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Abstract
Pathogens use a variety of strategies to evade host immune defenses. A powerful way to suppress
immune function is to increase intracellular concentrations of cAMP in host immune cells, which
dampens inflammatory responses and prevents microbial killing. We found that the yeast cell wall
extract, zymosan, is capable of increasing intracellular cAMP and activates the protein kinase A
pathway in bone marrow derived macrophage (BMDM) cells from mice. This response is
dependent on adenylyl cyclase type VII (AC7) and heterotrimeric G proteins, primarily G12/13.
Consequently, zymosan induced production of the inflammatory cytokine, TNFα, was much
stronger in BMDMs from AC7 deficient mice compared to the response in wild type cells. In a
model of zymosan induced peritonitis, mice deficient of AC7 in the myeloid lineage displayed
prolonged inflammation. We propose that zymosan induced increases in cAMP and activation of
PKA serve as a mechanism to dampen inflammatory responses in host cells, which consequently
favors the survival of microbes. This would also help explain a well documented phenomenon,
that the ability of zymosan to stimulate inflammatory cytokine responses via TLR2 appears to be
weaker than other stimuli of TLR2.
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1. Introduction
Bacterial, viral, and eukaryotic parasitic pathogens exploit a variety of strategies to disable
innate immune responses and evade host defenses (Finlay and McFadden, 2006). They do so
by neutralizing, hijacking, or paralyzing signal transduction pathways in host cells, such as
the complement pathway, the Toll-like receptor (TLR) signaling pathway, and the apoptosis
pathway (Bowie and Unterholzner, 2008; Hajishengallis and Lambris, 2011; Lambris et al.,
2008). One of the powerful ways to disrupt host cell functions is through increasing
intracellular cAMP because this ubiquitous second messenger has pleiotropic effects in
many host cell types and is essential for many cellular functions. A well-known example for

© 2012 Elsevier Ltd. All rights reserved.

Corresponding author: Paul C. Sternweis, Department of Pharmacology, UT Southwestern Medical Center, 6001 Forest Park Road,
Dallas, TX 75390-9041, PH: 214-645-6149, FAX: 214-645-6151, paul.sternweis@utsouthwestern.edu.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Mol Immunol. Author manuscript; available in PMC 2014 May 01.

Published in final edited form as:
Mol Immunol. 2013 May ; 54(1): 14–22. doi:10.1016/j.molimm.2012.10.027.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



this effect is secretion of cholera toxin by Vibrio cholera; upon entry into host cells, this
toxin directly activates the heterotrimeric G protein, Gs, and leads to uncontrolled synthesis
of cAMP (Cassel and Pfeuffer, 1978). Other bacterial effectors have been reported to
increase host cell cAMP concentration by binding to adenylyl cyclases (ACs) to potentiate
Gs-dependent cAMP production or by inhibiting degradation of cAMP through attenuation
of phosphodiesterase activity (Hosono and Suzuki, 1985; Pulliainen et al., 2012).

Cyclic-AMP has been shown to regulate many aspects of immune responses over the past
decades. In general, cAMP suppresses inflammatory immune responses and changes their
response profiles in both innate and adaptive immune responses (Castro et al., 2005;
Mosenden and Tasken, 2011; Peters-Golden, 2009; Serezani et al., 2008). By elevating the
concentration of cAMP in innate immune cells, pathogens can evade the initial strong
inflammatory responses and potentially cause chronic damage to the host cells. In
macrophage cells, cAMP inhibits the activation of the NF-κB pathway induced by TLR
stimuli and leads to reduced production of proinflammatory cytokines (Natarajan et al.,
2006; Wall et al., 2009), such as TNFα, which play an important role in orchestrating
immune responses that result in effective bacterial killing.

Zymosan is the insoluble cell wall extract prepared from Saccharomyces cerevisiae through
boiling and trypsin digestion (Di Carlo and Fiore, 1958). It contains several defined
polysaccharides such as β-glucan, mannan and chitin. Since zymosan can be phagocytosed
by innate immune cells and stimulate inflammatory responses in those cells, it has been used
as a model to study the mechanisms of innate immune recognition of microbes,
phagocytosis, and regulation of cytokine production. Phagocytosis of zymosan particles is
mediated by a repertoire of receptors, including Dectin-1, TLR2, and integrin Mac-1, which
recognize various components of the particles (Underhill, 2003; Underhill and Ozinsky,
2002). On the other hand, stimulation of inflammatory cytokine production depends mainly
on the heterodimer Toll-like receptors, TLR2 and TLR6 (Underhill et al., 1999). The TLR2/
TLR6 and MyD88 signal transduction pathway has been shown to be required for zymosan
induced inflammatory cytokine responses, such as production of TNFα (Takeda and Akira,
2004). However, the ability of zymosan to stimulate inflammatory cytokine responses
appears to be weaker than other soluble stimuli of the TLR2 receptors. One reason is that
zymosan requires direct contact with innate immune cells to activate the TLR2 pathway as
elegantly demonstrated by Dr. Underhill (Underhill, 2003).

In this study, we report that zymosan is also capable of stimulating the production of
intracellular cAMP and activation of protein kinase A (PKA) in bone marrow derived
primary macrophages (BMDMs). We show that this response is dependent on a specific
isoform of adenylyl cyclase, AC7, as AC7 deficient BMDMs fail to produce this zymosan-
induced increase in cAMP and PKA activity. The physiological consequence of this is that
AC7 deficient BMDMs produce a much higher level of TNFα than wild type cells upon
exposure to zymosan. In the zymosan induced peritonitis model, mice deficient of AC7 in
the myeloid lineage displayed prolonged inflammation when compared to wild type
littermates. We propose that zymosan induced cAMP responses could be a mechanism for
microbial evasion of host immune responses. Initial characterization of the zymosan
associated factor suggests that it triggers cAMP responses via G-protein coupled receptors in
macrophage cells.

2. Materials and Methods
2.1 Reagents

Zymosan was purchased from Sigma (Lot# 092K1240, Lot# BCBG6429V). LPS (R595Re)
and pertussis toxin were purchased from List biological. LBP (LPS binding protein) was
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purchased from R&D systems. Complement factor C5a (Sigma), cytochalasin D
(Calbiochem), PAM3Cys-SKKKKx3HCl (P3C, EMC Microcollections), FITC-zymosan
(Life Technology), sphingosine-1-phosphate (Avanti Polar Lipids), and JTE 013 (Tocris
bioscience) were purchased from the sources indicated. The ELISA kit for TNF-α (88-7324)
was purchased from eBioscience. Protease inhibitors and phosphatase inhibitor cocktails I
and II were purchased from Roche and Sigma, respectively. Antibodies for detecting
phosphorylation of PKA substrates with the RRXS*/T* motif (CST 9624) were obtained
from Cell Signaling Technology.

2.2 Construction and testing of a BRET sensor to measure PKA activity
A BRET sensor for PKA activity was constructed following the design of the FRET sensor
of PKA, AKAR (Zhang et al., 2005). The core of the sensor, a PKA phosphorylation
substrate and its binding domain, was flanked by the BRET acceptor and donor pair, citrine
and Renilla luciferase (RL) (Supplementary Figure S1A). We name this sensor AKARB (A
kinase activity reported by BRET). When the intracellular concentration of cAMP is
increased and PKA activated, the BRET signal from AKARB increases similarly to the
response from the corresponding FRET sensor, AKAR2. However, the maximal change in
signal of the BRET sensor is less than 10%, making it difficult to reliably measure changes
in PKA activity in live cells. When the AKARB sensor was localized to the plasma
membrane using a myristoylation and palmitoylation sequence, the pm-AKARB sensor
displayed a 45% change in signal upon stimulation of PKA activity with 8-bromo-cAMP
(Supplementary Figure S1B). The reversibility of the sensor was tested as shown in
Supplementary Figure S1C. When the cellular PKA activity was inhibited by H-89, the pm-
AKARB sensor reported no change in BRET signal to stimulation with prostaglandin E2
(PGE2) (Supplementary Figure S1D). Thus the pm-AKARB sensor can reliably measure the
transient changes of PKA activity in cells and is used for all experiments in this study.

2.3 Animal handling
The AC7 conditional knockout mouse was generated with the help of the transgenic core
laboratory at UT Southwestern Medical Center (Supplementary Figure S3). The strain was
crossed to the LysMcre strain (Ferron and Vacher, 2005) kindly provided by Dr. Edward
Wakeland (UT Southwestern Medical Center) and backcrossed to C57BL/6J mice for at
least 5 generations. The LysMCre; G12

−/−; G13
fl/fl mouse strain was a gift from Dr. Nina

Wettschureck (Moers et al., 2003). All experimental procedures involving animals in this
study were reviewed and approved by the Institutional Animal Care and Research Advisory
Committee at University of Texas Southwestern Medical Center.

2.4 Generation of the AC7 conditional knockout mouse strain
Mice deficient of the Adcy7 gene in the germline display a severe embryonic lethal
phenotype (Duan et al., 2010; Jiang et al., 2008), making it difficult to study the functions of
AC7 in the immune system. We generated a conditional knockout strain so that the Adcy7
gene can be deleted in specific cell lineages for targeted functional studies. Exon 6 of the
Adcy7 gene was chosen to be the targeted deletion site because deletion of any of the first
five exons will only result in an in-frame deletion of part of the protein sequence. Details of
the targeting and selection strategy are shown in Supplementary Figure S2. Two conditional
knockout strains were established. They were crossed with C57BL/6J-LysMcre line to
generate the conditional knockout of AC7 in the myeloid lineage. The mice were further
backcrossed to C57BL/6J for at least 3 additional generations.

Jiang et al. Page 3

Mol Immunol. Author manuscript; available in PMC 2014 May 01.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



2.5 Genotyping
Tissue samples were digested in lysis buffer (25 mM NaOH, 0.2 mM EDTA) at 100 °C for 1
hour and then neutralized with an equal volume of 40 mM Tris·HCl, pH5.5. Genotyping by
PCR was done as described previously (Jiang et al., 2008).

2.6 Isolation of BMDMs
Bone marrow derived primary macrophages were isolated from mouse femurs and cultured
as described (Jiang et al., 2008; Takeshita et al., 2000).

2.7 Assay of BRET in live cells
BRET (bioluminescence resonance energy transfer) sensors for cAMP and PKA, CAMYEL
and pm-AKARB respectively, were introduced to BMDMs through retroviral infection.
Procedures for retroviral infection of BMDMs and BRET assays for measuring cAMP
responses in live cells were described before (Jiang et al., 2008; Jiang et al., 2007).

2.8 Cytokine measurement
BMDMs were plated at 1–1.5×105 cells per well on a 48-well plate the day before the assay.
Cells were serum starved for 2 hours, then stimulated with various ligands for 4 hours.
Medium was collected at the end of the 4-hour incubation and secreted cytokines were
quantified using an ELISA kit following the manufacturer’s protocols. Cells remaining in
the wells were disrupted with lysis buffer containing 1% Triton X-100 and total protein was
measured using Precision Red (Cytoskeleton Inc.).

2.9 Phagocytosis assay
BMDMs were plated at 5×104 cells per well on a 96-well plate the day before the assay.
Cells were serum starved for 4 hours and either not treated or pretreated with 1%
paraformaldehyde or 10 μM cytochalasin D for 5 minutes. FITC-zymosan particles were
then added to cells at a 10:1 ratio. After 20 minutes of incubation at 37 °C, cells were
washed extensively with 1x PBS and extracellular FITC was quenched with trypan blue
solution. Residual trypan blue was removed by extensive wash with 1x PBS. BMDMs were
lysed (20 mM HEPES, 0.2% NP-40, 50 mM NaCl, 2.5 mM MgCl2) and the fluorescent
signal was read on a plate reader. Each condition was done in duplicate per experiment.

2.10 Analysis of protein phosphorylation
BMDMs were plated at 5×105 cells per well on a 24-well plate the day before the assay.
Cells were serum starved for 2 hours and then stimulated with various ligands for 5 minutes.
Stimulation was stopped by placing the cells on ice and washing the cells with ice-cold PBS.
The cells were lysed in 1% Triton-X lysis buffer (20 mM HEPES, 20 mM NaCl, 5 mM
EDTA) containing protease inhibitors and phosphatase inhibitor cocktails I & II. After
clearance of particulates, lysates were mixed with SDS sample buffer and heated at 95°C for
5 minutes. The samples were analyzed following standard SDS-PAGE and western blot
protocols with antibodies for detecting phosphorylation of PKA substrates with the RRXS*/
T* motif.

2.11 Zymosan induced peritonitis and flow cytometry analysis of peritoneal exudates
Mice at 6 to 10 weeks of age were injected with 1 mg of zymosan into the peritoneal cavity.
Age matched mutant mice and their wild type littermates were grouped together for each
experiment. At 4-, 24-, or 72-hours post injection, mice were euthanized and the peritoneal
exudates were harvested by lavage (Cash et al., 2009). The cells were then counted and
stained with a mixture of antibodies against cell surface markers for neutrophils and
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macrophages, including APC-Gr1 (BD), FITC-F4/80 (BioLegend), and CD11b-PE (BD).
After staining, the cells were fixed in 1% paraformaldehyde and analyzed with a
FACSCalibur flow cytometer and FlowJo software.

3. Results
3.1 Zymosan induces increases in cAMP and activation of PKA in wild type BMDMs

It has been reported that activation of the Toll-like receptor (TLR) signaling pathways has
various effect on cAMP metabolism in macrophage cells (Jin and Conti, 2002; Moon et al.,
2011; Osawa et al., 2006; Wang et al., 2010). To examine this effect directly we measured
intracellular cAMP changes in response to several TLR ligands in live cells using bone
marrow derived macrophages (BMDMs) that express a BRET sensor for cAMP, CAMYEL
(cAMP BRET sensor using YFP-Epac-Luciferase) (Jiang et al., 2007). Activation of the
TLR3 or TLR4 pathway with their respective ligands, poly I:C or LPS, did not acutely affect
the intracellular concentration of cAMP (up to 15 minutes post ligand addition).
Interestingly, when the cells were treated with zymosan particles, a TLR2 ligand, there was
a transient rise of cAMP that peaked at about 1 to 2 minutes post ligand addition (Figure
1A). However, activation of the TLR2 pathway using soluble ligands such as PAM3Cys-
SKKKKx3HCl (P3C) failed to induce any transient changes in intracellular cAMP
concentration in BMDMs (Figure 1A).

To evaluate the physiological consequence of zymosan induced rises in cAMP, we measured
the ability of zymosan to activate PKA, a downstream target of cAMP, with a plasma
membrane anchored BRET sensor for PKA, pm-AKARB (A kinase activity reported by
BRET). This BRET sensor is engineered based on an established FRET sensor for PKA,
AKAR2 (Zhang et al., 2005), and localization of the sensor to the plasma membrane greatly
enhanced the signal-to-noise ratio of this sensor (Supplementary Figure S1). Since activation
of PKA occurs at much lower concentrations of cAMP than detected by the CAMYEL
sensor, which utilizes the lower affinity Epac protein for binding cAMP (Jiang et al., 2007),
pm-AKARB has the potential to detect more subtle changes in intracellular cAMP
concentration. As shown in Figure 1B, zymosan particles at 33 μg/ml induced significant
changes in the BRET signal of pm-AKARB in BMDMs and 100 μg/ml zymosan produced a
robust response. On the other hand, other TLR ligands including the TLR2 ligand, P3C, still
failed to trigger any response in BMDMs when measured with pm-AKARB (Figure 1B).
Activation of PKA by zymosan was validated by using western blots to detect the
phosphorylation pattern of PKA substrates. In Figure 1C, an antibody specific for substrates
phosphorylated by PKA detected a distinct pattern of bands in lysates from zymosan treated
BMDMs; these bands appear within 2 min and some are gone or declining by 10 min, thus
reflecting the time course of increases in cAMP and PKA activity. The phosphorylated
proteins were absent in BMDMs treated with P3C or LPS. Taken together, our data
consistently demonstrate that zymosan uniquely regulates intracellular cAMP concentration
and activation of PKA in BMDMs.

Because zymosan particles are a crude preparation from yeast cell wall and are insoluble in
water, we tested for possible effects of contaminating material as well as non-specific effects
on the BRET assay. First, zymosan particles were still capable of triggering the response in
BMDMs after soaking and extensive washing with buffer (data not shown). Zymosan
particles from a different lot were also capable of inducing the cAMP response and
activation of PKA in BMDMs, although the efficacy varied (Supplementary Figure S3).
Based on these observations, we think the effect of zymosan is not due to contamination.
Second, zymosan particles do not appear to interfere with the BRET assay by selectively
obscuring emission signals from the sensors. This is based on the fact that both the
CAMYEL and pm-AKARB sensors detected consistent responses to zymosan, even though
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their changes in BRET are opposite in response to stimuli (Jiang et al., 2007)
(Supplementary Figure S1).

3.2 The increase in cAMP and activation of PKA by zymosan is dependent on AC7
One of the major adenylyl cyclases expressed in BMDMs is AC7. We have previously
shown that AC7 integrates inputs from multiple signaling pathways to regulate cAMP
responses in BMDMs (Jiang et al., 2008). Does AC7 also play a role in mediating zymosan
induced cAMP responses in BMDMs? To test this, AC7 deficient BMDMs were isolated
from a conditional knockout mouse strain generated in our laboratory in which AC7 is
specifically deleted in the myeloid lineage (Materials and Methods, Supplementary Figure
S2). The amount of AC7 transcript in those BMDMs was about 10% of that in wild type
cells as assessed by qPCR (Supplementary Figure S2C). As shown in Figure 2, when AC7
deficient BMDMs expressing the CAMYEL or pm-AKARB sensors were treated with
zymosan, only small responses were detected. The residual responses were presumably due
to incomplete deletion of the AC7 allele in a small percentage of cells. To confirm the role
of AC7 for normal cAMP responses, we introduced human AC7 cDNA into AC7 deficient
BMDMs. Re-expression of AC7 partially rescued the zymosan induced cAMP response and
PKA activation in AC7 deficient BMDMs (Figure 2, compare with WT in Figure 1).
Therefore, the effect of zymosan on the rise of intracellular cAMP and activation of PKA is
largely mediated through AC7.

3.3 AC7 deficient BMDMs show increased production of TNFα in response to zymosan
Zymosan has been widely used as a TLR2 ligand to trigger inflammatory responses in innate
immune cells. However, it is well documented that the ability of zymosan to stimulate
inflammatory cytokine responses appears to be weaker than other soluble stimuli of TLR2
(Underhill, 2003). Because cAMP has been shown to dampen the TLR signaling pathway
and the production of proinflammatory cytokines, we tested if the concomitant stimulation
of cAMP and activation of PKA by zymosan could modulate its effect on signaling through
TLR2. AC7 deficient BMDMs provided an opportunity to examine this hypothesis.
Zymosan would activate the TLR2 signaling pathway in AC7 deficient BMDMs without
causing rises in cAMP and activation of PKA.

We compared the production of the proinflammatory cytokine, TNFα, in response to
zymosan in wild type vs. AC7 deficient BMDMs (Figure 3). Zymosan induced much
stronger production of TNFα in AC7 deficient BMDMs than in wild type cells. Stimulation
with P3C, a soluble TLR2 ligand that has no effect on cAMP, produced similar amounts of
TNFα in wild type and mutant BMDMs. Consistent with our previous result, TNFα
production caused by LPS, a TLR4 ligand, was also similar in both cell types (Duan et al.,
2010). Thus the TLR signaling pathways appear to function normally in AC7 deficient
BMDMs. The difference in response to zymosan stimulation is likely caused by the
differential cAMP response to zymosan in wild type and AC7 deficient cells. In wild type
cells, the effect of zymosan on TLR2 signaling is likely dampened by its concomitant
activation of cAMP and PKA.

3.4 AC7 deficient mice display prolonged inflammation in zymosan induced peritonitis
The mouse model of zymosan induced peritonitis is a well characterized system for studying
the resolution of inflammation in a physiological context. Injection of zymosan particles into
the mouse peritoneal cavity typically triggers an acute but relatively mild inflammatory
response in the peritoneal cavity that results in recruitment of neutrophils and macrophages
within 4 to 24 hours; the inflammation is typically resolved around 72 to 96 hours post
injection. We reasoned that in the absence of a cAMP response, zymosan could trigger a
prolonged inflammatory response.

Jiang et al. Page 6

Mol Immunol. Author manuscript; available in PMC 2014 May 01.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



To test this idea, we used the conditional knockout mouse strain with AC7 specifically
deleted in the myeloid lineage (Supplementary Figure S2). Injection of zymosan into the
peritoneal cavity of mutant mice or their wild type littermates elicited recruitment of
neutrophils and macrophage cells to the site of inflammation. At 4 hours or 24 hours post
injection, no significant difference in the percentages of neutrophils and macrophages
recruited to the peritoneal cavity was observed between the two populations (data not
shown). However, at 72 hours post injection, there were significantly higher percentages of
neutrophils present in the peritoneal cavities of AC7 deficient mice than in their wild type
littermates (Figure 4). The composition of F4/80 positive macrophage cells was also
different. Compared to their wild type litter mates, there was a higher percentage of F4/80Lo

cells and a lower percentage F4/80HiCD11bHi cells in AC7 mutant mice. This is indicative
of the presence of more inflammatory monocytes and less resident macrophages in the
mutant mice (Ghosn et al., 2010; Rosas et al., 2010; Taylor et al., 2003). Taken together, it
appears that mice deficient of AC7 in the myeloid lineage displayed prolonged inflammation
and delayed resolution in the zymosan induced peritonitis model.

3.5 Characterization of the zymosan associated factor that triggers cAMP responses and
activation of PKA

Zymosan particles are known to bind to several cell surface receptors on macrophage cells
and trigger two major responses, activation of the TLR2 pathway and phagocytosis.
Activation of the TLR2 pathway alone using soluble stimuli, such as P3C, does not
stimulate intracellular cAMP responses or activation of PKA in BMDMs (Figure 1). To
determine if phagocytosis is required for the effect of zymosan on cAMP and PKA, we
treated BMDMs with an inhibitor of actin polymerization, cytochalasin D, to block
phagocytosis and then stimulated the cells with zymosan. As shown in Figure 5, in the
presence of cytochalasin D, the cells still displayed robust activation of PKA in response to
zymosan. Futhermore, phagocytosis in AC7 deficient BMDMs is the same as WT cells; this
indicates that altered binding of zymosan to receptors is not a reason for decreased cAMP
responses in KO cells. This suggests that the effect of zymosan on PKA activation is
independent of the particles being phagocytosed and is likely due to a receptor-mediated
response.

Since zymosan induced activation of PKA is dependent on the activity of AC7 and AC7
mediates cAMP responses from multiple GPCR signaling pathways in BMDMs, we tested
whether zymosan functions through a G-protein signaling pathway. Disabling of Gαi
function using pertussis toxin completely abolished activation of PKA by C5a in wild type
BMDMs, but only reduced responses to zymosan stimulation by ~20% (Figure 6A).
Interestingly, BMDMs deficient of both Gα12 and Gα13 proteins (DKO) showed a larger
reduction in activation of PKA by zymosan (Figure 6B). The deficient cells were minimally
responsive to lower doses of zymosan (33 μg/ml zymosan), but partially responsive (~30%)
to higher doses (100 μg/ml zymosan). Therefore, zymosan appears to elicit activation of
cAMP and PKA, in part, through the G12/13 pathway, and possibly the Gi pathway.

We have previously shown that the bioactive phospholipid, sphingosine-1-phosphate (S1P),
acts via the S1P2 receptor, Gα13, and AC7 to increase intracellular cAMP concentration in
BMDMs (Jiang et al., 2008; Jiang et al., 2007). To ensure that the effect of zymosan is
different than that of S1P, we used a specific antagonist against the S1P2 receptor, JTE-013,
to block the effect of S1P on PKA activation (Figure 6C). However, JTE-013 did not block
the PKA response to zymosan (Figure 6C), indicating that the effect of zymosan is distinct
from that of S1P and is not mediated through the S1P2 receptor.
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4. Discussion
The pleiotropic function of cAMP signaling in many cell types makes it a prime target
during microbial invasion of host cells (Finlay and McFadden, 2006; Hajishengallis and
Lambris, 2011; McDonough and Rodriguez, 2012). In fact, enzymes involved in every step
of cAMP metabolism, including Gαs, adenylyl cyclases, and phosphodiesterases, are
targeted by various pathogens (Ahuja et al., 2004; Cassel and Pfeuffer, 1978; Hosono and
Suzuki, 1985). Novel mechanisms on how microbes hijack the cAMP metabolic pathway
are still being discovered (Pulliainen et al., 2012). In this study, we reveal a novel regulation
of cAMP synthesis and PKA activation by the yeast cell wall component, zymosan. We
show that zymosan can increase intracellular cAMP and activate PKA in mouse macrophage
cells (Figure 1). Both responses depend on the expression of AC7, a key isoform of adenylyl
cyclase expressed in BMDMs (Figure 2).

Elevation of cAMP in macrophages dampens their responses to TLR stimuli and leads to
reduced production of proinflammatory cytokines (Duan et al., 2010; Natarajan et al., 2006;
Wall et al., 2009). Not surprisingly, BMDMs devoid of AC7 produced a much higher level
of TNFα in response to zymosan when compared to wild type cells although both types of
cells respond similarly to stimulation with P3C (Figure 3). This result indicates that the
ability of zymosan particles to stimulate cAMP and activate PKA has a real physiological
consequence of dampening the inflammatory response in macrophage cells. It is conceivable
that fungi such as yeast use this strategy to change host immune responses and reduce
detection for early proliferation. This result could also help explain why the ability of
zymosan to stimulate the TLR2 pathway appears less potent than that of other soluble
stimuli of the TLR2 receptor (Underhill, 2003).

The model of zymosan induced peritonitis in mice was used to explore the physiological
effect of zymosan induced cAMP responses and PKA activation in vivo. Mice deficient of
AC7 in the myeloid lineage displayed prolonged inflammation and failed to resolve
inflammation in a timely manner (Figure 4). We have previously shown that mice deficient
of AC7 in the immune system were hypersensitive to LPS induced endotoxic shock (Duan et
al., 2010). Together with the current result, it highlights the importance of AC7 in regulating
proper innate immune responses in vivo. However, the prolonged inflammation caused by
zymosan in AC7 deficient mice may not be solely due to the initial lack of a cAMP response
to zymosan in the macrophage cells. Inflammatory responses and resolution of inflammation
in vivo are regulated by complex signaling pathways, many of which exert their functions
through modulating cAMP concentration and PKA activity (Bystrom et al., 2008; Castro et
al., 2005; Nathan and Ding, 2010). Lack of AC7 in macrophage cells could result in reduced
cAMP responses at both the inflammation and resolution phases of the process and lead to a
more profound phenotype. A better way to address the specific role of zymosan induced
cAMP and PKA activation would be to use zymosan particles devoid of cAMP stimulating
activity while retaining their effectiveness for activating the TLR2 pathway.

What could be the factor that allows zymosan particles to increase cAMP in BMDMs? We
believe that this is mediated by a cell surface receptor for several reasons. First,
phagocytosis is not required for the effect, indicating the zymosan particles are capable of
signaling from outside the cells. Second, G proteins (G12/13 and possibly Gi) and AC7 are
required for the cAMP and PKA responses induced by zymosan, strongly suggesting the
involvement of G-protein coupled receptors. Zymosan particles are mainly composed of
polycarbohydrates including β-glucan, mannan, and chitin (Di Carlo and Fiore, 1958;
Underhill, 2003). They are recognized by various cell surface receptors, such as Dectin-1
and integrin Mac-1. However, it is unclear if any of those receptors are coupled to G
proteins like Gi or G12/13 or are capable of triggering cAMP responses. Zymosan is also

Jiang et al. Page 8

Mol Immunol. Author manuscript; available in PMC 2014 May 01.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



capable of activating the TLR2 receptor. Although we showed that activation of TLR2 alone
by other soluble factors did not stimulate cAMP and PKA, we cannot rule out the possibility
that the TLR2 receptor could still be involved in zymosan induced cAMP and PKA
responses. For example, the bacterium Porphyromonas gingivalis is a major oral and
systemic pathogen capable of raising intracellular cAMP concentration in macrophage cells,
an action that requires the expression of TLR2 receptor (Wang et al., 2010). Conceivably,
activation of TLR2 receptor by specific ligands could lead to transactivation of G12/13 and/or
Gi coupled receptors, which in turn regulate cAMP synthesis. This remains to be further
elucidated.

5. Conclusions
The yeast cell wall component, zymosan, induces a variety of cellular responses in
macrophage cells. Here we reported a novel discovery that zymosan induces cAMP increase
and PKA activation in primary macrophage cells. We demonstrated that this response is
mediated by AC7 and heterotrimeric G proteins, primarily G13, and it does not require
phagocytosis of zymosan particles. Lack of cAMP and PKA response leads to increased
TNFa production in response to zymosan in cultured BMDMs. Mice lack of AC7 in the
myeloid lineage displayed prolonged inflammation in zymosan induced peritonitis. We
propose that zymosan induced increases in cAMP and activation of PKA serve as a
mechanism to dampen inflammatory responses in host cells, which consequently favors the
survival of microbes.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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BMDM bone marrow derived macrophages

PKA protein kinase A

BRET bioluminescence resonance energy transfer
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pm-AKARB plasma membrane anchored-A kinase activity reported by BRET

S1P sphingosine-1-phosphate

PGE2 prostaglandin E2
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YFP yellow fluorescent protein

LBP LPS binding proteins
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Highlights

• Zymosan particles increase cAMP and activation of PKA in macrophage cells

• These responses depend on AC7 and heterotrimeric G proteins, primarily G12/13

• Macrophage cells deficient of AC7 produce more TNFα in response to zymosan

• Mice without myeloid AC7 show prolonged inflammation in zymosan induced
peritonitis
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Figure 1.
Zymosan induces cAMP responses and activation of PKA in wild type BMDMs. BMDMs
were isolated from 6–10 week old wild type mice and infected with retrovirus carrying the
BRET sensor for cAMP, CAMYEL (A), or the BRET sensor for PKA activity, pm-AKARB
(B). Intracellular cAMP and activated PKA were measured using BRET assays. At time 0,
cells were treated with zymosan at the concentrations indicated, 100 ng/ml LPS in the
presence of 0.25 nM LBP, or 1 μM P3C. Each trace is the average of two to three
independent experiments and error bars represent the standard deviation. Errors are similar
for all conditions and shown on only one trace for clarity. (C). BMDMs were stimulated
with 0.5 mg/ml zymosan, 1 μM P3C, or 10 ng/ml LPS + 25 pM LBP as indicated for 2, 5, or
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10 min. Cell lysates were harvested and analyzed by western blot. Phosphorylation of PKA
substrates was detected using an antibody selective for phospho-PKA substrates. Arrows
indicate unique bands present only in zymosan treated cell lysates.
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Figure 2.
Zymosan induced cAMP and activation of PKA is dependent on the expression of AC7.
BMDMs were isolated from 6–10 week old mice with AC7 specifically knocked out in the
myeloid lineage. AC7 deficient BMDMs were infected with retrovirus carrying the BRET
sensor for cAMP, CAMYEL (A), or the BRET sensor for PKA, pm-AKARB (B), with or
without the addition of retrovirus containing the expression of human AC7 cDNA. After 4
days of culture post infection, cells were treated with 0.5 mg/ml or 0.1mg/ml zymosan at
time 0 and intracellular cAMP and PKA activity measured using BRET assays. Each trace is
the average of two independent experiments and error bars represent the standard deviation.

Jiang et al. Page 15

Mol Immunol. Author manuscript; available in PMC 2014 May 01.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



Figure 3.
Zymosan induced production of TNFα in wild type and AC7 deficient BMDMs. BMDMs
were isolated from 6–10 week old mice deficient of AC7 or their wild type littermates. After
7 to 10 days in culture, the cells were serum starved for 2 hours before being stimulated with
the indicated ligands, 10 ng/ml LPS + 25 pM LBP, 1 μM P3C, or 0.5 mg/ml zymosan. After
4 hours of stimulation, accumulation of TNFα in the medium was measured using ELISA.
There was no detectable TNFα in medium prior to ligand treatment (less than 8 pg/ml). The
measured cytokine was normalized against the amount of total protein per well (indicator of
total numbers of cells). Error bars indicate the standard deviation of 3 independent
experiments (each from a different isolation of BMDMs). A single asterisk indicates a p
value equal to 0.01.
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Figure 4.
AC7 deficient mice display prolonged inflammation in the zymosan induced peritonitis
model. Mice deficient of AC7 in the myeloid lineage and their wild type littermates were
injected with 1 mg of zymosan into the peritoneal cavity at age 6 to 10 weeks. At 72-hour
post injection mice were euthanized and the peritoneal exudates were harvested by lavage
(Cash et al., 2009). The cells were then counted, stained with neutrophil and macrophage
markers (APC-Gr1, CD11b-PE and FITC-F4/80), and analyzed with a FACSCalibur flow
cytometer and FlowJo software. Representative graphs of FACS analysis are shown in (A).
Analysis to determine percentages of neutrophils and macrophages present at different
stages during zymosan induced peritonitis is presented in (B). Double asterisks indicate a p
value less than 0.01 based on t-test.
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Figure 5.
Phagocytosis is not required for zymosan induced PKA activation. (A). BMDMs expressing
the pm-AKARB sensor were stimulated with 33 μg/ml zymosan with or without the
pretreatment of 10 μM cytochalasin D for 5 minutes. Activation of PKA was recorded as the
change in BRET signal of the sensor. (B). Phagocytosis of zymosan particles into WT or
AC7 deficient (KO) BMDMs was determined with FITC-labeled zymosan. BMDMs were
either first fixed using 1% paraformaldehyde, treated with 10 μM cytochalasin D for 5
minutes, or incubated without treatment. Then FITC-zymosan particles were added to cells
at ~10:1 ratio. After 20 minutes of incubation at 37°C, cells were washed extensively and
extracellular FITC was quenched with trypan blue. BMDMs were lysed and fluorescence
was read on a plate reader. Each condition was done in duplicate per experiment and error
bars represent the standard deviation of 3 independent experiments.
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Figure 6.
Characterization of zymosan associated factor capable of inducing PKA activation. (A).
Wild type BMDMs carrying the pm-AKARB sensor were stimulated with 50 nM C5a or
100 μg/ml zymosan with or without pre-incubation with 100 ng/ml pertussis toxin for 16
hours; activation of PKA was measured by BRET assay. (B). Wild type BMDMs and
BMDMs deficient of both Gα12 and Gα13 were stimulated with 33 μg/ml or 100 μg/ml
zymosan as indicated and activation of PKA was recorded by BRET assay. DKO denotes
double knockout of Gα12 and Gα13. (C). BMDMs expressing the pm-AKARB sensor were
stimulated with 33 μg/ml zymosan or 10 nM S1P with or without the presence of 2 μM
JTE-013, an antagonist to S1P2 receptor. Each trace is the average of 2–3 independent
experiments and error bars represent the standard deviation.
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