic components of 

ISR signaling, the transcription factor CHOP and the pseudokinase Trib3, are necessary for 

robust macrophage death during in vitro infection. Finally, mice lacking CHOP are resistant to 

Hc infection. The reduced morbidity and fungal burden observed in CHOP
-/-

 mice demonstrate 

the in vivo relevance of ISR signaling during infection.  

  The phrase “Integrated Stress Response” is a term that has been used for over a decade to 

describe a signaling cascade that is activated after mammalian cells undergo a variety of stresses, 

including ER stress, amino acid starvation, and iron deprivation (136,95,90). The key event in 

this signaling pathway is the phosphorylation of the alpha subunit of the translation initiation 

factor eIF2. There are four known eIF2α kinases: general control non-depressible 2 (GCN2), 

which is activated by amino acid starvation; heme-regulated eIF2α kinase (HRI), which is 

activated during heme deprivation; protein kinase R (PKR), which is activated by cytosolic 

double-stranded RNA; and PKR-like ER kinase (PERK), which is activated by ER stress 

(147,148). Phosphorylation of eIF2α causes a general decrease of translation within the cell. 

Specific transcripts, however, are preferentially translated as phospho-eIF2α levels increase, 

resulting in a response geared to help the cell adapt to the stress. If the cell is unable to overcome 

the stress that initiated ISR signaling, the cascade ultimately leads to apoptosis of the cell 

through induction of many pro-apoptotic factors, including the transcription factor CHOP and 

the pseudokinase Tribbles 3 (125).  

 The ability of the ISR to either combat stress or drive the cell towards apoptosis makes it 

a key target for intracellular pathogens. One well-studied mechanism of ISR manipulation by 

pathogens is alteration of ER stress signaling pathways. Different types of  intracellular 
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pathogens, ranging from viruses (149), to bacteria (124), to eukaryotic parasites (150,151), 

trigger the ISR in their host cells by inducing ER stress. Unsurprisingly, activation of the ISR has 

a range of outcomes, depending on the pathogen and the host cell. For example, the intracellular 

bacteria M. tuberculosis induces ER stress in macrophages, ultimately leading to apoptosis (152). 

However, activation of this host signaling pathway is detrimental for the bacteria, as increasing 

phospho-eIF2α levels reduces bacterial burden, and similarly, reducing CHOP levels increases 

bacterial burden (153).  

 In the case of Hc, the ISR is triggered without any evidence of ER stress induction, and 

indeed it is clear that other microbial pathogens promote ISR activation via multiple pathways. 

For example, conditioned media from Pseudomonas aeruginosa cultures has been shown to 

induce ISR activation that is dependent on HRI. Additionally, P. aeruginosa also induces ER 

stress, although the functional outcome of these two ISR activating events during infection is 

unclear (154).  Reoviruses have been shown to trigger the ISR in host cells by activating PKR, 

an eIF2α kinase that directly senses cytosolic dsRNA (155,156). This signaling benefits the 

pathogen, as attenuation of the ISR response by blocking eIF2α phosphorylation or ATF4 

accumulation results in reduced viral replication (157). In the case of Hc, the mechanism of 

Cbp1-dependent ISR induction is unknown. Since Cbp1 is a protein with no known functional 

domains, it is intriguing to consider exactly how this virulence factor triggers the ISR during Hc 

infection, and work to elucidate this mechanism is underway.  

 Whereas the ISR is activated in response to a variety of infections in vitro, the role of ISR 

signaling during in vivo infection with bacterial pathogens is relatively unexplored. To our 

knowledge, only one study has previously determined the susceptibility of CHOP-deficient mice 

to infection. The authors of this study demonstrated that CHOP
-/-

 mice show reduced mortality in 
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a polymicrobial sepsis model, and this increase in survival correlated with a decrease in bacterial 

burden (158).  

 Our data are the first to show that CHOP plays a role in host susceptibility to fungi, since 

we found that CHOP
-/-

 mice are resistant to Hc infection. Intriguingly, Hc was unable to achieve 

a robust increase in fungal burden in the absence of CHOP signaling in the host. This decreased 

fungal burden manifested in the lungs of CHOP
-/-

 mice by 3 dpi and in the spleen by 5 dpi. 

Importantly, the relatively early failure of Hc to thrive in the CHOP
-/-

 mice is consistent with an 

altered interaction between the fungus and innate immune cells such as alveolar and tissue 

macrophages. Based on our observations in cell culture, we speculate that Hc yeast are unable to 

robustly lyse macrophages in the CHOP
-/-

 mouse, thereby limiting the spread of the pathogen 

and the extent of fungal growth.  

We propose the following model: during Hc infection, intracellular yeast produce the 

secreted protein Cbp1. Levels of Cbp1 continue to rise within macrophages as the fungus 

replicates, ultimately resulting in ISR activation and an increase in the levels of CHOP. CHOP in 

turn induces expression of TRIB3, which triggers a decrease in phospho-Akt levels. This 

decrease in phospho-Akt leads to an increase in the activity of several pro-apoptotic BH3-only 

proteins (159), which promote Bax/Bak oligomerization in the outer mitochondrial membrane. 

Bax/Bak oligomerization, in addition to the increase in caspase-8 activity, leads to the activation 

of the executioner caspases-3/7, ultimately resulting in apoptosis of the infected cell and the 

release of live yeast that are able to colonize new host cells in subsequent rounds of infection 

(Fig 4.1).  One intriguing facet of this model is that Cbp1 acts as a molecular timer of host-cell 

lysis: the ISR is triggered only when a threshold level of Cbp1 is attained, thus allowing 

sufficient fungal replication to occur before the demise of the host cell. 
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Finally, the discovery that Cbp1 activates the ISR implies that Cbp1 represents a new 

category of Hc virulence factors. Of the handful of known Hc virulence factors (81), the others 

identified thus far promote pathogenesis by enabling Hc yeast to survive in the potentially hostile 

environment of the host. Examples include a siderophore used for iron acquisition within the 

classically iron-limited environment of the host cell (160), as well as catalases (62) and a 

secreted superoxide dismutase (63) necessary for combatting reactive oxygen species. Based on 

our observations, we propose that one function of Cbp1 is to promote pathogenesis by activating 

a host signaling cascade that ultimately results in macrophage death, allowing for escape of live 

Hc yeast from host cells and efficient spread throughout the host organism. 

 

FUTURE DIRECTIONS 

Role of calcium-binding in Cbp1-mediated host-cell death 

Cbp1 was first identified by and named for its ability to bind calcium (83), and it has 

been reported to do so with very high affinity (88). However, exactly what role calcium plays in 

Cbp1 function, if any, is unclear. Calcium binding does not result in a conformational change or 

affect dimerization (88). The role of calcium in Cbp1 function is unclear and has been difficult to 

determine, in part because Cbp1 lacks a canonical calcium-binding domain. However, Pb_Cbp1 

and the alleles generated by the alanine scan may be used as tools to identify the residues 

necessary for calcium binding and to explore the potential link between the ability to bind 

calcium and the ability to cause macrophage death during Hc infection. Additionally, calcium 

imaging during infection can be used to determine if there is Cbp1-dependent disruption of 

calcium homeostasis in infected macrophages. 
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Identification of host factors that interact with Cbp1 to mediate macrophage lysis 

 Because Cbp1 is a secreted protein, it is likely to interact with host factors to promote 

virulence. It is tempting to speculate that the contiguous surface circle of non-lytic alanine 

mutants at the N terminus of the protein is a site of interaction with a host factor. However, 

identifying mammalian proteins that interact with Cbp1 has proven difficult: we have been 

unable to generate antibodies that recognize Cbp1 in its native form; yeast two-hybrid assays 

with a Cbp1 bait are impractical because of strong autoactivation; and most of our efforts to 

epitope tag Cbp1 have rendered the protein non-functional (data not shown). However, we have 

generated a tagged allele that is partially able to complement the lysis defect of the cbp1 mutant. 

This protein can be used for affinity-purification/mass spectrometry experiments to determine 

which host proteins interact with Cbp1 during Hc-macrophage infections. 

 

Further exploration of Cbp1-dependent ISR signaling 

Four eIF2α kinases have been described: GCN2, HRI, PKR, and PERK. We have 

provided evidence that PERK is not activated during Hc infection, but it is unknown if the other 

three kinases are required for Cbp1-dependent ISR activation. Chemical inhibition of these 

kinases has been reported in the literature, but the specificity of these compounds is either known 

to be poor or has not been properly explored (161–165). Thus, macrophages differentiated from 

knockout mice, when available, or macrophages with reduced levels of each kinase via RNAi 

can be used to determine the contributions of these kinases to Cbp1-mediated ISR activation 

during Hc infection. Additionally, a small molecule inhibitor of eIF2α signaling has been 

developed (135). It will be interesting to determine if treatment with ISRIB (Integrated Stress 

Response inhibitor) confers resistance to Hc infection both in vitro and in vivo.  
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Figure 4.1. Model of Cbp1-mediated host-cell death during Hc infection. During infection, 

Hc yeast produce a large amount of the secreted protein Cbp1 (red triangle). Cbp1 induces 

phosphorylation of the mammalian protein eIF2α through an unknown mechanism. The increase 

in phospho-eIF2 leads to the preferential translation of the transcription factor ATF4, which 
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leads to the expression of CHOP and TRIB3. The pseudokinase Tribbles 3 inhibits Akt 

phosphorylation, thereby promoting Bax/Bak oligomerization, ultimately resulting in caspase-3/7 

activation, which is enhanced by caspase-8 activation. The activation of the executioner caspases 

ultimately results in macrophage death, allowing for the release of live fungal cells. 

  



 

65 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER FIVE: 

MATERIALS AND METHODS 
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Culture conditions 

Bone marrow-derived macrophages (BMDMs) from 6-8 week-old female mice were 

isolated from femurs and tibias as described previously (160). J774.1 cells (ATCC) were 

maintained in Dulbecco’s modified Eagle’s medium (DMEM) high glucose (UCSF Cell 

Culture Facility) with 10% Fetal Bovine Serum (FBS; Hyclone or Gibco), penicillin, and 

streptomycin (UCSF Cell Culture Facility). H. capsulatum (Hc) cultures were grown in 

liquid Histoplasma macrophage medium (HMM) using an orbital shaker or on HMM 

agarose plates (166). All cells were maintained at 37°C with 5% CO2.  

Ethylene glycol-bis(2-aminoethylether)-N,N,N′,N′-tetraacetic acid (EGTA; Sigma 

Aldrich) was dissolved in ddH2O with NaOH (pH = 7.5) to promote solubility. 

Diethylenetriaminepentaacetic acid (DTPA; Sigma Aldrich) and menadione sodium bisulfite 

(Sigma Aldrich) were dissolved in ddH2O. Stocks of GSK2606414 (PERK inhibitor I; EMD 

Millipore) and tunicamycin (Santa Cruz Biotechnology) were made in DMSO. 

 

Hc strains 

Hc strain G217B ura5Δ (WU15) was a kind gift from William Goldman (University of 

North Carolina, Chapel Hill). For all studies involving the cbp1 mutant, “wildtype” refers to 

G217 ura5Δ transformed with a URA5-containing episomal vector (pLH211), cbp1 refers to 

G217Bura5∆cbp1::T-DNA as previously described (110) transformed with the same URA5-

containing episomal vector, and “complemented” strain refers to G217Bura5∆cbp1::T-DNA 

transformed with the URA5-containing episomal plasmid bearing the wildtype CBP1 gene 

(pDTI22) as previously described (110). 
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Primers for alanine scanning mutagenesis of CBP1 were designed using PrimerX 

(http://www.bioinformatics.org/primerx/). Primer sequences are included in supplemental 

material (Table 5.1). Mutations were introduced into pDTI22 (110) with site-directed 

mutagenesis (SDM) using standard cloning techniques. The fusion gene consisting of the 

sequence encoding the G217B Cbp1 signal peptide and the sequence encoding the mature 

Cbp1from P. brasiliensis strain Pb03 was synthesized by Genewiz, Inc. (www.genewiz.com). 

The fusion gene was then cloned into pDTI22, replacing G217B CBP1 while leaving the 

flanking sequences unchanged. 

For all Cbp1 constructs, approximately 25ng of PacI-linearized DNA was electroporated 

into the cbp1 mutant and the G217Bura5Δ parental strain (110) as previously described (167). 

The plasmid pLH211 was used as the vector control. Transformants were selected on HMM 

agarose plates. 

 

Cbp1 protein alignment 

The genomic sequences of known CBP1 homologs are consistent with a conserved two-

intron gene structure, but the associated protein predictions are often inconsistent with this 

conserved splicing pattern (e.g., Emmonsia crescens KKZ65414.1) or protein predictions are not 

available (e.g., Histoplasma capsulatum Tmu GCA_000313325.1). Therefore, protein sequences 

were inferred by TBLASTN (168) alignment of the Histoplasma capsulatum G186AR protein 

sequence (AAC39354.1) to the genome assemblies of Histoplasma capsulatum G217B 

(GCA_000170615.1), WU24 (NAm1, GCA_000149585.1), H88 (GCA_000151005.2), H143 

(GCA_000151035.1), and Tmu (GCA_000313325.1); Paracoccidioides lutzii Pb01 

(GCA_000150705.2); Paracoccidioides brasiliensis Pb03 (GCA_000150475.2) and Pb18 

http://www.bioinformatics.org/primerx/
http://www.genewiz.com/
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(GCA_000150735.2); and Emmonsia crescens UAMH 3008 (GCA_001008285.1). The inferred 

protein sequences were aligned with PROBCONS (169), and alignments were formatted with 

JALVIEW (170). 

 

Detection of Cbp1 in culture supernatants 

 Four day Hc cultures were collected and yeast were pelleted by centrifugation. The 

supernatants were sterile-filtered through 0.22μm filters, and the filtrates were concentrated 

using Amicon Ultra Centrifugal Filter Units with a 3kDa cutoff (EMD Millipore). Protein 

concentration was quantified using the Bio-Rad protein assay (Bio-Rad Laboratories). Equal 

amounts of protein were separated by SDS-PAGE, and proteins were visualized by staining the 

gel with Coomassie Brilliant Blue G-250 (Fisher BioReagents). 

 

Macrophage infections 

 Macrophage infections were performed as described previously (110,160).  Briefly, the 

day before infection, macrophages were seeded in tissue-culture-treated dishes. On the day of 

infection, yeast cells from logarithmic phase Hc cultures (OD600 = 5-7) collected, resuspended in 

the appropriate macrophage media, sonicated for 3 seconds on setting 2 using a Fisher Scientific 

Sonic Dismembrator Model 100, and counted using a hemacytometer. Depending on the 

multiplicity of infection (MOI), the appropriate number of yeast cells was then added to the 

macrophages. After a 2-hour phagocytosis period, the macrophages were washed once with PBS 

and then fresh media was added. For infections lasting longer than 2 days, fresh media was 

added to the cells approximately 48 hpi. 
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Cytotoxicity assays 

To screen strains expressing mutant alleles of CBP1, J774.1 cells were seeded (3.75 x 10
4
 

cells per well of a 24-well plate) and infected as described above in triplicate wells per time 

point. Three independent transformants per alanine mutant were tested.  Each day for 4 days 

after infection, macrophage monolayers were washed once with PBS, fixed and stained with 

methylene blue staining solution (0.2% methylene blue [Sigma Aldrich], 20% ethanol) at room 

temperature for 15 mins, washed 3 times with PBS, and then imaged.  

 To quantify macrophage lysis, BMDMs were seeded (7.5 x 10
4
 cells per well of a 48-well 

plate) and infected as described above. At the indicated time points, the amount of LDH in the 

supernatant was measured as described previously (57). BMDM lysis is calculated as the 

percentage of total LDH from uninfected macrophages lysed in 1% Triton-X at the time of 

infection. Due to continued replication of BMDMs over the course of the experiment, the total 

LDH at later time points is greater than the total LDH from the initial time point, resulting in an 

apparent lysis that is greater than 100%. 

 

Intracellular replication 

BMDMs were seeded (7.5 x 10
4
 cells per well of a 48-well plate) and infected in 

triplicate as described above. At the indicated time points, culture supernatants were removed 

and 250μl of ddH2O was added. After incubating at room temperature for 10 mins, the 

macrophages were mechanically lysed by vigorous pipetting. The lysate was collected, sonicated 

to disperse any clumps, counted, and plated on HMM agarose in appropriate dilutions. After 

incubation at 37°C with 5% CO2 for 12-14 days, CFUs were enumerated. To prevent any 



 

70 

 

extracellular replication from confounding the results, intracellular replication was not monitored 

after the onset of macrophage lysis.  

 

RNA isolation and RT-PCR 

For RNA isolation from cultured cells, BMDMs were seeded (1x 10
6
 cells per well of a 

6-well plate) and infected in triplicate as describe. Triplicate wells of infected macrophages were 

lysed in 1mL total of QIAzol (Qiagen). Lung samples were thawed on ice, and 500 μL of 

homogenate was pelleted at 4°C and resuspended in 1mL of QIAzol (Qiagen). After addition of 

chloroform, total RNA was isolated from the aqueous phase using Econo-spin columns (Epoch 

Life Science) and then subjected to on-column PureLink DNase (Invitrogen) digestion. To 

generate cDNA, 2-4 μg total RNA was reverse transcribed using Maxima Reverse Transcriptase 

(Thermo Scientific), an oligo-dT primer, and pdN9 primers following manufacturer’s 

instructions. Splice isoforms of Xbp1 were detected by performing non-quantitative PCR on 1:10 

dilutions of cDNA using Phusion High-Fidelity DNA polymerase (New England BioLabs) using 

the following cycling conditions: 98°C for 30s, followed by 35 cycles of 98°C (10 s), 65°C (30 

s), and 72°C (30 s), followed by 72°C for 10 min. The resulting amplicons were separated and 

visualized on a 2.5% agarose gel containing ethidium bromide. Quantitative PCR was performed 

on 1:10 to 1:50 dilutions of cDNA template using FastStart SYBR Green MasterMix with Rox 

(Roche). Reactions were run on an Mx3000P machine (Stratagene) and analyzed using MxPro 

software (Stratagene). Cycling parameters were as follows: 95°C for 10 min, followed by 40 

cycles of 95°C (30 s), 55°C (60 s), and 72°C (30 s), followed by dissociation curve analysis. 

Abundances of ERdj4, SEL1L, BiP, CHOP, and TRB3 were normalized to HPRT  levels. Primer 

sequences are listed in Table 5.1. 
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Protein isolation and Western blots 

For protein isolation, BMDMs were seeded (1x 10
6
 cells per well of a 6-well plate) and 

infected in triplicate as describe. Triplicate wells of macrophages were lysed in a 300μl total of 

radioimmunoprecipitation assay (RIPA) buffer (50 mM TrisHCl pH8, 150 mM NaCl, 1% NP-40, 

0.5% sodium deoxycholate, 0.1% SDS) with Halt Protease and Phosphatase Inhibitor Cocktail 

(Thermo Scientific). Insoluble debris was removed by centrifugation. Protein concentrations 

were determined using Pierce BCA Protein Assay Kit (Thermo Scientific). Equivalent amounts 

of protein were separated by SDS-PAGE and transferred to nitrocellulose. Membranes were 

incubated with antibodies per manufacturers’ suggestions. Blots were imaged on an Odyssey 

CLx and analyzed using ImageStudio2.1 (Licor). The following primary antibodies were used: 

phospho-PERK (ThermoFisher Scientific G.305.4), phospho-eIF2α (Cell Signaling Technology 

9721), α-tubulin (Santa Cruz Biotechnology YOL1/24; sc-53030), ATF4 (Cell Signaling 

Technology D4B8; 11815), phospho-Akt (Cell Signaling Technology C313E5E; 2965), Akt 

(Cell Signaling Technology 40D4; 2920). Images were processed with Photoshop (Adobe 

Systems), which was utilized on occasion to change the order of lanes in the image to group like 

samples together. 

 

In vitro caspase activity 

BMDMs were seeded at 2.5 x 10
4
 cells per well in solid white 96-well plates and infected 

as described above. Caspase-3/7 and caspase-8 activities were measured using Caspase-Glo 3/7 

Assay and Caspase-Glo 8 Assay, respectively, according to manufacturer’s instructions 

(Promega). GSK2606414 (EMD Millipore) was dissolved in DMSO and added to macrophages 
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after the 2-hour phagocytosis period at a final concentration of 3μM where indicated. 

Luminescence was measured on a Wallac Victor2 microplate reader (PerkinElmer). 

 

Mouse infections 

Eight to twelve week-old female C57Bl/6 (Jackson Laboratory stock 000664) or CHOP
-/-

 

(B6.129S(Cg)-Ddit3
tm2.1Dron

/J; Jackson Laboratory stock 005530) mice were anesthetized with 

isoflurane and infected intranasally with WT Hc yeast. The inoculum was prepared by collecting 

mid-logarithmic phase (OD600 = 5-7) yeast cultures, washing once with PBS, sonicating for 3 

seconds on setting 2 using a Fisher Scientific Sonic Dismembrator Model 100, counting with a 

hemacytometer, and diluting in PBS so that the final inoculum was approximately 25 μl. To 

monitor survival, animals were infected with 1 x 10
6
 yeast per mouse. To monitor in vivo 

colonization, animals were infected with 3 x 10
5
 yeast per mouse. Infected mice were monitored 

daily for symptoms of disease, including weight loss, hunching, panting, and lack of grooming. 

For survival curve analysis, mice were euthanized after they exhibited 3 days of sustained weight 

loss greater than 25% of their maximum weight in addition to one other symptom. For in vivo 

colonization, five mice per genotype were sacrificed at the indicated time points, and lungs and 

spleens were harvested. The organs were homogenized in PBS and plated on brain heart infusion 

(BHI) agar plates supplemented with 10% sheep’s blood (Colorado Serum Company). After 

plating, the remaining organ homogenate was snap frozen in liquid nitrogen and stored at -80°C. 

CFUs were enumerated after 10-12 days of growth at 30°C. 

 

Statistical analysis 
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Statistical analyses for BMDM lysis and caspase activity was performed using Excel 

(Microsoft). Statistical analysis for mouse survival and colonization experiments was performed 

using Prism (GraphPad Software). Visualization and analysis of Cbp1 structures was conducted 

with PyMOL (171).  
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Table 5.1 

Name Sequence (5' to 3') Function 

D1A F GCTTCTAAGCGTGCTCAACCCACTGTTG CBP1 SDM 

D1A R CAACAGTGGGTTGAGCACGCTTAGAAGC  CBP1 SDM 

Q2A F CTTCTAAGCGTGATGCACCCACTGTTGGCG  CBP1 SDM 

Q2A R CGCCAACAGTGGGTGCATCACGCTTAGAAG  CBP1 SDM 

P3A F CTAAGCGTGATCAAGCCACTGTTGGCGAC  CBP1 SDM 

P3A R GTCGCCAACAGTGGCTTGATCACGCTTAG  CBP1 SDM 

T4A F CTAAGCGTGATCAACCCGCTGTTGGCGACGCCTTC  CBP1 SDM 

T4A R GAAGGCGTCGCCAACAGCGGGTTGATCACGCTTAG  CBP1 SDM 

V5A F CGTGATCAACCCACTGCAGGCGACGCCTTCGATAG CBP1 SDM 

V5A R CTATCGAAGGCGTCGCCTGCAGTGGGTTGATCACG  CBP1 SDM 

G6A F CAACCCACTGTTGCGGACGCCTTCGATAG  CBP1 SDM 

G6A R CTATCGAAGGCGTCCGCAACAGTGGGTTG  CBP1 SDM 

D7A F CAACCCACTGTTGGCGCAGCCTTCGATAGGTAC  CBP1 SDM 

D7A R GTACCTATCGAAGGCTGCGCCAACAGTGGGTTG  CBP1 SDM 

F9A F CTGTTGGCGACGCCGCCGATAGGTACAATG  CBP1 SDM 

F9A R CATTGTACCTATCGGCGGCGTCGCCAACAG  CBP1 SDM 

D10A F GGCGACGCCTTCGCTAGGTACAATGAAG  CBP1 SDM 

D10A R CTTCATTGTACCTAGCGAAGGCGTCGCC  CBP1 SDM 

R11A F GCGACGCCTTCGATGCGTACAATGAAGCTG  CBP1 SDM 

R11A R CAGCTTCATTGTACGCATCGAAGGCGTCGC  CBP1 SDM 

Y12A F CGACGCCTTCGATAGGGCCAATGAAGCTGTCAAAG  CBP1 SDM 

Y12A R CTTTGACAGCTTCATTGGCCCTATCGAAGGCGTCG  CBP1 SDM 

N13A F GCCTTCGATAGGTACGCTGAAGCTGTCAAAG  CBP1 SDM 

N13A R CTTTGACAGCTTCAGCGTACCTATCGAAGGC  CBP1 SDM 

E14A F CTTCGATAGGTACAATGCAGCTGTCAAAGTATTC  CBP1 SDM 

E14A R GAATACTTTGACAGCTGCATTGTACCTATCGAAG  CBP1 SDM 

V16A F GGTACAATGAAGCTGCCAAAGTATTCACGAG  CBP1 SDM 

V16A R CTCGTGAATACTTTGGCAGCTTCATTGTACC  CBP1 SDM 

K17A F GGTACAATGAAGCTGTCGCAGTATTCACGAGGCTTTC  CBP1 SDM 

K17A F GAAAGCCTCGTGAATACTGCGACAGCTTCATTGTACC  CBP1 SDM 

V18A F CAATGAAGCTGTCAAAGCATTCACGAGGCTTTCTTC  CBP1 SDM 

V18A R GAAGAAAGCCTCGTGAATGCTTTGACAGCTTCATTG  CBP1 SDM 

F19A F GAAGCTGTCAAAGTAGCCACGAGGCTTTCTTCC  CBP1 SDM 

F19A R GGAAGAAAGCCTCGTGGCTACTTTGACAGCTTC  CBP1 SDM 

T20A F CTGTCAAAGTATTCGCGAGGCTTTCTTCCG  CBP1 SDM 

T20A R CGGAAGAAAGCCTCGCGAATACTTTGACAG  CBP1 SDM 

R21A F GTCAAAGTATTCACGGCGCTTTCTTCCGCGG  CBP1 SDM 
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Table 5.1 cont.   

Name Sequence (5' to 3') Function 

R21A R CCGCGGAAGAAAGCGCCGTGAATACTTTGAC  CBP1 SDM 

L22A F CAAAGTATTCACGAGGGCATCTTCCGCGGCGAATTG  CBP1 SDM 

L22A R CAATTCGCCGCGGAAGATGCCCTCGTGAATACTTTG  CBP1 SDM 

S23A F GTATTCACGAGGCTTGCCTCCGCGGCGAATTG  CBP1 SDM 

S23A R CAATTCGCCGCGGAGGCAAGCCTCGTGAATAC  CBP1 SDM 

S24A F GTATTCACGAGGCTTTCTGCCGCGGCGAATTGCAAC  CBP1 SDM 

S24A R GTTGCAATTCGCCGCGGCAGAAAGCCTCGTGAATAC  CBP1 SDM 

N27A F GGCTTTCTTCCGCGGCGGCATGCAACTGGCCCAGTATG  CBP1 SDM 

N27A R CATACTGGGCCAGTTGCATGCCGCCGCGGAAGAAAGCC  CBP1 SDM 

C28A F CTTCCGCGGCGAATGCAAACTGGCCCAGTATG  CBP1 SDM 

C28A R CATACTGGGCCAGTTTGCATTCGCCGCGGAAG  CBP1 SDM 

N29A F CTTCCGCGGCGAATTGCGCCTGGCCCAGTATGTAAAC  CBP1 SDM 

N29A R GTTTACATACTGGGCCAGGCGCAATTCGCCGCGGAAG  CBP1 SDM 

W30A F CGGCGAATTGCAACGCGCCCAGTATGTAAAC  CBP1 SDM 

W30A R GTTTACATACTGGGCGCGTTGCAATTCGCCG  CBP1 SDM 

P31A F CGAATTGCAACTGGGCCAGTATGTAAACCC  CBP1 SDM 

P31A R GGGTTTACATACTGGCCCAGTTGCAATTCG  CBP1 SDM 

S32A F1 CGAATTGCAACTGGCCCGGTATGTAAACCCGCATTC  CBP1 SDM 

S32A R1 GAATGCGGGTTTACATACCGGGCCAGTTGCAATTCG  CBP1 SDM 

S32A F2 CATTGGCCAACAGCCTGTCTCAGCTC  CBP1 SDM 

S32A R2 GAGCTGAGACAGGCTGTTGGCCAATG  CBP1 SDM 

C33A F CATTGGCCAACAGGCGCTCTCAGCTCACTTTC  CBP1 SDM 

C33A R GAAAGTGAGCTGAGAGCGCCTGTTGGCCAATG  CBP1 SDM 

L34A F GCCAACAGGCTGTGCCAGCTCACTTTCTG  CBP1 SDM 

L34A R CAGAAAGTGAGCTGGCACAGCCTGTTGGC  CBP1 SDM 

S35A F CAACAGGCTGTCTCGCCTCACTTTCTGCATC  CBP1 SDM 

S35A R GATGCAGAAAGTGAGGCGAGACAGCCTGTTG  CBP1 SDM 

S36A F GGCTGTCTCAGCGCACTTTCTGCATC  CBP1 SDM 

S36A R GATGCAGAAAGTGCGCTGAGACAGCC  CBP1 SDM 

L37A F GCTGTCTCAGCTCAGCTTCTGCATCATCCG  CBP1 SDM 

L37A R CGGATGATGCAGAAGCTGAGCTGAGACAGC  CBP1 SDM 

S38A F CTCAGCTCACTTGCTGCATCATCCGC  CBP1 SDM 

S38A R GCGGATGATGCAGCAAGTGAGCTGAG  CBP1 SDM 

S40A F CTCAGCTCACTTTCTGCAGCATCCGCCGCCTGCATTG  CBP1 SDM 

S40A R CAATGCAGGCGGCGGATGCTGCAGAAAGTGAGCTGAG  CBP1 SDM 

S41A F CACTTTCTGCATCAGCCGCCGCCTGCATTG  CBP1 SDM 

S41A R CAATGCAGGCGGCGGCTGATGCAGAAAGTG  CBP1 SDM 



 

76 

 

Table 5.1 cont. 
  Name Sequence (5' to 3') Function 

C44A F CATCATCCGCCGCCGCCATTGCTGCTGTTG  CBP1 SDM 

C44A R CAACAGCAGCAATGGCGGCGGCGGATGATG  CBP1 SDM 

I45A F CATCATCCGCCGCCTGCGCAGCTGCTGTTGGAGAGCTTG  CBP1 SDM 

I45A R CAAGCTCTCCAACAGCAGCTGCGCAGGCGGCGGATGATG  CBP1 SDM 

V48A F GCATTGCTGCTGCTGGAGAGCTTGG  CBP1 SDM 

V48A R CCAAGCTCTCCAGCAGCAGCAATGC  CBP1 SDM 

G49A F CATTGCTGCTGTTGCAGAGCTTGGCTTG  CBP1 SDM 

G49A R CAAGCCAAGCTCTGCAACAGCAGCAATG  CBP1 SDM 

E50A F CATTGCTGCTGTTGGAGCGCTTGGCTTGGGTAAG  CBP1 SDM 

E50A R CTTACCCAAGCCAAGCGCTCCAACAGCAGCAATG  CBP1 SDM 

L51A F CTGCTGTTGGAGAGGCTGGCTTGGGTAAG  CBP1 SDM 

L51A R CTTACCCAAGCCAGCCTCTCCAACAGCAG  CBP1 SDM 

G52A F CTGTTGGAGAGCTTGCCTTGGGTAAGTTTAG  CBP1 SDM 

G52A F CTAAACTTACCCAAGGCAAGCTCTCCAACAG  CBP1 SDM 

L53A F GGAGAGCTTGGCGCGGGTAAGTTTAG  CBP1 SDM 

L53A R CTAAACTTACCCGCGCCAAGCTCTCC  CBP1 SDM 

D54A F CTAACTTGCCCTAGCTATTCCCCTGGAC  CBP1 SDM 

D54A R GTCCAGGGGAATAGCTAGGGCAAGTTAG  CBP1 SDM 

I55A F CTAACTTGCCCTAGATGCACCCCTGGACCTCGCTTG  CBP1 SDM 

I55A R CAAGCGAGGTCCAGGGGTGCATCTAGGGCAAGTTAG  CBP1 SDM 

P56A F GCCCTAGATATTGCCCTGGACCTCG  CBP1 SDM 

P56A R CGAGGTCCAGGGCAATATCTAGGGC  CBP1 SDM 

L57A F CTAGATATTCCCGCGGACCTCGCTTG  CBP1 SDM 

L57A R CAAGCGAGGTCCGCGGGAATATCTAG  CBP1 SDM 

D58A F CTAGATATTCCCCTGGCACTCGCTTGCGCGGCTAC  CBP1 SDM 

D58A R GTAGCCGCGCAAGCGAGTGCCAGGGGAATATCTAG  CBP1 SDM 

L59A F CTAGATATTCCCCTGGACGCAGCTTGCGCGGCTACTGCAAC  CBP1 SDM 

L59A R GTTGCAGTAGCCGCGCAAGCTGCGTCCAGGGGAATATCTAG  CBP1 SDM 

C61A F GATATTCCCCTGGACCTCGCTGCAGCGGCTACTGCAACCACTAG  CBP1 SDM 

C61A R CTAGTGGTTGCAGTAGCCGCTGCAGCGAGGTCCAGGGGAATATC  CBP1 SDM 

T64A F CTTGCGCGGCTGCAGCAACCACTAG  CBP1 SDM 

T64A R CTAGTGGTTGCTGCAGCCGCGCAAG  CBP1 SDM 

T66A F CTCGCTTGCGCGGCTACTGCAGCAACTAGCGCCACTGAGGCATG  CBP1 SDM 

T66A R CATGCCTCAGTGGCGCTAGTTGCTGCAGTAGCCGCGCAAGCGAG  CBP1 SDM 

T67A F CTTGCGCGGCTACTGCAACCGCTAGCGCCACTGAGGCATG  CBP1 SDM 

T67A R CATGCCTCAGTGGCGCTAGCGGTTGCAGTAGCCGCGCAAG  CBP1 SDM 

S68A F CTACTGCAACCACTGCAGCCACTGAGGCATGC  CBP1 SDM 
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Table 5.1 cont.   

Name Sequence (5' to 3') Function 

S68A R GCATGCCTCAGTGGCTGCAGTGGTTGCAGTAG  CBP1 SDM 

T70A F CTACTGCAACCACTAGCGCCGCTGAGGCATGCAAGGGCTG  CBP1 SDM 

T70A R CAGCCCTTGCATGCCTCAGCGGCGCTAGTGGTTGCAGTAG  CBP1 SDM 

E71A F CTGCAACCACTAGCGCCACTGCGGCATGCAAGGGCTGCTTGTG  CBP1 SDM 

E71A R CACAAGCAGCCCTTGCATGCCGCAGTGGCGCTAGTGGTTGCAG  CBP1 SDM 

C73A F CCACTAGCGCCACTGAGGCAGCAAAGGGCTGCTTGTGGTAAAAG  CBP1 SDM 

C73A R CTTTTACCACAAGCAGCCCTTTGCTGCCTCAGTGGCGCTAGTGG  CBP1 SDM 

K74A R CTAGCGCCACTGAGGCATGCGCAGGCTGCTTGTGGTAAAAGG  CBP1 SDM 

K74A F CCTTTTACCACAAGCAGCCTGCGCATGCCTCAGTGGCGCTAG  CBP1 SDM 

G75A F CCACTGAGGCATGCAAGGCTTGCTTGTGGTAAAAGGCAG  CBP1 SDM 

G75A R CTGCCTTTTACCACAAGCAAGCCTTGCATGCCTCAGTGG  CBP1 SDM 

C76A F CACTGAGGCATGCAAGGGCGCCTTGTGGTAAAAGGCAGC  CBP1 SDM 

C76A R GCTGCCTTTTACCACAAGGCGCCCTTGCATGCCTCAGTG  CBP1 SDM 

L77A F CATGCAAGGGCTGCGCGTGGTAAAAGGCAG  CBP1 SDM 

L77A R CTGCCTTTTACCACGCGCAGCCCTTGCATG  CBP1 SDM 

W78A F GAGGCATGCAAGGGCTGCTTGGCCTAGCTCGAGATAATA CBP1 SDM 

W78A R TATTATCTCGAGCTAGGCCAAGCAGCCCTTGCATGCCTC CBP1 SDM 

mTrb3_fwd2 TGCAGGAAGAAACCGTTGGAG TRB3 qRT-PCR 

mTrb3_rev2 CTCAGGCTCATCTCTCACTCG TRB3 qRT-PCR 

mXBP1.19S GGCCTTGTGGTTGAGAACCAGGAG 

Xbp1 splice 

variant analysis 

mXBP1.14AS GAATGCCCAAAAGGATATCAGACTC 

Xbp1 splice 

variant analysis 

mHPRT1-F AGGTTGCAAGCTTGCTGGT HPRT qRT-PCR 

mHPRT1-R TGAAGTACTCATTATAGTCAAGGGCA HPRT qRT-PCR 

ERdj4 F CTCCACAGTCAGTTTTCGTCTT ERdj4 qRT-PCR 

ERdj4 R GGCCTTTTTGATTTGTCGCTC ERdj4 qRT-PCR 

SEL1L F GCCCGATGAAGTGGAAAAC SEL1L qRT-PCR 

SEL1L R CATTCTTAAACAACTCCACTGC SEL1L qRT-PCR 

BiP F ACTTGGGGACCACCTATTCCT BiP qRT-PCR 

BiP R ATCGCCAATCAGACGCTCC BiP qRT-PCR 

CHOP F CTGGAAGCCTGGTATGAGGAT CHOP qRT-PCR 

CHOP R CAGGGTCAAGAGTAGTGAAGGT CHOP qRT-PCR 

Table 5.1. Primers used in this study. Primer names, sequences, and functions used in this 

study are listed here. Site-directed mutagenesis (SDM) primers were used for alanine-scanning 

mutagenesis. 
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