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P E R S P E C T I V E S

Serum Amyloid P Component and Systemic Fungal
Infection: Does It Protect the Host or Is It a Trojan Horse?
Stephen A. Klotz,1 Richard E. Sobonya,2 Peter N. Lipke,3 and Melissa C. Garcia-Sherman3

1Division of Infectious Diseases, and 2Department of Pathology, University of Arizona, Tucson; and 3Department of Biology, City University of New York at Brooklyn

It is a striking observation that tissue of patients invaded by the deep mycoses often lacks evidence of an inflammatory response. This
lack of host response is often attributed to neutropenia secondary to chemotherapy. However, systematic studies do not support this
simplistic explanation. However, invasive fungal lesions are characterized by abundant fungal functional amyloid, which in turn is
bound by serum amyloid P component (SAP). We postulate that SAP is important in the local immune response in invasive fungal
infections. The interaction between fungal functional amyloid, SAP, and the immune response in deep mycoses is discussed.
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We recently discovered an interaction be-
tween serum amyloid P component (SAP)
and systemic fungal infections. Before out-
lining the importance of this interaction,
we briefly discuss and define some of the
important terminology and relationships
between amyloid and fungal infections.

AMYLOIDS

Amyloids are aggregates of misfolded pro-
teins forming characteristic fibrils (and
protofibrils) that disrupt tissues and cells
and lead to clinical disease. Amyloid fibrils
are formed from crossed β-sheets of many
copies of misfolded protein. They have a
strong affinity for one another as well as
for amyloidophilic dyes such as Congo
red and thioflavin T. There are many am-
yloidoses, which are systemic diseases
characterized by deposits of amyloid fi-
brils; each disease with its unique mis-
folded protein precursor [1]. The most

common is AL amyloidosis where over-
production of the lamda light chain of im-
munoglobulins forms deposits in many
organs, particularly the kidneys, leading
to renal failure. Predominately intracellu-
lar amyloid is seen in the prion diseases
where amyloid fibrils form from the
prion protein or Alzheimer’s where the
Aβ peptide is found intracellularly. These
diseases feature amyloid, but they are not
amyloidoses because the latter comprises
extracellular amyloid deposits [1].

FUNCTIONAL AMYLOIDS

Functional amyloids are proteins forming
amyloid fibrils that serve a physiologic
purpose. They are even found in man,
for example, Pmel 17 protein found in
melanosomes [2]. Functional amyloids
are ubiquitous in bacteria and fungi
where amyloid fibrils often serve an at-
tachment purpose [3]. One such amyloid
is found within a Candida albicans glyco-
protein adhesin found on the fungal cell
surface [4]. After attachment to a peptide,
stretching the molecule causes it to
spontaneously form amyloid near the
N-terminal immunoglobulin-like domain
[5]. This process will be discussed further
later in the article.

SERUM AMYLOID P COMPONENT

Serum amyloid P component is a glyco-
protein found in serum and is a compo-
nent of the innate human immune

response. No human has been described
as lacking SAP, and therefore it is
undoubtedly a critical serum protein.
Serum amyloid P component and
C-reactive protein (CRP) are both pro-
teins that respond to inflammation.
C-reactive protein increases in concentra-
tion many hundredfold in response to
inflammation, whereas SAP in humans
maintains a constant concentration in
plasma. Therefore, CRP is defined as an
acute-phase reactant, whereas SAP is
not. Serum amyloid P component is a
pentavalent glycoprotein that circulates
in the plasma at a concentration of
30–40 µg/mL [6]. Serum amyloid P com-
ponent is an evolutionarily conserved
component of the innate immune re-
sponse that binds to amyloid, chromatin,
nucleoli [7], and apoptotic and necrotic
cells as well as various microbes in a
Ca2+-dependent manner. It is a member
of the pentraxin superfamily of proteins
that share calcium-dependent ligand
binding and a similar pentavalent struc-
ture. Each protomer of SAP is a 25 kDa
domain with a β-jelly roll fold, and the
pentamer has a total Mr of 127 310 [8].
Serum amyloid P component and CRP
are short pentraxins and share 51% ho-
mology. Other pentraxins structurally
similar to SAP and CRP have quite differ-
ent sources and roles within the host. For
example, pentraxin 3 is released by mac-
rophages, endothelial cells, fibroblasts,
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and dendritic cells in response to pres-
ence of the cytokines tumor necrosis fac-
tor-α and interleukin (IL)-1β [9].

Amyloid deposits, whether extracellu-
lar or intracellular, also contain SAP.
For example, SAP may constitute up to
15% of the mass of extracellular amyloid
deposits such as occur in the various am-
yloidoses [1]. Serum amyloid P compo-
nent is also found intracellularly on the
amyloid particles of Alzheimer’s disease
[10]. Consequently, SAP is an integral
part of diseases caused by amyloid
by binding to and stabilizing intra- and
extracellular amyloid deposits. One effec-
tive treatment of amyloidoses is to
deplete SAP in plasma, which leads
to dissociation of SAP from amyloid
deposits, lessening the burden of disease.
Even after this procedure, some SAP re-
mains on the amyloid deposits, and this
can be scavenged by use of anti-SAP an-
tibodies that target the remnant fraction
of bound SAP, bind complement, and
promote removal of the glycoprotein by
macrophages [11].

DISCUSSION

We became interested in SAP after the
serendipitous discovery of SAP binding
to the cell surface of Candida invading
the human gastrointestinal tract [12]. In
previous studies, we had demonstrated
the spontaneous formation of amyloid
within glycoprotein adhesins on the cell
surface of C albicans in vitro. We charac-
terized the critical role fungal amyloid
played in the aggregation of one fungus
to another as well as attaching fungi to
broad range of human proteins [5]. To
study this process in human disease, we
stained for the presence of fungal amy-
loid in autopsy tissue of patients dying
with invasive gastrointestinal candidiasis.
Many of these patients, but not all, were
neutropenic. Congo red and thioflavin T
staining demonstrated an abundance of
amyloid within the fungal structures.
We also showed that a peptide probe for
a specific amyloid sequence of C albicans
adhesins labeled the fungus both in au-
topsy sections and in vitro [13]. As part

of the routine laboratory workup for
amyloid in tissue, antibody to serum am-
yloid A and SAP were applied. Although
there was no evidence of deposition of
serum amyloid A, SAP was present in
abundance on the surface of the fungi
from 23 autopsies with invasive gastroin-
testinal candidiasis. We were caught off
guard because we were ignorant of
SAP and its role in the human body. It
suddenly became a top research interest
for us. Returning to in vitro experimenta-
tion, we found that the interaction of
C albicans and SAP was specific and oc-
curred after the spontaneous formation
of amyloid on the fungal cell surface.
This was demonstrated by expressing
C albicans glycoprotein adhesins in
Saccharomyces cerevisiae strains that
did not bind SAP. These experiments in-
volved incubating fungi in human serum
as well as reconstituted SAP [12]. Serum
amyloid P component bound to S cerevi-
siaewhen the yeast was expressing an am-
yloid-forming version of the C albicans
adhesin, Als5p (an attachment protein
on the cell wall of the fungus that binds
to peptides), but did not bind to yeast
without the adhesin or yeast expressing
a nonamyloid version of Als5p. Serum
amyloid P component also bound abun-
dantly to wild-type C albicans [12].
We also observed that there were few

neutrophils in the infected gastrointesti-
nal tissue, and their absence did not cor-
respond with the circulating white blood
cell count [12]. Because amyloid deposits
characteristically lack an inflammatory
response even when the abnormal pro-
tein is present in massive quantities,
great enough to compromise organ func-
tion [1], we wondered whether the lack of
tissue neutrophils might be due to the
presence of fungal amyloid and the SAP
that coated the cell wall. Although the
role of SAP in infectious disease processes
is not understood, Pepys and coworkers
in 2000 [14] questioned whether SAP
protected the host or masked the bacterial
pathogen from the immune response. In
their experiments, transgenic mice ex-
pressing human SAP and control mice

not expressing human SAP were chal-
lenged intravenously with Streptococcus
pyogenes and Escherichia coli. They ob-
served that SAP bound to both bacteria,
but survival was worse in mice expressing
human SAP. This finding suggested the
title of their paper: “Role of serum amy-
loid P component in bacterial infection:
protection of the host or protection of
the pathogen” [14]. Thus, although SAP
binds to bacteria, viruses, and fungi, the
consequences of such binding to fungal
pathogens is currently unknown.

A recent review discussed the immu-
nomodulatory properties of SAP, includ-
ing reduction of neutrophil adhesion and
increases in macrophage secretion of the
anti-inflammatory cytokine IL-10 by
macrophages bound by SAP [15]. Similar
modulations of the host response may
occur at the local level when SAP binds
to the invading fungi, perhaps leading
to the poor inflammatory response to in-
vading fungi.

More recent work extends our findings
with fungal amyloid to include other path-
ogenic fungi that bind SAP [16].We stud-
ied autopsy tissue from individuals with
invasive aspergillosis, mucormycosis, and
coccidioidomycosis. A frequent finding
in cases of invasive aspergillosis and mu-
cormycosis is the absence of an inflam-
matory response to the invading fungi,
similar to what was observed in invasive
candidiasis. Local tissue inflammation
did not correspond to peripheral white
blood cell counts, and the lack of inflam-
mation did not always correlate with pe-
ripheral neutropenia. Because invasive
candidiasis, aspergillosis, and mucormy-
cosis occur in neutropenic patients, it is
generally assumed that the neutropenia
in tissue is due to the chemotherapy-
mediated repression of bone marrow.
However, systematic pathologic investiga-
tion of tissue from patients dying of these
diseases demonstrates that patients with
neutropenia may have some element of
inflammation (however slight), and patients
with normal or elevated white blood cell
counts may have no inflammation in
the area of tissue invasion [17, 18]. In
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addition, allogeneic hematopoietic stem
cell transplant recipients after recovery
from neutropenia had an acellular response
to invading Aspergillus that appeared simi-
lar to that seen in neutropenic patients
[19]. Looking at multiple tissues including
lung, heart, brain, kidney, and spleen
from autopsy, we found that once again
there was abundant fungal amyloid stained
with thioflavin T and Congo red present in
lesions caused by Aspergillus, Mucorales,
and Coccidioides. Furthermore, SAP coated
the cell surface of the fungal structures.
Figure 1 shows the typical findings of coc-
cidioidal lesions of the lungs. On hematox-
ylin and eosin stain, many Coccidioides
spherules are present and there are no

acute inflammatory cells (Figure 1A).
The spherules are identified more readily
in the silver stain (Figure 1B), and Fig-
ure 1C demonstrates the staining for
SAP. It is present on the spherule walls
and especially prominent where endo-
spores are seen. Figure 1D shows the re-
sults of staining infected lung tissue
with Congo red and thioflavin T demon-
strating fluorescent amyloid fibrils within
the structures. Rarely were neutrophils
seen in the adjacent tissue, and they
may have been physically excluded from
infiltrating the fungi where hyphae were
in a “starburst” configuration in aspergil-
losis and in columns of closely apposed
bundles of hyphae in mucormycosis.

CONCLUSIONS

Our work suggests that cell surface amy-

loid is extremely common amongst path-

ogenic fungi and likely contributes

significantly to their morphology, histol-

ogy, and even persistence in tissue [16].

This persistence is due in part to the pro-

tease-resistant nature of amyloid and co-

localized SAP [20]. The close apposition

of fungal cells in fungal abscesses, espe-

cially Aspergillus and Mucorales, leaves

little space for host cells to intercalate

among the hyphae. Perhaps even more

important is that human SAP binds to

the fungal amyloid and would therefore

provide a local milieu where natural

Figure 1. (A) Hematoxylin and eosin stain of lung tissue showing a large caseating granuloma with multiple spherules of Coccidioides species. In the caseous debris, there
are no host cellular elements. Spherules appear as circles without pigment; there are many calcium deposits as well, which are bluish-red (magnification, ×200). (B) Grocott’s
methenamine silver stain showing empty spherules with refractile double walls lacking central pigmentation (magnification, ×200). (C) Lung tissue stained for serum amyloid P
component (SAP). Brown stain indicates presence of SAP, especially on endospores lining the inside of spherules (magnification, ×200). (D) Combined Congo red and thioflavin T
stain of lung tissue showing endospores within lung (fluorescent magenta particles amongst the red lung tissue).
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host immunity may be dampened, ie, host
response would be damped because neu-
trophils would not adhere to SAP-coated
fungi. Furthermore, macrophages respond
to SAP by upregulating anti-inflammatory
IL-10 [15]. Serum amyloid P component
is protease-resistant [20] and therefore
persists in tissue masking fungi from the
host response. Thus, it appears SAP func-
tions like a Trojan horse in its interaction
with pathogenic fungi allowing fungi to
escape the normal host inflammatory re-
sponse. It appears to coat the fungal cell
surface, which may protect the fungi
from cellular attack. It has been proposed
that competing SAP off fungi could be a
potential therapeutic target [21]. In con-
clusion, it is clear that SAP binds to
fungi in human disease, and the signifi-
cance of this interaction will be deter-
mined by further experimental work.
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