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ABSTRACT 
 
Title of Thesis: Activation of Host Cell Signaling in Response to Rhizopus delemar 
 
Karen T. Graf, Master of Science, 2017 

Thesis Directed by: Vincent Bruno, PhD., Associate Professor, Department of 
Microbiology & Immunology and Institute for Genome Sciences University of Maryland 
School of Medicine 
 
 
Rhizopus delemar is the most common cause of mucormycosis, a life threatening 

invasive fungal infection. The molecular mechanisms that govern the interaction between 

R. delemar and host cells are poorly understood. Based on previous transcriptional 

analyses, we hypothesize that the activation of ERK1/2 MAPK signaling pathway and 

ErbB2 receptor signaling promote fungal invasion of lung epithelial cells. We confirmed 

that ERK1/2 MAPKs are activated in A549 alveolar epithelial cells upon infection with 

R. delemar spores or germlings. We also confirmed that the ErbB2 receptor is activated 

upon infection and hypothesize that the activation of the ErbB2 receptor from the host 

cell leads to the downstream activation of the ERK1/2. A novel finding was the presence 

of an ErbB2-like protein encoded by R. delemar that could potentially form dimers with 

the host encoded ErbB2 or EGFR to activate downstream signaling in the host to promote 

invasion. 
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CHAPTHER 1: INTRODUCTION 

 

Mucormycosis is a life threatening opportunistic infection, especially among 

immunocompromised hosts, caused by fungi belonging to subphylum Mucormycotina, 

order Mucorales, which is the core group of the established Zygomycota (1-4). Infections 

primarily occur in patients experiencing diabetic ketoacidosis (DKA), or those who are 

immunosuppressed as a consequence of treatment with corticosteroids, treatment for 

organ or bone transplantation, neutropenia or malignant hematologic disorders (5, 6). 

Infection sites include the sinus cavity, lungs, rhinocerebral spaces, skin, soft tissue, 

bloodstream, and gastrointestinal tract (6). Within the Mucorales, Rhizopus spp. are the 

most prevalent organisms isolated from patients with mucormycosis, accounting for 

~70% of all cases of this disease (1, 5). Lichtheimia spp. and Mucor spp. each account for 

~20% of the cases in Europe and Apophysomyces spp. is a common isolate from 

Mucormycosis patients in India (1). While Mucorales are mostly opportunistic pathogens 

in immunosuppressed patients, infections caused by Cunninghamella bertholletiae, 

Apophysomyces elegans, and Saksenaea vasiformis have been reported in allegedly 

healthy individuals (7).  

In many cases, Mucorales strains cause acute, aggressive, and usually 

angioinvasive infections, principally in immunocompromised hosts with hematologic 

malignancy and/or stem cell transplantation (8). Transmission results through cutaneous 

exposure, by inhalation of aerosolized spores, or ingestion of contaminated foodstuffs (9). 

To trigger disease, all fungi are required to reach a host, adhere to particular tissues, 

endure the host immune defense machinery and proliferate to a certain degree. 
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Regardless of this universal collection of ordered events, fungi adopt different types of 

strategies to remain within the host and induce disease (10).  

 

Pulmonary Mucormycosis 

 

Pulmonary mucormycosis accounts for ~24% of all mucormycosis cases and has 

high mortality (40-76%), which may be related to difficulties in diagnosis, reduced host 

response, and limited available therapy (11). Diagnosis can be especially challenging 

because this type of infection is clinically similar to other endemic and opportunistic 

respiratory fungal infections, including invasive pulmonary aspergillosis (IPA) (12). 

While chest imaging can show lung masses, pleural effusions, and multiple nodules, 

histopathologic examination of the tissue biopsy continues to be a rapid and cost-

effective tool providing an assumptive or definitive diagnosis of an invasive fungal 

infection. Additionally, histopathology helps to assess the diagnostic significance of 

results from PCR testing or positive culture isolates (13, 14).  

Pulmonary mucormycosis happens once fungal spores are inhaled. The inhaled 

spores can cause tissue necrosis and invade tissue, spreading locally or disseminating 

systemically, with the predilection of invading adjacent organs such as the chest wall, 

pericardium, and mediastinum. The symptoms can be mild, such as fever, cough, and 

chest pain, or more severe, such as dyspnea, hypoxia, and hemoptysis (14). Normally, 

two cell types are primarily responsible for the host defense against the Mucorales 

infections. Macrophages inhibit germination of spores, and neutrophils use the oxidative 

burst to destroy proliferating hyphal elements. Without proper functioning of those 
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immune cells, the spores germinate at the original inoculation site and invade tissues, 

including blood vessels. Thus, immunocompromised individuals with impaired function 

of the two main partners of the phagocyte cell system, due to cancer chemotherapy and 

stem cell transplantation, are at extreme risk for invasive pulmonary mucormycosis (13).  

 

Host MAP-kinase signaling pathway in response to fungal pathogens 

 

Following infection, motif recognition receptors are stimulated on the cell surface 

and in the cytoplasm of innate immune cells. This stimulation is critical during the first 

hours and days of exposure to a pathogen to control the infection, and involves the 

members of each of the major mitogen-activated protein kinase (MAPK) subfamilies 

(15). In fungal infection, epithelial and endothelial cells also activate inflammatory gene 

expression and cytokine secretion to promote an efficient immune response, utilizing the 

NFκb and MAPKs pathways (16). Fungal pathogens such as Cryptococcus neoformans, 

Aspergillus fumigatus, and Candida albicans, are able to initiate the host MAPK-

signaling pathway, due to the ability of host cells to recognize fungal antigens, 

particularly cell surface polysaccharides (e.g. β-glucans), leading to cytokine secretion, 

elevated cell motility and killing of the disease-causing agent (16).  

There are 14 mammalian MAPKs, categorized into seven groups where four are 

conventional and three are atypical (15). The conventional MAPKs include the 

extracellular signal-regulated kinases 1 and 2 (ERK1/2), p38 (α, β, γ, and δ), c-Jun 

amino-terminal kinases 1 to 3 (JNK1, JNK2 and JNK3), and ERK5 families. In 

mammals, the most studied MAPKs are the ERK1/2, JNKs, and p38 isoforms (15, 17). 
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The conventional MAPKs are composed of three evolutionarily conserved, sequentially 

acting kinases, a MAPK, a MAPK kinase (MAPKK), and MAPKK kinase (MAPKKK). 

Furthermore, the activity of this cascade can be controlled by other regulators and 

scaffolding proteins (17, 18). The upstream components of the pathway include the 

transmembrane receptor tyrosine kinases (RTKs), G protein-coupled receptors (GPCR), 

and epidermal growth factor receptor (EGFR), among others (18). The atypical MAPKs 

are less studied and have different regulation and functions, including ERK3/4, ERK7/8, 

and Nemo-like kinase (NLK). Collectively, the MAPKs govern many substrates; along 

with a family of protein Ser/Thr kinases named MAPK activates protein kinases 

(MAPKAPKs) (Figure 1) (17). MAPK activation leads to the expression of numerous 

genes and, together with the activation of nuclear factor-κB (NFkB) and interferon-

regulatory factor transcription factors, regulates the inflammatory feedback (15, 17).  
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The MAPK/ERK1/2 module 

 

In mammals, the MAPK/ERK1/2 module is also known as the classical mitogen 

kinase cascade. ERK1 was the first MAP kinase studied, and cloning of both ERK1 and 

ERK2 date to the 1990s. These kinases have 83% amino acid identity and are detectable 

in all tissues. ERK1/2 activation occurs in response to growth factors such as epidermal 

growth factor (EGF), platelet-derived growth factor (PDGF), nerve growth factor (NGF) 

and to ligands of the heterotrimeric GPCR, cytokines and osmotic stress. However, the 

Figure 1. MAPK signaling pathways driving to activation of the MAPKAPKs. Cellular stresses, 
mitogens, and cytokines benefit the activation of several MAPK pathways, which as a result 
phosphorylate and activate the five subgroups of MAPKAPKs, including RSK, MSK, MNK, MK2/3, 
and MK5. Dotted lines imply that substrate regulation by the respective kinase continues to be 
demonstrated. The γ and δ isoforms of p38 have not been shown to promote MAPKAPK activation (17). 
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ERK1/2 module is principally activated by cell surface receptors such as RTKs and 

GPCRs (17, 19). In the epidermal growth factor receptor (EGFR) family of RTKs, which 

includes EGFR/HER1/ErbB1, HER2/ErbB2, HER3/ErbB3 and HER4/ErbB4 (20), ligand 

binding to the ectodomain of the receptor promotes dimerization. Upon activation, EGFR 

transmits signals to the Raf/MEK/ERK cascade, which was the first signaling pathway to 

be completely delineated from the cell membrane to the nucleus (21). Phosphorylated 

EGFR is linked to the Ras GTPase through growth factor receptor-bound protein 2 

(Grb2), which binds to both EGFR and son of sevenless homologue (Sos), a guanine 

exchange factor for Ras. Sos stimulates Ras to change GDP to GTP, an essential step for 

direct binding of the serine/threonine kinase Raf (MAPKKK). The Raf cascade is then 

initiated, which results in the immediate activation of MEK1 and MEK2 (MAPKK; 

p45/p46) and subsequent activation of ERK1 and ERK2 (MAPK; p44/p42). Once 

activated, ERK1/2 are released from MEK1/2, and can then phosphorylate cytosolic 

substrates, or translocate to the nucleus, although, it is unclear whether ERK1/2 

translocates to the nucleus in its monomeric form or as a dimer. ERK1/2 acts in several 

nuclear processes, including transcriptional regulation of gene expression, targeting and 

activating several nuclear receptors. Due to the phosphorylation of substrates in the 

cytosol, ERK1/2 can also be effectors of many cellular processes, such as differentiation 

and cell proliferation (17, 18). 
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The p38 MAPK module 

 

 In mammalian cells, p38 (also known as CSBP, Mhog1, RK, and SAPK2) is the 

second MAPK related pathway, and four isoforms have been identified (α, β, γ, and δ) 

(17, 19). The four p38 MAPKs are encoded by different genes that display different 

tissue expression patterns but have overlapping substrate specificities which, in some 

cases, leads to functional redundancy. There are alternatively spliced isoforms of p38, 

which display reduced binding to p38 MAPK substrates, though it can bind to ERK1/2 

MAPKs and manage their nuclear import (22). p38α was the first isoform discovered and 

is commonly referred as p38. p38α and p38β are ubiquitously expressed in tissues and 

cell lines, and share ~74% sequence identity (22, 23). The other two isoforms (γ and δ) 

have more restricted expression patterns and have no demonstrated role in MAPKAPK 

activation (17). The p38 MAPK pathway can be activated by different stimuli such as 

growth factors, inflammatory cytokines, and environmental stresses. However, 

MAPKKK expression levels among the cell types can influence p38 activation depending 

on the stimulus (22). Activation occurs in response to treatment with interleukin-1 (IL-1) 

and tumor necrosis factor alpha (TNF-α), which activate p38 isoforms via the recruitment 

of TRAF adaptor proteins (17). These proteins then promote the activation of numerous 

MAPKKKs, activated by phosphorylation in two conserved serine/threonine sites of the 

activation loop (22). MAPKKKs such as MKK3 and MKK6, the major protein kinases, 

are in charge of the activation of the p38 isoforms. MKK6 activates all p38 isoforms and 

MKK3 has a preference for the α, γ, and δ isoforms. Other MAPKKKs are involved in 

MKK3/6 activation, including TAO1/2, ASK1, TAK1, Tpl2, MLK2/3, and MEKK1 to -3 
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(17, 22). The diversity of MAPKKKs and their regulatory mechanisms contribute to the 

functions of responding to numerous stimuli and to link the p38 MAPK pathway to other 

signaling pathways (22). The EGFR/ERBB2 pathways (24), Rho family GTPases Rac 

and Cdc42, and GPCRs have also been associated with the activation of p38 isoforms 

(17). Some MAPKKKs triggering p38 MAPK activation can also stimulate the JNK 

pathway, and those two pathways share the activation by the majority of stimulus (17, 

22). Once MPKKKs are activated, these trigger MEK3 and MEK6 (MAPKKs), which 

show a high degree of specificity for only p38, and not ERK1/2 or JNK MAPKs (19). 

Even though p38 is known to be present in both the cytoplasm and nucleus, upon cell 

stimulation, the cellular localization is not completely understood. The p38 MAPK 

pathway has been reported to be essential for immune and inflammatory responses, 

participating in neutrophil and macrophage functional responses, such as chemotaxis, 

granular exocytosis, adherence, apoptosis, respiratory burst activity, regulating gamma 

interferon production in T-cells and cytokine expression by modulating transcription 

factors, such as NF-κB, among other functions (17, 19).  

 

The epidermal growth factor receptor family 

 

 Growth factors are vital for development, growth and homeostasis of eukaryotic 

organisms. They act through cell surface receptors and are required for cell-cell 

communications important for embryotic tissue induction, cell survival, apoptosis, cell 

migration, and tissue specialization (20). Receptor tyrosine kinases are single-pass 

transmembrane proteins that mediate signal transduction across the plasma membrane 
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through lateral dimerization with other RTKs in the membrane. The dimerization acts as 

the activation switch when mutual phosphorylation in the catalytic domains occurs 

thereby triggering signaling cascades downstream. Inactive RTKs are found as 

monomers. This state is altered when ligand binding occurs and promotes conformational 

change in the extracellular domain, thus allowing RTK dimerization (25). There are 

several sub-families of RTKs including: epidermal growth factor receptors (ErbBs), 

insulin receptor (IR), insulin-like growth factor receptor (IGFR), vascular endothelial 

growth factor receptors (VEGFRs), fibroblast growth factor receptors (FGFRs), platelet-

derived growth factor receptors (PDGFRs), hepatocyte growth factor receptors (HGFRs), 

nerve growth factor receptors (NGFRs), and the largest sub-family – erythropoietin-

producing receptor (EphRs) (25, 26). 

 The epidermal growth factor receptor (EGFR) sub-family is the best characterized 

of the RTKs, also called ErbB or HER receptors (20, 27). This family consists of four 

members: EGFR (ErbB1, HER1), ErbB2 (HER2, neu in rodents), ErbB3 (HER3) and 

ErbB4 (HER4). The ErbB receptors share structural similarities, consisting of an 

extracellular ligand-binding ectodomain, a transmembrane domain (TM), a short 

juxtamembrane section (JM), a tyrosine kinase domain and a tyrosine-containing C-

terminal tail (Figure 2.A) (20). ErbB2 is the only member with no known soluble 

activating ligand, and holds a dimer structure considered to correspond to the active state 

of the dimer. This property makes it permanently available for dimerization (20, 25, 28). 

The receptor’s extracellular region contains four domains: I (L1, leucine-rich repeats 1), 

II (CR1, cysteine-rich 1), III (L2, leucine-rich 2), and IV (CR2, cysteine-rich 2). 

Furthermore, domains III and I are similar in sequence, and domains II and IV are similar 
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in sequence (25, 27). Domain II contains a β-hairpin loop essential to receptor function. 

In the inactive state, domains II and IV interact sequestering the dimerization loop. In 

presence of a ligand, domains III and I have been reported to bind directly with the 

ligand, leading to a conformational change that exposes the dimerization loop, allowing 

receptor dimerization (20, 25, 27, 28). Dimerization can occur between two different 

ErbB receptors (heterodimerization) or between the same members (homodimerization) 

with the exception of ErbB3, which do not form homodimers (27). Dimerization 

promotes auto-phosphorylation of a series of tyrosines in the carboxy-terminal tail, which 

become aid in docking for phosphotyrosine-binding SH2 and PTB domains. Different 

ErbB family members dock diverse complements of tyrosine phosphorylation sites in 

their carboxy-terminal tails, yielding distinct but overlapping sets of responses (Figure 

2.B) (20, 25, 27, 28). The pathways that are known to be activated by the EGFR family 

members are the Ras/MAPK, STAT, PI(3)K/Akt, PLCγ1/PKC, and Par6-atypical PKC 

(20). The juxtamembrane section is known to have both extracellular (eJM) and 

intracellular (iJM) components while the transmembrane domain (TM) separates the two 

JM components (27).  
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The JM domain connects the TM domain with the catalytic domain and likely works 

synergistically with the TM domain in signal transduction, regulating RTK activity. 

Mutations in JM and TM can negatively affect the activation of signaling pathways. 

Deletions and insertions in the JM domain can lead to cancer (25, 29), and TM mutations 

can affect the RTK function in multiple ways, such as structural orientation of the kinase 

domains disturbing ligand binding and extracellular contacts. For that reason, TM and JM 

mutations can be pathogenic because they interfere with the down-regulation and 

internalization of activated dimeric receptors (25).  

Figure 2. Structure of ErbB receptors. (A) Vertical representation of ErbB receptor domains. The 
extracellular N-terminal domain includes four subdomains. The leucine-rich subdomains L1 and L2 
directly connect with ligand. The cysteine-rich subdomain CR1 includes the dimerization loop 
accountable for receptor-receptor interplay. A short transmembrane (TM) and juxtamembrane (JM) 
domain connects the extracellular domain to bilobed tyrosine kinase domain and the C-terminal tail. 
(B) Schematic representation of ErbB receptor dimerization and activation. (i) In the ligand-free state, 
EGFR, ErbB3, and ErbB4 have a tethered conformation preserved by interaction between of CR1 and 
CR2. (ii) Binding of ligand between L1 and L2 generates an extended conformation, which unveils the 
dimerization loop of CR1 required for receptor homo- and heterodimerization. (iii) Receptor 
dimerization connects the tyrosine kinase N-lobe of one receptor with the C-lobe of its partner driving 
to C-terminal tyrosine phosphorylation, forming phosphotyrosine-binding sites for binding of signaling 
molecules, regulatory proteins, and adaptors. (iv) ErbB2 active state conformation allows the 
interaction with other ErbB receptors (20). 
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 In humans, all EGFR ligands are expressed as membrane-bound precursor 

proteins and are cleaved by cell-surface proteases to yield the active growth factor 

species. ErbB receptors can be activated by multiple ligands, with the exception of 

ErbB2. ErbB1 is regulated by at least seven different activating ligands, including EGF 

itself, transforming growth factor α (TGF-α), amphiregulin (ARG), epiregulin (EPR), 

betacellulin (BTC), heparin-binding EGF-like growth factor (HB-EGF), and epigen 

(EGN). Additionally, BTC, EPR, and HB-EGF ligands also bind to ErbB4. The ligands 

regulating ErbB3 and ErbB4 are called neuregulins (NRGs) or heregulins (HRGs), which 

is a family of ligands produced from four genes (NRG1—NRG4). NRG1 and NRG2 bind 

both ErbB3 and ErbB4, and NRG3 and NRG4 are selectively binding ErbB4 only (27).  

 Cross-talk between ErbB RTKs and ErbB-independent signaling pathways 

happens through different mechanisms and promotes combinatorial activation of 

signaling pathways to extend the diversity of cellular responses. ErbB cross-talk is also a 

mechanism used by human cancers to escape from the inhibitory reaction of tyrosine 

kinase inhibitors. Additionally, ErbB family members can move directly to the nucleus to 

impact gene transcription. Nuclear localization of ErbB proteins is relevant to human 

disease as overexpression of nuclear EGFR may lead to a worse prognosis in breast 

cancer. Also, nuclear localization of ErbBs up-regulates many important genes that 

influence cancer biology and progression (20). 
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CHAPTER II: MATERIALS AND METHODS 

Fungal Growth Conditions and Strains 

All Mucorales and Aspergillus fumigatus (strains; Table 1) were grown on potato 

dextrose agar at 37 °C for 6 d. Conidia were harvested by rinsing the colonies with 1x 

Endotoxin-Free Dulbecco’s phosphate buffered saline (EMD Millipore Corporation), 

collected by centrifugation at 3,000 rpm x 5 min, and enumerated with a hemocytometer. 

Germlings were prepared by incubating conidia in Yeast Extract Peptone Dextrose (YPD; 

2% dextrose, 2% Bacto peptone, 1% yeast extract) broth in an orbital shaker at 37 °C for 

different time points, after which the germlings were rinsed with 1x Endotoxin-Free 

DPBS. For Candida albicans, SC5314 strain was grown in YPD agar at 30 °C for 2 d. 

Colonies were inoculated into 3 ml of YPD and grown overnight in an orbital shaker at 

30 °C, then rinsed with DPBS (GIBCO®) and cell concentration on suspension was 

measured by optical density at 600 nm. 
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In Vitro Infections 

For the study of host response to Mucorales and Aspergillus fumigatus, infections were 

performed using minor modifications of the protocol in Chibucos et al. (1). A549 

alveolar epithelial cells were grown in 6 well plate tissue culture dishes in F-12K medium 

with L-glutamine (ATCC) supplemented with 10% bovine serum albumin and 1:100 

penicillin-streptomycin (F-12K complete medium) until confluent at 37 °C with 5% CO2. 

1.7 x 107 spores or germlings of each strain were added to each well for a multiplicity of 

~15 cells for every human cell and incubated at 37°C with 5% CO2. After each time 

point, the cells were rinsed with 1x Endotoxin-Free DPBS supplemented with 1 mM 

Na2VO3. 1x cell lysis buffer (Cell Signaling Technology®) supplemented with 1 mM 

PMSF (protease inhibitor; Thermo Scientific) and 1:100 of each phosphatase inhibitor 

(Cocktail 2 and 3; Sigma-Aldrich®) was added before scraping the cells from the plate. 

Next, lysates were sonicated 3 times (medium intensity) for 6 seconds, centrifuged at 

3,000 rpm x 5 min, and supernatant was stored at -80 °C. For fungi extracts, 1 x 108 

spores (Mucorales and A. fumigatus strains) or C. albicans cells were resuspended in 1x 

cell lysis buffer (Cell Signaling Technology®) and transferred to a 1.5 screw cap tube 

containing Zirconia Beads (RiboPureTM-Yeast Kit; Thermo Scientific). Next, sample 

tubes were positioned horizontally on a vortex mixer beat for 10 min at 4 °C, centrifuged 

at 14,000 rpm and supernatants were stored at -80 °C. Protein quantitation of the lysates 

and fungi extracts was performed using the BCA Protein Assay (Pierce®; Thermo 

Scientific) according to manufacturers instructions. 
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In Vitro Infections with Permeable Insert System 

A549 Alveolar epithelial cells were grown as described above. Using sterile forceps, 24 

mm Transwell with 0.4 µm pore polyester membrane inserts (COSTAR, Corning 

Incorporated) were placed in each well, except in control wells. 1.7 x 107 spores or 

germlings of each strain (R. delemar 99-880 or A. fumigatus MYA 4609) were 

resuspended in F-12K complete media, and added to the upper chamber of each well for a 

multiplicity of ~15 cells for every human cell and incubated at 37 °C with 5% CO2. Fresh 

media was also added to the lower chamber of the well. After each time point, transwells 

were removed from each well and lysates were collected as described above. 

In Vitro Infections with Inhibitors  

A549 Alveolar epithelial cells were grown as described above, except that the cells were 

grown in 10 cm tissue culture dishes until confluent (~90%). The day before the 

experiment, A549 cells were pre-treated for 18-24 h with F-12K medium with L-

glutamine (ATCC) supplemented with 1% bovine serum albumin and 1:100 penicillin-

streptomycin until confluent (F-12K starvation medium). On the next day, media was 

aspirated from host cells and pre-treated for 1 h at 37 °C with 5% CO2 with new F-12K 

starvation medium plus inhibitor or solvent. For the infection with R. delemar (99-880), 5 

x 107 spores were added to each well for an MOI of ~7.5 spores for every human cell. 

The infections were incubated at 37°C with 5% CO2, for 30 min or 1 h after which the 

lysates were collected as described above for the in vitro infections. The inhibitors used 

were UO126, a highly selective inhibitor of MEK 1 and MEK 2 (Cell Signaling 

Technology®), and TAPI-1 a potent inhibitor of matrix metalloproteinases, and TACE 
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(TNF-α convertase/ADAM17/α-secretase) acetate salt (Sigma-Aldrich®), each were 

resuspended in dimethyl sulfoxide (DMSO; americanBIO). 

Western Blot Procedure 

 
Protein samples, either the in vitro Infection lysates or fungal extracts, were diluted with 

25% of 4x LDS sample buffer (NuPAGE®), 10% 10x reducing agent (NuPAGE®), and 

separated in a 4-12% Bis-Tris polyacrylamide gel (NuPAGE®) by sodium dodecyl sulfate 

polyacrylamide gel electrophoresis (SDS-PAGE). Samples were transferred to 

polyvinylidene difluoride (PVDF) membrane via wet transfer apparatus 30 V constant for 

1 h, and membranes were blocked with a 5% solution of nonfat powdered milk in Tris-

buffered saline (BLOTTO; Thermo Scientific) for 1 h, followed by overnight incubation 

with primary antibody at 4 °C. Membranes were briefly rinsed in TTBS (Tris-buffered 

saline with Tween 20) and incubated for 1 h with secondary antibody at room 

temperature. For detection, membranes were incubated in SuperSignal West Femto 

Maximum Sensitivity Substrate (Thermo Scientific) and visualized using ChemiDoc 

system (Bio-Rad). The primary antibodies used were the p44/42 MAPK (Erk1/2) (137f5) 

Rabbit mAb (1:1000; Cell Signaling Technology®), Phospho-p44/42 MAPK (Erk1/2) 

(Thr202/Tyr204) (D13.14.4E) XP® Rabbit mAb (1:2000; Cell Signaling Technology®), 

p38 MAPK Rabbit mAb (1:1000; Cell Signaling Technology®), Phospho-p38 MAPK 

(Thr180/Tyr182) Rabbit (1:1000; Cell Signaling Technology®), Neu (3B5) mouse mAb 

(1:1000; Santa Cruz Biotechnology, INC), GAPDH (D16H11) XP® Rabbit mAb (1:1000; 

Cell Signaling Technology®), and β-Actin (13E5) Rabbit mAb (1:1000; Cell Signaling 

Technology®). The secondary antibodies used were Anti-rabbit IgG, HRP-linked 
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Antibody (1:2000; Cell Signaling Technology®) and Anti-mouse IgG, HRP-linked 

Antibody (1:1000; Cell Signaling Technology®). 

 

Fungal Mediated Cell Cytotoxicity Assay 

 

The quantitative measurement of lactate dehydrogenase (LDH) released into the media 

from damaged cells as a biomarker for cellular cytotoxicity was performed using the 

LDH Cytotoxicity Assay Kit (Pierce®; Thermo Scientific) according to the 

manufacturer’s instructions. The day before the infection, 2 x 104 A549 cells per well 

were seeded in a 96 well plate (Nunc®Edge; Thermo Scientific. The next day, A549 cells 

were pretreated for 1 h at 37°C and 5% CO2 with 150 µl of the appropriate warm 

medium, including controls for the solvent in which the inhibitors were dissolved. Once 

pretreatment was completed, A549 cells infected with 2 x 106 R. delemar (99-880) 

spores/well, along with the media and spontaneous release control wells, were incubated 

for 24 h at 37°C with 5% CO2. Next, 50 µl of media from all wells was transferred to a 

second 96 well plate and 10 µl of 10x lysis buffer was added to the initial plate where 

wells had fungi. Both plates were incubated for 45 min at 37 °C with 5% CO2, and then 

50 µl of media from wells that received the lysis buffer were transferred to the second 

plate. The LDH assay was completed in the second plate by adding 50 µl of reaction 

mixture reagent to each well, mixing and incubating for 30 min at room temperature, 

protecting from light. Later, 50 µl of stop solution was added to each well and 

measurement of the absorbance was done at 490 nm and 680 nm, and determination of 

LDH activity was obtained subtraction A680 nm from 490nm. The inhibitors used were 
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UO126 a highly selective inhibitor of MEK 1 and MEK 2 (Cell Signaling Technology®), 

and TAPI-1 a potent inhibitor of matrix metalloproteinases and TACE (TNF-α 

convertase/ADAM17/α-secretase) acetate salt (Sigma-Aldrich®), both were resuspended 

in dimethyl sulfoxide (DMSO; americanBIO). 

 

Measurement of Endocytosis of R. delemar by A549 Alveolar Epithelial Cells  

The number of organisms endocytosed by host cells was determined using minor 

modifications of the standard differential fluorescence assay (30, 31). A549 cells were 

grown to 95% confluence on 12 mm glass coverslips in a 12-well tissue culture plate 

(Corning™ Costar™) at 37 °C with 5% CO2  with 3 wells/condition (DMSO, 50 µM and 

100 µM of U0126). Host cells were incubated with 2 x 105 R. delemar spores in F12K 

complete medium. After 2.5 h at 37°C with 5% CO2, the cells were rinsed twice with 

Hank’s balanced salt solution (HBSS; GIBCO®) and then fixed with 3% 

paraformaldehyde. The non-internalized organisms were stained for 1 h with 1% Uvitex 

(Polysciences), which fluoresces blue. Next, the cells were rinsed with DPBS (GIBCO®), 

the coverslips were mounted inverted on glass slide with a drop of ProLong Gold antifade 

reagent (ProLongTM) and viewed using an epifluorescent microscope. Subtracting the 

number of noninternalized organisms from the total number of organisms and counting at 

least 500 organisms per coverslip determined the number of endocytosed organisms. 
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Detection of ErbB2 via ELISA 

ErbB2 measurement in supernatants of A549 cells, R. delemar (99-880) and infected 

A549 cells with 99-880 spores was determined using the commercially available Human 

ErbB-2 PicoKine ELISA Kit (Boster Biological Technology). In brief, hErbB-2 standard 

was prepared per protocol. 100 µl of standard and 100 µl of undiluted F12-K complete 

media were added to ELISA wells, precoated with anti-Human ErbB2 antibody. The 

plate was sealed and incubated at 37 °C for 90 min. Wells were aspirated and blotted onto 

paper towels. 100 ul of biotinylated anti-ErbB2 antibody (1:100 dilution in antibody 

dilution buffer) was added to each well. The plate was sealed and incubated at 37 °C for 

60 min and then washed 3 times with 1X PBS, aspirating and blotting onto paper towels 

between washes. A volume of 100 ul of Avidin-Biotin-Peroxidase Complex (ABC) 

(1:100 in ABC dilution buffer) was added to each well. The plate was re-sealed and 

incubated at 37 °C for 30 min and then washed again 5 times with 1X PBS with an 

aspiration and blotting between washes. A volume of 90 ul of TMB was added to each 

well. A fresh plate seal was added and the plate was incubated at 37 °C in dark for 25 

min after which 100 ul of Stop solution was added. The plate was read at 450 nm within 

30 min of adding the stop solution. 
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CHAPTHER 3: RESULTS 

 

Time course germination of three species from the order Mucorales  

 

Previous studies have reported significant differences between resting spores and 

germlings of Rhizopus oryzae. The cell surface spore coat protein homologs (CotH1, 

CotH2, CotH3) mediate attachment to the endothelial receptor glucose-regulated protein 

78 (GRP78) during host cell invasion (32). Gebremariam et al. found that resting spores 

expressed all three CotH proteins while CotH3, which mediates fungal invasion, was the 

only one expressed in germlings. It is unclear whether changes in morphology or cell 

wall content during conidial germination are associated with activation of signaling 

pathways in host cells during the course of infection. Therefore, both resting spores and 

germlings were analyzed. Conidial germination was induced by incubation in YPD broth 

at 37 °C with shaking, as has been reported in previous studies (32, 33). To confirm 

morphological changes, phase contrast microscopy was undertaken to document germ 

tube formation among different species over time (Figure 3). For both, Rhizopus delemar 

(99-880) and Rhizopus oryzae (99-892) (Figure 3. A, B), germ tubes were first observed 

after 4 h of incubation in the culture medium. In contrast, Mucor circinelloides 

(NRRL3631) did not form germ tubes at any point during the 6 h time course; only 

swollen conidia were observed (Figure 3, C). 

 

 

 



	   21 

 

 

 

Activation of Erk1/2 and p38 MAP kinase in cultured A549 alveolar epithelial cells 

challenged with Rhizopus delemar 

 

Following pathogen infection, the stimulation of pattern recognition receptors on the cell 

surface and in the cytoplasm of innate immune cells activates members of the mitogen-

activated protein kinase (MAPK) subfamilies. In mammalian cells, 14 MAPKs have been 

widely studied in the framework of innate immunity, including the extracellular signal-

regulated kinase 1 (ERK1), ERK2, p38α, Jun N-terminal kinase 1 (JNK1) and JNK2 (15). 

Chibucos et al. examined the host response of A549 cells to Rhizopus infection using 

RNA-seq (1). This analysis indicated that several of the MAPK signaling pathways 

become activated during infection. To confirm the results of these transcriptional studies, 

the levels of MAPK phosphorylation for each of the 3 major pathways (ERK1/2, p38 and 

JNK) in A549 cell lysates following infection with R. delemar (99-880) spores and 

Figure 3. Time course germination of three species from the order Mucorales. (A) Rhizopus delemar (99-
880), (B) Rhizopus oryzae (99-892), and (C) Mucor circinelloides (NRRL3631). Spores were collected 
per protocol, incubated in YPD broth in an orbital shaker at 37°C for different time points. Pictures were 
taken with a phase contrast microscope after each time point. 
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germlings were examined. During the course of infection with both R. delemar resting 

spores and germlings, ERK1/2 kinases were activated at all time points (5, 15, 30, and 60 

min) compared to the uninfected control. ERK1/2 MAPK phosphorylation was increased 

in lysates from A549 cells challenged with germlings at 15 min, compared to lysates 

from A549 cells infected with resting spores (Figure 4.A). These findings are consistent 

with the transcriptomic prediction that ERK1/2 kinases are activated in A549 cells 

following infection with R. delemar (99-880) (1). 

 The p38 kinase pathway is strongly activated by environmental stresses and 

inflammatory cytokines (19). Activation of p38 was not detectable at any time-point 

following infection with germlings. Following infection with spores, a phospho-p38 band 

at the 30-minute time-point was detected but this result was not reproducible (Figure 

4.B). Therefore, the p38 MAP kinase pathway does not appear to be activated upon in 

vitro infection of A549 cells. 

In a control experiment, the antibodies against ERK1/2 and p38 were used to 

probe western blots containing extracts from fungi alone. Specifically, we tested extracts 

of Rhizopus delemar (99-880), Rhizopus oryzae (99-892), Mucor circinelloides (NRRL 

3631), Lichtheimia corymbifera (008-049), Cunninghamella bertholletiae (175), and 

Candida albicans (SC 5314). As expected, we did not detect any bands, indicating that 

the protein bands in Figure 2.A arose from A549 cells and not the fungal cells (Figure 

4.C, D). 
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Effect of U0126, a highly selective inhibitor of both MEK1 and MEK2, in cultured 

A549 alveolar epithelial cells infected with R. delemar 

 

In order to determine if the ERK1/2 complex governs invasion of epithelial cells by R. 

delemar 99-880, I first tested the ability of U0126 to block R. delemar induced damage of 

A549 cells. U0126 is a highly selective inhibitor of MEK1 and MEK2. Kinetic 

Figure 4. Activation of Erk1/2 and p38 MAP kinase in cultured A549 alveolar epithelial cells 
challenged with Rhizopus delemar (99-880). (A) Increased expression of p-Erk1/2 in infection with 
99-880 germlings (5.5h) compared with control and infection with Rhizopus delemar 99-880 spores. 
(B) R.delemar (99-880) does not induce phosphorylation of p38 (MPI – minutes post infection). (C, 
D) Expression of Erk1/2 and p38 MAP kinase was tested in fungi extracts of Rhizopus delemar (99-
880), Rhizopus oryzae (99-892), Mucor circinelloides (NRRL 3631), Lichtheimia corymbifera (008-
049), Cunninghamella bertholletiae (175), and Candida albicans (SC 5314). 
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experiments have shown that U0126 shows little or no effect on the kinase activities of 

other proteins, such as protein kinase C, Abl, Raf, MEKK, ERK, JNK, MKK-3, MKK-

4/SEK, MKK-6, Cdk2, or Cdk4 (34). Lactate dehydrogenase (LDH) release, a biomarker 

for cellular cytotoxicity and cytolysis (35, 36), was not statistically different between the 

cells treated with DMSO (vehicle) and the cells treated with U0126 (10, 50 or 100 µM) 

after 24 h infection with R. delemar (99-880) (Wilcoxon rank sum test, p-value > 0.05; 

Figure 5.A). 

The 50µM of inhibitor U0126 successfully blocks the induction of ERK1/2 

phosphorylation after 30 min in A549 infected with R. delemar (99-880) resting spores 

when compared to uninfected A549 cells (mock) and infected cells treated with DMSO 

(Figure 5.B). 

 

Figure 5. Effect of U0126 a highly selective inhibitor of both MEK1 and MEK2 when cultured A549 
alveolar epithelial cells are infected with R. delemar (99-880). (A) Cytotoxicity was determined by 
LDH assay in confluent cultures of A549 infected with R. delemar 99-880 spores and treated with 
DMSO or the indicated concentrations of U0126 (10, 50, and 100 µM) in F12K media for 24h. The 
results are the mean ±SD of 1 experiment performed in triplicate, with the percentage cytotoxicity of 
the maximum LDH release control. Statistical analysis was carried out using Wilcoxon rank sum test, 
p-value > 0.05. (B) Inhibitor U0126 (50µM) blocks R.delemar induction of p-Erk1/2 after 30min in 
A549 cells infection with R. delemar 99-880 spores compared to mock and infected A549 cells 
treated with DMSO. (MPI – minutes post infection). 
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The ability of the R. delemar-resting spores to be endocytosed by epithelial cells in the 

presence of the UO126 can be measured through a commonly used invasion assay (30, 

32, 37, 38). Epithelial cells pre-exposed to 100 µM U0126 did not reduce the ability of 

A549 cells to endocytose R. delemar 99-880 vs. A549 cells treated with DMSO (Figure 

6.A). However, according to the statistical analysis, R. delemar had a small but 

significant enhancement in the endocytosis of R. delemar by epithelial cells treated with 

50 µM U0126 vs. A549 cells treated with DMSO (Wilcoxon rank sum test, p-value 

<0.05; Figure 6.B). Collectively this data suggests that the ERK1/2 MAP pathway is not 

used by R. delemar to induce epithelial cell invasion during fungal infection. 

 

Figure 6. Influence of U0126 a highly selective inhibitor of both MEK1 and MEK2 on endocytosis when 
cultured A549 alveolar epithelial cells are infected with R. delemar (99-880) spores. (A) Confocal 
microscopic images of A549 alveolar epithelial cells infected for 2.5 h with R. delemar, spores were 
stained for 1h with 1% Uvitex. Results are representative of two independent experiments performed in 
triplicate. (B) Spores of the indicated R.delemar (99-880) strain were incubated with A549 alveolar 
epithelial cells for 2.5h treated with DMSO or the indicated concentrations of U0126 (50 and 100 µM). In 
order to differentiate endocytosed organisms, spores were stained for 1h with 1% Uvitex, next the number 
of endocytosed organisms was determined by a differential fluorescence assay. The results are the mean 
±SD from 2 independent experiments. Statistical analysis was carried out using Wilcoxon rank sum test,  
n = 6 slides per group. * p-value < 0.05 vs. exposure of epithelial cells to DMSO.   
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MAPK/ERK pathway activation of A549 alveolar epithelial cells in direct or indirect 

contact with Rhizopus delemar  

 

To test if Rhizopus-induced ERK1/2 activation was triggered by direct contact between 

the host and fungal cells or if ERK1/2 was stimulated by a fungal product(s) in the 

absence of direct cell-to-cell contact, we performed infections using transwell membrane 

inserts containing R. delemar resting spores or germlings to prevent direct fungal contact 

with host cells (Figure 7.C). The ERK1/2 kinases were activated at all the different time 

points in the absence of the transwell insert (5, 15, and 30 min) when R. delemar is in 

direct contact with A549 cells. In the presence of the transwell membrane ERK1/2 

phosphorylation was only observed 15 min post-infection with germlings (Figure 7.A). 

Furthermore, p38 activation by R. delemar in host cells was not observed at any time 

point with or without membrane inserts (Figure 7.B). These results suggest that while 

full activation of ERK1/2 required direct fungus-host contact, there is some partial 

activation that is stimulated by a fungal product that can diffuse through the transwell 

membrane. 
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Activation of ERBB2 pathway in cultured A549 alveolar epithelial cells during 

Rhizopus delemar infection. 

 

The transcriptional analysis performed by Chibucos et al., also predicted the activation of 

the ERBB2 signaling pathway during infection of A549 alveolar epithelial cells by R. 

delemar (99-880), R. oryzae (99-892), and M. circinelloides (NRRL 3631) (1). The 

ErbB2 pathway has been shown to govern the endocytosis of C. albicans by oral 

Figure 7. Activation of Erk1/2 and p38 MAP kinase in cultured A549 alveolar epithelial cells 
challenged with R. delemar (99-880) with and without transwells, to determine if direct contact of R. 
delemar (99-880) with A549 cells is necessary. (A) Increased expression of p-Erk1/2 in infection with 
99-880 germlings (5.5h) compared to mock and infection with R. delemar 99-880 spores with and 
without transwells. (B) R.delemar does not induce phosphorylation of p38 with or without transwells. 
(MPI – minutes post infection). (C) Infection model using 0.4 µm pore size transwells. 
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epithelial cells (1, 39, 40). The ErbB2/HER2 receptor is part of the epidermal growth 

factor (EFG) family of receptor tyrosine kinases (RTKs) (20, 25, 27, 28). In general, the 

ErbB family proteins, upon ligand binding to their extracellular domains, undergo 

dimerization and transphosphorylation of their intracellular domains. The exception to 

this is ErbB2, which has no known ligand but is the favored dimerization partner for 

other EGFR receptors. These ErbB receptors have been extensively studied for their role 

in development and human cancer (20, 41) signaling through P13K/Akt, MAPK, among 

many other pathways regulating cell motility, cell proliferation, differentiation, 

migration, and apoptosis (42, 43). To provide functional validation that the ErbB2/HER2 

signaling pathway is activated by R. delemar (99-880) during the course of infection in 

A549 cells (1), I performed a western blot analysis testing activation of ErbB2 in lysates 

obtained at different time points from A549 cells directly infected with R. delemar 

(Figure 8. A) or indirectly infected by using membrane inserts containing R. delemar 

resting spores or germlings (Figure 8. B). When epithelial cells are directly infected with 

germlings or resting spores, an ~35 kilodalton (kDa) and an ~55 kDa proteins. According 

to the antibody manufacturer, ErbB2 has been detected in different whole cell lysates at 

~190 kDa, this finding points to a possible ErbB2 cleavage triggered in epithelial cells 

after direct infection with R. delemar. The cleavage of ErbB2 has been previously 

reported in the intracellular kinase domain of ErbB2 following inhibition of heat shock 

protein 90 (HSP90), a ubiquitously expressed chaperone that stabilizes expression of 

ErbB2 (21, 45). Similar ErbB2 cleavage has been described after stimulation with 

staurosporine, curcumin, or in cells with high levels of α6β1 integrin (44). Our results 
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suggest that ErbB2 might be cleaved, and therefore activated, in A549 cells, by R. 

delemar infection. 

 

Effect of the inhibitor TAPI-1 in cultured A549 alveolar epithelial cells infected with R. 

delemar 

 

The EGFR is commonly activated in a cross-talk mechanism by primary stimulation of 

G-protein coupled receptors (GPCRs) (27). One of the mechanisms for 

EGFR transactivation involves a “triple-membrane-passing-signal” where GPCR 

activation leads to activation of membrane-bound matrix metalloproteases (MMPs), such 

as the disintegrin and metalloprotease ADAM family, which subsequently promotes 

shedding of membrane-anchored EGFR ligands, allowing them to bind to ErbB 

receptors (27). A previous study has shown that inhibition of basal ErbB2 

Figure 8. Detection of ErbB2 receptor tyrosine kinase in cultured A549 pulmonary epithelial cells 
challenged with R. delemar (99-880) with and without 0.4 µm pore size transwells, to determine if direct 
contact of R. delemar with A549 cells produces ErbB2 cleavage. (A) Increased expression of ErbB2 
cleavage in infection with R. delemar 99-880 germlings (5.5h) compared to infection with 99-880 
spores. (B) R.delemar 99-880 does not induce ErbB2 cleavage when transwells are present. (MPI – 
minutes post infection).  
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phosphorylation in SKBR3 epithelial cells was achieved at 1 h of treatment with TAPI-1, 

a potent inhibitor of matrix metalloproteinases, and TACE (TNF-α 

convertase/ADAM17/α-secretase) with the ability to prevent the processing of multiple 

ErbB ligands (45). With the aim of testing if the “triple-membrane-passing-signal” 

mechanism governs invasion of A549 epithelial cells by R. delemar, I carried out a LDH 

cytotoxicity assay following infection of A549 cells with R. delemar. The results showed 

that the percentage of cellular cytotoxicity was not statistically different between the cells 

treated with DMSO and the cells treated with TAPI-1, 10, 50 or 100 µM (Wilcoxon rank 

sum test, p-value > 0.05; Figure 9.A). In addition, I performed a western blot analysis to 

examine if the inhibitor TAPI-1 would be able to block the ErbB2 possible cleavage after 

1 h infection of A549 cells with R. delemar resting spores. Lysates from uninfected A549 

cells and infected cells treated with DMSO in the respective concentration were used as 

control cells. The result shown that none of TAPI-1 (100 nor 200 µg/ml) concentrations 

affected the cleavage of ErbB2 after 1-hour infection with 99-880 5.5 h germlings when 

compared to uninfected A549 cells (mock) (Figure 9.B). 
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Detection HER2/Neu fragments in A549 alveolar epithelial cells after infection with 

species from the order Mucorales and Eurotiales 

 

To determine if ErbB2 cleavage in A549 epithelial cells can be stimulated by other 

species that are known to cause mucormycosis, I tested lysates of host cells challenged 

with different species from the order Mucorales. Specifically, I tested A549 cells 

following 30-minute infections with germlings of R. delemar (99-880), R. oryzae (99-

892), M. circinelloides (NRRL 3631), and Cunninghamella bertholletiae (175) (Figure 

10.A). The western blot result showed a potential ErbB2 cleavage only in host cells 

infected with R. delemar and R. oryzae of the 4 mucorales species.  

 
Figure 9. Effect of TAPI-1 a potent inhibitor of matrix metalloproteinases and TACE (TNF-α   
convertase/ADAM17/α-secretase) when cultured A549 alveolar epithelial cells are infected with R. 
delemar (99-880). (A) Cytotoxicity was determined by LDH assay in confluent cultures of A549 
infected with R. delemar (99-880 spores and treated with DMSO or the indicated concentrations of 
TAPI-1 (5, 10, 25, and 50 µg/ml) in F12K media for 24h. The results are the mean ±SD of 1 
experiment performed in triplicate, with the percentage cytotoxicity of the maximum LDH release 
control. Statistical analysis was carried out using Wilcoxon rank sum test, p-value >0.05. (B) Inhibitor 
TAPI-1 (100 and 200 µg/ml) does not block R.delemar ErbB2 cleavage after 1 hour infection with 99-
880 5.5 h germlings.  
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 To determine if ErbB2 cleavage would occur in response to other non-mucorales 

mold pathogens, I performed infection of A549 epithelial cells with germlings of two 

Aspergillus fumigatus strains (MYA 4909 and CEA10) from the order Eurotiales (Figure 

10.B). For both A. fumigatus strains, germ tube formation was observed at 5.5 h in the 

majority of the conidies, this can be noted in Figure 10.C. Interestingly, in the lysates of 

the epithelial cells infected with A. fumigatus an ErbB2 fragment was detected with a 

slightly smaller molecular weight (~45 kDa) than the one obtained in the lysates with 

Rhizopus strains.  

 

 

 

Figure 10. Detection of ErbB2 receptor tyrosine kinase in cultured A549 alveolar epithelial cells 
challenged for 30 min with 5.5 h germlings of four species from the order Mucorales, R. delemar (99-
880), R. oryzae (99-892), M. circinelloides (NRRL 3631), C. bertholletiae (175) (A) and two A. 
fumigatus strains MYA 4609 and CEA10 from the order Eurotiales (B) to determine if ErbB2 
cleavage in A549 cells is present after direct contact with all strains. * indicates possible ErbB2 
cleavage. (C) Time course germination of A. fumigatus (MYA 4609). Spores were collected per 
protocol, incubated in YPD broth in an orbital shaker at 37°C for different time points. Pictures were 
taken with a phase contrast microscope after each time point. Arrows indicate germ tube formation. 
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In order to confirm that the “cleavage” band that we were observing was derived from the 

A549 cells and not a fungal band that was cross-reacting with our anti-ErbB2 antibody, I 

probed immunoblots with fungal extracts of R. delemar (99-880), R. oryzae (99-892), M. 

circinelloides (NRRL 3631), L. corymbifera (008-049), C. bertholletiae (175), and C. 

albicans (SC 5314) with the same mouse anti-ErbB2 monoclonal (Figure 11.). The same 

ErbB2 fragments were detected in lysates of host cells infected with Rhizopus (~55 kDa) 

and Aspergillus species strains ~ (45 kDa) (Figure 10.A and B, respectively). This 

finding suggests that the observed ErbB2 cleavage in A549 epithelial cells was not real, 

but rather an artifact generated by the anti-ErbB2 antibody cross-reacting with fungal 

proteins present only in our Rhizopus and Aspergillus strains. It appears to be that R. 

delemar, R. oryzae and A. fumigatus strains encode a C-terminus with the same or similar 

amino acids (1242-1255) of human origin HER2/Neu detected by the mouse monoclonal 

antibody used in this study. 

 

Figure 11. Detection of ErbB2 receptor tyrosine kinase was tested in six fungi extracts R. delemar 
(99-880), R. oryzae (99-892), two A. fumigatus strains MYA 4609 and CEA10, M. circinelloides 
(NRRL 3631), L. corymbifera (008-049) C. bertholletiae (175) and C. albicans (SC 5314). 
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Detection of ErbB2 levels in supernatants from A549 alveolar epithelial cells, R. 

delemar, and host cells infected with R. delemar. 

 

Due to the discovery of the ErbB2 intracellular portion recognized by the mouse 

monoclonal antibody during the immunoblotting tests in fungal extracts of R. delemar, R. 

oryzae, and A. fumigatus, I used a Human ErbB2 ELISA assay to detect the extracellular 

portion of the receptor by measuring ErbB2 release in supernatants (F12-K complete 

media) of host cells, R. delemar, and host cells infected with R. delemar (Figure 12). The 

Human ErbB-2 PicoKine ELISA Kit (Boster Biological Technology) uses as the capture 

antibody a monoclonal antibody from mouse, and a lower limit of detection (LLD) of 

<10 pg/ml. In order to determine if there is a difference between the ErbB2 releases at 1 h 

and 3 h in the three different samples, supernatants of A549 cells alone, R. delemar cells 

alone, and A549 cells infected with R. delemar (in triplicate). Using the ELISA data, I 

performed a Kruskal-Wallis statistical test on the samples ErbB2 release levels (pg/ml), 

and observed a significant difference of ErbB2 release among them, X2 (6, N = 18) = 

16.71, p-value < .05. This preliminary result showed a striking difference in ErbB2 levels 

between all the three different samples, but most importantly the ELISA assay was able 

to detect ErbB2 levels in R. delemar alone. Considering the positive results for R. 

delemar in both the Western blot and the ELISA, with each method using a different anti-

ErbB2 monoclonal antibody against either the intracellular or extracellular domains 

(Figures 11 and 12, respectively), we hypothesize that R. delemar presents a ErbB2-like 

protein. 
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CHAPTHER 4: DISCUSSION  

 

 Very little is known about the interaction between R. delemar and lung epithelial 

cells. My research focused on the results of a transcriptomics study which predicted that 

ERK1/2 signaling and ErbB2 receptor signaling are induced in A549 cells following 

infection with R. delemar (1). 

 The mammalian ERK1/2 module is preferentially activated in response to growth 

factors (e.g. ErbBs receptors) and the G protein-coupled receptor (17, 19). In the work 

presented here, I confirmed, through western blotting, that ERK1/2 MAPKs are 

phosphorylated in A549 pulmonary epithelial cells upon infection with R. delemar 99-

880 resting spores and 5.5 h germlings, with a more robust phosphorylation in A549 cell 

Figure 12. Detection of Erbb2 levels using supernatants of A549 alveolar epithelial cells, R. delemar 
(99-880) and A549 cells infected with 99-880 spores, measured by Human ErbB-2 ELISA (n=3). Same 
amount of supernatants for all samples (F-12K complete). Error bars indicate S.D. Kruskal-Wallis test 
was performed to determine whether there is a significant difference of Her2 release levels (pg/ml) 
among the 6 different samples, X

2 
(6, N = 18) = 16.71, p-value < 0.05. 
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lysates challenged with germlings for 15 min (Figure 4.A). Subsequently, with the aim of 

testing if the ERK1/2 MAPK module governs invasion of epithelial cells, we measured 

the effect of UO126 on the ability of R. delemar to induce cell damage using lactate 

dehydrogenase (LDH) release as a biomarker for cytolysis. I found that the percentage of 

cellular cytotoxicity was not statistically different in cells treated with the highly selective 

U0126 vs. cells treated with DMSO (Figure 5.A). In a complementary experiment, I 

measured the effect of UO126 on the ability of A549 cells to endocytose R. delemar 

spores. The endocytosis assay showed a small but significant increase in R. delemar 

invasion when the cells were treated with 50 µM U0126 (Figure 6.B). Taken together, 

these results indicate that phosphorylation of ERK1/2 does not play a role in the R. 

delemar invasion of A549 cells.  

To determine if activation of ERK1/2 requires direct contact with the fungi, I 

performed the host infection with R. delemar in the presence of membrane inserts which 

prevent the physical interaction between the fungus and the host cell. The results showed 

that the host ERK1/2 MAPKs were also activated in the absence of direct contact of R. 

delemar during the 15-min infection with germlings (Figure 7.A). In this experiment, I 

ruled out the possibility that the activation is solely a result of interaction with the 

membrane inserts, because I tested the mock alone with only the membrane inserts for 30 

min, and even though there is a slight ERK1/2 activation in that lysate, the activation is 

stronger when R. delemar germlings were infecting the host cells for 15 min. 

 On the other hand, I tested endogenous levels of p38 phosphorylation in the same 

A549 cell lysates after infection with R. delemar and confirmed that the p38 MAPK 

pathway was not activated under our infection conditions (Figure 4.B). Furthermore, p38 
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was not phosphorylated in any of the lysates when cells were in direct or indirect contact 

with R. delemar (Figure 7.B). Therefore, I functionally validated the finding of Chibucos 

et al. of activation of host MAPK ERK1/2 pathway during infection of R. delemar. 

According to my results I can say that the MAPK ERK1/2 pathway activation does not 

regulate fungal invasion and the p38 MAPK pathway does not appear to be part of the 

host response to infection with R. delemar. 

 Regarding the predicted activation of the ErbB2 receptor during host infection 

with R. delemar found in the transcriptional analysis by Chibucos et al., I ruled out that 

the ErbB2 receptor could possibly be cleaved in a cross-talk mechanism by stimulation of 

G-protein coupled receptors. GPCR activation can lead to activation of MMPs (e.g. 

disintegrin and ADAMs), which release the ErbB-ligands to bind with the cognate 

receptors and trigger heterodimerization with ErbB2 (27). To test the role of MMPs in the 

Rhizopus-induced activation of ErbB2, I tested the ability of the potent inhibitor of matrix 

metalloproteinases and TACE, TAPI-1, to block cleavage of ErbB2 receptor in following 

infection with R. delemar. The inhibitor did not block ErbB2 activation indicating that 

the ErbB2 cleavage is independent of GPCRs (Figure 9.B). TAPI-1 treatment also did 

not affect cellular cytotoxicity after infection with R. delemar because there was no 

statistically significant difference between cells treated with TAPI-1 or DMSO (Figure 

9.A). 

Infected A549 cells with R. delemar in the presence of membrane inserts did not 

show ErbB2 activation (Figure 8.B) suggesting that activation of ErbB2 receptor in the 

host cells requires direct contact of the fungi, possibly through the action of a fungal 

protease that is attached to the fungal cell wall. Interestingly, when I tested cleavage 
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following infection of A549 cells with other Mucorales besides R. delemar (Rhizopus 

oryzae (99-892), M. circinelloides (NRRL 3631), and C. bertholletiae (175)) (Figure 

10.A), I noticed that a similar ErbB2 fragment ~55 kDa was detected only when the host 

cells were infected with R. delemar and R. oryzae. On the other hand, two A. fumigatus 

strains (MYA 4609 and CEA10) (Figure 10.B) induced the presence of an ErbB2 

fragment but the fragment was slightly smaller ~45 kDa. These findings opened again the 

question about the fungal proteases promoting ErbB2 cleavage during infection of A549 

cells, possibly a protease with orthologues encoded by the genomes of R. delemar, R. 

oryzae and A. fumigatus. 

  Nevertheless, the hypothesis of fungal proteases triggering the activation of 

ErbB2 pathway by cleaving the receptor was abolished when I tested, through Western 

blotting, the fungal extracts of several strains from the order Mucorales (R. delemar (99-

880), R. oryzae (99-892), M. circinelloides (NRRL 3631), L. corymbifera (008-049), and 

C. bertholletiae (175)), two A. fumigatus strains (MYA 4609 and CEA10), and C. 

albicans which has been known to interact with the ErbB2 receptor, inducing receptor 

phosphorylation during infection (46). We were unable to detect ErbB2 “cleavage” 

following infection with C. albicans. The Western blot result showed that in 4 fungal 

strains (R. delemar, R. oryzae, and the two A. fumigatus strains) there was a band that 

reacted with our anti-human ErbB2 antibody that were identical in size to the fragments 

found when host cells were infected with each of the strains (Figure 11.). However, this 

is a novel finding since no one has ever reported an ErbB2-like protein for any 

filamentous fungus. Another striking finding was the result of the Human ErbB2 ELISA, 

which detects the extracellular portion of the receptor, because this assay also detected an 
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ErbB2-like protein on fungal extracts alone, (Figure 12.). Even though the ELISA assay 

result needs to be replicated, we hypothesize that R. delemar encodes an ErbB2-like 

receptor in R. delemar, since both the intracellular and extracellular portions of the ErbB2 

receptor were detected.  

 

CHAPTHER 5: FUTURE DIRECTIONS 

 

 I confirmed the ERK1/2 pathway activation upon infection of A549 cells with R. 

delemar. Also, based on my results there is a probability that R. delemar presents an 

ErbB2 like receptor, which I will call fErbB2. Thus, it has been previously described in 

the literature that dimerization of ErbB2 receptor can occur through heterodimerization 

with other ErbB receptor, or ErbB2 can form homodimers due to its dimer structure that 

corresponds to the active state (20, 25, 28). Furthermore, at Bruno Lab, there is the 

hypothesis that the activation of the ErbB2 receptor from the host cell would be leading 

to the downstream activation of the MAPK ERK1/2 pathway. The question now is if the 

fErbb2 receptor present in R. delemar can form a dimer with the host ErbB2 receptor to 

initiate downstream signaling in the host. Although, in the classical ErbB receptor 

activation, after dimerization, transactivation of the intracellular protein tyrosine kinase 

happens as each receptor activates its partner by phosphorylation. Consequently, this 

event allows the recruitment and activation of downstream proteins that will initiate a 

signaling cascade (20, 25, 28). If the ErbB2 dimerization between the host and R. 

delemar receptors were happening only in the extracellular domains of the ErbB2 
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receptors, how could it explain the activation of the MAPK ERK1/2 signaling pathway, if 

there is not mutual phosphorylation in the intracellular domain of the receptors? 

 One possible way to explain this is by the juxtacrine mode of receptor activation, 

which has been previously described for the ErbB1 receptor (47, 48). Anklesaria et al. 

coined the term “juxtacrine”; they described the binding of pro-TGF-α to ErbB1, each 

belonging to a different cell type, the growth factor expressed on the plasma membrane 

of a mouse bone marrow stromal cell line and the receptor in a hematopoietic progenitor 

cell, respectively. That interaction allowed the DNA replication and cell division of the 

hematopoietic progenitor cell. In vitro studies, the juxtacrine factors act in characteristic 

ways, and disruption of juxtacrine signaling can lead to pathologic outcomes. First, the 

membrane-anchored growth factor that generates the functional changes in the target cell 

remains joined to the target cell, rather than diffusing in fluids. Transmitting signals only 

to cells that are in direct contact to them (e.g. pro-TGF-α and ErbB1). Second, there can 

be a bidirectional signaling among the juxtacrine factors and its respective receptors (e.g. 

Ephrin and the Eph receptor). Third, the activity of the complex juxtacrine factors-other 

proteins in the membrane can be regulated by associating molecules (e.g. pro-HB-EGF-

associating CD9) (48). 

Although previous studies have shown evidence of juxtacrine intercellular 

signaling in reference to membrane-anchored juxtacrine factors binding to receptors, 

there is the question if the juxtacrine intercellular signaling could occur between the 

ErbB2 receptors. For that reason, I designed an ErbB2 dimerization model, which depicts 

the possible binding at the extracellular domain of the receptors could lead to 

downstream signaling (Figure 13.). 
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If the ErbB2 dimerization model is true, dimerization of both receptors, host 

ErbB2 (Figure 13.A) and R. delemar fErbb2 (Figure 13.B), can be achieved. In the 

future, one way to test this model would be by examining the fErbb2-ErbB2 signaling, 

such activation of MAPK ERK1/2 signaling pathway, after A549 cells were exposed to 

pertuzumab. Pertuzumab is a humanized monoclonal antibody, which binds specifically 

to an epitope in the dimerization domain (II, Figure 13.A) of the ErbB2 extracellular 

portion. This binding successfully inhibits ErbB2 dimerization by preventing paring with 

other HER receptors (20, 28). If pertuzumab blocks ErbB2 dimerization, it would prevent 

the activation of ERK1/2 MAPKs upon host cell infection with R. delemar. 

Figure 13. ErbB2 dimerization model. (A) Schematic representation of the ErbB2 receptor in the 
alveolar epithelial A549 cells (blue). The extracellular N-terminal domain contains four subdomains 
(I, II, III, and IV). Domain II contains the dimerization loop responsible for receptor-receptor 
interaction. The short transmembrane and juxtamembrane domain links the extracellular domain to 
the tyrosine kinase domain and the C-terminal tail, which upon receptor dimerization may start 
downstream signaling (B) Schematic representation of the possible fErbb2 receptor in R. delemar 
(green). The receptor was illustrated having a C-terminal tail, transmembrane and juxtamembrane 
domain, and an extracellular domain with capabilities of binding to the dimerization loop of the 
extracellular domain of the host receptor. Manno-proteins, β-glucan, and chitin are in representation 
of the cell wall of the fungus. 
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It has been reported that different HER dimers have different signaling potencies. 

Homodimers have a weak perpetuation of signals, compared with heterodimers (28). For 

that reason, in the case the ErbB2 dimerization is confirmed, I would propose to 

investigate other factors that would aid a successful downstream signaling in the host 

upon infection with R. delemar.  Previous research found that MUC4, a transmembrane 

mucin, interacts with and regulates the expression of ErbB2 at the protein level by 

increasing the stability of the receptor in human pancreatic cells. The rat homologue of 

MUC4 (rMuc4/sialomucin complex) was also shown to relate with ErbB2 in multiple cell 

types (49). Also, a tetrameric complex, MUC4-ErbB2-ErbB3-Neugerin (NRG), has been 

reported where MUC4 stabilizes the complex by preventing its internalization, initiating 

and/or potentiating downstream MAPK signaling, and aiding hyper-phosphorylation of 

ErbB2. The MUC4-ErbB2-ErbB3-NRG complex was reported to activate pathways that 

induce cell proliferation and inhibit apoptosis, including protein kinase B/Akt and MAPK 

ERK1/2 signaling pathways (50). 

For those reasons, it would be interesting to investigate if MUC4 would have a 

role in the possible juxtacrine intercellular signaling in the host, forming a trimeric 

complex MUC4-ErbB2-fErbb2. There are some experiments that have been performed in 

the past and would help to point out a possible interaction of MUC4 with the activated 

dimer ErbB2, including expression and subcellular localization of MUC4 and ErbB2 in 

A549, before and after host infection with R. delemar. A similar experiment was 

performed by Chaturvedi et al. where the colocalization of MUC4 and ErbB2 was 

observed in both membrane and cytoplasmic regions, after the cells were processed for an 

immunofluorescence procedure, using mouse monoclonal anti-MUC4 antibody and anti-
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ErbB2 rabbit polyclonal antibodies. Another experiment was executed by Chaturvedi et 

al. using MUC4-knockdown cells (CD18/HPAF-siMUC4) to determine if that would 

reduce the activation in ERK1/2 MAPKs, comparing phosphorylation if ERKs (p42/p44 

MAPK) with cells without the MUC4-knockdown (CD18/HPAF-SCR), which 

demonstrated that it was the case (48). That experiment would also be feasible to 

determine if indeed a MUC4-ErbB2-fErbb2 complex would exist in the ErbB2 

dimerization model. 
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