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Introduction

Historically, glomerulonephritis due to underly-
ing Staphylococcus infection was mostly seen in
the setting of endocarditis, deep-seated visceral
abscess, or infection associated with ventricu-
loatrial shunt. In fact, prior to the 1990s, only a
few small studies had reported glomeru-
lonephritis associated with an acute Staphylo-
coccus infection involving other sites [1-7].
However, in more recent years, a number of
publications have drawn attention to glomeru-
lonephritis related to Staphylococcus infections
involving a variety of sites, including cellulitis,
osteomyelitis, and pneumonia, among others
[8—24]. The earliest reports came from Japan and
were subsequently followed by reports from the
United States [8-26]. Most of the Staphylococ-
cus infections were due to coagulase positive
Staphylococcus aureus. Much less frequently,
strains of coagulase negative Staphylococcus
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epidermidis have been implicated. Both
methicillin-resistant (MRSA) and methicillin-
sensitive (MSSA) strains have been reported.
Pathogenetic mechanisms are still poorly under-
stood, but Staphylococcal enterotoxins acting as
superantigens are thought to play an important
role by causing activation of large populations of
T lymphocytes and massive cytokine release that
results in immune complex glomerulonephritis
occasionally accompanied by leukocytoclastic
vasculitis [8, 9]. IgA and C3 immune complex
deposition is frequently present.

Recent literature has used a variety of terms
for glomerulonephritis associated with Staphy-
lococcus infection, including IgA-dominant
postinfectious glomerulonephritis or
post-staphylococcal glomerulonephritis [19, 20,
22, 23], staphylococcal infection-associated
glomerulonephritis mimicking IgA nephropathy
[21], or staphylococcal superantigen-associated
glomerulonephritis [8, 9]. It is probably best to
not use the prefix ‘post’ so as to avoid confusion
with  post-streptococcal  infection-associated
glomerulonephritis (PSAGN), which is a dis-
tinct disease entity with defined epidemiology,
treatment, and prognosis that differs from
glomerulonephritis associated with Staphylococ-
cus infections. We prefer the term Staphylococ-
cus infection-associated  glomerulonephritis
(SAGN).

Over the recent years, SAGN has gained a lot
of interest among both nephrologists as well as
nephropathologists. The main reasons are as
follows:
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1. In developed countries, SAGN is becoming
more common. The rise in SAGN is likely
primarily due to (i) the emergence of virulent,
drug-resistant staphylococcal strains in both
nosocomial and community-acquired settings
[27, 28] and (ii) the increasing population of
elderly patients (above 60 years old) with
underlying comorbidities such as diabetes
mellitus, malignancy, and postoperative sta-
tus, which is the primary population at risk
for SAGN [26, 29-31].

2. In SAGN, the infection is frequently ongoing
at the time the glomerulonephritis develops;
thus, timely detection and treatment of the
infection is most important since these
infections are not self-limiting [32, 33]. In
fact, typically the infection is persistent and
difficult to treat, such as infected foot ulcers in
diabetic patients, endocarditis, and
osteomyelitis. Effective treatment usually
requires early diagnosis and treatment with
appropriate antibiotics possibly for a pro-
longed period of time.

3. Clinical presentation is variable, and in some
cases the clinical picture is confounded by
lack of obvious signs of an active infection. In
such cases, patients may present with non-
specific signs and symptoms such as wors-
ening hypertension, lower extremity edema,
fatigue, and renal dysfunction, and the pos-
sibility of an occult infection is only raised
after review of a kidney biopsy that shows
features suspicious for SAGN [32].

4. By kidney biopsy findings alone, SAGN can
be difficult to differentiate from IgA
nephropathy and Henoch—Schénlein purpura
(HSP) [11, 34-38]. However, distinction is
critical because of treatment implications
since treating SAGN with immunosuppres-
sive therapy, including corticosteroids, is
considered contraindicated in most instances
due to the risk of sepsis [14, 34].
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Epidemiology: Incidence
and Demographics

The exact incidence of SAGN is difficult to
estimate. At The Ohio State University Wexner
Medical Center, we identified 78 cases of
culture-proven SAGN out of a total of 9500
native kidney biopsies from January 2004 to
April 2016 [39]. Thus, our data show that SAGN
is infrequent (0.8% of native kidney biopsies);
however, the true incidence is probably higher
for a variety of reasons. One reason is that
microbiological culture results are often delayed
and unavailable at the time of the kidney biopsy.
In fact, we found at least 30 additional kidney
biopsies in our records with histologic and clin-
ical findings highly suspicious for SAGN, but the
cases were not included in our cohort since
definitive culture results were not available.
Additionally, incidence is difficult to define since
many of the patients are treated early and
empirically with antibiotics, which can result in
subsequent negative cultures. Lastly, in many
cases, the patient has an “occult” infection that is
not clinically apparent; thus, evaluation for an
underlying infection is delayed.

Similarly, other studies have reported an
overall  relatively low  incidence  of
infection-associated glomerulonephritis in adults.
Nasr et al. [20] identified five cases of
IgA-dominant SAGN out of 4600 biopsy sam-
ples (0.1%) between 2000 and 2002. In a sub-
sequent study, Nasr et al. [26] identified 93 cases
(out of 10,080 biopsies; 0.9%) of “postinfec-
tious” glomerulonephritis in elderly patients
(great than or equal to 65 years) over a period of
eleven years from 2000 to 2010. In this study,
staphylococcal (50/109) as well as
non-staphylococcal, including Streptococcus,
Pneumococcus, Pseudomonas, and Enterococ-
cus, infections were included. In 34% of the
patients the infectious agent was unknown. In a
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report by Haas et al. [22], of the 6334 renal
biopsies examined over a period of 4 years
(2004-2007), 13 (0.2%) showed IgA-dominant
infection-associated glomerulonephritis. Docu-
mented staphylococcal infection was present in 6
of 13 cases. Worawichawong et al. [23] reported
an incidence of 0.8% (7 of 905) for
IgA-dominant infection-associated glomeru-
lonephritis, of which 4 of 7 had a proven
underlying staphylococcal infection.

The majority of the patients with SAGN are
older with amean age of 55 £ 12 years; however,
young adults with intravenous drug abuse are also
a significant at risk group [39]. The age range in
our cohort of 78 patients was 21-91 years. In our
experience, men were affected more commonly
than females (M:F ratio 3.5:1), and 95% of the
patients were Caucasian with the remaining being
African American or Asian. Rare case reports of
SAGN in children also exist [40, 41].

Clinical Presentation and Laboratory
Findings

Clinical and laboratory findings in our cohort of
78 patients with SAGN are listed in Table 2.1.
SAGN is frequently seen in older patients with
comorbidities such as long-standing diabetes
mellitus, malignancy, severe trauma, recent sur-
gery, indwelling catheter, chronic infections (in-
cluding hepatitis C virus), and/or severe coronary
artery disease requiring catheterization, bypass
arterial grafting or stent placements. Intravenous
drug abuse is also an important risk factor. In our
study of 78 patients with SAGN, 32 (41%) had
diabetes mellitus and 22 (28%) had hepatitis C
virus infection. The association with hepatitis C
virus infection may reflect the subset of patients
that were intravenous drug abusers [39].
Although most patients with SAGN present with
signs and symptoms indicative of an underlying
infection, it is important to recognize that in
some cases overt signs of infection may not be
present. Patients may present with nonspecific
symptoms such as worsening hypertension,
increased swelling in lower extremities, fatigue,
and/or poor appetite. Or perhaps the signs of an

active infection are masked by other comorbidi-
ties such as congestive heart failure or diabetic
complications. Sometimes the infection comes to
attention only after the renal biopsy is performed
for renal dysfunction [32]. According to the lar-
gest series from Japan, the average duration from
detection of the infection to the glomeru-
lonephritis is 5.4 weeks [10]. However, in
patients with chronic open wounds such as
cutaneous ulcers in diabetic patients or in surgi-
cal patients with open wounds, it can be difficult
to determine when the infection started.

A variety of underlying infections have been
described in patients with SAGN, including
osteomyelitis [23], septic arthritis [3], discitis
[15], pneumonia [6, 20], infected leg ulcers [17],
skin infection, rectal abscess, other deep-seated
abscesses, peritonitis, and pancreatitis [3, 7, 21]
as well as unknown primary site of infection with
positive blood cultures [7-9]. In our study of 78
patients with SAGN, 18 had endocarditis, 10 had
bacteremia with unclear primary site of infection,
17 had osteomyelitis, one had septic arthritis, six
had pneumonia, and 17 had an infected skin ulcer,
most of which were diabetic patients [39]. The
remaining ten patients had various other infec-
tions: post-surgical site infection, urinary tract
infection, abdominal mesh infection, indwelling
tunnel catheter infection, infected wounds related
to motor vehicle accident, and deep-seated
abscess (epidural abscess, scrotal abscess, and
hip abscess). Five of the patients had multiple
sites of infection at the same time, for example,
endocarditis, pneumonia, and paraspinal abscess
or pneumonia and abdominal abscess. In our
experience, in diabetic patients with cutaneous
ulcers, amputation, and/or gangrene, osteomyeli-
tis can be an overlooked complication.

MRSA is the most frequently encountered
infective organism in SAGN [3, 7-12]. In our
study of 78 cases of SAGN, 42 patients had
MRSA infection; 17 patients had MSSA infec-
tion; 3 patients had methicillin-resistant Staphy-
lococcus epidermidis (MRSE); and 2 patients
had methicillin-sensitive Staphylococcus epider-
midis (MSSE) [39]. In the remaining patients, the
exact speciation was not available (7 patients) or
it was a mixed bacterial infection including
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Table 2.1 Clinicopathologic characteristics of the 78 cases of culture positive Staphylococcal infection-associated
glomerulonephritis from 2004 to 2016 at the Ohio State University Medical Center

Clinicopathologic features n %o
Age (years) 55 + 12.1 (21-91)

Ethnicity

Caucasian 74 95
African American 3 3.8
Asian 1 1.2
Gender

Males 61 78
Females 17 22
Diabetes mellitus 32 41
ANCA positive 9/41 22
Hepatitis C positive 22 28
Staphylococcal strain

MRSA 42 59
MSSA 17 27
MRSE 3 1.20
MSSE 2 1.20
Staph strain unknown 7 11
Mixed bacterial infection 7 9
Blood culture positive 39 50
Local wound culture positive 43 55
Both cultures positive 4 5
Low C3 19 of 64 30
Low C4 9 of 64 14
Both C3 and C4 low 9 of 64 14
Purpuric lower extremity skin rash 16 20.5
Nephrotic range proteinuria 35 of 73 48
Type and site of infection

Endocarditis 18 21
Bacteremia 10 14
Osteomyelitis, septic arthritis 17 22
Leg ulcers, cellulitis 17 22
Pneumonia 6 8
Others 10 13
Infected abdominal mesh 1 1
Post-surgical site infection 1 1
Visceral abscess 6 8
Urinary tract infection 2 3

Reproduced with permission of Satoskar et al. [39]
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Staphylococcus (7 patients). Positive blood cul-
tures are commonly found with staphylococcal
endocarditis infection. However, in other sites of
infection, blood cultures are often negative.
Culture studies from the actual site of infection
tend to be more useful. Out of the 78 cases in our
study, 38 (49%) had positive blood cultures, 43
(55%) had positive wound cultures, and 4
patients had both blood and wound cultures
positive.

On physical exam, the patient’s blood pres-
sure is typically moderately increased. Addi-
tionally, a subset of patients with SAGN present
with a purpuric skin rash mimicking HSP, also
termed IgA vasculitis [11, 34-38]. In our study
of 78 patients, 16 (21%) patients with SAGN had
a purpuric lower extremity skin rash [39]. Of
note, skin biopsies show a leukocytoclastic vas-
culitis with mild IgA deposits [34]. Given the
similarities to HSP, this presentation is a poten-
tial diagnostic pitfall (see differential diagnosis
section).

Regarding laboratory findings, the most
common presentation is acute renal failure with
increased serum creatinine, microscopic hema-
turia, and proteinuria. Proteinuria can be
nephrotic range with reports of greater than
10 g/day. Eight of the ten patients described by
Koyama et al. [8] had nephrotic range proteinuria
at one point during their disease course. Nasr
et al. [26] reported proteinuria in the majority of
their cohort of elderly patients with postinfec-
tious glomerulonephritis, which was commonly
nephrotic range (43%) with full nephrotic syn-
drome in 26% of patients. Patients usually have
an active urine sediment with numerous red
blood cells. Gross hematuria is not very common
but can occur. Rarely, SAGN can be associ-
ated with a positive cryoglobulin test. We pre-
viously reported a case of SAGN with
IgA/IgG-containing cryoglobulin-like deposits
with circulating cryoglobulins, raising the pos-
sibility of IgA/IgG mixed cryoglobulin deposits
[21]. Serum complement levels (especially C3)
may be decreased, but can be normal. Among
our 78 patients, complement data was available
for 64 patients, and of those low C3 levels were
seen in 19 patients (30%) and low C4 levels were

seen in 9 patients (14%) [39]. Nasr et al. [26]
reported hypocomplementemia in up to 72% of
the patients in their series. Low C3 is more
common than low C4. Lastly, ANCA serologies
can be positive in SAGN [39, 42-49]. SAGN
with ANCA positivity are typically cases with
underlying endocarditis; however, cases with
other sites of infection have been identified [39].
Boils et al. [42] reported ANCA positivity in
28% (8 out of 29 patients tested) of patients with
endocarditis-associated glomerulonephritis.
ANCA specificities can be pANCA (myeloper-
oxidase), cANCA (proteinase-3), dual specificity
with both pANCA and cANCA, or atypical
ANCA without known specificity. In our cases of
SAGN, 22% (9 of 41) of the patients tested for
ANCA had positive serology [39].

Kidney Biopsy Findings
Light Microscopy

Glomerular lesions in SAGN are those of an
immune complex-mediated glomerulonephritis,
but histomorphology can be variable and non-
specific. The light microscopic findings are usu-
ally that of mesangioproliferative (mesangial
hypercellularity without closure of the capillary
loops) and/or endocapillary proliferative immune
complex glomerulonephritis with or without
crescents as shown in Fig. 2.1. In our series of 78
patients, mesangial proliferation was the most
commonly seen glomerular lesion with or without
segmental endocapillary proliferation [39]. The
glomerular mesangial hypercellularity can vary
from mild and segmental to prominent and diffuse
[5-7]. Of note, the mesangial hypercellularity
may in some cases be masked by nodular
mesangial matrix expansion secondary to under-
lying diabetic glomerulosclerosis (Fig. 2.1c).
Based on the literature review and our experience,
the light microscopic appearance of the glomer-
uli, including the degree of glomerular hypercel-
lularity, and the clinical activity do not show a
good correlation.

Endocapillary hypercellularity was seen in
47/78 (60%) SAGN biopsies in our cohort
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Fig. 2.1 Spectrum of light microscopic morphology of
glomerular lesions in SAGN. a Mesangial hypercellularity
(H&E 400x). b Mesangial and segmental endocapillary
hypercellularity (H&E 400x). ¢ Underlying nodular
diabetic glomerulosclerosis with superimposed mesangial

(Table 2.2) [39]. Out of these 47 biopsies, 26
had diffuse endocapillary hypercellularity with
polymorphonuclear  leukocytes  (exudative
lesions) resembling PSAGN (Fig. 2.1d). Some
biopsies can show a membranoproliferative

LR

hypercellularity (H&E 200x). d Intracapillary hypercel-
lularity with predominance of neutrophils ‘“exudative
lesion” (Periodic Acid Schiff 40x). e Crescent formation
(Jones methenamine silver 400x)

glomerulonephritis (MPGN)-type pattern of
injury with thickening and duplication of capil-
lary loops [20-23, 26, 29]. Crescent formation
can occur, and approximately one-third of the
SAGN cases in our study had crescents, ranging
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from small subtle segmental necrotizing lesions
to large cellular crescents [21-23, 26, 29, 39],
Fig. 2.1e. In the study of infection-associated
glomerulonephritis by Nasr et al., 37% (40/109)
of the biopsies had crescents with the majority
of cases showing focal crescent formation [26].

Admixed fibrocellular crescents may also be
seen, but they are much less common given the
acute nature of the disease. Typically in SAGN
with crescents, the glomeruli without crescents
will be hypercellular. However, we identified a
few cases characterized by crescents and/or
necrotizing glomerular lesions in which the
uninvolved glomeruli were not hypercellular
[39]. Additionally, these cases had only mild
immune complex deposition, overall reminiscent
of ANCA-associated glomerulonephritis, which
is a potential diagnostic pitfall (see differential
diagnosis section). We have not seen vasculitis or
fibrinoid necrosis in arteries in SAGN even in the
presence of glomerular necrotizing lesions.
Rarely, there can be extensive endocapillary
hypercellularity =~ with  glomerular ~ “hyalin
thrombi”, reminiscent of cryoglobulinemia;
however, the deposits in such cases lack micro-
tubular substructure on ultrastructural
examination.

Acute tubular necrosis (ATN) is seen in
almost all cases, and red blood cell casts are
frequently Interstitial ~ inflammation,
although active-appearing, tends to be mild to

seen.

Fig. 2.2 50 year old male with diabetic foot ulcers and
osteomyelitis requiring multiple debridements and ampu-
tations. He had multibacterial infection with MRSA,
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moderate. Interstitial fibrosis and tubular atrophy
depend on the underlying condition of the kid-
ney. The tubulointerstitial findings do not always
correlate with glomerular lesions. For example,
there may be only mild mesangial hypercellu-
larity without conspicuous endocapillary hyper-
cellularity or crescents with numerous red blood
cell casts and ATN. Vacular changes, if present,
are secondary to underlying comorbidities (hy-
pertension and diabetes mellitus).

Immunofluorescence Microscopy

SAGN characteristically contains IgA-dominant
or codominant immune complex deposits [5-7,
11, 16, 17, 20-23, 29, 30, 32]. There is typically
concurrent C3 staining and occasionally IgG
(Fig. 2.2). This staining pattern is also seen in
IgA nephropathy (Berger’s disease) and HSP
(IgA wvasculitis), creating a potential diagnostic
pitfall (see differential diagnosis section). The
IgA immunofluorescence staining in SAGN is
granular in appearance, but the intensity and
extent can vary. The staining intensity can range
from trace (less than 1+) to strong. The majority
of biopsies in our cohort showed mild to mod-
erate (1 to 2+) IgA and moderate to strong (2 to 3
+) C3 staining (Fig. 2.3) [39]. Of note, in a
subset of cases of SAGN, the IgA staining is
trace or negative (25% of SAGN biopsies in our

Pseudomonas and Enterococcus. Biopsy showed strong
mesangial granular IgA staining (a) and strong granular
C3 staining on IF (b) (400x)
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Fig. 2.3 27 year old female with intravenous heroin
abuse and MRSA tricuspid endocarditis. Biopsy showed
mild to moderate IgA (a) and strong C3 on IF (b) staining

(400x). This is the most commonly seen IF pattern of
staining in SAGN biopsies

Fig. 2.4 63 year old male with MSSA scepticemia and endocarditis. Biopsy showed mild, segmental IgA (a) and

strong C3 staining on IF (b); 400x

study) (Figs. 2.5 and 2.6). IgA staining is seen
predominantly in the mesangium but can also be
seen segmentally along the glomerular capillary
loops. IgA staining can also vary from one
glomerulus to another within the same biopsy.
Thus, in the presence of appropriate clinical
history and morphologic findings, trace or even
absent IgA staining does not exclude the possi-
bility of SAGN. Fortunately, C3 staining is
almost always present even when IgA staining is
weak. C3 staining alone was seen in 11/78 (14%)
of the biopsies in our series [39]. C3 staining
tends to be strong, coarsely granular, and abun-
dant, similar to that seen in PSAGN (Figs. 2.2,
2.3 and 2.4); however, there are cases of SAGN
with mild to absent C3 staining (14% of cases in

our study) as depicted in Figs. 2.5 and 2.6. Early
components of the complement cascade, such as
Clq and C4, are usually not seen. Particularly in
diabetic patients, IgA and C3 staining can be
strong, but by electron microscopy the deposits
appear scant and/or are seen only along periph-
eral capillary loops around the expanded nodular
mesangium.

Codominant granular IgG staining is seen in
40% of the SAGN biopsies in our study [39]. In
diabetic patients, there is frequently smudgy IgG
staining in the mesangium or linear staining
along the glomerular capillary loops, which is a
nonspecific staining pattern seen in diabetic
glomerulosclerosis. Mesangial granular fluores-
cence for lambda light chain tends to be stronger
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Fig. 2.5 38 year old female with MRSA endocarditis subepithelial humps on ultrastructural examination
and bilateral pneumonia. Biopsy showed trace IgA  (c) (Uranyl acetate and lead citrate fixation, 10,000x)
staining (a); mild C3 staining on IF (b) (40x), and

Fig. 2.6 83 year old diabetic female with left knee MSSA abscess. Biopsy showed trace IgA (a) and trace C3 staining
on IF (b) (400x)
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than for kappa light chain in most cases, which is
similar to IgA nephropathy. Staining for IgM
tends to be quite inconspicuous. Strong fibrino-
gen staining can help identify focal segmental
necrotizing lesions or crescents. Rarely, there is
concomitant weak staining for all three
immunoreactants (IgG, IgA and C3), which we
label as “pauci-immune pattern” (13% in our
study) [39].

We encountered three biopsies containing
globular cryoglobulin-like glomerular capillary
hyaline thrombi that lacked microtubular sub-
structure on electron microscopy. In two of these
biopsies the deposits showed strong staining for
IgA and C3 with no IgG, and in the third biopsy
there was strong IgG and C3 staining with
no IgA.

Electron Microscopy

The degree of electron-dense immune complex
deposition is variable. Most commonly, there are
electron-dense deposits in the mesangium
(Fig. 2.7a); however, subepithelial and occa-
sional subendothelial deposits can also occur

(Fig. 2.7b) [13, 17, 21, 26, 29, 30]. Mesangial
electron-dense deposits can vary from a few
scattered deposits to several easily identified
deposits. These may be accompanied by small
scattered intramembranous and/or subendothelial
deposits. Rarely, large intraluminal and/or
subendothelial electron-dense deposits are pre-
sent, resembling cryoglobulin; however, these
deposits lack microtubular substructure [21].
“Humps”, defined as large subepithelial deposits
bulging outward beyond the boundary of the
glomerular capillary basement membrane toward
the Bowman’s space, are characteristic of
PSAGN but are also seen in SAGN (Fig. 2.5¢)
[29]. Some studies have suggested that the
presence of “humps” be a requirement for the
diagnosis of SAGN; however, in our 78 cases of
SAGN, “humps” were detected in only 31% of
the biopsies [39]. Thus, we feel that “humps” are
not required for a diagnosis of SAGN, and that
the absence of “humps” does not exclude the
possibility of SAGN. Of note, “humps” are not
specific  to  infection-associated  glomeru-
lonephritides since they can be seen in other
glomerular diseases such as C3 glomerulopathy,
proliferative glomerulonephritis with monoclonal

Fig. 2.7 a 56 year old male with diabetes mellitus and
infected leg ulcer and osteomyelitis. Biopsy showed
numerous mesangial electron-dense immune-type depos-
its on ultrastructural examination (uranyl acetate and lead
citrate fixation, 20,000%). b 47 year old male with MRSA

and Pseudomonas infection and motor vehicle accident
and multiple wounds. Biopsy showed mesangial and
subendothelial electron-dense immune-type deposits on
ultrastructural examination (uranyl acetate and lead citrate
fixation, 5000x)
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IgG deposition disease and, rarely, in lupus
nephritis. Also, subepithelial “humps” may be
seen in infection-associated glomerulonephritis
caused by other pathogens as well, such as Gram
negative bacteria and non-bacterial pathogens
[29].

Etiology and Pathogenesis

In the 1970s Sato et al. [7] detected Staphylo-
coccus antigens within mesangial
immune complex deposits in a small number of
cases of diffuse proliferative glomerulonephritis.
These patients also had antibodies against
staphylococcal antigens (antistaphylolysin anti-
bodies) in the sera, prompting the proposal that S.
aureus has a pathogenic role in a small subset of
diffuse proliferative glomerulonephritides. One
hypothesis is that staphylococcal enterotoxins,
typically enterotoxin C, A, or toxic shock syn-
drome toxin-1, act as superantigens that stimulate
proliferation of resting T cells, resulting in exu-
berant T cell activation and ultimately B cell
activation and immune complex formation [5, 7,
9, 12, 50]. Superantigens activate T cells by
binding directly to the MHC class II molecules
on antigen-presenting cells and then binding to
the T cell receptor (TCR) Vf region of T cells
irrespective of TCR antigen specificity. As a
result of this nonspecific binding, there is acti-
vation of large subsets of polyclonal T cells
leading to a “cytokine storm”. Activated T cells
then stimulate B cell proliferation and antibody
production. In fact, in SAGN, polyclonal eleva-
tion of serum IgA and IgG, as well as circulating
immune complexes, are frequently detected [35, 7,
11]. Hirayama et al. [36] studied six patients with
“staphylococcus infection-induced = HSP-like
(IgA vasculitis) clinical syndrome with acute
glomerulonephritis”, which can be considered
cases of SAGN. These six patients with SAGN
demonstrated skewed TCR VP chain usage (V3
5.2, 5.3 and 8) compared to normal controls and
to patients whose S. aureus infection had
improved. Additionally, they reported increased
serum levels of cytokines (interleukins 1, 2, 6,
8, and tumor necrosis factor-alpha) in patients

aureus
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with SAGN compared to normal individuals, and
the cytokine levels normalized with resolution of
the staphylococcal infection.

Staphylococcal enterotoxins acting as super-
antigens are also implicated in other diseases
such as staphylococcal toxic shock syndrome. Of
note, staphylococcal antigens may also play a
role in IgA nephropathy. Koyama et al. [15]
found the S. aureus cell envelope antigen in 68%
of renal biopsy specimens from patients with IgA
nephropathy and proposed that this antigen is a
pathogenetic factor in the development of IgA
nephropathy. The same group from Japan
developed an experimental model of IgA
nephropathy in mice following biweekly immu-
nization of the animals with antigens derived
from S. aureus mixed with Freund’s adjuvants
[51]. Lastly, the comorbidities commonly present
in patients with SAGN are likely contributing
factors to pathogenesis by compromising the host
immune response, which enables persistent
infections/bacteremia and antigenemia that
increases the likelihood of developing large
antigen-antibody complexes that then accumulate
in the glomerulus [26, 29, 30, 32].

Differential Diagnosis

Detailed clinical data are essential for a diagnosis
of SAGN, and the main differential diagnostic
considerations are:

1. IgA nephropathy.

2. Henoch-Schénlein purpura (HSP) or IgA
vasculitis.

3. Post-streptococcal
(PSAGN).

4. ANCA vasculitis.

5. Other immune complex glomerulonephritides
including C3 glomerulopathy, lupus nephri-
tis, cryoglobulinemic glomerulonephritis.

6. Warfarin-related nephropathy.

glomerulonephritis

This is also shown in Table 2.3. Distinguish-
ing between SAGN and idiopathic IgA
nephropathy can be quite difficult using kidney

biopsy findings alone since both entities
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frequently show mesangial hypercellularity with
IgA and C3 dominant/codominant immune
complex deposits. However, the clinical findings
can be very helpful. A history of a staphylococcal
infection with positive cultures or clinical features
suspicious for an infection accompanied by acute
renal failure, recent onset nephrotic range pro-
teinuria, and/or hematuria with active urine sed-
iment should raise the possibility of SAGN. IgA
nephropathy is rarely associated with acute renal
failure, unless it is crescentic IgA nephropathy or
an advanced-stage IgA nephropathy with super-
imposed acute kidney injury due to other causes.
In typical cases of progressive IgA nephropathy,
the patients have a protracted, slowly progressive
clinical course with long-standing microscopic
hematuria, hypertension, and gradually worsen-
ing proteinuria. The “synpharyngitic” presenta-
tion of IgA nephropathy is characterized by
episodic gross hematuria following upper respi-
ratory tract infections (typically viral) and most of
these patients lack acute kidney injury and
nephrotic range proteinuria. If the kidney biopsy
shows chronic glomerular lesions, such as seg-
mental or global glomerular sclerosis, adhesions,
or old fibrous crescents, IgA nephropathy can be
favored since such chronic lesions are unusual in
SAGN with the exception being when the chronic
lesions are unrelated to SAGN (for example,
glomerular changes of diabetic glomerulosclero-
sis). Endocapillary hypercellularity can be seen in
both SAGN and IgA nephropathy, however, it is
significantly more common in SAGN. In our
study [39], it was present in 60% of the SAGN
biopsies and 10% of the IgA nephropathy biop-
sies (Table 2.2). Focal segmental glomerular
sclerosis (FSGS) lesions on the other hand are
more frequently seen in IgA nephropathy (49% of
the biopsies) as compared to SAGN (2.5% biop-
sies). Also, the intensity of IgA and C3 staining is
different between SAGN and IgAN. Although
there is a spectrum of staining in SAGN as
mentioned previously, the IgA staining intensity
tends to be mild to moderate (1+ to 2+) and C3
tends to be moderate to strong (2+ to 3+) in
SAGN while in IgAN staining for IgA is more
frequently moderate to strong (2+ to 3+) and C3
staining is mild to moderate (1+ to 2+) [39].

J.A. Hemminger and A.A. Satoskar

Since a subset of patients with SAGN develop
a purpuric rash with leukocytoclastic vasculitis, it
can be difficult to distinguish SAGN from HSP
(IgA vasculitis) [18, 34-38]. Similar to IgA
nephropathy, the kidney biopsy findings can be
indistinguishable between the two entities. Again
a detailed clinical history, particularly the pres-
ence of an underlying staphylococcal infection, is
imperative. Also, since HSP is a rare disease in
adults, in our experience, it is more common to
see SAGN with purpuric skin lesions rather than
HSP. Therefore, if an adult patient presents with
symptoms of HSP vasculitis and a renal biopsy
shows IgA-dominant glomerulonephritis, an
underlying Staphylococcus infection should be
excluded prior to initiation of immunosuppres-
sive therapy since such treatment in the setting
of an active infection can result in sepsis
[11, 34-38].

It is important to recognize the differences
between SAGN and PSAGN. In developed
countries, the incidence of PSAGN has declined
due to successful treatment of acute streptococcal
infections with antibiotics; however, SAGN is
becoming more common. One of the major dif-
ferences in SAGN and PSAGN, other than the
causative bacterial organism, is that in SAGN
the infection is frequently ongoing at the time the
glomerulonephritis develops. Conversely, in
PSAGN the glomerulonephritis develops after
the streptococcal infection has completely
resolved, either spontaneously or after antibiotic
treatment [32, 33]. Although the light micro-
scopic and ultrastructural findings can be similar
in SAGN and PSAGN, especially in cases of
SAGN with “humps”, the presence of IgA in the
immune deposits would be unusual in PSAGN.
The overall frequency of “humps” is much less in
SAGN (only 31% in our cohort) compared to
PSAGN, where such lesions are characteristic
[39]. Lastly, there is general agreement that the
renal prognosis in cases of “glomerulonephritis
with active infection” is guarded in sharp contrast
to the good prognosis associated with PSAGN in
children [13, 21-23, 26, 29, 30].

SAGN can have crescents and/or segmental
necrotizing glomerular lesions sometimes with
very minimal immune complex deposition; thus,
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pauci-immune or ANCA-associated crescentic
and necrotizing glomerulonephritis can be
included in the differential diagnosis [39, 52].
Furthermore, SAGN can be associated with
positive ANCA serologies, particularly in cases
with underlying endocarditis [39, 42-49]. Boils
et al. [42] recently studied endocarditis-
associated glomerulonephritis of which 53%
were associated with S. aureus (23% Strepto-
coccus species, 9% culture negative, and the
remaining were associated with Bartonella
henselae, Coxiella burnetti, Cardiobacterium
hominis, or Gemella species). Crescents and/or
segmental necrotizing lesions were seen in 53%
of the kidney biopsies. Additionally, 28% of
patients had a positive ANCA serology. In our
case series of SAGN, 35% (27/78) of the biop-
sies had focal crescents and/or segmental necro-
tizing lesions [39]. Six of these 27 also showed a
pauci-immune pattern by immunofluorescence
and electron microscopic examination. One
biopsy showed both crescents and a
pauci-immune pattern accompanied by positive
ANCA serology, thus closely mimicking
ANCA-associated glomerulonephritis.

There have been similar reports of
pauci-immune  crescentic and  necrotizing
glomerulonephritis associated with staphylococ-
cal infections [10, 15]. In fact, the possibility that
S. aureus may play a role in the pathogenesis of
ANCA-associated granulomatosis with
polyangiitis (previously known as Wegener’s
granulomatosis) has been proposed [24]. An
additional confounding factor relevant to this
differential diagnosis is that in 2-3% of kidney
biopsies there is incidental, non-pathologic IgA
staining; thus, it is possible, albeit infrequent, to
have mild IgA staining in pauci-immune
ANCA-associated crescentic and necrotizing
glomerulonephritis. Of note, the definition of
“pauci-immune” can differ slightly between
pathologists. Our definition is weak to absent
immunofluorescence staining for immunoglobu-
lins (mainly IgG and IgA) and complement C3 in
combination with scant to absent electron-dense
immune-type deposits on ultrastructural exami-
nation. Although some may consider C3 staining
alone in the absence of immunoglobulins as

“pauci-immune” (described in the endocarditis
chapter), we do not label such staining as
“pauci-immune”. In fact, 11 of our 78 cases of
SAGN contained C3 staining alone. Addition-
ally, rarely, there is discordance between the
degree of immunofluorescence staining and
deposition of immune-type deposits assessed by
ultrastructural examination. In such cases, it is
possible that the electron-dense deposits do not
stain because of hidden epitopes.

Distinguishing ~ between =~ SAGN  and
ANCA-associated glomerulonephritis is crucial
since immunosuppressive therapy used to treat
ANCA-associated glomerulonephritis is con-
traindicated in the setting of an active S. aureus
infection. After the infection is cleared, if renal
dysfunction persists and there are active cres-
cents seen in the biopsy, a cautious trial of cor-
ticosteroids is recommended by some, but this
remains a controversial issue [53, 54]. It is
therefore important to interpret the biopsy in light
of a detailed clinical history. Also, if the biopsy
shows distinct vasculitis and/or fibrinoid necrosis
of the arteries, then ANCA vasculitis is favored
even if there is mild IgA staining or a few
immune-type deposits present. Also, the unin-
volved glomeruli tend to be hypercellular in
SAGN but not so in ANCA-associated
glomerulonephritis.

Since SAGN can have a membranoprolifera-
tive glomerulonephritis (MPGN)-type pattern of
glomerular injury with immune complex depo-
sition, other immune complex glomerulonephri-
tides with MPGN-type morphology can enter the
differential diagnosis, including C3 glomeru-
lopathy, lupus nephritis, and cryoglobulinemic
glomerulonephritis. C3 glomerulopathy is char-
acterized by C3 deposits with absent
immunoglobulin components, thus, may be
confused with cases of SAGN with absent or
weak IgA and strong C3 staining. Lupus
nephritis typically has a “full house” staining
pattern with more IgG, IgM, and Clq staining
compared to SAGN. Lastly, hyaline thrombi
resembling cryoglobulin deposits can rarely be
seen in association with bacterial infections, and
the patients may have mixed type III cryoglob-
ulinemia. We identified three biopsies in our
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series of 78 cases of SAGN that contained large
cryoglobulin-like immune complex deposits
[21]. These however did not show microtubular
substructure as typically seen in cryoglobuline-
mic glomerulonephritis. Fortunately, in most
instances SAGN can be differentiated from other
MPGN-type immune complex glomerulonephri-
tides using a combination of kidney biopsy
findings, a detailed clinical history (presence of
infection, systemic lupus erythematosus,
Hepatitis C virus infection, etc.), and thorough
laboratory work-up (autoimmune serologies,
cryoglobulin testing, theumatoid factor level, C3
and C4 complement levels, culture results, etc.).

SAGN can be associated with prominent
intratubular red blood cells and red blood cell
casts; thus, in patients on anticoagulation ther-
apy, warfarin-related nephropathy can be inclu-
ded within the differential diagnosis. If a biopsy
from an anticoagulated patient shows prominent
ATN and numerous red blood cell casts, but only
mild mesangial hypercellularity and a few
immune-type  deposits, a  diagnosis of
warfarin-related nephropathy may be rendered
when SAGN is the true cause of the renal dys-
function. SAGN with concurrent warfarin-related
nephropathy can be difficult to definitively
diagnose. Of note, the risk of warfarin-related
nephropathy is greater in the presence of a
glomerular disease. In such cases, the possibility
of concomitant warfarin-related nephropathy
should be discussed with the nephrologist and
the coagulation parameters should be closely
monitored.

Clinical Course and Outcome

The prognosis in adults with SAGN is guarded
since a significant proportion of adults does not
recover and have persistent renal dysfunction or
progress to end-stage renal disease. Persistent
renal dysfunction develops in 8-54% of patients
and progression to end-stage renal disease in
4-33% of patients as described in several case
series [21, 26, 29, 30, 55, 56]. Poor prognostic
indicators in adults include older age, higher
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serum creatinine at biopsy, tubulointerstitial
scarring, and presence of underlying debilitating
conditions [21-23, 26, 29]. The goal of treatment
should be eradication of the underlying S. aureus
infection and management of comorbidities that
may be present, such as diabetes, hypertension,
congestive heart failure, and surgical complica-
tions [29, 56, 57]. Regarding treatment of the
infection, appropriate antibiotics are crucial and
surgical debridement of the infected wound or
abscess drainage may also be necessary [14, 58].
In severe cases of diabetes, amputation of the
infected lower extremity may be required to
bring the infection under control. Of note, some
antibiotics commonly used to treat staphylococ-
cal infections, such as vancomycin, can be
nephrotoxic, causing acute tubular injury with or
without interstitial nephritis. In such instances, it
can be difficult to determine the cause of per-
sistent renal dysfunction. Therapeutic monitoring
of drug levels, particularly vancomycin levels,
may be helpful in the evaluation for
drug-induced renal dysfunction.

The role of immunosuppressive therapy,
including corticosteroids, in adult patients with
ongoing SAGN is highly controversial and con-
sidered contraindicated in most instances. There
are no randomized prospective clinical trials on
the role of corticosteroids in this condition. The
available data are based on retrospective studies.
Corticosteroid use has been reported in patients
with an accompanying leukocytoclastic vas-
culitic skin rash mimicking HSP (IgA vasculitis)
with some reports of resolution of the rash fol-
lowing steroid therapy [34-37]. Also, there are a
few case reports that describe good results with
the use of corticosteroids in the treatment of
infection-associated glomerulonephritis in adults
[53, 54]. However, there are also studies that
show no improvement or worsening renal func-
tion as well as the development of sepsis in
patients with SAGN treated with corticosteroids
[34]. None of the case series with statistical
analyses have found a significant benefit on
outcome with the administration of corticos-
teroids [21, 26, 29, 30, 34, 55, 56]. Thus, based
on the absence of any proven benefit and the
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potential risk of sepsis, immunosuppressive
therapy, including corticosteroids, is generally
not recommended in adults with SAGN. Treat-
ment of SAGN and other infection—associated
glomerulonephritides is discussed in detail in
Chap. 5.

Staphylococcus Species—
Microbiological and
Immunological Aspects

Although there are more than 30 species in the
genus Staphylococcus, S. aureus and S. epider-
midis are responsible for the majority of staphy-
lococcal infections in man [59]. S. epidermidis is
a commensal organism of the skin and has
emerged as a potential pathogen primarily due to
the use of implantable and indwelling medical
devices such as central venous catheters. S. aur-
eus, the more pathogenic of the two species, is a
commensal organism colonizing the moist squa-
mous epithelium of the anterior nares as well as
the nasopharynx, groin, and perineum [60, 61].
Permanent and transient colonization of S. aureus
is noted in approximately 20% and 60% of the
population, respectively [60]. S. aureus is
exposed to innate and induced immune responses
when it colonizes the nasal mucosa, and the
immune status as well as other host factors play
an important role in nasal colonization [59]. For
example, polymorphisms in the glucocorticoid
receptor, C-reactive protein, mannose binding
lectin, complement factor H, and interleukin 4
gene promoter (which influences mucin secre-
tion) have all been associated with increased or
decreased carriage rates [59]. It is thought that
S. aureus has intrinsic pathogenic potential due to
the acquisition of virulence factors and immune
avoidance mechanisms necessary to overcome
the innate and induced immune responses present
in the nasal-associated lymphoid tissue of the
nares [59]. S. aureus can cause mild to severe
superficial skin and soft tissue infections such as
abscesses or impetigo as well as serious invasive
infections, including endocarditis, bacteremia,
pneumonia, osteomyelitis, septic arthritis, among
others [27, 28]. Colonization by S. aureus is a risk

factor for invasive disease both in the hospital and
the community [62—64]. Particularly in hospital-
ized patients, indwelling medical devices, com-
promised immune system, and/or postoperative
status increases risk of infection [28, 65]. In the
community setting, poor personal hygiene and a
compromised skin barrier likely play important
roles in developing S. aureus infections. Trans-
mission of S. aureus from an infected to an
uninfected person can occur through direct
skin-to-skin contact or through contaminated
fomites in public and household settings [66].
Staphylococcus aureus has been implicated in
human infections since prehistoric times [67].
Penicillin, introduced in the 1940s, was the first
antimicrobial drug effective against staphylo-
coccal infections; however, S. aureus developed
penicillin resistance within a few months via a
plasmid-encoded beta-lactamase gene capable of
cleaving the beta-lactam ring of penicillin
[68-71]. Methicillin, a derivative of penicillin
resistant to cleavage by beta-lactamase, was
introduced in 1959; however, within 2 years,
methicillin-resistant strains (MRSA) were iden-
tified [28]. Methicillin-resistant strains acquired
the mobile genetic element, staphylococcal
chromosome cassette mec [SCCmec], which
harbors the mecA gene that encodes a
penicillin-binding protein with reduced affinity
toward methicillin [72-74]. Thus, there is less
efficient binding of methicillin to the bacterium,
ultimately resulting in reduced capacity to inhibit
bacterial cell-wall synthesis. Of note, according
to the Centers for Disease Control and Preven-
tion, the definition of methicillin-resistance
includes resistance of S. aureus not only to
methicillin but also other related and more
commonly used antibiotics such as oxacillin and
amoxicillin [28]. Furthermore, the mecA gene
provides resistance to many beta-lactam antibi-
otics, including penicillin, and SCCmec elements
may also contain genes enabling resistance to a
variety  of  non-beta-lactam  antibiotics.
Beta-lactams are the typical first line antibiotic in
the treatment of staphylococcal infections.
However, given the acquisition of resistance to
these drugs, treatment of S. aureus infection
relies increasingly on non-beta-lactam-based
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antibiotics [75]. Although vancomycin is most
commonly used in the treatment of MRSA
infection, other drugs, namely linezolid, dapto-
mycin, and tigecycline, are also effective against
MRSA infections [76, 77]. Unfortunately, strains
of S. aureus resistant to these drugs have been
reported [78-81].

MRSA is the most prominent cause of noso-
comial infections caused by a single bacterial
pathogen in the USA, and it is estimated that
MRSA causes approximately 44% of all
hospital-associated infections [28, 82]. MRSA
infections were largely health-care associated
(HA-MRSA) until the late 1990s, when other-
wise healthy individuals in the community began
to develop MRSA infections reaching epidemic
proportions (community-acquired MRSA
[CA-MRSA]) [83]. HA-MRSA infection is
defined by the onset of infection occurring after
48 hours of hospital admission while the onset of
CA-MRSA infections is within 48 hours of
admission to the hospital with no previous his-
tory of hospitalization in the past year [84].
While specific strains are typically associated
with either HA-MRSA or CA-MRSA infections,
the CA-/HA-MRSA definition is clinical, not
microbiological, since strains have successfully
transferred between the two settings. For exam-
ple, the highly pathogenic CA-MRSA strain
USA300 was first isolated in the year 2000 as a
community-associated strain, but has since
spread across the globe and represents a major
threat in hospital and long-term care facilities as
well as the community setting [85-89].

The marked virulence of S. aureus is largely
due to:

e Resistance to a wide spectrum of antimicro-
bial agents
e Ability to evade host immunity.

Antimicrobial Resistance

The main determinants of resistance include the
plasmid-encoded beta-lactamase gene and the
mecA gene encoded on the mobile genetic
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element SCCmec, as discussed previously. Other
molecular determinants of resistance and well as
virulence are encoded on other mobile genetic
elements; thus, the presence of these factors is
highly strain-dependent [28].

Immune Evasion

This is an extensive topic discussed in detail in
several review articles [65, 90]. It is beyond the
scope of this book to describe the immune eva-
sive mechanism of Staphylococcus in detail, but
the important points will be highlighted.
1. Efficient adhesion and colonization
Staphylococcus aureus expresses surface
proteins that promote adhesion to damaged tissue
and to the surface squamous epithelium [91].
Several surface proteins have been found that
promote adhesion of S. aureus to squamous cells
in vitro. Critical surface proteins include clump-
ing factor B (CIfB) and iron-regulated surface
determinant (Isd) [59]. CIfB can bind to fib-
rinogen as well as to cytokeratin 10, which is
exposed on the surface of squamous cells [92].
Isd is involved in iron acquisition and promotes
survival in the iron-deficient environment of the
nasal mucosa and skin as well as promotes
adhesion to squamous epithelium [59, 93].
There are a few features of certain staphylo-
coccal species that promote survival on the skin.
One is the presence of the arginine catabolic
mobile element (ACME) that contains a cluster of
genes encoding enzymes that produce ammonia
that is thought to aid pH homeostasis in the acid
environment of the skin [94]. ACME is present in
certain strains of S. epidermidis and S. aureus.
Additionally, S. aureus produces Isd that essen-
tially protects the bacteria from bactericidal fatty
acids present in the sebum of the skin [95].
Staphylococcus epidermidis is normally a
harmless commensal of the human skin, how-
ever, can be pathogenic due to its ability to col-
onize implanted medical devices and form
biofilms [59]. Biofilms are multilayered,
high-density structures that protect bacteria from
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antibiotics and the human immune system.
Initially, S. epidermidis adheres to the biomate-
rial by surface-associated proteins such as major
autolysis AtlE or fibrinogen-binding proteins
Fbe/SdrG. S. aureus can also form biofilms via
binding to the biomaterial by surface-associated
proteins such as clumping factor A (CIfA) and
fibronectin-binding proteins. Multilayered bio-
films are typically help together by the charged
polymer polysaccharide intercellular adhesion
(PIA) [96].

Staphylococcus aureus can bind to resting
platelets and activate them resulting in platelet
aggregation [97]. The bacteria can then grow in
platelet-fibrin thrombi where they evade detec-
tion by neutrophils. Fibronectin-binding pro-
teins and CIfA are bacterial proteins involved.
This process is thought to be an important
factor in endovascular infections/infective
endocarditis.

2. Inhibition of neutrophil migration and resis-
tance to phagocytosis

Staphylococcus aureus has developed mech-
anisms that compromise innate, humoral and
cell-mediated immunity [65]. S. aureus can
secrete several small proteins that interfere with
different stages of neutrophil recruitment:
staphylococcal superantigen-like (SLL) 5 and
SSL11 inhibit neutrophil rolling on activated
endothelial cells; MHC class II analog protein
(Map) inhibits neutrophil transmigration through
endothelial cells (diapedesis); and chemotaxis
inhibitory protein of staphylococci (CHIPS) and
formyl peptide receptor like-1 inhibitory protein
(FLIPr) inhibit chemotactic migration of neu-
trophils to the site of infection [59]. Efficient
phagocytosis of bacteria by neutrophils and
macrophages requires recognition of bound
complement and antibody. S. aureus can inter-
fere with the complement pathways and antibody
deposition, ultimately preventing opsonization
and phagocytosis [59]. Staphylococcus comple-
ment inhibitor (SCIN) essentially inhibits com-
plement activation and subsequent phagocytosis
by preventing production of the C3a chemoat-
tractant peptide and opsonin C3b peptide [98].

S. aureus can also reduce phagocytosis by
cleaving/inactivating complement factor C3b as
well as IgG molecules that are bound to the
surface of opsonized bacterial cells by secreting
staphylokinase, a plasminogen activator protein
[99]. Additionally, S. aureus can activate factor I,
which is a natural downregulator of complement
fixation [100]. Other S. aureus proteins, such as
Protein A, clumping factor A, and extracellular
fibrinogen-binding protein (Efb), also have
antiphagocytic effects via various mechanisms
[59, 65, 101]. Lastly, the capsule of certain
staphylococcal species appears to have
anti-opsonic properties, possibly related to the
particular capsular polysaccharide as well as PIA.

3. Survival inside the host immune cell

Staphylococcus aureus has multiple mecha-
nisms that enable it to survive in phagosomes
[59]. The organism can modify its cell wall tei-
choic acid and membrane lipids, reducing the
surface negative charge and ultimately dimin-
ishing the effectiveness of cationic antimicrobial
defensin peptides that are secreted into the
phagosomes. Secreted factors such as staphy-
lokinase and metalloprotease aureolysin as well
as PIA also likely contribute to the neutralization
of antimicrobial peptides [102—-104]. Further-
more, within the phagosome, S. aureus can
neutralize reactive oxygen intermediates formed
during the respiratory burst as well as nitric oxide
radicals [59]. The bacterial cell wall peptidogly-
can is also resistant to lysozyme, a bactericidal
protein important in the innate immune response
[105]. Not only can S. aureus survive in neu-
trophils and macrophages, there is evidence that
it can invade and survive within nonprofessional
phagocytes such as endothelial and epithelial
cells, allowing escape from host immunity [59].

4. Toxins produced by S. aureus

Several cytolytic toxins are produced by
S. aureus that target and damage the cytoplasmic
membranes of host cells [59]. Some of the
well-known toxins include o-toxin, 7y-toxin
(y-hemolysin), Panton—Valentine leukocidin
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(PVL), and leukocidin E/D. The y-toxin can lyse
both erythrocytes and leukocytes while PVL
targets only leukocytes. S. aureus can secrete
several cytolytic peptides that at high concen-
trations can cause neutrophil lysis. Furthermore,
S. aureus can secrete extracellular enzymes,
including various proteases, hyaluronidases,
lipases and nucleases, which result in tissue
destruction and host cell lysis as well as facilitate
bacterial spread [65].

5. Immunomodulatory molecules,
superantigens

including

Staphylococcus aureus can secrete powerful T
cell mitogens, termed superantigens, resulting in
altered T cell function associated with exuberant
T cell activation and proliferation as well as
release of pro-inflammatory cytokines, such as
tumor necrosis factor-alpha and interleukin (IL)-
beta, and T cell mediators, such as IL-2 [59,
106]. Furthermore, superantigen expression can
prevent the development of a normal immune
response. Superantigens bind to the MHC
Class II molecule on the surface of
antigen-presenting  cells outside of the
peptide-binding groove region and then bind to
the T cell receptor (TCR) of T helper cells via the
variable region of the TCR B-chain [106].
Binding occurs without the need for the MHC
Class II molecule to present an antigenic peptide
to a suitable T cell. Each superantigen recognizes
a specific subset of TCR V[ chains and therefore
has a characteristic V3 signature. Up to 30% of T
cells can become activated in extreme cases
leading to very high levels of cytokines causing
toxic shock syndrome [59, 107]. Superantigens
prevent normal immune response since in the
presence of superantigens antigen-specific T cells
fail to proliferate in response to antigens that are
presented normally by MHC Class II [107, 108].
This superantigen-induced anergy likely con-
tributes to the diminished targeted antibody
response and compromised immunological
memory associated with S. aureus infections [59,
65]. Of note, protein A, which has antiphagocytic
effects, also has immunomodulatory properties
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by promoting depletion of antibody secreting B
cells in the spleen and bone marrow [109].

In summary, staphylococcal organisms, par-
ticularly S. aureus, can evade human immune
responses through a variety of mechanisms
directed toward both innate and acquired immune
defenses. Some of them are summarized below.

1. Efficient colonization of skin and mucosal
surfaces and formation of biofilms that pro-
mote bacterial survival.

2. Binding to and activating platelets to form
platelet-fibrin thrombi with subsequent neu-
trophil evasion, particularly important in the
pathogenesis of endocarditis.

3. Interfere with neutrophil recruitment.

4. Resist phagocytosis through surface and
secreted anti-opsonic proteins in addition to
the polysaccharide capsule.

5. Intracellular survival in the phagosome by
neutralizing antimicrobial peptides and reac-
tive oxygen species.

6. Secretion of cytolytic toxins that damage
cytoplasmic membranes of immune cells.

7. Immunomodulatory molecules can result in
altered T and B cell functions, ultimately
preventing the development of normal
cell-mediated and humoral immune responses
to infection.
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