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ABSTRACT 

 

Coccidioidomycosis is a growing problem in the United 

States.  There is still an incomplete understanding of the 

immunological response associated with human coccidioido-

mycosis, although previous studies have indicated that 

cell-mediated immunity (CMI) is critical in the control of 

this disease.  We have examined necrotizing pulmonary 

coccidioidal granulomata using immunohistochemical staining 

for lymphocyte subsets and for the cytokines interleukin-10 

(IL-10) and gamma interferon (IFN-γ).  Discrete 

perigranulomatous lymphocytic clusters were identified 

containing roughly equal numbers of T (CD3+) and B (CD20+) 

lymphocytes.  While the number of cells expressing IL-10 

was similar in the mantle and in the perigranulomatous 

clusters, there were significantly more cells expressing 

IFN-γ in the mantle compared to the clusters (P = 0.037).  

Confocal microscopy revealed that CD4+ T lymphocytes and B 

lymphocytes are associated with IL-10 production.  

CD4+CD25+ T lymphocytes were also identified in the 

perigranulomatous clusters but were not associated with IL-

10 production.  This is the first report noting 

perigranulomatous lymphocyte clusters and IL-10 in 
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association with human coccidioidal granulomata, suggesting 

a down-regulation of cellular immune response. 

IL-12 is critical in driving a T helper type 1 (Th1) 

immune response.  To understand the mechanism associated 

with hyporesponsiveness to IL-12 stimulation seen in some 

anergic patients with disseminated coccidioidomycosis, IL-

12 receptor expression and function were determined in 

PBMCs from immune and nonimmune healthy donors.  By using a 

relative quantitative RT-PCR technique, we found that IL-

12Rβ1 is constitutively expressed in PBMCs and is equally 

up-regulated by coccidioidal antigen preparation T27K in 

both immune and nonimmune donors.  On the other hand, the 

IL-12Rβ2 expression level is increased by T27K only in PBMCs 

from immune but not nonimmune donors.  In addition, the 

increased IL-12Rβ2 expression in immune PBMCs is correlated 

with Stat4 activation and the induction of IFN-γ production 

by IL-12.  These data suggest that the IL-12Rβ2 expression 

and signal transduction is functional in host immunity 

against Coccidioides infection.  Subsequent research, which 

involved the stimulation of lymphocytes with autologous 

dendritic cells (DCs) pulsed with T27K, revealed that the 

up-regulation of IL-12Rβ2 expression and signal transduction 
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is associated with the induction of IFN-γ production by DCs 

pulsed with T27K. 
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CHAPTER I. INTRODUCTION 

 

1.1 LITERATURE REVIEW 

 

Coccidioidomycosis is an endemic disease caused by 

inhalation of soil-dwelling fungus Coccidioides.  It is a 

“reemerging” infectious disease of increasing importance 

(1) due to rapid population expansion, migration of the 

society, and increasing numbers of immunocompromised 

individuals (2, 3).  Although two-thirds of all individuals 

infected with Coccidioides are asymptomatic, 5-10% of 

individuals develop either progressive or severe, 

disseminated disease.  Coccidioides spp. are included on 

the list of selected agents by Center for Disease Control 

and Prevention (CDC) because of their potential threat to 

homeland security (4).  Although it has long been 

recognized that host immune responses play a critical role 

in determining disease activity, the immunology of 

coccidioidomycosis is not completely understood. 

 

Etiology and Epidemiology of Coccidioidomycosis 

Coccidioides spp., the causative agents of 

coccidioidomycosis, are pathogenic dimorphic fungi.  They 
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belong to the class of Ascomycetes and are genetically 

related to Histoplasma capsulatum and Blastomycetes 

dermatiditis (5).  Two species, C. immitis and C. 

posadasii, have now been recognized within the genus 

Coccidioides spp. (6).  Molecular genetic data indicate 

that C. immitis is associated with patients who have 

acquired their infection in the San Joaquin Valley of 

California, while C. posadasii is associated with cases 

outside of this region (6).  There are no described 

differences, however, in terms of clinical expression of 

disease associated with infections by the two species.  

Therefore for the rest of the text, the nomenclature of 

Coccidioides spp. is limited only to the genus level. 

Coccidioides inhabit the desert of lower Sonora life 

zone, which extends from west Texas to Southern California, 

as well as certain regions of Northern Mexico, Central and 

South America (7).  Infection is caused almost exclusively 

by the inhalation of asexual propagules (arthroconidia) 

produced by the saprobic form of Coccidioides.  Within the 

host, the arthroconidia undergo a dimorphic shift resulting 

in the formation of spherules filled with hundreds of 

endospores.  When the spherule ruptures, each released 

endospore has the capacity to develop to a mature spherule.  
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If returned to the soil (e.g. death and decay of the host) 

or if cultured in the laboratory, mycelia are formed.  The 

fungi then revert to their environmental infectious 

morphology, completing the life cycle (8). 

 The life cycle of Coccidioides explains why 

coccidioidomycosis is not a contagious disease.  Person-to-

person transmission only occurs indirectly and under 

extraordinary circumstances.  Exposure to dust in the 

endemic area is a critical factor in determining the risk 

of infection (1).  For example, a 72-year-old resident of 

Great Britain was diagnosed with coccidioidomycosis shortly 

after he returned from the world championship of model 

airplane flying held in Kern County, California, where 

coccidioidomycosis is highly endemic (9).  In most 

symptomatic patients, the illness is self-limited.  Extra-

pulmonary complications are uncommon (~5% of infections).  

However, dissemination can occur in any part of the body 

(10).  The risk for disseminated coccidioidomycosis is 

higher in some ethnic groups, particularly Blacks and 

Fillipinos (7).  A gene associated with resistance was 

identified in mice (11, 12), but not yet in humans.  Other 

risk factors also include pregnancy (13, 14) and 

immunosuppression as in patients with organ transplants or 
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acquired immune deficiency syndrome (AIDS) (15).  

 It has been estimated that approximately 100,000 

individuals acquire Coccidioides infections each year in 

the United States (10).  In endemic areas, the annual risk 

of infection is 2-4% among healthy individuals (10).  

Coccidioidomycosis has a significant socioeconomic impact 

in the United States.  Even self-limited disease can be 

associated with considerable morbidity with attendant 

economic losses and medical care costs.  A study on a group 

of college students in Tucson revealed that an average of 

six clinic visits is required before the disease resolved 

(16).  Recent estimates of antifungal medication costs 

range from $5,000 to $20,000 per person per year of therapy 

for the disease.  In Kern County, California, the accrued 

cost of the disease from 1991 to 1995 was estimated at more 

than $66 million (1).  Although mortality is extremely 

uncommon with primary coccidioidomycosis, it can be as high 

as 70% in immunocompromised host even with appropriate 

therapy (16). 

 

Innate and Adaptive Immunity in Coccidioidomycosis 

The fact that second infections are extraordinarily 

rare indicates that people develop protective immunity to 
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Coccidioides.  Polymorphonuclear leukocytes (PMNL) and 

monocytes/macrophages comprise the first cellular influx to 

arthroconidia following their entry (17).  PMNL phagocytose 

arthroconidia and undergo an oxidative burst, which results 

in the production of microbicidal intermediates including 

hydrogen peroxide (H2O2).  Although arthroconidia are 

sensitive to respiratory burst products and defensins (18), 

the majority evade killing by their encounters (19-21). 

Macrophages and dendritic cells (DC) play a critical 

role in defense against Coccidioides infection not only by 

ingestion and killing the fungal cells.  More importantly, 

they produce proinflammatory cytokines and chemokines upon 

activation, which include gamma interferon (IFN-γ), tumor 

necrosis factor alpha (TNF-α), interleukin (IL)-1, IL-6, 

and IL-8.  In addition, macrophages and DCs are 

professional antigen presenting cells (APC).  They process 

and present antigens to CD4+ and CD8+ T lymphocytes and 

therefore initiate the adaptive immune responses.  A recent 

study using mouse peritoneal macrophages provided evidence 

that the recognition of C. posadasii by macrophages is 

dependent on toll-like receptor (TLR) 2, MyD88, and Dectin-

1, but not on TLR4 (22). 

Cellular immunity has long been shown to be critical 
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to host resistance against Coccidioides infection (23, 24).  

On the other hand, humoral immunity (antibodies and immune 

complexes) is not protective (25).  Immunologically, 

coccidioidomycosis follows the T-helper (Th) 1 – Th2 

paradigm, in which Th1 response (protective) is 

characterized by the secretion of IL-2, IFN-γ and TNF-α, 

whereas Th2 response (non-protective) is associated with 

the production of IL-4, IL-5, and IL-13 (26).  Such links 

between cytokine production and susceptibility to 

coccidioidal infection has been well established in two 

inbred mouse models, namely the highly susceptible BALB/c 

strain and the resistant DBA/2 strain (27).  The profile of 

adaptive immune responses in human coccidioidomycosis is 

often compared to that of leprosy (28, 29).  Self-limited 

disease is associated with delayed-type dermal 

hypersensitivity (DTH) and a minimal antibody response.  To 

the contrary, disseminated disease is associated with high 

serologic titers and the lack of DTH responses.  Finally, 

the return of coccidioidal-specific cellular immunity is 

associated with good clinical outcome.  In a recent review, 

Ampel (30) underscored the importance of measuring 

coccidioidal cellular immunity as a useful research and 

clinical tool. 
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Development of Anergy in Coccidioidomycosis 

One of the most intriguing problems in 

coccidioidomycosis is the occurrence of anergy or 

hyporesponsiveness, in which the lymphocytes fail to 

respond to optimal antigen stimulation.  This phenomenon 

has been shown by both in vivo DTH in patients and by in 

vitro lymphocyte transformation (LT) assays (31, 32).  In 

most patients cutaneous anergy is specific to Coccidioides, 

as evidenced by skin test reactivity to recall antigens.  

However, some patients with severe disseminated disease 

which involves multiple foci of infection show a pronounced 

suppression of cellular immune responsiveness (33).  Ampel 

et al. (23) reported that peripheral blood mononuclear 

cells (PBMC) from healthy, spherulin skin test-positive 

individuals were more responsive to in vitro stimulation 

with coccidioidal toluene soluble lysate (TSL), compared to 

cells from skin test-negative donors.  The production of 

Th1 cytokines IFN-γ and IL-2 in response to TSL was also 

significantly increased by cells from these individuals, 

but not by cells from non-immune donors (23).  Furthermore, 

PBMCs from patients with disseminated coccidioidomycosis 

have shown to be non-responsive in LT assays and/or CD69 
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activation assays (34, 35). 

 Among infectious disease models, leprosy is perhaps 

the most studied example of T cell anergy.  However, early 

attempts to define the defective cellular immune response 

in subjects with lepromatous leprosy were not elucidating 

(36). Several mechanisms of T cell anergy in human 

coccidioidomycosis have been proposed such as antigen 

overload, immune complex formation, fungal components and 

suppressor cells (8).  For example, Ibrahim (37) reported 

that daily administration of high dose (130 mg) of 

coccidioidin induced anergy in immune guinea pigs, albeit 

the non-responsiveness was temporary.  Immune suppressor 

cells were also indicated to play a role in diminished cell 

mediated immunity.  Catanzaro (38) showed that the removal 

of monocyte population resulted in the elimination of 

immune suppression, suggesting a possible inhibitory effect 

by APCs. 

Advances in the understanding of T cell activation 

have shed considerable light on anergy (39).  It is clear 

that T cell activation is a multi-step process.  Antigen is 

taken up by APCs and then processed and presented to the T 

cell receptor (TCR) as peptides in association with human 

leukocyte antigen (HLA) molecules.  The binding of 
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peptide/HLA to TCR then engenders the binding of co-

stimulatory molecules between the T cell and APCs.  For 

example, CD28 on the T cell binds to CD80/CD86 on the APC, 

CD40L on the T cell binds to CD40 on APCs.  These events 

lead to the intracellular signal transduction within the T 

cell, resulting in the activation of cytokine genes and the 

production of cytokines.   

T cell activation can be profoundly modulated by the T 

cell environment, particularly by cytokines.  IL-12 appears 

to be the driving force behind the development of the Th1 

phenotype.  It does this by promoting naïve T cell 

differentiation to a Th1 phenotype, by inducing maximal 

IFN-γ production by T cells, and by stimulating the 

development of the Th1 phenotype from resting memory cells 

(40). 

 

Immunoregulatory Role of IL-12 in Coccidioidomycosis 

IL-12 is a heterodimeric molecule produced by APCs 

including macrophages, DCs, and B cells (41).  Composed of 

a 40-kDa (p40) and a 35-kDa (p35) chains, IL-12 has a broad 

array of biological activities which mainly affect T cells 

and natural killer (NK) cells.  The bioactivities of IL-12 
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include enhancing cell proliferation, increasing cytolytic 

activities, and promoting Th1 cell differentiation from 

naïve T cells.  In addition, it can also co-stimulate 

differentiated Th1 cells for maximal IFN-γ secretions in 

response to a specific antigen stimulation. 

The biological effect of IL-12 is mediated through the 

high-affinity IL-12 receptor (IL-12R) on T and NK cells.  

This receptor is a heterodimer consisting of the IL-12Rβ1 

and IL-12Rβ2 subunits (42).  The binding of IL-12 to IL-12R 

results in the activation of the Janus kinase/signal 

transducer and activator of transcription (Jak/Stat) 

signaling pathway (Figure 1.1), which provides a rapid 

mechanism of transducing signals directly from the membrane 

to the nucleus.  The Jak/Stat pathway is very important in 

controlling key cellular processes such as development, 

differentiation, proliferation, and transformation (43-45). 

The critical functions of Stat4 in mediating IL-12 

signaling have been illustrated by research with knockout 

mice.  Stat4-/- mice develop normally but have defective 

cell mediated immune responses and Th1 cell differentiation 

(46, 47), their phenotype being consistent with the 

abnormalities seen in IL-12- or IL-12R- deficient mice (48-

50).  Moreover, the same defects, causing severe 
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mycobacterial and Salmonella infection, have been described 

in patients harboring mutations in IL-12 and IL-12R (51-

53).  Thus it may be predicted that Stat4 defects in humans 

may lead to the same pattern of immune defects.  Recent 

studies have found Stat4 serine phosphorylation important 

in IL-12 induced IFN-γ production and Th1 differentiation 

(54, 55), indicating the p38 mitogen-activated protein 

(MAP) kinase pathway may also be involved in this process 

(56, 57).  

Magee and Cox (58) reported that the administration of 

recombinant IL-12 (rIL-12) induced a shift to Th1 response 

in susceptible BALB/c mice and hence increased resistance 

to Coccidioides, as manifested by reduced fungal burden in 

lung, liver and spleen after systemic challenge.  On the 

other hand, neutralization of endogenous IL-12 in resistant 

DBA/2 mice led to a significant increase of fungal burden.  

In a subsequent study, an IL-12-expressing plasmid was 

shown to enhance the protective effect against Coccidioides 

challenges induced by Ag2/PRA cDNA when co-vaccinated into 

BALB/c mice (59).  Increased production of IFN-γ, anti-

Ag2/PRA antibodies, and a cellular influx of CD4+ and CD8+ 

T cells were proposed as possible mechanisms of such 

enhanced protection.  



 26 

 

 

 

FIGURE 1.1  Simplified scheme of IL-12 signaling through the 
JAK/STAT pathway.  The binding of IL-12 to its receptor 
causes IL-12R dimerization, which in turn brings together 
the receptor-associated Jak2.  Jak2 is activated by 
phosphorylation.  Stat4 is then recruited and bound to the 
receptor complex.  Stat4 proteins are themselves 
phosphorylated on a conserved tyrosine residue by Jak2.  
The phosphorylated Stat4 form homo- or heterodimers through 
the interaction between the SH2 domain of one Stat4 and the 
phosphotyrosine of another.  Stat4 dimers then translocate 
to the nucleus where they directly bind to GAS (IFN-γ 
activation sequence) and promote IFN-γ gene transcription. 
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In human studies, the in vitro modulation of immune 

response resulted in different outcomes among various 

groups of subjects.  The addition of human rIL-12 markedly 

increased IFN-γ concentrations in the supernatant of 

cultured TSL-stimulated PBMC from active, DTH+ donors but 

not from DTH- anergic donors with active coccidioidomycosis 

(35).  Together with the evidence of diminished frequency 

of cells reactive to TSL in DTH- subjects with active 

coccidioidomycosis, this finding suggests a lack of antigen 

responsiveness in this group of subjects.  However, in more 

recent work using flow cytometric technology, the addition 

of human rIL-12, together with coccidioidal antigen T27K, 

to whole blood resulted in significant increases in the 

number of CD3+ lymphocytes expressing IFN-γ in samples from 

both immune and anergic donors (60).  Although the 

frequency of IFN-γ-expressing CD3+ lymphocytes from anergic 

donors was significantly below that from immune donors, 

these data suggest that the responsiveness to IL-12 in 

samples from anergic donors is significantly diminished, 

but not totally nullified.  The exact mechanism(s) of such 

impairment remains unclear.  
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Modulation of Cellular Immunity as a Therapeutic Strategy 

in Coccidioidomycosis 

 Clinical management for coccidioidomycosis varies widely 

from patient to patient (61).  Most patients require only 

periodic reassessement to document the resolution of 

disease and identify possible complications.  On the other 

hand, for those who develop progressive pulmonary disease 

or disseminated disease, current practical guidelines call 

for antifungal therapy, usually prolonged, and in rare 

cases, surgical debridement (61).   

Protective immunity to infectious microorganisms can 

be achieved in many cases through vaccination.  A vaccine 

for coccidioidomycosis is feasible given the fact that 

natural infection almost always confers lifelong immunity 

from reinfection.  Initial studies showed that injection of 

formalin-killed spherules (FKS) resulted in protection in 

mice from lethal challenge with Coccidioides (62).  

However, subsequent trials in human subjects failed to 

demonstrate protective efficacy (63, 64).  The most 

plausible explanation is that the dose of FKS used in human 

trials (1.75 mg i.m.) was too low (less than 0.1%) compared 

to that used in murine system.  Because of the severe 

adverse reactions associated with higher doses of FKS, 
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investigators have since focused on subcellular components 

that are immunogenic but more locally tolerable (65, 66).  

Many vaccine candidates have been tested (66) in murine 

models and include T27K, Ag2/PRA, urease, Hsp60, CSA 

(Coccidioides-specific antigen), GEL-1, SOW (spherule outer 

wall), and ELI-Ag1.  Unfortunately, none has surpassed the 

protection efficacy of that of FKS vaccine.  Only T27K, 

when administered with alum as adjuvant, provides 

comparable level of protection in outbred Swiss-Webster 

mice (67). 

Recent studies have generated encouraging results in 

hope of developing a DC-based immunotherapy for patients 

with progressive disseminated coccidioidomycosis (68, 69).  

DCs are the most potent and only professional APCs capable 

of presenting antigens to naïve lymphocytes (70).  Because 

of their ability to induce a primary T cell response, there 

has been intense interest in using DCs as immunizing 

agents, particularly in patients with malignancy (71).  

Precursors for DCs are present in peripheral blood and in 

vitro generation and maturation of these cells can be 

achieved after incubation with appropriate cytokines and/or 

growth factors.  Richards and colleagues (68) reported that 

TSL was able to induce maturation of DC from healthy 
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nonimmune subjects, as demonstrated by increased expression 

of HLA-DR, CD40, CD54, CD80, CD83, and CD86.   Moreover, 

TSL-pulsed DCs stimulated autologous lymphocytes to 

proliferate and to produce IFN-γ upon re-stimulation.  A 

follow-up study (69) demonstrated that DCs pulsed with T27K 

were able to induce a specific in vitro cellular immune 

response in lymphocytes from patients with disseminated 

coccidioidomycosis.  



 31 

1.2  SPECIFIC AIMS  

 

The work presented here is composed of two sub-

projects.  One is the immunopathology study of coccidioidal 

granulomata.  The other focuses on molecular immunology in 

human coccidioidomycosis.  The main goals are: (1) to 

investigate lymphocyte distribution and cytokine expression 

within pulmonary coccidioidal granulomata; and (2) to study 

the regulation of IL-12R expression and function in host 

defense against Coccidioides.  The specific aims are: 

 To examine and characterize the histological structure 

of pulmonary coccidioidal granulomata; 

 To investigate the lymphocyte composition and 

distribution in coccidioidal granulomata; 

 To determine Th1/Th2 cytokine (IFN-γ and IL-10) 

expression in coccidioidal granulomata; 

 To study the in vitro induction of Ag-specific 

cellular immune response by coccidioidal antigen 

preparation T27K in heathy immune and nonimmune 

donors; 

 To study the expression level of IL-12Rβ1 and IL-12Rβ2 

in PBMCs upon T27K stimulation; 
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 To study the activation of Stat4 protein through IL-

12/IL-12R signal transduction in immune and nonimmune 

donors; and finally, 

 To study the regulation of IL-12R expression and 

signal transduction in the induction of Th1 immune 

response by DCs pulsed with T27K. 
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CHAPTER II 

CELLULAR IMMUNE SUPRESSOR ACTIVITY RESIDES IN LYMPHOCYTE 

CELL CLUSTERS ADJACENT TO GRANULOMATA IN HUMAN 

COCCIDIOIDOMYCOSIS *  

 

2.1 BACKGROUND 

 

Two-thirds of individuals who become infected with 

Coccidioides are asymptomatic, their only evidence of 

infection being the expression of DTH in response to a 

coccidioidal skin test.  A variety of studies have 

indicated that protective immunity in human 

coccidioidomycosis is associated with an appropriate 

cellular immune response.  For example, Smith and 

colleagues demonstrated that persistent expression of DTH 

presaged a good outcome, while failure to develop this 

response was associated with disseminated disease (72).  

More recently, in vitro studies have shown that peripheral 

blood T lymphocytes from individuals with well-controlled 

infection produce IFN-γ in response to coccidioidal antigen, 

while cells from individuals with disseminated disease do 

not (35).  Failure of T lymphocytes to react to 
                                            
*  This work will be published in the July 2005 issue of 
Infection and Immunity 
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coccidioidal antigen in vitro is associated with a poorer 

clinical score among those with disseminated disease (24). 

The hallmark of a robust T-lymphocyte response is the 

granuloma (73) and the formation of necrotizing granulomata 

as a response to pulmonary coccidioidomycosis has long been 

associated with a strong cellular immune response and 

control of coccidioidal disease (29).  However, the precise 

immunological events associated with this response have 

been largely unexplored.  Modlin and colleagues, in work 

published in 1985 (74), described a distinct pattern of 

cellular response in a single human pulmonary granuloma.  

In this pattern, CD4+ lymphocytes were dispersed throughout 

the granuloma, while CD8+ lymphocytes were localized to the 

mantle region.  This pattern was similar to that seen in 

tuberculoid leprosy, pulmonary tuberculosis, and 

sarcoidosis.  In contrast, the lymphocyte pattern in 

biopsies from skin lesions from individuals with 

disseminated coccidioidomycosis revealed CD4+ and CD8+ 

lymphocytes distributed on the periphery of the 

granulomata. 

Since this report, techniques have emerged that allow 

for further assessment of the immunological response within 

coccidioidal granulomata.  In particular, analysis of 
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cytokine expression in addition to lymphocyte subset 

categorization has become available.  In the present study, 

we investigated the lymphocyte distribution and cytokine 

expression of human pulmonary necrotizing granulomata due 

to coccidioidomycosis. 
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2.2 MATERIALS AND METHODS 

 

Human Subjects and Specimens 

This study was approved by the Human Subjects 

Protection Committee of the University of Arizona.  

Formalin-fixed paraffin-embedded lung tissues obtained by 

open lung biopsy and demonstrating coccidioidal granulomata 

were studied.  The identities and clinical profiles of the 

patients from whom tissue was obtained were unknown.   

Tissue sections were cut to 4-5 µm and mounted on poly-

L-lysine coated glass slides for lymphocyte surface marker 

staining or on positively charged glass slides for cytokine 

staining.  The slides were deparaffinized and rehydrated in 

xylene and graded alcohols before staining.  Hematoxylin-

eosin (H-E) and Gomori-Methenamine Silver (GMS) stains were 

performed to examine tissue architecture and for the 

presence of Coccidioides. 

 

Antibodies 

A panel of mouse monoclonal antibodies against human 

lymphocyte surface markers was purchased from Ventana 

Medical Systems (VMS, Tucson, AZ), which include anti-CD3 

(IgG2a, clone PS1), anti-CD4 (IgG1, clone 1F6), anti-CD8 



 37 

(IgG1, clone 1A5), and anti-CD20 (IgG2a, clone L26).  The 

antibodies were pre-diluted and optimized to use with the 

Ventana ES instrument (VMS).  Antibodies against human IFN-γ 

(mouse IgG1, clone G-23) (Santa Cruz Biotechnology, Santa 

Cruz, CA) and IL-10 (mouse IgG2b, clone 23738) (R&D 

Systems, Minneapolis, MN) were used at 1:100 and 1:50, 

respectively, to determine intracellular cytokine 

expression. 

For immunofluorescence assay (IFA), concentrated 

primary antibodies were used to stain cell surface markers.  

Anti-CD4 (Biocare Medical, Walnut Creek, CA), anti-CD8 

(Vector Laboratories, Burlingame, CA), and anti-CD20 

(Vector) antibodies were the same clones as above stated 

and used at dilutions of 1:5, 1:10, and 1:50, respectively.  

Anti CD-25 (mouse IgG2b, clone 4C9) was also from Vector 

and used at 1:10.  Rabbit anti-human IL-10 polyclonal 

antibody (Abcam, Cambridge, MA) was used at 1:10.  Alexa 

Fluor® -labeled secondary antibodies (goat anti-mouse IgG 

and goat anti-rabbit IgG) were purchased from Molecular 

Probes (Eugene, OR) and used at dilutions of 1:20 for green 

fluorophore (Alexa Fluor 488) and 1:400 for red fluorophore 

(Alexa Fluor 568), respectively. 
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Immunohistochemical Staining Procedure 

Cell surface markers (CD3, CD4, CD8, and CD20) were 

stained on an automated Ventana ES Slide Staining System 

(75).  Antigen retrieval was accomplished by microwave 

technique with citrate buffer (pH 6.0).  After the slides 

were loaded to the instrument, primary antibodies were 

applied, followed by biotin-conjugated goat anti-mouse IgG, 

avidin-conjugated horse-radish peroxidase (HRP), 3,3’-

diaminobenzidine tetrohydrochloride (DAB) with copper 

enhancement as color substrate, and a hematoxylin 

counterstain. Slides were coverslipped with Permount. 

The catalyzed signal amplification (CSA) system 

(DakoCytomation, Carpinteria, CA) was used to detect the in 

situ cytokine expression.  High temperature induced antigen 

retrieval (HTIAR) involved the immersion of tissue sections 

in preheated (95°C) Target Retrieval Solution (pH 6.0) 

(Dako) in a water bath for 20 min and allowed to cool for 

20 min to room temperature.  Prior to staining, endogenous 

biotin activity was blocked using Avidin/Biotin Blocking 

kit (Zymed, San Francisco, CA).  The staining procedure was 

carried out at room temperature following the manufacture’s 

instructions.  Antibody concentrations and incubation time 

were experimentally determined.  Following color 
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development and hematoxylin counterstain, the slides were 

coverslipped with the aqueous Universal Mount (Invitrogen, 

Calsbad, CA).    Isotype-matched antibodies were included as 

negative controls to assess nonspecific background 

staining. 

Slides were examined by light microscopy.  Positive 

cells were identified by the dark brown cytoplasm and 

counted.  Microscopic images were acquired using a Leitz 

Duoplan microscope with a Hamamatsu Orca 100 camera.  For 

lymphocyte subset analysis in the mantle region of the 

granuloma, the total number of positive cells per high-

power field (40x) was counted.  For lymphocyte subset 

analysis of the cell clusters, total number of positive 

cells in each cluster was counted.  Two to three 

representative fields or clusters were counted for each 

specimen and average numbers were used for statistical 

analysis.  For cytokine expression within the mantle region 

and in the cell clusters, 100 lymphocytes in each region 

were counted and the percent of cytokine-positive cells 

determined. 
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Confocal Laser-Scanning Microscopy 

Double and single confocal immunofluorescence staining 

was performed using the automated Universal Staining System 

(Dako).  Antigen retrieval was achieved by immersing the 

slides in BORGDecloaker solution (pH 9.5, Biocare) and 

heating in the Decloaker Chamber (Biocare).  The slides 

were then treated with acetone (-20 °C) and 50 mM ammonium 

chloride for 5 min each.  For IL-10/CD4, IL-10/CD8,IL-

10/CD20 and IL-10/CD25 doublestaining, mixed primary 

antibodies were applied for 30 min.  The slides were washed 

three times with phosphate buffered saline (PBS).  Alexa 

Fluor-conjugated secondary antibodies were then applied for 

30 min.  For CD25/CD4 doublestaining, the specimens were 

first stained with anti-CD25 antibody and goat anti-mouse 

IgG (Alexa Fluor 488-conjugated), followed by a 5-min 

treatment with the Denaturing Solution (Biocare).  The 

anti-CD4 antibody and goat anti-mouse IgG (Alexa Fluor 568-

conjugated) were then applied.  Finally, specimens were 

washed again with PBS, rinsed briefly with water, and fixed 

in ethanol for 3-5 min.  The slides were mounted with 

Fluoromount-G™ (SouthernBiotech, Birmingham, AL).  

Doublestains were analyzed using a Leica TCS SP-Leica 

DM IRBE Confocal Laser Scanning Microscope (Leica 
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Microsystems AG, Wetzlar, Germany).  An argon laser 

operating at 499 - 520 nm was used for visualization of 

Alexa Fluor 488 fluorescence.  For Alexa Fluor 568 

fluorescence visualization, a krypton ion laser operating 

at 552 - 620 nm was used.  Noise levels were reduced by 

line averaging of the scans.  Images were overlaid and 

processed using the Adobe Photoshop 7.0 software (Adobe 

Systems, San Jose, CA) 

 

Statistical Analysis 

Data are expressed as mean ± SEM.  The paired t test 

was used to determine differences in lymphocyte subset 

distribution and in the percentage of cytokine-expressing 

cells within each sample.  A P-value of < 0.050 was 

considered to be statistically significant. 
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2.3 RESULTS 

 

Histological Observations 

Microscopic examination of coccidioidal pulmonary 

tissues revealed well-formed necrotizing granulomatous 

inflammation (Figure 2.1A).  In eight out of nine specimens 

examined, discrete clusters of small lymphocytes were seen, 

in which germinal center formation was occasionally 

observed (Figure 2.1B).  The clusters were found either at 

the periphery of the granulomata or in the 

intergranulomatous areas.  Coccidioidal spherules and 

endospores were found in all tissues, predominantly within 

the necrotic areas of the granulomata. 

 

Lymphocyte Subset Composition in Coccidioidal Granulomata 

Quantitation of lymphocyte subsets was done on the 

eight samples in which both necrotizing granulomata and 

cell clusters were observed.  As shown in Table 2.1, within 

the mantle area of the granulomata of these samples, the 

majority of lymphocytes expressed CD3 with significantly 

fewer cells expressing CD20 (P = 0.028), a marker for B 

lymphocytes.  The mantle T cells consisted of both CD4+ and 

CD8+ lymphocytes in roughly equal proportion.  In contrast, 
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the cell clusters were composed of slightly fewer T (CD3+) 

lymphocytes than B  (CD20+) lymphocytes (Figure 2.2A).  

Cells expressing CD4 (Figure 2.2B) were significantly more 

frequent than those expressing CD8 (Figure 2.2C) in the 

cell clusters (P = 0.003).  In addition, the CD4+ cells 

appeared to be distributed throughout the cluster, while 

the CD8+ cells were located more sparsely at the cluster 

periphery. 

Lymphocytic clusters observed in human pulmonary 

coccidioidal granulomata were roughly equivalent in size to 

a 40x microscopic field, the area used for cell counting in 

the mantle region.  Based on this, lymphocyte subsets in an 

entire cluster were compared to those counted in a 40x 

field in the mantle region (Table 2.1).  Cell density was 

significantly higher in the cluster than in the mantle for 

both CD3+ T cells (P = 0.042) and CD20+ B cells (P < 

0.001).  In addition, CD4+ cells were significantly more 

frequent in the clusters than in the mantle (P = 0.011), 

while CD8+ cells were not (P = 0.288).  
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FIGURE 2.1  Hematoxylin-eosin staining of pulmonary 
coccidioidal granulomata.  A. A representative granuloma 
showing central necrosis surrounded by a mantle consisting 
of mostly lymphocytes (arrow).  Several cell clusters 
(arrowhead) are seen at the periphery of the granuloma. 
(original magnification: 4x).  B. High-power view of a 
representative cell cluster (original magnification: 25x).  
 

 

FIGURE 2.2  Immunohistochemical staining for CD20, CD4, and 
CD8 of a lymphocyte cluster in human coccidioidal 
granulomata. (original magnification: 25x).  Note the large 
number of CD20+ lymphocytes (A) in the cluster.  CD4+ cells 
(B) are distributed evenly throughout the cluster and more 
frequent than CD8+ cells (C), which appear at the periphery 
of the cluster. 
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IFN-γ and IL-10 Expression Within Coccidioidal Granulomata 

Quantitation of IFN-γ and IL-10 expression was 

performed in four of the available tissues (Table 2.1).  Of 

the lymphocytes in the mantle, 33.0 ± 8.3% expressed IFN-γ, 

compared to 4.5 ± 0.5% of those in the cluster (P = 0.037).  

On the other hand, 40.3 ± 9.2% of lymphocytes in the mantle 

produced IL-10 compared with 24.3 ± 13.7% of cluster 

lymphocytes (P = 0.094).  

 

Co-localization of IL-10 and Cell Surface Markers 

Confocal laser scanning microscopy was done on a 

different set of pulmonary coccidioidal tissue specimens to 

determine the cell types that produce IL-10.  Both CD20+ 

and CD4+ lymphocytes express IL-10 (Figure 2.3 A-D), 

whereas CD8+ cells do not (Figure 2.3 E and F).  IL-10 

producing cells can be found in both lymphocytic clusters 

as well as the mantle area.  Macrophages in coccidioidal 

granulomata also appear to produce IL-10 (Figure 2.3B).  

Because technical difficulties due to variability of tissue 

staining limited the number of available tissues for 

examination, we were unable to quantitate the frequency of 

IL-10 producing CD20+ and CD4+ lymphocytes 
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TABLE 2.1  Quantification of lymphocyte subsets (n = 8) and 

cytokine expression (n = 4) in pulmonary coccidioidal 

granulomata containing perigranulomatous lymphocyte 

clusters 

 

Lymphocyte subseta Mantle Cluster P-value 

CD3 158 ± 54.1 306 ± 47.1 0.042b 

CD4 474.6 ± 13.1 209 ± 40.2 0.011b 

CD8 49.6 ± 11.2 62.1 ± 10.6c 0.288 

CD20 15.5 ± 4.1d 435 ± 62.0 < 0.001b 

Cytokine expressione    

IFN-γ 33.0 ± 8.3 4.5 ± 0.5 0.037b 

IL-10 40.3 ± 9.2 24.3 ± 13.7 0.094 

 

aValues represent number of cells expressed as mean ± SEM 
per 40x microscopy field in the mantle region and that of 
the entire cell cluster associated with a single granuloma 
from each tissue. 
 
bResults significantly different comparing Mantle vs. 
Cluster by paired t-test. 
 
cP = 0.003, comparing cluster CD4 to cluster CD8. 
 
dP = 0.028, comparing mantle CD3 to mantle CD20. 
 
eDenotes percentage of cells positive for cytokine within 
the mantle or cell cluster. 
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FIGURE 2.3  Confocal laser scanning micrography of human 
pulmonary coccidioidal granulomata depicts the co-
localization of intracellular IL-10 and lymphocyte surface 
markers. (scale bar as indicated, original magnification: 
40x).  The specimens were stained for IL-10 (red) and 
lymphocyte cell surface markers CD4, CD8, and CD20 (green).  
Arrows indicate the co-localization (overlay of red and 
green appears as yellow) of IL-10 (red) and the respective 
surface marker (green) at the cell membrane, while 
arrowheads indicate the cytoplasmic (intracellular, red) 
presence of IL-10.  IL-10 was produced by cells both in the 
clusters (A, C, E, G) and in the mantle regions (B, D, F, 
H).  While both CD4+ (A and B) and CD20+ lymphocytes (C and 
D) express IL-10, CD8+ lymphocytes did not (E and F).  
Panel B depicts a cell expressing IL-10.  The morphology 
and vesicular appearance suggested a macrophage. Panels G 
and H represent negative controls.  
 

 

CD4+CD25+ T cells in Coccidioidal Granulomata 

The finding of in situ IL-10 expression in the cell 

clusters suggested an immunosuppressive activity.  Among 

other cells, Regulatory T cells produce IL-10 (IL-10 Tregs) 

and down-regulate immune responsiveness (76).  Naturally 

occurring Tregs (nTregs) display a phenotype of CD4+CD25+ 

(76, 77) and therefore can be identified by staining for 

these surface markers.  Figure 2.4 demonstrates the 

presence of CD4+CD25+ cells in coccidioidal pulmonary 

granulomata.  These cells appear to exist in low numbers, 

and are principally located in the perigranulomatous cell 

clusters. Fourteen distinct clusters from three separate 
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cases were examined.  The frequency of CD4+CD25+ cells was 

found to be 2.93 ± 0.58 with a range from 0 to 8 cells per 

cluster per cross-section. 

Comparing serial sections from the same tissues, all 

of the CD25+ lymphocytes were also found to be CD4+.  

Therefore, tissues from two cases were double-stained for 

CD25 and IL-10 to assess if CD4+CD25+ lymphocytes were 

producers of IL-10.  Confocal laser microscopy revealed no 

instances of co-localization of these two proteins in any 

cells. 
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FIGURE 2.4  Confocal laser scanning micrography of 
lymphocyte clusters in human coccidioidal granulomata 
reveals the presence of CD4+CD25+ cells.  (scale bar as 
indicated, original magnification: 40x).  Tissues were 
stained for CD4 (red) and CD25 (green).  Representative 
cell clusters are shown.  Panels A and B show the same 
cluster stained for CD4 and CD25, respectively.  Panels C 
and D show another cluster from the same tissue.  CD4+CD25+ 
cells are yellow (arrow) and can be found mostly within the 
cell clusters.  Panel D represents an enlarged portion of 
panel C showing cell surface co-localization (yellow 
outline) of the CD4 and CD25 antigens. 
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2.4 DISCUSSION 

 

Several unique observations emerged from this 

examination of pulmonary granulomata in human 

coccidioidomycosis.  First, perigranulomatous lymphocyte 

clusters containing relatively large numbers of CD20+ B 

cells and increased numbers of CD4+ T lymphocytes.  While 

such clusters have not been previously reported in human 

coccidioidomycosis, similar aggregates have been described 

in other diseases.  Fazel and colleagues noted B-cell 

aggregates strikingly similar to those observed in the 

present study using formalin-fixed biopsy tissue from 

patients with sarcoidosis (78).  Similar aggregates 

consisting of B lymphocytes were also described in 37 of 38 

cases of cryptogenic fibrosing alveolitis (79).  In this 

latter study, the authors suggest that these aggregates 

could be serving as local areas of humoral immunity. 

In addition, the presence of the Th2 cytokine IL-10 

within the coccidioidal granulomata has not previously been 

reported.  The finding of IL-10 in association with these 

necrotizing granulomata is in contrast to reports examining 

peripheral blood lymphocyte response to coccidioidal 

antigen, where IL-10 and its message have not been detected 
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(80).  In murine models, IL-10 has been shown to be 

critical in determining susceptibility to coccidioidal 

infection.  Fierer et al. (81) reported that, after 

intraperitoneal infection of Coccidioides, susceptible 

C57BL/6 mice had 1,000-fold more IL-10 mRNA in the lungs 

than resistant DBA/2 mice.  The IL-10 level correlated with 

the colony counts of fungus and hence the severity of 

infection.  In addition, IL-10 knockout C57BL/10 mice 

possessed equivalent resistance as DBA/2 mice.  IL-10 is 

known to provide feedback inhibition to limit inflammation 

(82).  In the coccidioidal granulomata examined, the number 

of cells expressing IFN-γ was roughly equivalent to the 

number expressing IL-10 in the mantle.  However, the 

balance of cytokine expression in the cell clusters was 

shifted in favor of IL-10, suggesting that these clusters 

are regions where down-regulation of the cellular immune 

response is occurring during the coccidioidal granulomatous 

response. 

IL-10 is produced by a broad array of cells including 

both Th1 and Th2 cells, Tregs, B cells, dendritic cells 

(DC), and macrophages (76).  Our data suggest that B cells, 

CD4+ lymphocytes and macrophages are the major source of 

IL-10 in coccidioidal granulomata.  While it is tempting to 
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postulate that Tregs were a source of IL-10 in this study, 

our methods were inadequate to assess this.  Tregs are a 

group of cells with variable origins and phenotypes with 

the capability of suppressing cellular immune responses 

(83, 84).  Since CD4+ lymphocytes express CD25 upon antigen 

activation, co-expression of CD4 and CD25 cannot alone 

define a Treg.  In fact, our confocal study demonstrated 

that CD4+CD25+ cells were not associated with IL-10 

expression in coccidioidal granulomata and may not be down-

regulatory. 

Because pulmonary tissues were examined, it is 

difficult to compare the present results to other studies 

of granulomatous disease, where extrapulmonary tissue was 

investigated (85-88).  In particular, Modlin and 

colleagues’ data in humans principally consisted of skin 

biopsies from patients with disseminated coccidioidomycosis 

(74).  However, the finding of a positive ratio of CD4+ to 

CD8+ lymphocytes and the production of IFN-γ in the mantle 

region of granulomata in the present study is consistent 

with a reaction favoring a strong cellular immune response.  

Other cytokines, especially TNF-α, also play important 

roles in the development of granulomatous response.  
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Unfortunately, staining for TNF-α was unsuccessful in this 

study. 

There were several limitations of this study.  While 

the pulmonary tissue examined suggested a functional 

cellular immune response as indicated by the necrotizing 

granulomata observed, clinical correlation was not 

available.  Moreover, no tissues obtained from sites of 

coccidioidal dissemination or those due to other infections 

were studied.  Finally, a very vexing problem was the use 

of formalin-fixed tissues.  In particular, staining for 

intracellular proteins in these specimens required harsh 

antigen retrieval conditions and signal amplification, 

which resulted in high background.  There was also great 

variability in staining both by IHC and by IFA, limiting 

our ability to analyze tissues.  Future studies will 

attempt to focus on frozen tissue where staining is more 

uniform.  
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CHAPTER III 

IL-12 RECEPTOR EXPRESSION AND SIGNAL TRANSDUCTION 

IS REGULATED IN HOST DEFENSE IN COCCIDIOIDOMYCOSIS 

 

3.1 BACKGROUND 

 

The outcome of human infectious diseases, including 

coccidioidomycosis, is regulated by the Th1 and Th2 

cytokine patterns.  Th1 cells secrete IL-2 and IFN-γ and are 

associated with resistance to Coccidioides in mice, whereas 

Th2 cells secrete IL-4 and IL-10 and are associated with 

progressive disease (27).  It has become increasingly 

evident that IL-12 is a pivotal regulator of Th1 responses 

and is essential for promoting cell-mediated immunity 

against intracellular microbial pathogens.  Magee and Cox 

(58) demonstrated that the addition of IL-12 significantly 

ameliorated the course of disease in BALB/c mice, which are 

genetically susceptible to coccidioidomycosis. 

The ability of IL-12 to activate lymphocytes is 

mediated through IL-12R, a heterodimer composed of the IL-

12Rβ1 and IL-12Rβ2 subunits (42).  IL-12Rβ1 is expressed in 

many cells whereas IL-12Rβ2 is only produced in activated T 
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cells and NK cells (40).  Evidence from both human (89, 90) 

and mice (91) studies has suggested that IL-12Rβ2 may be 

confined to Th1 cells and that the unresponsiveness of Th2 

cells to IL-12 is due to the down-regulation of IL-12Rβ2 

expression.  Activation of T cells through the TCR up-

regulates the transcription and expression of both IL-12R 

subunits, particularly that of the β2 chain.  This up-

regulation can be further enhanced by IL-12 itself, IFN-α, 

IFN-γ, TNF-α, and co-stimulation through CD28 (92). 

Binding of IL-12 to its receptor results in the 

activation of Jak2 and Tyk2, which in turn phosphorylate 

IL-12R, providing docking sites for Stat4.  Stat4 is then 

phosphorylated on Y693 by the Jaks (54, 93).  Dimerized 

active Stat4 translocates to the nucleus and binds to the 

IFN-γ gene promoter, resulting in increased IFN-γ production 

(44, 57).  Studies have shown that IL-12 induces tyrosine 

phosphorylation of Stat4 in Th1 cells but not in Th2 cells 

(89, 91, 93), indicating a functional difference imparted 

by the expression levels of the IL-12R in these T cell 

subsets. 

Previous studies showed that IL-12, combined with TSL, 

significantly increased IFN-γ production by PBMCs derived 

from active, DTH+ donors but not those from DTH- anergic 
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donors with active coccidioidomycosis (35).  More recent 

work showed that when IL-12 was added to whole blood with 

T27K, the number of IFN-γ producing CD3+ lymphocytes was 

increased in samples from both immune and anergic donors 

(60).  However, the frequency of CD3+ lymphocytes that 

express IFN-γ was still significantly greater in immune 

donors.   

The mechanisms of (un)responsiveness to IL-12 in human 

infectious diseases including coccidioidomycosis are not 

fully understood.  The present study examined the 

expression and up-regulation of IL-12Rβ1 and IL-12Rβ2 by 

PBMCs from healthy immune and nonimmune human subjects, as 

well as from patients with disseminated coccidioidomycosis, 

in response to in vitro T27K stimulation.  The expression 

level of IL-12Rβ2 was further correlated with Stat4 

activation and IFN-γ production. 
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3.2 MATERIALS AND METHODS 

   

Human Subjects 

This study was approved by the Institutional Review 

Board (IRB) of the University of Arizona (see Appendix A 

for the approval letter).  15 healthy individuals and 11 

patients with active coccidioidomycosis have been 

recruited.  The healthy donors are employees of the 

Southern Arizona Veterans Affairs Health Care System 

(SAVAHCS).  They were later categorized into two groups, 

i.e. immune and non-immune healthy donors, based on their 

responsiveness to in vitro T27K stimulation (see section 

3.3).   

Patients from SAVAHCS Valley Fever Clinic who 

demonstrated stable disseminated coccidioidomycosis were 

also invited to participate, while those known to be 

infected with human immunodeficiency virus (HIV) or have 

undergone allogeneic transplantation were excluded.  A 

variety of clinical data were collected and a clinical 

score of disease severity was determined based on clinical 

symptoms, the severity and number of active sites of 

disease, and the immune diffusion complement-fixing (IDCF) 

coccidioidal antibody titer (94, 95). 
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Coccidioidal Antigen Preparation T27K 

T27K, a glycosylated coccidioidal antigen preparation, 

was provided by Dr. Demosthenes Pappagianis (University of 

California at Davis).  It was weighed, diluted into RPMI-

1640 (Gibco BRL, Grand Island, NY ), and sterilized through 

a 0.2 µm filter.  T27K consists of the soluble portion of 

mechanically disrupted spherules after ultracentrifugation 

at 27,000 x g.  Thimerosal was used to inactivate spherules 

prior to mechanical disruption.  T27K has been shown to 

distinguish healthy, spherulin-reactive donors from healthy 

non-reactive donors (96) and exhibit protective effects 

against coccidioidomycosis in murine immunization studies 

(67). 

 

Whole Blood CD69 Expression Assay  

The expression of CD69 on T lymphocytes was measured 

as previously described to assess cellular immununity (24).  

Briefly, 10 µg of T27K was added to aliquots (1 ml) of 

heparinized whole blood in 15-ml polypropylene conical 

centrifuge tubes (Corning, Corning, N.Y.).  Control tubes 

were not subjected to any treatment.  Samples were 

incubated for 18~24 hr at 37°C in 5% CO2, with caps kept 
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loose and without rocking.  Red blood cells were then lysed 

and nucleated cells were stained with phycoerythrin (PE)- 

labeled anti-CD69 and peridinin chlorophyll protein 

(PerCP)- labeled anti-CD3 (Becton Dickinson Immunocytometry 

Systems [BDIS], San Jose, CA).  The samples were acquired 

by a FACScan single argon laser flow cytometer (BDIS) and 

analyzed using the CellQuest software (BDIS).  The surface 

expression of CD69 was assessed among CD3 lymphocytes 

(10,000 events counted) and recorded as mean fluorescence 

intensity (MFI). 

 

PBMC Isolation and Incubation 

PBMCs were isolated by density centrifugation through 

Ficoll-Paque Plus (Amersham Biosciences, Piscataway, NJ).  

Heparinized blood was diluted in equal volume of PBS and 

layered over the Ficoll-Pague solution in a 50-ml conical 

tube (Corning).   The tube was centrifuged at 500 x g for 

30 min with no brake.  The mononuclear cells layer was 

carefully transferred into a new tube and the cells were 

washed in excessive volume of Hank’s Balanced Saline 

Solution (HBSS, Gibco) and centrifuged.  PBMCs were 

resuspended in Serum-Free AIM V Medium (Gibco).  The number 

of cells and their viability was then determined by 
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staining with trypan blue and examined in a hematometer 

under a microscope.   

PBMCs were incubated at 1 x 106 cells/ml at 37°C, 5% CO2 

for 72 hr or 120 hr.  Cells were either left untreated 

(medium only) as control or receiving one of the following 

treatment: 10µg/ml of T27K, 10 ng/ml of rhIL-12 (R&D 

Systems), 5 µg/ml of PHA-L (Sigma, St. Louis, MO).  At the 

end of the incubation, culture media were collected and 

stored at -20°C.  Cell pellets were harvested and used 

immediately for total RNA extraction or stored in RNAlater® 

(Ambion, Austin, TX) at 4°C following the manufacturer’s 

instructions. 

 

Measurement of Human Th1/Th2 Cytokines 

Cell culture media were harvested and human Th1 (IL-2, 

TNF-α and IFN-γ) and Th2 (IL-4, IL-5 and IL-10) cytokine 

levels were measured by using the Cytometric Bead Array 

(CBA) Kit from BD Pharmingen (San Diego, CA).  This system 

uses the sensitivity of amplified fluorescence detection by 

flow cytometry to measure soluble analytes in a particle-

based immunoassay.  The assay was run following the 

manufacturer’s instructions.  Samples were acquired by a 

FACScan flow cytometer.  General calibration was 
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established by using CaliBRITE beads (BD) with FACSComp 

v4.2 software (BD) in Lyse/No Wash mode.  In addition, 

three tubes of set up beads were prepared according to 

manufacturer’s instructions, which were sequentially used 

to optimize the compensation settings of the cytometer by 

the CellQuest software.  Data were acquired by counting 

1,800 of properly gated events and analyzed by the BD CBA 

software.  Standard curves were generated for each cytokine 

analyte and the concentrations were calculated. 

 

Semi-quantitative RT-PCR 

Total RNA was purified using RNAqueous™-4PCR kit 

(Ambion), which is a guanidium thiocyanate-based method and 

in microfuge tube format.  PBMCs were washed with PBS once 

and to the pellet was added 500 µl of Lysis/Binding 

Solution.  After vortexing, an equal volume of 64% Ethanol 

Solution was added and mixed gently.  The mixture was then 

transferred to the filter cartridge and passed through the 

filter by centrifugation.  RNAs bound to the filter was 

washed three times with Wash Solution before elution in a 

small volume of pre-heated Elution Solution.  Eluted RNA 

was treated with DNase I for 30 min at 37°C. DNase 

Inactivation Reagent was then added and the DNA-free RNA 
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was transferred to a new tube and stored at -80°C.  

After quantification of total RNA by measuring OD260 

with an Eppendorf Biophotometer (Brinkmann, Westbury, NY), 

0.1-0.2 µg of total RNA was used in a two-step RT-PCR to 

determine the message levels of IL-12Rβ1 and IL-12Rβ2 

(detailed protocol in Appendix B).  Reverse transcription 

was done using the RETROscript kit (Ambion).  Multiplexed 

PCR was performed under pre-optimized conditions.  

QuantumRNA 18S Internal Standard (Ambion), which generates 

a product of 324 bp, was used to compensate for variations 

among samples.  Primers specific for IL-12Rβ1 and IL-12Rβ2 

(97, 98), manufactured by Sigma-Genosys (The Woodlands, 

TX), were designed to span the introns and hence exclude 

the possible DNA interference.  The primer sequences 

(5’3’) are as followed: 

 IL-12Rβ1 primers (PCR Product: 254 bp): 

Forward(24-mer): ctg ttt tca gga ccc gcc ata tcc 

Reverse(24-mer): aga gtg tga cag tgt aca gca cag 

 IL-12Rβ2 primers (PCR Product: 511 bp): 

Forward(27-mer): gag gga ctg gta ctg ctt aat cga ctc 

Reverse(32-mer): cct cac aca ggt tca tta tgt taa tac gag tg 

 

PCR products were separated on a 4% NuSieve 3:1 
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Agarose gel (Cambrex, Rockland, ME) containing ethidium 

bromide (EtBr).  The signals were quantified using EagleEye 

II gel documentation system (Stratagene, La Jolla, CA) or 

Gel Logic 100 System (Kodak, New Haven, CT).  Relative mRNA 

levels of the target genes were determined as “percentage 

difference” by comparing its signal with that of the 18S 

rDNA.  

 

Measurement of Total Intracellular Stat4 

We have adapted a flow cytometry-based assay to detect 

Stat4 protein in human PBMC (99).  It requires fewer cells 

than conventional protein detections such as ELISA and 

Western Blot (WB).  Cells were cultured and harvested as 

described above.  After washing, cells were fixed and 

permeabilized using Fix & Perm (Caltag Laboratories, 

Burlingame, CA).  Rabbit polyclonal anti-Stat4 antibody 

(Zymed) was then added at 5 µg/ml and incubated for 30 min.  

Rabbit IgG was used as control.  The cells are then washed 

and incubated with the secondary antibody, FITC-conjugated 

goat anti-rabbit IgG (Caltag, 1 µg).  Mouse monoclonal anti-

CD3 antibody (PE-conjugate) was added together with the 

secondary antibody.  The cells were then washed again and 
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analyzed by flow cytometry. 

The FACScan was calibrated and compensated as in the 

CD69 expression assay.  A T lymphocyte gate was determined 

based on the CD3 expression.  The fluorescence signal for 

each sample was collected and evaluated as a fluorescence 

index (FI), which was defined as the ratio of geometric 

mean channel fluorescence of stimulated cells/control 

cells.  

 

Human Active Stat4 Assay 

A functional assay based on ELISA technology has been 

developed by R&D Systems to measure the concentration of 

human active Stat4.  To induce Stat4 activation, 10 ng/ml 

of human rIL-12 was added into cell cultures for the last 

30 min.  8.0 x 106 cells were collected and nuclear proteins 

were prepared by using the Nuclear Extract Kit purchased 

from Active Motif (Carlsbad, CA).  20 µl of each nuclear 

extract was incubated for 30 min at room temperature with 3 

µl of biotinylated double stranded (ds) oligonucleotide 

containing the consensus Stat4-binding sequence.  200 µl of 

Lysis Buffer was added and 100 µl of each reaction was added 

to the ELISA plate.  Stat4-oligo complexes were 

subsequently captured by an immobilized antibody specific 
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for Stat4.  After washing away unbound material, detection 

using Streptavidin-HRP is performed.  Optical density (OD) 

of each well was determined immediately, using a microplate 

reader (ELx800, Bio-Tek, Winooski, VT)) set to 450 nm with 

wavelength correction set to 540 nm.  Unlabeled ds 

competitor oligo was used to ensure the specificity of the 

reaction. 

 

ELISA For IL-12 p70 and p40 

Human IL-12 p70 and p40 produced by PBMCs were 

measured by ELISA.  The human IL-12 p70 ELISA Ready-SET-Go! 

(eBioscience, San Diego, CA) was used to measure the 

bioactive, heterodimeric form of IL-12.  IL-12 p40 subunit 

was measured by using the Quantikine human IL-12 p40 

Immunoassay (R&D Systems).  The assays were run following 

the manufacturer’s instructions.  

 

Statistics 

For comparison between different treatments, paired 

non-parametric t test or Wilcoxon test was performed.  When 

compared between groups of donors, unpaired non-parametric 

t test or Mann-Whitney test was used.  A P value not 

greater than 0.05 (P ≤ 0.05) was considered significantly 



 67 

different.  Statistical analysis was done using a 

commercial software, Graphpad Prism (GraphPad Software, San 

Diego, CA), running on a Macintosh computer. 
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3.3 RESULTS 

 

T27K Induces Th1 Type Responses in PBMCs from Healthy 

Immune But Not Nonimmune Donors 

People respond to coccidioidal antigens differently 

and can be divided immunologically into two groups based on 

their cytokine production by cultured PBMC in the presence 

of T27K.  Seven of 15 healthy donors, whose PBMCs produced 

10 pg/ml or more of IFN-γ upon T27K stimulation, were 

recognized as healthy immune donors.  The remaining eight 

individuals were healthy negative donors, whose PBMC made 

less than 10 pg/ml of IFN-γ (Figure 3.1).  CD3+ T 

lymphocytes from immune donors also expressed elevated 

level of CD69 (ΔMFI > 5) when incubated with T27K, compared 

to relatively lower level of CD69 (ΔMFI < 5) by cells from 

nonimmune donors (Figure 3.1).   

T27K induced a typical Th1 type response in healthy 

immune donors.  Samples treated with T27K from these donors 

contained significantly increased amounts of IFN-γ, TNF-α 

and IL-2, while IL-4, IL-5, and IL-10 levels were only 

slightly increased (Table 3.1). T27K failed to induce any 

Th1/Th2 cytokine in PBMC from nonimmune donors, suggesting 

an overall unresponsiveness rather than a shift to Th2 type 
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response. 
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FIGURE 3.1  IFN-γ production and CD69 expression among 
healthy donors in response to T27K.  Heparinized blood was 
drawn from healthy donors.  CD69 expression was determined 
by flow cytometry in a whole blood incubation format.  Mean 
fluorescence index (MFI) was recorded on a CD3+ lymphocyte 
gate.  ΔMFI indicates the difference of MFI (T27K treated – 
untreated control) between cells with or without T27K 
treatment.  For IFN-γ measurement, PBMCs (1.0 x 106) were 
incubated in serum-free AIM V medium with 10 µg/ml of T27K 
for 72 hr.  Cell culture supernatant was collected and the 
levels of Th1/Th2 cytokines were measured by cytometric 
bead array.  Each dot represents a single donor. 
 

Expression of IL-12Rβ2 Is Up-regulated by T27K Only in 

Immune PBMCs  

Relative Quantitative RT-PCR was performed to measure 

the mRNA levels of IL-12Rβ1 and IL-12Rβ2 gene expression
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using 18S rRNA as internal standard.  Optimal PCR 

conditions were experimentally determined using RNAs from 

two subjects.  To take advantage of the quantitative 

potential of relative RT-PCR, the reaction was terminated 

for quantification when the sample is in the linear range 

of amplification (Figure 3.2 A and B).  It is also very 

important that the control target 18S rRNA is amplified at 

a level roughly similar to the IL-12Rβ1 and IL-12Rβ2 

amplicon (Figure 3.2 C).  For IL-12Rβ2 mRNA quantification, 

a 30-cycle PCR protocol and a 18S primers to Competimers 

ratio of 2:8 were used in the RT-PCR.  The same strategies 

were used to optimize the conditions for IL-12Rβ1 RT-PCR, in 

which a 33-cycle protocol was used. 

It appears that that the mRNA levels of IL-12Rβ1 and 

IL-12Rβ2 accumulate in a time-dependent manner (Figure 3.3).  

Therefore PBMCs from healthy donors were incubated with or 

without T27K for 72 hr (3-day) and 120 hr (5-day).  Data 

from 5-day incubation are presented below unless otherwise 

specified. 

IL-12Rβ2 was expressed at a low level in rested PBMC 

(medium only) from all healthy donors (Figure 3.4 A).  When 

incubated with T27K, however, the median of IL-12Rβ2 mRNA 

level in PBMCs from healthy immune donors was significantly  
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FIGURE 3.2  Optimization of relative quantitative RT-PCR 
for IL12Rβ2.  PBMCs were cultured for 72 hr in the presence 
of 10 µg/ml of T27K.  Total RNA was purified and used in a 
2-step RT-PCR.  PCR was stopped every 2 cycles since the 
16th cycle, and the products were separated (A).  The 
linear range was determined by plotting the density of each 
band against the cycle number (B).  18S Primers and 
Competimers were mixed at 1:9, 2:8, or 3:7 and used in PCR 
reactions, multiplexed with IL-12Rβ2–specific primers (C).  
The lane in which both products have the most similar level 
contains the optimal ratio (2:8 for IL-12Rβ2 as shown).  
Products generated with IL-12Rβ2 primers only (β2) and 3:7 
of 18S Primers: Competimers only (18S) were also loaded. 
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increased from 6.20% to 81.15% (P = 0.0312), while that in 

cells from nonimmune donors was not (P = 0.0625).  In 

addition, PBMCs from immune donors expressed significantly 

higher levels of IL-12Rβ2 mRNA in response to T27K, compared 

to cells from nonimmune donors (P < 0.01). 
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FIGURE 3.3  IL-12Rβ2 expression accumulates over time in 
T27K-treated samples.  RNA were extracted from cultured 
PBMCs every day for up to 5 days.  RT-PCR was run using 
optimized conditions.  IL-12Rβ2 mRNA levels were quantified 
by densitometry analysis.  A.  Relative IL-12Rβ2 mRNA levels 
in PBMCs untreated (medium) or treated with T27K.  B.  Gel 
image of PCR products from samples treated with T27K. Top 
bands are the IL-12Rβ2-specific PCR products and, bottom, 
18S rDNA products.  PHA-treated sample serves as a positive 
control. 
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FIGURE 3.4  IL-12Rβ2 and IL-12Rβ1 mRNA levels expressed by 
PBMCs from healthy donors.  PBMCs (1.0 x 106) from healthy 
immune and nonimmune donors were incubated with T27K (10 
µg/ml) or left un-treated (medium).  Total RNA was extracted 
and used in a relative quantitative RT-PCR.  IL-12Rβ2 (A) 
and IL-12Rβ1 (B) mRNA levels were expressed as the ratio 
(percentage) over the internal standard 18S rRNA. 
 

IL-12Rβ1 mRNA Is Equally Expressed in PBMCs From Healthy 

Immune and Nonimmune Donors 

Unlike IL-12Rβ2 expression, which is modulable upon 

antigen stimulation, IL-12Rβ1 mRNA is constitutively 

expressed in human PBMCs.  The IL-12Rβ1 mRNA levels were 

increased significantly by in vitro T27K stimulation in 

PBMCs from both immune and nonimmune healthy donors (P = 

0.0312, Figure 3.4 B).  However, when compared the IL-12Rβ1 
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mRNA levels between PBMCs from immune and nonimmune groups, 

no significant difference was found.  These results suggest 

that PBMCs from immune donors can respond to T27K 

stimulation and up-regulate both IL-12Rβ1 and IL-12Rβ2.  In 

contrast, the response of nonimmune PBMCs to T27K is 

limited to increase of IL-12Rβ1 expression, but not the up-

regulation of IL-12Rβ2 expression. 

 

Production of IL-12 p70 and p40 by PBMCs 

Next we examined the production of IL-12 by PBMCs from 

immune and nonimmune healthy donors after incubation with 

T27K.  IL-12 p70 and p40 in cell culture supernatants were 

measured using sandwich ELISA.  In all samples the IL-12 

p70 level was below detection limit, suggesting no 

bioactive IL-12 was secreted.  On the other hand, T27K 

induced the production of IL-12 p40 by PBMCs derived from 

healthy immune donors.  After T27K stimulation, IL-12 p40 

concentration in supernatants of immune PBMCs was 

significantly higher than that in supernatants of nonimmune 

PBMCs (P < 0.01, Figure 3.5).  Cells from nonimmune donors 

made little or no IL-12 p40 when incubated with T27K. 
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FIGURE 3.5  IL-12 p40 concentration in the culture media of 
PBMCs from healthy donors.  PBMCs (1.0 x 106) from healthy 
immune and nonimmune donors were isolated and incubated 
with T27K (10 µg/ml) for 72 hr.  Supernatants were collected 
and assayed by ELISA for IL-12 p40.  Each dot represents a 
single donor.  Bar = median level for each group of donors. 

 
 

IFN-γ Production Induced by IL-12 Correlates with IL-12Rβ2 

Expression and Responsiveness to T27K 

IL-12 is pivotal to the generation of a Th1 cytokine 

response.  We studied whether IL-12 responsiveness 

correlates with IFN-γ production.  To do this, 10 ng/ml of 

human rIL-12 (R&D Systems) was added to the cell culture 

together with 10 µg/ml of T27K.  After incubation for 72 hr, 

supernatants were collected and Th1/Th2 cytokines were 

measured as described above.  We found that addition of IL-

12 further increased IFN-γ production by PBMCs derived from 
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immune donors compared to cells incubated with T27K alone. 

The median of IFN-γ concentration increased from 844.3 pg/ml 

to 4494 pg/ml (P = 0.0312).  However, the level of IFN-γ 

produced by PBMCs from nonimmune donors only slightly 

increased (P = 0.0625, Figure 3.6).  Furthermore, the 

addition of IL-12 did not affect the concentrations of IL-2 

and TNF-α in the supernatants.  The specific increase of 

IFN-γ production by exogenous IL-12 indicates that IL-12 

signaling regulates the production of IFN-γ and correlates 

with IL-12Rβ2 expression in healthy donors immune to 

coccidioidal antigens.  

 

IL-12 Induces Stat4 Activation in PBMCs from Immune But Not 

Nonimmune Donors 

The IL-12 signaling involves the activation of the 

Jak/Stat signal transduction pathway.  Specifically, the 

binding of IL-12 to IL-12R leads to the phosphorylation and 

nuclear translocation of Stat4.  To determine the 

activation of Stat4 initiated by IL-12R, PBMCs from immune 

and nonimmune donors were first stimulated with T27K and 

subsequently activated with human rIL-12.  The binding of 

active Stat4 to the ds-oligonucleotide containing conserved 

Stat4 binding sequence was measured by a functional ELISA.  
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As shown in Figure 3.7, IL-12 induced binding activity of 

Stat4 to the ds-oligo in PBMCs from immune donors.  The 

level of active Stat4 was significantly increased by IL-12 

in T27K-activated PBMCs compared to cells incubated with 

medium alone (P = 0.0312).  In contrast, active Stat4 level 

was not increased by IL-12 in PBMCs from nonimmune donors. 
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FIGURE 3.6  Induction of IFN-γ production by IL-12 in PBMCs 
stimulated with T27K.  PBMCs (1.0 x 106) derived from immune 
(A, n = 6) and nonimmune (B, n = 6) donors were incubated 
with 10 µg/ml of T27K with or without the presence of human 
rIL-12 (10 ng/ml) for 72 hr.  Supernatants were then 
harvested and the IFN-γ concentration was determined by BD 
CBA.  
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Total intracellular Stat4 was also determined by flow 

cytometry.  We found that the level of total Stat4 protein 

in CD3+ T lymphocytes from both immune and nonimmune donors 

was not significantly changed after incubation with T27K 

(Figure 3.8).  This result suggests that the low level of 

Stat4 activation in PBMCs from nonimmune donors was not due 

to the lack of Stat4 protein per se. 
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FIGURE 3.7  Levels of active Stat4 in PBMC nuclear extracts 
from healthy nonimmune and immune donors.  PBMCs (8.0 x 106) 
were left unstimulated (medium) or culture with T27K (10 
µg/ml) for 120 hr.  Human rIL-12 (10 ng/ml) was added for 
the last 30 min.  Nuclear extracts were then prepared, 20 µl 
of each was used in the active Stat4 assay. 
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FIGURE 3.8  Detection of intracellular total Stat4 by flow 
cytometry.  PBMC were left unstimulated (control) or 
cultured with T27K (10 µg/ml).  After fixation and 
permeabilization, cells were stained with Stat4-specific 
antibodies or total IgG as control.  A. Representative 
histograms showing fluorescence of Stat4 (open line) and 
IgG control (solid).  B. Stat4 levels were expressed as “x-
fold” in geometric mean compared to that of IgG staining. 
 

Cytokine Production, IL-12R Expression, and Stat4 

Activation in Patients with Disseminated Coccidioidomycosis 

Finally we studied IL-12 responsiveness in 11 patients 

with chronic disseminated coccidioidomycosis (Table 3.2).  

These patients were 25 to 78 years old and had been 

diagnosed with the disease from just more than 1 year to as 

B 
A control 

T27K 
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long as 28 years.  They had all received multiple anti-

fungal therapies and demonstrated variable severity scores 

during the course of disease.  Given the heterogeneic 

nature of these patients, it is not surprising that the in 

vitro immune response to T27K varied tremendously among 

them.  IFN-γ concentration in PBMC culture supernatants 

ranged from 15.1 pg/ml to 1974.5 pg/ml after incubation 

with T27K (Figure 3.9).  The expression of IL-12Rβ1 and IL-

12Rβ2 mRNA, as well as Stat4 activation also varied among 

patients.  Based on the result derived from this group of 

patients, no correlation can be established between the 

IFN-γ production and IL-12Rβ1/IL-12Rβ2 expression.  Neither 

as the IFN-γ production and the active Stat4 level.  



 

 

82 

TABLE 3.2  Description of patients with chronic 

disseminated coccidioidomycosis upon entry into this study 

 

Pt# 

 

Age 

(year) 

Month since 

Diagnosis 

Type of Cocci 

Dissemination 

Score¶ 

(range) 

Therapy* 

 

1 42 128.1 Cutaneous 2 (2-8) I, F 

2 70 19.2 Bone & Joint 0 (0-3) F 

3 53 48.4 Cutaneous 0 (0-7) I, F 

4 78 77.8 Bone & Joint 1 (1-4) K, I, F 

5 25 17.3 Bone & Joint 0 (0-5) I 

6 54 70.2 Bone & Joint 2 (0-6) I 

7 60 345.9 Cutaneous 0 (0-1) F 

8 47 97.8 Bone & Joint 2 (2-11) I, P, F, V 

9 56 60.4 Bone & Joint 2 (1-13) A, I, F 

10 30 NA§ Bone & Joint 6 (?) I, F 

11 57 24.8 Cutaneous 2 NA 

 

§NA: not available 
¶Disease score at the time of study.  Numbers in parenthesis 
indicate the range of scores during multiple visits. 

*I = Itraconazole, F = Fluconazole, K = Ketoconazole,  
 P = Posaconazole, V = Voriconazole, A = Amphotericin B 
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FIGURE 3.9  IFN-γ production by T27K-activated PBMCs derived 
from patients with disseminated coccidioidomycosis.  PBMCs 
(1.0 x 106) derived from 11 patients with disseminated 
coccidioidomycosis were cultured with T27K (10 µg/ml) for 72 
hr.  Supernatants were harvested and IFN-γ concentration was 
determined by BD CBA.  X-axis represents the time (in 
month) since each patient was diagnosed with the disease 
upon entry into the study. 
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3.4    DISCUSSION 

 

Recent evidence strongly suggests that T cell 

receptivity to IL-12 plays a critical role in determining 

an appropriate immune response to granulomatous diseases 

including coccidioidomycosis.  Our data have shown a 

positive correlation in human coccidioidomycosis between 

the up-regulation of IL-12R/Stat4 and the induction of a 

Th1 response, as demonstrated by increased IFN-γ production.  

When incubated with T27K, PBMCs derived from healthy immune 

donors produced significantly higher level of IFN-γ than 

cells from nonimmune individuals.  They also expressed 

higher levels of IL-12Rβ2 mRNA after T27K stimulation.  

Furthermore, addition of IL-12 induced Stat4 activation and 

DNA binding in T27K-activated cells from immune but not 

from nonimmune healthy donors.  These data suggest that IL-

12Rβ2 expression and function plays an important role in the 

generation of Coccidioides specific Th1 responses in human 

coccidioidomycosis.   

IL-12Rβ2 chain contains three tyrosine residues in its 

cytoplasmic domain and is responsible for signal 

transduction (42).  In contrast, the main function of IL-

12Rβ1 is binding to IL-12 p35.  Our data have shown that IL-
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12Rβ1 expression is equally increased in both immune and 

nonimmune PBMCs upon exposure to T27K, suggesting a non-

specific mechanism of its up-regulation.  In a recent 

study, FKS was shown to induce cytokine responses in mouse 

peritoneal macrophages through TLR2 and MyD88 (22).  Given 

the fact that T27K is highly glycosylated, it is very 

likely that T27K increases the IL-12Rβ1 expression through a 

yet to define pattern recognition receptor (PRR). 

Other investigators have also examined the role of IL-

12 and IL-12R on anergy in granulomatous diseases.  A study 

on a leprosy model by Kim and colleagues (97) suggested 

that the difference in T cell responses in subjects with 

tuberculoid compared to lepromatous leprosy is a lack of T 

cell response to IL-12.  They described high expression of 

IL-12Rβ2 in granulomatous lesions of tuberculoid leprosy but 

not in those from lepromatous leprosy.  Moreover, IL-12 

induced phosphorylation of Stat4 in T cells incubated with 

M. leprae antigen from subjects with tuberculoid leprosy 

but not in cells from subjects with lepromatous leprosy. 

Zhang and coworkers (98) demonstrated that both IFN-γ 

production in response to antigen and expression of IL-12Rβ1 

and IL-12Rβ2 were diminished in T cells incubated with heat-

killed M. tuberculosis antigen from donors with active 



 

 

86 

tuberculosis compared to cells from healthy, PPD+ donors. 

In addition, antibody against IL-10 and TGF-β resulted in 

enhanced production of IFN-γ and in increased IL-12Rβ1 and 

IL-12Rβ2 expression. These authors suggested that reduced 

sensitivity to IL-12 because of diminished receptor 

expression could account for the lack of immune response 

seen in subjects with active tuberculosis. 

In the present study, the gene expression of IL-12Rβ1 

and IL-12Rβ2 was measured by semi-quantitative RT-PCR, using 

18S rRNA as an internal standard.  However, the 

presentation of fully functional IL-12R on the cell surface 

may not necessarily be reflected by their mRNA levels.  

When examined by flow cytometry, the cell surface 

expression of IL-12Rβ1 by lymphocytes from immune donors was 

similar to those from nonimmune subjects.  This is in 

agreement with the findings by RT-PCR.  Due to the lack of 

an appropriate anti-IL-12Rβ2 antibody, the IL-12Rβ2 protein 

level has not been determined. 

We did not investigate the differential regulation of 

IL-12R on CD4+ T cells in comparison to CD8+ T cells and/or 

NK cells.  Previous studies have indicated both CD4+ and 

CD8+ T lymphocytes were activated by coccidioidal Ag and 

produced IFN-γ in immune donors (34).  However, there is 
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evidence that CD4+ and CD8+ T cells regulate IL-12R 

expression by distinct mechanisms.  Elloso et al. (100) 

demonstrated that CD28 regulates IL-12Rβ1 expression in CD4+ 

T cells but not in CD8+ T cells.  Therefore, it would be 

important to study the regulation of IL-12R expression and 

function in different T cell subsets in response to the 

stimulation of coccidioidal Ag.  

IL-12 p70 is a heterodimer composed of a 35-kDa light 

chain (p35) and a 40-kDa heavy chain (p40).  In this study, 

no bioactive IL-12 p70 was detected. However, the IL-12 p40 

production by immune PBMCs was increased after T27K 

stimulation.  Studies have shown that IL-12 p40 is produced 

in large excess over the IL-12 heterodimer and may present 

as free chains, which are not biologically active.  To the 

contrary, IL-12 p35 can only be secreted in association 

with p40 (92).  Therefore it has been proposed that IL-12 

p35 expression is rate-limiting for heterodimer production 

(101).  In addition, IFN-γ and (surprisingly) IL-4 and IL-13 

have been indicated as potent enhancers of IL-12 p40 

production [reviewed in (92)].  The lack of functional IL-

12 p70 production indicates that T27K induces immune PBMCs 

to express IFN-γ via an IL-12- independent pathway.  

Exogenous IL-12 functions through IL-12R, which is up-
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regulated by T27K in PBMCs from immune donors.  The 

relevance of IL-12 p40 production by immune PBMCs to the 

increased IFN-γ production remains unexplored. 

Our results provide strong evidence that IL-12R 

expression and signal transduction is up-regulated in the 

immune host in response to coccidioidal Ag.  However, it 

remains unclear whether this signaling pathway is 

suppressed or diminished in anergic patients with 

disseminated coccidioidomycosis.  We were unable to 

identify a cohort of chronic patients whose PBMCs were 

anergic to T27K stimulation.  It has been well documented 

that patients can develop in vitro reactivity to 

Coocidioides over time during anti-fungal therapy.  The 

return of Coccidioides-specific cellular immunity is 

associated with clinical improvement and failure to relapse 

when treatment stopped (102).  Future studies are needed to 

focus on anergic patients and investigate whether the IL-

12R signal transduction is modulated during therapy.   

Besides unresponsiveness to IL-12, other factors may 

also play a role in promoting T cell anergy.  These include 

production of suppressive cytokines, such as IL-10 and TGF-

β, as well as lack of avidity of antigen for the TCR, poor 

presentation by certain HLA phenotypes, and lack of 



 

 

89 

accessory molecule binding (39).  However, these factors 

appear unlikely to be operative in human coccidioidomycosis 

based on previous studies (34, 80, 96).  Catanzaro has 

suggested that suppressor cells may be active in patients 

with disseminated coccidioidomycosis (38).  This concept is 

supported by animal studies (103). 

There are alternative models that could explain T cell 

anergy and lack of production of IFN-γ by T cells in 

subjects with disseminated coccidioidomycosis.  For 

example, IL-13 has been found, in contrast to IL-4, to 

inhibit T cell responsiveness to IL-12 in patients with 

active leishmaniasis by inhibiting expression of IL-12Rβ1 

(104).  The unresponsiveness in individuals with active 

leishmaniasis was associated with increased production of 

IL-13 by antigen stimulated T cells (105).  In addition, 

the transcription activator T-bet has been found in murine 

systems to cause chromatin remodeling of IFN-γ alleles, 

induce IFN-γ production, and induce IL-12Rβ2 without 

induction of Stat4 (106).  Finally, IL-18 was initially 

identified as a cytokine that augments IFN-γ production in T 

cells.  It does this independent of the TCR but requires 

new protein synthesis.  While IL-18 does not drive cells to 

a Th1 phenotype, it enhances IFN-γ production in conjunction 
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with IL-12 (107).  It does this through the transcription 

promotor NFκB and so acts separately from the effect of IL-

12 on IFN-γ transcription (107). 
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CHAPTER IV 

MODULATION OF IMMUNE RESPONSE BY T27K-LOADED DENDRITIC 

CELLS INVOLVES THE UP-REGULATION OF IL-12 SIGNALING 

TRANSDUCTION 

 

4.1 BACKGROUND 

 

DCs are a heterogenous group of cells capable of 

presenting antigens to naïve lymphocytes (70).  Immature 

DCs are highly phagocytic and efficiently take up antigen.  

Maturation of DC begins upon contact with a variety of 

pathogen-derived products or host-derived stimuli, 

including lipopolysaccharide (LPS), CpG, ds-RNA, IL-1, 

PGE2, CD40L, and TNF-α (71, 108).  During maturation, DCs 

decrease antigen uptake and increase levels of surface MHC 

molecules, adhesion molecules, and costimulatory molecules, 

making them the most potent APCs.  Mature DC migrate from 

the primary site of inflammation to secondary lymphoid 

tissue, where they undergo profound morphologic changes and 

develop the ability to present antigen and initiate 

antigen-specific T cell responses (109).  

Studies have shown that DCs are capable of initiating 

and modulating lymphocyte responses in both infectious 
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diseases and cancer.  In cancer patients, DCs loaded with 

tumor Ags have been shown to stimulate Ag-specific 

lymphocytes, and in some cases mediated tumor regression 

(110, 111).  In vitro studies have demonstrated that Ag-

pulsed mature DCs can also stimulate naive lymphocytes 

(112).  Dhodapkar and colleagues injected nine healthy 

donors subcutaneously with mature DCs alone or pulsed with 

various antigens.  In vitro LT assay revealed significant 

increased reactivity in most donors.  Responses peaked 30-

90 days after injection and declined thereafter (113).  

Subsequently, this group demonstrated that boosting with 

mature Ag-loaded DCs led to a rapid increase of IFN-γ 

producing CD8 cells (114).  These data suggest that ex vivo 

immunization using mature DCs pulsed with Ag is feasible 

and that DCs hold the promise of a future treatment for 

infectious diseases characterized by T cell anergy. 

Richards and colleagues (68, 69) have demonstrated 

that DCs pulsed with TSL and T27K can activate lymphocytes 

from nonimmune individuals to proliferate in response to in 

vitro coccidioidal Ags.  The present study investigates the 

correlation of IL-12R/Stat4 up-regulation and the reversal 

of coccidioidal anergy by Ag-loaded DCs.    
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4.2  MATERIALS AND METHODS 

 

Human Subjects and Blood Specimens 

Human blood was obtained according to the guidelines 

of the Human Subjects Committee of the University of 

Arizona.  Four healthy nonimmune individuals, whose PBMCs 

did not respond to the in vitro stimulation with T27K, were 

asked to donate 100 ml of peripheral blood.  PBMCs were 

isolated as before (section 3.2). 

 

Generation of Dendritic Cells 

DCs were generated from adherent PBMCs (69).  In 

brief, 1.0 x 107 of PBMC were added to each well of a 6-well 

plate (BD Falcon) in 3 ml of AIM V medium and were allowed 

to adhere for 2 hr in a 37 °C incubator containing 5% CO2.  

To remove the non-adherent PBMC fraction, wells were washed 

several times with PBS.  Non-adherent PBMC were collected 

and frozen for future use.  Medium supplemented with 2-

mercapto-ethanol (2ME; Gibco), 1,000 IU/mL of granulocyte-

macrophage colony-stimulating factor (GM-CSF; Immunex, 

Seattle, WA), and 1,000 IU/mL of IL-4 (Schering-Plough, 

Kenilworth, NJ) was added to adherent PBMC and was cultured 

for 4 days.  On day 4, DCs were harvested and split into 
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wells.  Fresh AIM V medium containing GM-CSF and IL-4 was 

added to the cultures.  Half the plated DCs were matured 

for 48 hr with 500 IU/ml TNF-α (R&D Systems) and 10 µM PGE2 

(Sigma-Aldrich).  The other half was left untreated.  To 

generate T27K-pulsed mature DCs, the immature DCs were 

pulsed with 12.5 µg/ml of T27K on day 4 and matured as 

described above. 

 

Co-culture of Lymphocytes with DCs 

On day 7 of culture, autologous non-adherent PBMCs 

were added to DCs at a 10:1 ratio.  1 x 106 lymphocytes were 

added to each well in a 24-well plate.  The co-culture was 

incubated for 5 days.  Supernatants were collected for 

cytokine measurement.  Cell pellets were used for total RNA 

extraction and semi-quantitative RT-PCR.   

For active Stat4 assay, 5 x 106 lymphocytes were added 

to each well of a 6-well plate containing DCs.  The cells 

were incubated for 5 days.  For the last 30 min, 10 ng/ml 

of human rIL-12 was added.  The cells were then harvested 

and nuclear proteins were extracted as before (section 

3.2). 
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Measurement of Th1/Th2 Cytokines  

Th1/Th2 cytokine concentrations in the supernatants 

were measured by BD CBA as described before (section 3.2) 

 

ELISA For IL-12 p70 and p40 

Human IL-12 p70 and p40 in the culture supernatants 

were measured by ELISA as described in section 3.2. 

 

Semi-quantitative RT-PCR 

Total RNA was extracted and relative quantitative RT-

PCR was employed to measure the level of IL-12Rβ1 and IL-

12Rβ2 mRNA expression.  Total RNA extraction and RT-PCR 

protocol are described in section 3.2 and Appendix B.  

 

Human Active Stat4 Assay 

 Active Stat4 was assayed as before (section 3.2). 
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4.3  RESULTS 

 

T27K-pulsed DCs Induces Production of Th1 Cytokines by 

Lymphocytes From Nonimmune Donors 

Immature DCs (iDC), mature DCs (mDC), and mature DCs 

pulsed with T27K (mDC/T27K) were generated from PBMCs 

derived from four nonimmune donors.  These DCs were co-

cultured with autologous lymphocytes for 120 hr.  

Concentration of Th1/Th2 cytokines in the culture 

supernatants was determined by BD CBA.  As demonstrated in 

Figure 4.1, cells from these subjects produced little IFN-γ 

and IL-2 when resting or incubated with T27K.  Co-culture 

with iDC or mDC generated from peripheral blood did not 

significantly increase the IFN-γ and IL-2 production.  

However, when non-adherent lymphocytes were cultured with 

autologous mDC/T27K, we found increased level of IFN-γ in 

three cases (donor SC, RR and NG).  In addition, two cases 

(donor RR and NG) showed remarkable increased level of IL-2 

in the supernatants of lymphocytes co-cultured with 

mDC/T27K.  No significant difference was found in IL-10 and 

IL-5 levels among various incubation conditions.  These 

data confirm that mDCs pulsed with T27K have the capability 

to elicit a Coccidioides- specific Th1 response in vitro in 
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otherwise nonimmune hosts.  Because TNF-α and IL-4 were 

used in the generation and maturation of DCs, production of 

these two cytokines was not analyzed. 
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FIGURE 4.1  Induction of IFN-γ and IL-2 production in 
lymphocytes by DCs pulsed with T27K.  Autologous 
lymphocytes (1.0 x 106) from four nonimmune donors were 
incubated with iDC, mDC, or mDC/T27K at a 10:1 ratio for 
120 hr.  Concentrations of Th1/Th2 cytokines in the 
supernatants were determined by BD CBA.  Lymphocytes 
cultured in medium alone or with T27K (10 µg/ml) were also 
included as controls. 
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Induction of IL-12 p40 Production by mature DC 

When determined by ELISA, no bioactive IL-12 p70 was 

detected in all supernatants of lymphocyte-DC co-cultures.  

However, IL-12 p40 production was increased in cell 

cultures from all four donors (Figure 4.2) when incubated 

with mature DCs (mDC and mDC/T27K).  iDC or T27K alone did 

not induce IL-12 p40 production. 

 

FIGURE 4.2  IL-12 p40 production induced by mature DCs.  
Autologous lymphocytes (1.0 x 106) were incubated with iDC, 
mDC, or mDC/T27K at a 10:1 ratio for 120 hr.  Supernatants 
were harvested and assayed for IL-12 p40 concentration. 
 

 

Expression of IL-12Rβ2 in Lymphocytes Is Up-regulated by 

T27K-pulsed DCs 
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We then studied whether the induction of IFN-γ 

production in nonimmune lymphocytes is associated with up-

regulation of IL-12Rβ1 and β2 expression.  Total RNA was 

extracted from cells incubated with DCs and RT-PCR was used 

to determine the expression level of IL-12Rβ1 and IL-12Rβ2.  

Figure 4.3 shows representative results from donor SC.  We 

found that IL-12Rβ1 was expressed in resting cells (medium 

only) and its mRNA level was slightly increased when co-

cultured with all DC preparations.  In contrast, IL-12Rβ2 

was expressed at a minimal level when cells were cultured 

in medium alone.  Stimulation with mDC resulted in a modest 

increase of IL-12Rβ2 expression.  IL-12Rβ2 expression was 

further increased when lymphocytes were co-incubated with 

autologous mDC/T27K.  Similar pattern was observed in all 

four cases.  Our data suggest that the induction of IFN-γ 

production is correlated with up-regulation of IL-12Rβ2 

expression. 

 

IL-12 Induces Stat4 Activation in Lymphocytes Co-cultured 

with T27K-pulsed DCs 

IL-12R signals through Jak/Stat pathway, which results 

in the activation of Stat4 and, ultimately, the increase of 

IFN-γ production.  To investigate the activation of Stat4 in 
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lymphocytes stimulated with DCs, human rIL-12 was added 

into the culture for 30 min.  Nuclear protein were then 

extracted and assayed for active Stat4. 

IL-12Rβ1 IL-12Rβ2
0.0

0.1

0.2

0.3

0.4

PBMC

PBMC + Τ27Κ
PBMC + iDC

PBMC + mDC

PBMC + mDC/T27K

 

FIGURE 4.3  Induction of IL-12Rβ1 and IL-12Rβ2 expression by 
DCs.  Results derived from a representative donor (SC) are 
shown. Autologous lymphocytes (1.0 x 106) were incubated 
with iDC, mDC, and mDC/T27K at a 10:1 ratio for 120 hr.  
Total RNA was extracted and used for RT-PCR to determine 
the expression levels of IL-12Rβ1 and IL-12Rβ2.  mRNA level 
was normalized by using 18S rRNA as the internal standards. 
 

 

As shown in Figure 4.4, addition of IL-12 induced 

Stat4 activation in lymphocytes stimulated with iDC and 

mDC.  However, the greatest increase in active Stat4 level 

was seen in cells co-incubated with mDC/T27K (Figure 4.3).  

The induction of Stat4 activation by IL-12 is correlated 

with the IL-12Rβ2 expression.  This indicates that IL-12R 

signal transduction is functional in the induction of Th1 
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type immune response in naïve subjects. 
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Figure 4.4  Induction of Stat4 activation by IL-12 in 
lymphocytes stimulated with DCs.  Representative results 
derived from donor SC were shown.  Autologous lymphocytes 
(5.0 x 106) were incubated with iDC, mDC, and mDC/T27K at a 
10:1 ratio for 120 hr.  Nuclear proteins were extracted and 
assayed for active Stat4.   
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4.4  DISCUSSION 

 

We have confirmed, in the present study, the findings 

of Richards and colleagues (69) that T27K-pulsed DCs can 

elicit a Th1 response in lymphocytes derived from nonimmune 

individuals.  Furthermore, we have shown that the induction 

of IFN-γ production by mDC/T27K is associated with up-

regulated IL-12Rβ2 expression and function.  These data 

indicate that IL-12R signal transduction plays a role in 

priming naïve T lymphocytes towards a protective CMI by Ag-

pulsed DCs.  We have not explored the function of IL-12R 

signaling in reversal of anergy by DCs in patients with 

disseminated coccidioidomycosis. 

Although DCs loaded with T27K can stimulate IFN-γ 

production in lymphocytes from nonimmune donors, the 

response is weak (59.51-78.35 pg/ml in three donors) 

compared to that observed in immune donors.  PBMCs from 

immune donors produced 399.9-2965 pg/ml of IFN-γ when 

incubated with T27K in vitro.   This discrepancy reflects 

an increased Ag-reactive T cell precursor frequency of 3.7 

per 1 x 105 in immune donors compared to 1.7 per 1 x 105 in 

DTH- donors (35).  In addition, memory T cells in immune 

donors are readily reactivated by the addition of 
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coccidioidal Ags.  Memory T cells have less strict 

requirements for activation than naive T cells, resulting 

in enhanced proliferation and cytokine production.  

Research has shown that when PBMCs incubated with T27K-

pulsed mDCs were re-stimulated with iDCs pulsed with T27K, 

they produced a much higher level of IFN-γ (69). 

Conditions under which DCs are generated, matured and 

loaded with antigen are noteworthy and may profoundly 

affect their ability to stimulate T cells, in particular, 

since growth factor and cytokines are used to generate (GM-

CSF and IL-4) and mature (TNF-α and PGE2) DCs from their 

peripheral blood precursors.  We detected increased amounts 

of IL-12 p40 production in supernatants of lymphocyte co-

cultured with mDC or mDC/T27K.  It is unknown whether the 

IL-12 p40 production is associated with DC maturation.  It 

is possible that TNF-α, which is used to promote DC 

maturation, may induce IL-12 p40 production.  PGE2, on the 

other hand, is a known inhibitor of IL-12 p40 expression 

(92).  The implication of increase in IL-12 p40 production 

remains to be investigated. 

Optimal activation of naïve T cells (CD4+CD45RA+) by 

DCs appears to require antigen loading prior to maturation 

(112).  Related to this, it is not fully explored whether 



 

 

104 

the T cell response to antigen induced by DCs is naive or 

memory, although data suggest that naive T cell responses 

are produced more readily (115).  On the other hand, 

evidence indicates that naive T cells are much less 

sensitive to induction to a state of anergy than are memory 

phenotypes (116).  This suggests that one mechanism by 

which DCs induce T cell reactivity is by preferentially 

activating naive cells over memory (CD4+CD45RO+) 

phenotypes.  Finally, the iDC generated in this study did 

not induce T cell tolerance as suggested by others (117). 

Human DC precursors in circulation comprise at least 

two phenotypically and functionally different subsets.  

Human peripheral blood monocytes incubated with GM-CSF and 

IL-4 develop into DC (DC1) that induce a Th1 cytokine 

response in naïve CD4 lymphocytes, characterized by 

production of IFN-γ but little IL-4, IL-5, or IL-10.  On the 

other hand, CD4+CD3-CD11b- plasmacytoid cells develop into 

DCs (DC2) that induce a principally Th2 response, with 

little IFN-γ but larger amounts of IL-4, IL-5, and IL-10 

(118, 119).  Monocyte-derived DC1 produce high amounts of 

IL-12, which drives a Th1 response, while plasmacytoid-

derived DC2 do not (119).  The induction of Th1 cytokine 

production by mDC/T27k suggests that DC1 were generated. 
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CONCLUSION 

 

The work presented here is part of an ongoing effort 

in the Ampel laboratory to better understand the host 

immune responses in human coccidioidomycosis.  It is the 

only study in many years to investigate cellular immunity 

within coccidioidal granulomata.  The finding and 

characterization of lymphocytic clusters with immune 

suppressive phenotype is unique and suggests that local 

immune response may differ from systemic responses.  We 

have only examined well-formed necrotizing granulomata.  It 

will be important in future studies to study 

immunopathology in different stages of granuloma formation.  

This can be done most likely in animal models. 

T cell anergy is a profound problem in disseminated 

coccidioidomycosis.  Our study on healthy population 

supports the hypothesis that IL-12 signal transduction is 

essential in generating and maintaining a protective Th1 

type immune response against Coccidioides infection.  More 

needs to be learned about the regulation of IL-12 signal 

transduction in patients with chronic disseminated 

coccidioidomycosis.  Results presented here also suggest 

that up-regulation of IL-12R expression and function is 
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associated with the induction of Th1 cytokine production by 

DCs pulsed with T27K.  Advances in elucidating the 

mechanisms of anergy in human coccidioidomycosis could lead 

to improved therapy for severe and disseminated 

coccidioidomycosis, for which prolonged and expensive 

antifungal therapy is the current requirement. 
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APPENDIX A 

COPY OF THE HUMAN SUBJECTS APPROVAL LETTER 
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APPENDIX B 

SEMI-QUANTITATIVE RT-PCR PROTOCOL FOR THE DETECTION OF IL-

12Rβ1 AND IL-12Rβ2 mRNA 

 

Note 

1. Conditions were optimized for best quantification 

potential. 

2. Set up cocktails (+10% overage) on ice. 

3. Hot-start: preheat the thermocycler before placing 

sample tubes.  

 

Reverse Transcription (RT)  

1. Assemble the following on ice 

  total RNA     0.1-0.2 µg 

  dNTP mix (2.5 mM each)  4 µl 

  random primer (50 µM)  2 µl  

  nuclease-free water   to 16 µl 

2. Mix and spin gently. Heat at 70-85 °C for 3 min. 

3. Remove the tube to ice.  Spin briefly and replace on 

ice. 

4. Add the remaining components. Mix and spin gently. 

  10 x RT buffer    2 µl 

  RNase inhibitor    1 µl 

  MMLV RT (100U/µl)   1 µl 
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5. Incubate at 42 °C for 1 hour. 

6. Store the reaction at -20 °C or proceed to amplification 

step. 

 

Polymerase Chain Reaction (PCR)  

1. Set up the reaction cocktail on ice.  Add the following 

for each sample (with 10% overage) 

  10 x PCR Buffer      5.5 µl 

  dNTPs (2.5 mM each)     4.4 µl 

  gene-specific Primer pair (5 µM ) 4.4 µl  

  18S Primers:Competimers (2:8)  4.4 µl 

  SuperTaq DNA Pol(4-5 U/µl)   0.275 µl 

  nuclease-free water      30.525 µl 

2. Transfer the cocktail into PCR tubes (45 µl each) on ice. 

3. Add 5 µl of the respective RT reaction to each tube. 

4. Add 1 drop of sterile mineral oil (Sigma) to each tube. 

5. Mix and spin briefly. Place the tubes in thermocycler 

preheated to 94 °C. 

6. Run PCR cycling program 

  Denature:  94 °C 2-4 min 

  # Cycles of:  (#33 for IL12Rβ1, 30 for IL12Rβ2) 

      94 °C 30 sec  

      60 °C 30 sec 

      72 °C 30 sec 

  Final Extension: 72 °C 5 min 
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Examine the PCR products 

1. Analyze the results by gel electrophoresis (4% Nusieve 

3:1 Agarose* in 1 x TBE) at 100 V for ~45-60 min.  Load 

the PCR products along with a negative control and 100 bp 

DNA Ladder (Cambrex). 

2. Quantify the results using EagleEye II Gel Documentation 

System (Stratagene) or Gel Logic 100 (Kodak). 

3. Dividing the signal for gene-specific amplicon by the 

signal for the 18S amplicon yields the relative abundance 

of targeted gene expression in each sample. 
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