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Card9- and MyD88-Mediated Gamma Interferon and Nitric Oxide
Production Is Essential for Resistance to Subcutaneous Coccidioides
posadasii Infection

Chiung-Yu Hung, Natalia Castro-Lopez, Garry T. Cole

Department of Biology and South Texas Center for Emerging Infectious Diseases, University of Texas, San Antonio, Texas, USA

Coccidioidomycosis is a potentially life-threatening respiratory disease which is endemic to the southwestern United States and
arid regions of Central and South America. It is responsible for approximately 150,000 infections annually in the United States
alone. Almost every human organ has been reported to harbor parasitic cells of Coccidioides spp. in collective cases of the dis-
seminated form of this mycosis. Current understanding of the mechanisms of protective immunity against lung infection has
been largely derived from murine models of pulmonary coccidioidomycosis. However, little is known about the nature of the
host response to Coccidioides in extrapulmonary tissue. Primary subcutaneous coccidioidal infection is rare but has been re-
ported to result in disseminated disease. Here, we show that activation of MyD88 and Card9 signal pathways are required for
resistance to Coccidioides infection following subcutaneous challenge of C57BL/6 mice, which correlates with earlier findings of
the protective response to pulmonary infection. MyD88~'~ and Card9~'~ mice recruited reduced numbers of T cells, B cells, and
neutrophils to the Coccidioides-infected hypodermis compared to wild-type mice; however, neutrophils were dispensable for
resistance to skin infection. Further studies have shown that gamma interferon (IFN-v) production and activation of Th1 cells
characterize resistance to subcutaneous infection. Furthermore, activation of a phagosomal enzyme, inducible nitric oxide syn-
thase, which is necessary for NO production, is a requisite for fungal clearance in the hypodermis. Collectively, our data demon-
strate that MyD88- and Card9-mediated IFN-vy and nitric oxide production is essential for protection against subcutaneous Coc-

cidioides infection.

wo species of Coccidioides, C. immitis and C. posadasii, are

soilborne molds and the etiologic agents of coccidioidomyco-
sis, a potentially life-threatening human respiratory disease that is
also known as San Joaquin Valley fever. This pulmonary mycosis
is endemic to the southwestern United States and certain arid
regions of Mexico, as well as Central and South America (1). Re-
cent evidence has revealed that C. posadasii occurs in Washington
State, well north of the previously documented boundary of re-
gions of endemicity for coccidioidal infections in the United States
(2). Coccidioides is a diphasic pathogen, characterized by a sapro-
bic phase that produces dry, air-dispersed, infectious spores from
vegetative mycelia and a parasitic cycle which is unique among the
medically important fungi (3). Inhaled spores grow isotropically
in the lungs of the mammalian host to form the first generation of
parasitic cells (spherule initials). The spherule initials continue to
enlarge and differentiate into multinucleate spherules (>80 pm in
diameter). The cytoplasm of these coenocytes undergoes a process
of segmentation by invagination of the inner spherule wall layer,
followed by the formation of a multitude of endospores, each 2 to
10 pm in diameter. Endospores also undergo isotropic growth
while still contained within the maternal spherule and eventually
cause the spherule wall to rupture. The released endospores give
rise to a second generation of parasitic cells and the cycle contin-
ues. First-generation spherule initials and endospores (10 to 20
pm in diameter) can be engulfed by host neutrophils and macro-
phages, while mature spherules (40 to 100 pm in diameter) are too
large to be phagocytosed (3, 4). Interactions between the pathogen
and host defense cells thereby results in both an intracellular and
extracellular relationship.

Skin involvement in human coccidioidomycosis is typically the
result of primary lung infection. Erythema nodosum and ery-
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thema multiforme are cutaneous manifestations of Coccidioides
infection that can appear in humans at any time from several days
to 3 weeks after the onset of the acute primary pulmonary disease
(5). These are mild to severe skin rashes and are considered to be
the result of delayed-type hypersensitivity reactions to circulating
Coccidioides antigen rather than actual cutaneous infections.
Acute pulmonary infection in humans, on the other hand, can
lead to a chronic form of coccidioidomycosis in which the patho-
gen may disseminate hematogenously and/or lymphatically to the
skin (6-9). We have been unable to replicate the chronic disease
and associated skin manifestation in mice following instillation of
Coccidioides spores in the lungs, in part because acute infection in
the murine model typically results in death of most of the animals
within 18 days postchallenge. The mouse model described here
simulates a human, primary percutaneous infection that is the
result of a puncture wound involving a Coccidioides spore-bearing
fomite. Although the skin is rarely the site of infection, agricultural
workers and others who labor outdoors in regions where Coccid-
ioides is endemic are at high risk of encountering the environmen-
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tal pathogen, and primary cutaneous infections among these in-
dividuals have been documented (10, 11). Laboratory accidents
resulting in skin infections with the cultured pathogen have also
been reported. Traumatic cutaneous inoculation of Coccidioides
can result in prolonged illness and life-threatening disseminated
disease, including coccidioidal meningitis (11-14). The goals of
this study were to establish a subcutaneously challenged murine
model of coccidioidomycosis for determination of the nature of
the host immune response to infection of the skin and to compare
the results of histological and immunological examinations of
subcutaneously challenged mice to those in reported studies of
protective immunity in our pulmonary model of this respiratory
disease (15-18). The CD4™ T cell-mediated response, especially
Th1 and Th17 immunity, has been shown to be essential for resis-
tance to pulmonary coccidioidal infection (15-19). Vaccine-in-
duced activation of myeloid differentiation factor 88 (MyD88)-
mediated and caspase adaptor recruitment domain family member
9 (Card9)-mediated immune responses have also been demon-
strated to be necessary for resistance to pulmonary coccidioido-
mycosis (18, 19). Both MyD88 and Card9 are required for differ-
entiation and development of Thl and Thl7 immunity in
Coccidioides-infected lungs (18, 19). MyD88- and Card9-medi-
ated signal pathways also facilitate microbe-induced production
of reactive oxygen species (ROS) and nitric oxide (NO) (20-23).
However, in the case of pulmonary disease, we and others have
shown that inducible NO synthase (iNOS) and NADPH oxidase 2
(NOX2), two enzymes required for ROS and NO production,
have limited influence on the control of Coccidioides infection of
lung tissue (24-26). In this study, we investigated the role of
MyD88- and Card9-mediated signaling pathways in the host re-
sponse to subcutaneous Coccidioides infection by using mice that
are deficient in expression of MyD88, Card9, the gamma inter-
feron (IFN-v) receptor, interleukin-17A (IL-17A), IL-17 receptor
A, iNOS, and NOX2.

MATERIALS AND METHODS

Fungal strains, growth conditions, and spore preparation. The virulent
fungal strain used to challenge mice in this study was a highly virulent,
clinical isolate of C. posadasii (C735) that was cultured on glucose-yeast
extract (GYE) growth medium (1% glucose, 0.5% yeast extract, 1.5%
agar) for 3 to 4 weeks at 30°C to generate a confluent layer of spores on the
agar surface. Spores were harvested and suspended in phosphate-buffered
saline (PBS) (15). All culturing and preparatory procedures which in-
volved live cells of C. posadasii were conducted in a biosafety level 3
(BSL3) laboratory.

Mouse strains. Breeding pairs of inbred strains of mice on a C57BL/6
genetic background were obtained from Jackson Laboratory unless oth-
erwise stated. The murine strains included C57BL/6 (stock number
000664), B6.129P2(SJL)-Myd88"™!-1P/] (MyD88~'~ mice; stock num-
ber 009088), and B6.129P2-Nos2" L4 /1 (iNOS™'~ mice; stock number
002609). Breeding pairs of mice lacking expression of Card9 (Card9™'™)
were provided by Marcel Wiithrich at the University of Wisconsin—Mad-
ison Medical School (Madison, WI) based upon a material transfer agree-
ment with Xin Lin at M. D. Anderson Cancer Center (Houston, TX) (27).
B6.129S7-Ifng"™ /] (IFN-y receptor-deficient mice; IFN-yr '~) were a
gift from Thomas Forsthuber at the University of Texas at San Antonio.
Breeder pairs of B6.129P2-1117a"Y" (IL-17A deficient; IL-17a~'~ mice)
and IL-17 receptor A-deficient mice (IL-17ra /") were provided by Mar-
cel Wiithrich based upon material transfer agreements with Yoichiro
Iwakura at The University of Tokyo and Amgen, Inc. (Thousand Oaks,
CA), respectively (28, 29). Breeding pairs of B6.129S-Cybb™'P™"/] mice
(referred to as gp91P™** ™/~ or NOX2™/~ mice), which are deficient in
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NADPH oxidase, were kindly supplied by Joshua Fierer at the University
of California at San Diego School of Medicine (San Diego, CA). B6.129S-
Cybb™!P"/] mice, are referred to as NOX2~/~ mice in this study (25).
Mice were housed in a specific-pathogen-free animal facility at UTSA and
handled according to guidelines approved by the University Institutional
Animal Care and Use Committee. Mice were relocated to an animal BSL3
(ABSL3) laboratory at UTSA prior to infection.

Subcutaneous challenge and evaluation of fungal burden and sur-
vival. Both male and female mice at age 12 to 16 weeks were used in this
study. Hair on an area of the posterior quadrant of the abdomen (approx-
imately 2 by 2 cm) was removed with a depilatory agent (Nair; Church and
Dwight, Ewing, NJ) 1 day before inoculation. The area of hair removal was
swabbed with 70% ethanol. Mice were challenged subcutaneously (s.c.)
with 5 X 10* viable spores of C. posadasii isolate C735 suspended in 100 pl
PBS. The spores were delivered using a 27-gauge needle which was in-
serted at the posterior border of the hairless abdominal region to ensure
that the needle did not enter a blood vessel. Spore inoculation resulted in
a small raised skin inflammation (<2 mm), which dissipated within 24 h
postchallenge. Control mice were injected with PBS following the same
inoculation protocol as above. The fungal burden in infected hypodermal
tissue, which included visible abscesses and adjacent draining lymph
nodes (Absc + dLN group), was determined at the indicated days post-
challenge by plating serial dilutions of the tissue homogenates on GYE
agar containing 50 pg/ml chloramphenicol as described previously (30).
The skin abscesses and adjacent draining lymph nodes were radically en-
larged and fused together in most of the infected MyD88 '~ and
Card9~'~ mice at 16 days postchallenge (dpc). Thus, both tissues were
combined for CFU determination. The fungal burdens in lung and spleen
homogenates were determined in the same manner. The number of CFU
of Coccidioides was expressed on a log scale and reported for individual
mice of each group as previously described (30). Survival studies of
subcutaneously challenged wild-type (WT), MyD88™'~, Card9 ',
NOX2~/~,and iNOS™’'~ mice were conducted over a period of 75 to 100
days postchallenge.

Histopathology. Comparative histopathology was conducted with
excised subcutaneous abscesses obtained from WT, MyD887/ ~, and
Card9™'~ mice (3 mice per strain) which had been challenged subcuta-
neously as described above and sacrificed at 16 dpc. Tissue fixation and
embedding procedures were performed as previously described (30), and
tissue sections (5 wm thick) were stained with hematoxylin and eosin
(H&E) or Gomori methenamine silver stain (GMS) by standard proce-
dures. Sections were examined using a Leica DMI6000 microscope
equipped with an automated TurboScan stage (Objective Imaging, Ltd.,
Cambridge, United Kingdom), and microscope images of subcutaneous
abscesses were acquired and analyzed using Surveyor software (Objective
Imaging) as reported elsewhere (31).

Leukocyte isolation. Subcutaneous abscesses and adjacent draining
(inguinal) lymph nodes were carefully excised from the infected hypoder-
mis (4 mice per group) at 16 dpc for preparation of total leukocytes, which
were used for determination of leukocyte subpopulations and ROS- and
NO-producing granulocytes. Abscesses and lymph nodes were minced
into small pieces (~2 to 3 mm) with a pair of sterile scissors in ice-cold
PBS and digested with 0.3 Wench units of Liberase Blendzyme 3 (Roche
Diagnostics, Indianapolis, IN) at 37°C in an incubator set at 5% CO, for
30 min. To further release host cells, the tissue was mashed with the back
of a sterile 3-ml syringe plunger and passed through a cell strainer (70-
pwm-diameter pore size) into a petri dish (60 by 15 mm) containing 5 ml of
RPMI 1640 medium (HyClone, Logan, UT) plus 1% heat-inactivated fetal
bovine serum (FBS; HyClone). The dispersed cells were centrifuged
(500 X g) for 5 min without use of the centrifuge brake. The cell pellet was
resuspended and incubated for 5 min in 3 ml of ACK lysing buffer (Lonza,
Inc., Walkersville, MD) for lysis of erythrocytes. Two volumes of RPMI
1640 plus 1% FBS were added to the mixture, which was then filtered
through a second cell strainer (40-pm-diameter pore size). The total leu-
kocytes were pelleted as described above and resuspended in 3 ml of
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Hanks’ balanced salt buffer (HBSS) that was layered onto 3 ml Ficoll-
Paque Plus (GE Healthcare, Pittsburgh, PA). The samples were then cen-
trifuged at 400 X g for 20 min at 18°C. Both the lymphocyte layer at the
interface and the granulocytes above the bottom pellet were harvested.
The isolated cells were washed with 3 volumes of RPMI 1640 medium and
resuspended in RPMI 1640 medium without phenol red or FBS for sub-
sequent analyses. Total leukocytes prepared from the excised abscess plus
dLN group by this method were also used for cytokine intracellular stain-
ing of IFN-y™ and IL-177 cells.

Quantification of leukocyte subpopulations in subcutaneous tissue.
Flow cytometry was used to determine the percentages and absolute num-
bers of CD4" T cells, CD8" T cells, B cells, natural killer cells (NK),
neutrophils (PMN), macrophages (M®), eosinophils (EOS), and den-
dritic cells (DC) in abscess and dLN-derived leukocytes, as previously
described (15, 24). All fluorochrome-conjugated antibodies used in this
study were purchased from BD Biosciences (Franklin Lakes, NJ). Data
were acquired with a FACSCalibur flow cytometer (BD Biosciences) and
analyzed using the FlowJo software package (Tree Star, Inc., Ashland,
OR). The results were first gated on live cells that had higher forward
scatter (FSC) and lower side scatter (SSC) than dead cells. The live cells
were subsequently gated on the total CD45" leukocyte population for
further analyses. The gating strategies were the following: CD3* CD4*
CD8~, CD3™ CD4~ CD8™, CD19%, CD161c¢(NK1.1)* CD37, Ly6G™
CD11b" CD11c¢™, Mac3™ CDI1lc™ Ly6G~, SiglecF™ CDI1lc™, and
CD11b" CD11c”" (24). Cell numbers were normalized to the dissected
hypodermis tissue weight (measured in grams).

Intracellular cytokine staining. Percentages and cell numbers of
IFN-v- and IL-17A-producing CD4" and CD4~ subpopulations in ab-
scess and lymph node homogenates derived from Coccidioides-infected
WT, MyD88'~, and Card9 '~ mice at 16 dpc were determined as pre-
viously reported (15, 16). Leukocytes prepared from draining (inguinal)
lymph nodes of naive mice of the same strains were used as negative
controls (data not shown). Aliquots of leukocytes were stimulated with
anti-CD3 and anti-CD28 antibodies in the presence of GolgiStop in 10%
FBS-supplemented RPMI 1640 for 4 h at 37°C. Permeabilized cells were
stained with selected fluorochrome-conjugated monoclonal antibodies
specific for CD3, CD4, CD11b, CD45, IFN-y, or IL-17A. The percentages
and cell numbers of the specific cytokine-producing CD4* T cells and
CD4™ innate cells were determined in the gated, live CD45™ leukocyte
population.

Depletion of neutrophils from wild-type mice and selected in vivo
neutralization of IL-17A in IFN-yr~’~ mice. Wild-type mice were in-
jected intraperitoneally (i.p.) with 200 pg of anti-Ly6G (clone IA8; Bio-
X-cell, West Lebanon, NH) to deplete neutrophils. To neutralize IL-17 in
animals, we treated IFN—yf/ ~ mice with anti-IL-17A monoclonal anti-
body (MAb; clone M210; generously provided by Amgen, Inc.) as previ-
ously reported (17). Mice were injected i.p. with 200 g MADb, 24 h before
subcutaneous challenge with C. posadasii spores. This treatment was re-
peated every 3 days after challenge until mice were sacrificed at 16 dpc.
Each mouse received a total of 6 injections of monoclonal antibody. Con-
trol mice received equivalent amounts of normal rat IgG (Sigma Chemical
Co., St. Louis, MO). The efficacy of neutrophil or IL-17A depletion in
abscesses and adjacent lymph nodes was monitored by flow cytometry
(15).

Quantification of intracellular NO and ROS production by flow cy-
tometry. For detection of NO and ROS production, aliquots of abscess
plus dLN-derived leukocytes (2 X 10°) obtained from WT, MyD88 ', or
Card9™'~ mice were incubated with a NO fluorescent probe following the
manufacturer’s protocol (Cell BioLabs, Inc., San Diego, CA) or with 10
M 5-(and-6)-chloromethyl-2',7’-dichlorodihydrofluorescein diacetate
(CM-H,DCFDA; catalog number 6827; Fisher Scientific, Grand Island,
NY) in 200 pl colorless RPMI medium without phenol red and FBS at
37°Cand 5% CO, for 2 h. Leukocytes isolated from inguinal lymph nodes
of each strain of noninfected (naive) mice were used as negative controls.
The NO fluorescent probe is oxidized to a highly fluorescent triazolo-
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fluorescein analog in the presence of intracellular NO. CM-H,DCFDA, a
general oxidative stress indicator, is oxidized by intracellular ROS to CM-
DCF, which emits green fluorescence. The labeled leukocytes were
blocked with Fc blocker (0.25 pg/50 pl) for 15 min at 4°C and subse-
quently labeled with allophycocyanin-conjugated anti-CD11b and ana-
lyzed by flow cytometry. Percentages and cell numbers per tissue weight of
NO™ cells and ROS™ cells were determined for WT, MyD88 /~, and
Card9™'~ mice at 16 dpc. The gated live CD11b™ cells were analyzed for
separate mean of fluorescence intensity (MFI) of triazolo-fluorescein and
CM-DCEF, which are indicators of NO and ROS production, respectively.

Statistical analyses. The Mann-Whitney U test was used to compare
differences between the fungal burdens of wild-type and knockout mice,
measured as CFU as well as percentages and numbers of specific cytokine-
producing T cells in abscesses plus draining (inguinal) lymph nodes,
lungs, and spleen of mice, as previously reported (15, 24, 30). Survival data
were examined by Kaplan-Meier survival analysis and a chi-squared test
to compare survival plots, as reported previously (30). A P value of <0.05
was considered statistically significant.

RESULTS

C57BL/6 WT mice developed chronic but self-limited subcuta-
neous coccidioidomycosis. WT mice exhibited resistance to sub-
cutaneous infection following challenge with a suspension of 5 X
10* viable spores prepared from a clinical isolate (C735) of C.
posadasii (Fig. 1A). Infected mice showed asymptomatic behavior
but formed a large abscess at the subcutaneous inoculation site
(hypodermis). About 30 to 40% of the infected mice revealed
infection of the dermis and developed pustules and ulcers at 2 to 4
weeks postchallenge. Over a period of 4 to 8 weeks after inocula-
tion, most of the pustules had ruptured and the skin had healed.
Subcutaneous abscesses plus adjacent draining (inguinal) lymph
nodes in the hypodermis were harvested for CFU assays. The
mean fungal burden in these tissues was sustained at 4.2 X 10*
CFU during the first 16 dpc. A decline of the Coccidioides burden
in subcutaneous tissue was subsequently observed over the next 84
days. At 100 days postchallenge (dpc), only 60% of the mice had
detectable organisms, which ranged from 20 to 180 CFU in the
hypodermis. No viable Coccidioides cells were detected in the
lungs or spleen at 100 days after subcutaneous challenge (detec-
tion limit, 5 CFU per organ).

MyD88 and Card9 were essential for resistance to subcuta-
neous infection with Coccidioides. MyD88™ '~ and Card9~'~
mice were challenged subcutaneously with 5 X 10 viable spores,
and their survival and fungal burden were compared to those of
WT mice. Both knockout strains of mice succumbed to dissemi-
nated lethal disease, while 100% of the WT mice challenged sub-
cutaneously survived for at least 100 days (Kaplan-Meier survival
analysis and chi-squared test, P < 0.001 for subcutaneously chal-
lenged knockout versus WT mice) (Fig. 1B). WT mice challenged
by the intranasal route all died within 20 days postchallenge. Dis-
semination of Coccidioides from the subcutaneous inoculation site
to the lungs and spleen of MyD88 '~ and Card9 '~ mice had
occurred by approximately 9 and 16 dpc, respectively (Fig. 1C and
D). The mean CFU in the infected abscess plus dLN samples and
lung tissue of Card9 '~ mice at 16 dpc (7.21 *+ 0.41 and 5.98 +
1.31 log,,, respectively) (mean * standard error of the mean
[SEM]) were significantly higher than that of MyD88 '~ mice
(6.39 = 0.56 and 4.39 = 2.3510g,, respectively; Mann-Whitney U
test, P < 0.03) (Fig. 1D).

Gross tissue comparison of infected WT, MyD88 ', and
Card9™'~ mice revealed that the immunocompromised animals
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FIG 1 WT C57BL/6 mice are resistant to subcutaneous infection with Coccidioides, but not MyD88™'~ and Card9~'~ mice. All three strains of mice were
challenged with 5 X 10* viable spores isolated from a clinically virulent isolate (C735) of C. posadasii by subcutaneous injection in the abdominal region.
Abscesses and lymph nodes (Abs +dLN) from infected hypodermis were collected, combined, and homogenized for CFU determinations. (A) The CFU of
Coccidioides were detected in dilution plate cultures of Abs + dLN homogenates of WT mice at 9, 16, and 100 dpc. The dashed line indicates the inoculation dose.
(B) Survival of WT, MyD88~'~, and Card9~'~ mice (n = 10) after a subcutaneous challenge was recorded when the mice approached a moribund stage. A
separate group of WT mice were challenged with 80 viable spores by the intranasal route as a control. Both MyD88 ™'~ and Card9™'~ mice showed significantly
reduced survival compared to WT mice (Kaplan-Meier analysis, chi-squared test, P < 0.001). (C and D) CFU of Coccidioides detected in dilution plate cultures
of homogenates prepared from Abs + dLN, lungs, and spleen of WT, MyD88 /™, and Card9™'~ mice at 9 and 16 dpc, respectively. Asterisks indicate statistically
significant differences (Mann-Whitney U test, P < 0.05) in fungal burdens of the compared mouse groups.

each had significantly higher abscess plus dLN weights than the
immunocompetent (WT) mice (Fig. 2A to D). The weights of
dissected abscess plus dLN tissues from the infected hypodermis
of MyD88™ '~ and Card9~'~ mice were significantly greater than
those of WT mice (Fig. 2D; Mann-Whitney U test, P < 0.05) at 16
dpc. Histopathological examinations showed that the inguinal
lymph nodes of all three strains of mice contained spherules in
various stages of endosporulation. The histopathology of subcu-
taneous abscesses obtained from WT mice clearly showed more
condensed inflammation and consolidation of the infection than
seen in the MyD88 '~ and Card9 '~ mice (Fig. 2E to G). After
microscopic examination of an entire sectioned abscess of a rep-
resentative WT mouse (Fig. 2E), very few spherules were detected.
In contrast, clusters of parasitic cells were found in abscesses of
both the MyD88'~ and Card9~'~ mice, and the density of infec-
tion was clearly greatest in the abscesses of Card9 ™/~ mice (c.f.
inserts in Fig. 2F and G). When viewed at higher magnification, we
observed that there were more GMS-stained spherules in the sec-
tioned abscesses of the two strains of knockout mice than in the
WT mice (yellow arrows in Fig. 2H and I). The abscesses of in-
fected WT mice showed abundant fungal debris (white arrows in
Fig. 2H). Surprisingly, hyphal elements together with abundant
spherules in various stages of maturation were detected in the
abscesses of Card9™'~ mice (insert in Fig. 2J), which is an atypical
finding in Coccidioides-infected tissue. To verify that the hyphal
fragments were produced by C. posadasii, DNA was isolated from
these tissue sections and used as a template for PCR amplification
of both the Coccidioides-specific antigen gene (CSA) and fungal
rDNA with a pair of primers that could amplify 18S rDNA for all
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filamentous fungi, as previously reported (32). Nucleotide se-
quence analysis of the CSA and rDNA amplicons confirmed that
only C. posadasii was detectable in the infected tissue obtained
from Card9™'~ mice (data not shown).

MyD88~'~ and Card9™'~ mice had reduced percentages and
numbers of T cells, B cells, and neutrophils compared to WT
mice, but neutrophils were dispensable for resistance. We em-
ployed flow cytometry to compare leukocyte subpopulations of
CD4" and CD8™ T cells, B cells, natural killer cells (NK), neutro-
phils (polymorphonuclear leukocytes [PMN]), M®, eosinophils
(EOS), and dendritic cells (DCs) in the gated live CD45* popula-
tions which had infiltrated Coccidioides-infected hypodermis
samples of WT, MyD88'~, and Card9™'~ mice at 16 dpc. The
numbers of CD4" T cells, CD8* T cells, B cells, and neutrophils
were normalized to the weight of tissue and were consistently
higher in WT mice than in MyD88™'~ and Card9 ™'~ mice (Fig. 3A).

We next asked whether neutrophils, the major infiltrating cells
in the hypodermis, play a role in resistance to subcutaneous Coc-
cidioides infection. C57BL/6 mice were treated with anti-Ly6G
monoclonal antibody (clone IA8) during the first 16 dpc. Mice
intraperitoneally injected with rat IgG served as controls. We con-
firmed efficient depletion (90% * 4%) of Ly6G™ neutrophils in
the Coccidioides-infected hypodermis. Mice were subjected to fun-
gal burden assays at this time point. CFU in abscess plus dLN
samples of the neutrophil-depleted mice were comparable to
those of control mice (3.0 * 0.8 log,, versus 3.1 = 0.9 log,,)
(Fig. 3B). There were no detectable CFU in lungs or spleen of
either group of mice. Neutrophils appeared to be dispensable in
this murine model of subcutaneous Coccidioides infection.
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FIG 2 Comparative histopathology of subcutaneous abscesses of WT, MyD88~'~, and Card9 ™'~ mice reveals greater consolidation of inflammatory tissue and
antifungal clearance in WT mice. All three strains of mice were challenged with 5 X 10* Coccidioides spores by the subcutaneous route. Gross anatomy (A to C)
and weights of dissected abscess plus dLN (Absc + dLN) samples are shown (D). Histopathology (E to G) of subcutaneous abscesses of the MyD88 ™/~ and
Card9~'~ mice showed striking elevated necrosis at the centers (pink areas) compared to WT mice. White and green arrows in panels A to C indicate abscesses
and infected inguinal lymph nodes, respectively. Tissue sections of the subcutaneous abscesses were stained with H&E stain (10X) (E to G) or Gomori
methenamine sliver stain (40X ) (H to J). The corresponding areas enclosed by boxes in panel E to G are shown at higher magnification in panels H to J. White,
yellow, and black arrows in panels H to ] indicate amorphous fungal debris, spherules at different development stages, and hyphal fragments, respectively. Intact
spherules were not detected in the centers of abscess isolated from WT mice, but spherules were present in a satellite granuloma, indicated with a box in panel E.
Inserts in panels F, G, and ] represent enlarged images of spherules and hyphal fragments, respectively. Bars in panel E to G and H to J represent 1 mm and 100

wm, respectively.

MyD88~'~ and Card9™'~ mice had reduced percentages and
numbers of IFN-y™ and IL-17A* cells in Coccidioides-infected
subcutaneous tissue compared to WT mice. We next determined
the percentages and cell numbers of IFN-vy- and IL-17-producing
CD4™" T cells and CD4 "~ cells in the gated total CD45™" leukocyte

5.0 Abs + dLN
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Z 200 ! MyD8s 2 4.0-
23 150 Card9” =
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Z 100 &
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CD4 CD8 BC NK PMN M¢ EOS DC 1.0

FIG 3 Neutrophils, B cells, and T cells were significantly reduced in
MyD88'~ and Card9~'~ mice compared to numbers in WT mice, but neu-
trophils were not essential for resistance to subcutaneous Coccidioides infec-
tion. (A) Cell numbers of the infiltrated leukocyte subpopulations were iden-
tified by cytometric analysis of total live leukocytes isolated from the
subcutaneous abscesses of groups of infected WT, MyD88™'~, and Card9~'~
mice (n = 4) at 16 dpc. Asterisks indicate statistically significant differences
between cell numbers of CD4" and CD8™* T cells, B cells (BC), and neutrophils
(PMNs) of MyD88™'~ and Card9™'~ mice versus numbers in WT mice. The
bars represent the means = SEM. The results shown are representative of two
independent experiments. (B) A dose of 200 g of IA8 MAb was injected i.p. at
24 h prior to challenge and at 2, 5, 8, 11, and 14 dpc to deplete neutrophils.
Greater than 90% of neutrophils were depleted, as measured by flow cytometry
at 16 dpc. The CFU of C. posadasii detected in dilution plate cultures of abscess
(Absc) plus dLN homogenates of mice at 16 dpc are shown. CFU are reported
in the box plots for 5 mice per group.
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population isolated from abscesses plus dLN of MyD88 '~ and
Card9™'~ mice at 16 dpc compared to data for subcutaneously
infected WT mice (Fig. 4A to C). Both the percentages and cell
numbers of IFN-vy- and IL-17-producing CD4 ™" T cells and CD4 "~
leukocytes were significantly lower in MyD88 '~ and Card9~'~
mice than in WT mice. We confirmed that over 95% of the [IFN-+y-
and IL-17-producing CD4 " cells were also CD3" and CD11b™,
indicating that they were T helper cells. These data suggest that
MyD88 and Card9 are required for development of both IFN-y-
and IL-17-mediated innate and adaptive immunity against sub-
cutaneous Coccidioides infection.

The IFN-y receptor was essential for resistance to subcuta-
neous Coccidioides infection. We further determined whether
IFN-v- and IL-17A-mediated immunity play essential roles. A
group of IFN-yr~ '~ mice (n = 8) was treated with anti-IL-17A
MAD to neutralize IL-17A during the first 16 days after subcuta-
neous infection with Coccidioides. Age- and gender-matched IFN-
yr /7, IL-17a~'~, and IL-17ra~’~ mice were treated with normal
rat IgG using the same regimen. The fungal burden in absess plus
dLN samples, lungs, and spleen were determined at 16 dpc. Sur-
prisingly, IL-17a~'~ and IL-17ra”’~ mice were as resistant to sub-
cutaneous Coccidioides infection as the WT animals, based on
comparable CFU in their infected abscess plus dLN homogenates
(Fig. 5A; c.f. Fig. 1D). One IL-17ra~'~ mouse had detectable CFU
in the lungs, while no dissemination of Coccidioides to the spleen
of infected IL-17a '~ and IL-17ra~'~ mice was detected (Fig. 5B
and C). On the contrary, IEFN-yr~'~ mice had significantly higher
numbers of CFU in their abscess plus dLN samples than did IL-
17a~'", IL-17ra”’~, or WT mice and they developed dissemi-
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FIG 4 Reduced acquisition of IFN-y- and IL-17A-producing CD4~ and
CD4* T cells in Coccidioides-infected subcutaneous tissues of MyD88 ™'~ and
Card9™'~ mice compared to tissues of WT mice. Leukocytes were isolated
from the subcutaneous abscesses and adjacent inguinal lymph nodes of groups
of WT, MyDSS’/f, and Card9™'~ mice (n = 4) that were subcutaneously
challenged at 16 dpc. (A) Representative flow cytometric dot plots of IEN-y-
and IL-17-producing CD4~ leukocytes and CD4" T cells within the gated
CD45" subpopulation are shown. Numbers inside the gates indicate the mean
percentages of the gated subsets. (B and C) Bar plots of the cell number per
tissue weight of IFN-y™" (closed bars) and IL-17A™ (open bars) CD4 "~ leuko-
cytes (B) and CD4 ™ T cells (C) in the abscesses and lymph nodes of these three
strains of mice. The bars represent the means = SEM. Asterisks indicate a
statistically significant difference in cell numbers for the infected MyD88™/~
and Card9™'~ mice compared to the WT mice (Mann-Whitney U test, P <
0.05).

nated coccidioidomycosis to the lungs and spleen (Fig. 5B and C)
(Mann-Whitney U test, P < 0.05). These data suggest that the
IFN-vy receptor is essential for resistance to subcutaneous Coccid-
ioides infection. The IL-17A-depleted IFN-yr~'~ mice showed
significantly increased CFU in infected hypodermis tissue (abscess
plus dLN) compared to the rat IgG-treated IFN-yr '~ mice.
Moreover, the IL-17A-depleted mice showed a trend of elevated
numbers of CFU in lungs compared to littermates; however, the
increase was not statistically significant (Fig. 5B). Taken together,
these data suggest that IL-17-mediated immunity might be re-
quired for protection against subcutaneous Coccidioides infection
when IFN-vy-mediated signaling is absent.
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FIG 5 The IFN-vy receptor, but not the IL-17A or IL-17 receptor, is indispens-
able for resistance to subcutaneous coccidioidomycosis. A group of IFN-yr ™/~
mice was injected i.p. with 200 pg of anti-IL-17A MAb 24 h prior to subcuta-
neous challenge and at 2, 5, 8, 11, and 14 dpc. An additional three groups of
IL-17a~'",IL-17ra'~,and IFN-yr~ '~ mice were injected with 200 ug rat IgG
as controls. All mice were subcutaneously challenged with 5 X 10* viable Coc-
cidioides spores. The CFU of C. posadasii were detected in dilution plate cul-
tures of the subcutaneous tissue (A), lung (B), and spleen (C) homogenates of
mice at 16 dpc. CFU are reported in box plots for 8 mice per group. Asterisks
indicate a statistically significant difference between the compared mouse
groups (Mann-Whitney U test, P < 0.05).

MyD88- and Card9-mediated NO production is required for
resistance to subcutaneous Coccidioides infection. IFN-+y signal-
ing has been shown to modulate NO and ROS production (21—
24). These two phagosomal enzymes are indicators of the innate
inflammatory response to microbial infection. We compared in-
tracellular production of NO and ROS by CD11b* cells that were
recruited to the subcutaneous abscesses of WT, MyD88_/ ~,and
Card9™'~ mice. We measured the percentages, cell numbers, and
MFI of labeled NO- and ROS-producing cells (Fig. 6A to Cand D
to F, respectively). Results of our combined assays revealed that
both NO™ and ROS™ cells in the gated CD11b™ subpopulation
were significantly reduced in MyD88 ™'~ and Card9™'~ mice com-
pared to numbers in WT mice (Mann-Whitney U test, P < 0.01).
Our data suggest a correlation between amounts of NO and ROS
production by CD11b™ cells and the degree of fungal clearance in
the subcutaneous abscesses and lymph nodes of WT, MyD88 ™',
and Card9 '~ mice (c.f. Fig. 1C and D). Next, we asked whether
iNOS™'~ and NOX2~'~ mice, which are deficient in NO and ROS
production, respectively, are more susceptible to subcutaneous
infection with Coccidioides than are WT mice. Subcutaneously
challenged iNOS™/~ mice showed a significantly reduced percent
survival (Kaplan-Meier survival analysis and chi-squared test, P <
0.001) (Fig. 7A) and increased CFU in abscess plus dLN samples
compared to WT mice at 16 dpc (Fig. 7B). NOX2~'~ mice showed
trends of reduced survival and increased CFU in abscess plus dLN
samples; however, the increase was not statistically significant. At
that time point, no detectable CFU in lungs and spleen of these
two knockout strains were observed. Our data indicate that
MyD88- and Card9-mediated NO production is required for re-
sistance to subcutaneous coccidioidomycosis.

DISCUSSION

Immune responses to microbial challenge in various tissues are
adapted to maintain organ physiology and host survival (33). The
immune system can be divided into three main compartments:
the systemic immune system, which surveils the blood and detects
blood-borne pathogens; the mucosal immune system, which de-
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FIG 6 Both NO and ROS production correlated with reduction of fungal
burden in abscess (Absc) plus dLN samples. Percentages, cell numbers, and
geometric MFL of NO™ (A to C) and ROS™ (D to F) cells in the gated CD11b™
granulocytes in the subcutaneous abscesses of WT, MyD88~'~, and Card9 /'~
mice were measured by flow cytometry using NO and CM-H,DCFDA fluo-
rescent probes, respectively. Abscess-derived leukocytes were isolated from the
three strains of mice at 16 dpc. The fluorescent intensities of triazolo-fluores-
cein and CM-DCF were used as indicators of the capacity of NO and ROS
production, respectively. Histogram plots of NO (A) and ROS (D) production
of WT, MyD88'~, and Card9~'~ mice are shown. The mean + SEM cell
numbers per tissue weight (B and E) and the MFI (C and F) were graphed for
each strain of mice. Asterisks indicate statistically significant differences be-
tween the compared groups of mice (Mann-Whitney U test, P < 0.05).

tects pathogens invading various mucosal surfaces; and the cuta-
neous immune system, which detects pathogens entering via the
skin. Each of the three immune compartments faces distinct chal-
lenges in generating effective antimicrobial immunity while main-
taining homeostasis and avoiding immunopathogenesis and tis-
sue destruction. As a result, immunity has to operate in a tissue-
specific manner (34). A comparison of host responses to
subcutaneous and intranasal routes of challenge with Coccidioides
spores in C57BL/6 mice underscores these principles. While early
activation of Card9 is common to skin and lung infections, down-
stream differences in signaling pathways are apparent and result in
distinct acquired immune responses to infection.

The route of challenge with Coccidioides is a pivotal variable for
disease outcome in murine models of fungal infection (35). In
most instances, the inoculum should be administered via the nat-
ural, physiologically relevant route of infection. Six types of inoc-
ulation routes have been explored to establish various forms of
murine coccidioidomycosis that include intranasal instillation
and intratracheal inoculation to induce pulmonary disease, intra-
peritoneal and intravenous infection imitating systemic dissemi-
nated disease, and intracranial or intrathecal infection resulting in
meningeal disease. The dry, air-dispersed Coccidioides spores are
routinely used for inoculation and they are highly virulent, with as
few as 10 spores delivered to the lungs of susceptible C57BL/6 and
BALB/c causing disseminated disease and lethality in 12 to 20 days
(36). Injection of 30 to 100 spores by the intravenous, intraperi-
toneal, or intrathecal route is also lethal (37). However, none of
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FIG 7 The phagosomal enzyme iNOS was essential for resistance to subcuta-
neous Coccidioides infection. (A and B) Survival plots and CFU (B) in the
dissected abscess (Absc) plus dLN samples are presented for WT mice and
iNOS™/~ and NOX2 /"~ mice, which are deficient in NO and ROS production,
respectively. All mice (n = 10 per group) were challenged by the subcutaneous
route with 5 X 10 viable spores isolated from the virulent C. posadasii C735
isolate. Asterisks represent statistically significant differences between
iNOS™'~ mice and WT mice (P < 0.05).

the above inoculation methods could induce cutaneous or subcu-
taneous coccidioidomycosis, which commonly occurs in patients
with chronic, disseminated coccidioidomycosis. In this context,
we have established a murine model of subcutaneous Coccidioides
infection that can be used to investigate host protective immunity
and fungal pathogenesis in cutaneous coccidioidomycosis. The
subcutaneous inoculation method delivers a consistent dose of
spores and results in significant fungal burden in the hypodermis
but survival of C57BL/6 mice for immunological assays. Similar to
subcutaneous infection in humans, subcutaneous infection in im-
munocompetent (C57BL6 WT) mice results in chronic but self-
limited disease, while we have shown in this study that mice lack-
ing expression of MyD88, Card9, the IFN-vy receptor, or iNOS fail
to control and prevent systemic dissemination of Coccidioides.

The human skin is the most common extrapulmonary site of
endemic mycoses and is frequently the first clinical manifestation
of disseminated coccidioidomycosis (6, 38). Although the skin is
rarely the primary Coccidioides infection site, cutaneous infections
have been reported among agricultural workers and laboratory
personnel (12). In these cases, a nodule or ulcer occurs at the
inoculation site, accompanied by lymphangitis and regional
lymphadenopathy, but systemic symptoms are almost always ab-
sentin immunocompetent patients. Our murine data are in agree-
ment with human coccidioidomycosis, in that dissemination of
this pathogen from the skin is absent in immunocompetent wild-
type C57BL/6 mice, while dissemination is observed first to adja-
cent inguinal dLN and then to lungs and spleen of the infected
MyD88 '~ and Card9~'~ mice by the hematogenous and/or lym-
phatic routes.

A histopathological study of skin biopsy specimens with
detectable fungal cells from 104 coccidioidomycosis patients re-
vealed that inflammation of lesions could be classified as well-
organized granulomas, including suppurative (34.7%), sarcoid-
like (18.6%), and necrotizing (4.2%) forms, and poorly differentiated
granulomas that mainly contained lymphocytes (lymphoplasma-
cytic, 26.3%) or neutrophils (neutrophilic, 13.7%) (39). Suppu-
rative granulomas were characterized predominantly by infiltra-
tion of neutrophils (PMNs) and microabscess formation (39). We
have also observed that PMNs are the main type of cell that infil-
trates abscesses and dLN of wild-type and tested mutant strains of
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mice. However, PMNs are dispensable in resistance to subcutane-
ous Coccidioides infection. We have observed that PMN-depleted
mice recruit higher percentages and numbers of Mac3 " macro-
phages, indicating they may compensate the loss of neutrophils
during subcutaneous infection (data not shown).

The most insights into host defense against coccidioidomyco-
sis have been obtained from a murine model of pulmonary coc-
cidioidomycosis. However, immune defense mechanisms against
Coccidioides infection in the extrapulmonary organs and tissues
are poorly understood. MyD88 and Card9 are two cytosolic im-
mune adaptors that transduce signals from IL-1 receptor/Toll-like
receptors (TIR/TLRs) and C-type lectin receptors (CLRs), respec-
tively, to bridge innate and adaptive immunity (20, 40-45). We
recently reported that MyD88- and Card9-mediated signaling
pathways contribute to the development of vaccine-induced Th17
and Th1 immunity against pulmonary Coccidioides infection (18,
19). MyD88 signaling leads to the activation of protein kinases and
the expression of transcription factors that trigger the expression
of cytokines and inflammatory factors required for T cell develop-
ment and differentiation (46). MyD88 signaling is required for
efficient innate and adaptive immune responses to dimorphic
fungal infections in lungs (17, 41, 42). Our data have also revealed
that costimulation of the MyD88- and Card9-mediated signaling
pathways are required for a protective inflammatory response
against Coccidioides infection in the hypodermis.

Card9 is the critical immune adaptor that transduces signals
downstream of several immunoreceptor tyrosine-based activa-
tion motif (ITAM)-associated CLRs, including Dectin-1, -2, and
-3 and Mincle. Following receptor engagement and spleen ty-
rosine kinase (Syk) phosphorylation, CARD9 forms a complex
with B cell lymphoma protein 10 (Bcl10) and mucosa-associated
lymphoid tissue protein 1 (Maltl), which transduces signaling to
the NF-kB pathway. This central positioning of Card9 in multiple
signaling pathways explains why lack of CARD9 results in severe
susceptibility to both pulmonary and subcutaneous coccidioido-
mycosis. The mannose receptor and Mincle are dispensable for
resistance to pulmonary coccidioidomycosis (18, 47). All three
Dectin receptors contribute to recognition of spherules (18, 47,
48; unpublished data). However, these receptors may function
either alone or in synergy in resistance to pulmonary and subcu-
taneous infections and their regulatory mechanisms await clarifi-
cation (18, 43).

Patients with a mutation in the IL-12 or IFN-vy receptors are
predisposed to disseminated coccidioidomycosis (49). Numbers
of polyfunctional CD4" T cells that produce IL-2, IFN-y, and
TNF-a in peripheral blood mononuclear cells obtained from nat-
urally immune donors are significantly higher than numbers in
nonimmune donors (50). The IL-12/IFN-vy and Th1 axis of im-
munity appears to be critical for control of disseminated coccid-
ioidomycosis in humans (51). Moreover, patients with HIV-1 in-
fection or neutropenia due to chemotherapy or preparation for
solid organ transplantation are at high risk of coccidioidomycosis
(52, 53). Many studies of pulmonary coccidioidomycosis have
reported IFN-vy production as a correlate of vaccine-induced pro-
tection in mice (54, 55). Surprisingly, we have found that the mu-
rine IL-17A and Th17 cells are essential for conferring resistance
to pulmonary Coccidioides infection, while the IFN-+y receptor and
Thl cells are dispensable (15, 17, 19). These results raise the pos-
sibility that there is a differential requirement of IFN-y- and IL-
17A-mediated immunity in defense against pulmonary and cuta-
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neous coccidioidomycosis. Our data show that I[FN-vy is required
for prevention of systemic dissemination after a subcutaneous in-
oculation with Coccidioides spores, while IL-17 is essential when
IFN-v signaling is absent. Consistent with this dichotomy in im-
munity to fungal infections, IL-17A production and Th17 immu-
nity are essential for host defense against chronic mucocutaneous
candidiasis, while IFN-y-mediated oxidative and nonoxidative
phagocytic function are essential for control systemic candidiasis
(56, 57).

ROS and NO derived from phagocytic NADPH oxidase
(NOX2) and iNOS activities, respectively, have been reported to
contribute to host defense against numerous microbial pathogens
(58, 59). However, we have found that both NOX2~/~ and
iNOS2™'~ mice have comparable fungal burdens and survival
rates after an intranasal challenge with approximately 80 Coccid-
ioides spores as WT mice (24, 25). On the contrary, iNOS™'~ mice
are significantly more susceptible to subcutaneous Coccidioides
infection than WT mice. These results suggest that MyD88 and
Card9 govern the IFN-y-dependent innate immune responses,
including NO production, to combat subcutaneous Coccidioides
infection. These results have important implications in develop-
ment of effective immunotherapies and a vaccine against diverse
forms of coccidioidomycosis. While IFN-y immunotherapy has
been successfully applied to treat several cases of refractory, dis-
seminated coccidioidomycosis (60), it may be more beneficial for
patients with chronic pulmonary coccidioidomycosis to receive
IL-17A cytokine therapy.
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