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Vaccine Protection of Leukopenic Mice against Staphylococcus aureus

Bloodstream Infection

Sabine Rauch, Portia Gough,* Hwan Keun Kim, Olaf Schneewind, Dominique Missiakas

Department of Microbiology, University of Chicago, Chicago, lllinois, USA

The risk for Staphylococcus aureus bloodstream infection (BSI) is increased in immunocompromised individuals, including pa-
tients with hematologic malignancy and/or chemotherapy. Due to the emergence of antibiotic-resistant strains, designated me-
thicillin-resistant S. aureus (MRSA), staphylococcal BSI in cancer patients is associated with high mortality; however, neither a
protective vaccine nor pathogen-specific immunotherapy is currently available. Here, we modeled staphylococcal BSI in leuko-
penic CD-1 mice that had been treated with cyclophosphamide, a drug for leukemia and lymphoma patients. Cyclophospha-
mide-treated mice were highly sensitive to S. aureus BSI and developed infectious lesions lacking immune cell infiltrates. Viru-
lence factors of S. aureus that are key for disease establishment in immunocompetent hosts—a-hemolysin (Hla), iron-regulated
surface determinants (IsdA and IsdB), coagulase (Coa), and von Willebrand factor binding protein (vWbp)—are dispensable for
the pathogenesis of BSI in leukopenic mice. In contrast, sortase A mutants, which cannot assemble surface proteins, display de-
layed time to death and increased survival in this model. A vaccine with four surface antigens (CIfA, FnBPB, SdrD, and
SpAxxkaa)> which was identified by genetic vaccinology using sortase A mutants, raised antigen-specific immune responses that

protected leukopenic mice against staphylococcal BSI.

taphylococcus aureus is a commensal of the human nares, skin,

and gastrointestinal tract that also causes invasive disease, includ-
ing skin and soft tissue infections (SSTT), bacteremia, sepsis, endocar-
ditis, pneumonia, and osteomyelitis (1, 2). S. aureus causes disease in
healthy individuals, which most frequently manifests as purulent
SSTIs (3). Invasive disease is associated with bloodstream infec-
tion (BSI) that may develop into fulminant sepsis or endocarditis
(4, 5). The treatment of S. aureus infections has been complicated
by the emergence and spread of antibiotic-resistant strains, desig-
nated methicillin-resistant S. aureus (MRSA), that have evolved
resistance traits against many therapeutics (6, 7).

Patients with indwelling catheters, endotracheal intubation,
medical implantation of foreign bodies (prosthetic joints, im-
plants, and heart valves), trauma, surgical procedures, hemodial-
ysis, peritoneal dialysis, immunosuppressive or cancer therapy,
and diabetes, as well as individuals with increased age and low
birth weight, are all at elevated risk of S. aureus infection (8, 9).
These patient populations can be broadly classified into three
groups: individuals with a breach of barrier function, enabling
staphylococci to cause invasive infections (trauma, surgery); indi-
viduals with implants that serve as a protective niche for staphy-
lococci; and individuals with diminished innate immune defenses,
most importantly patients with reduced opsonophagocytic killing
of bacteria, which is mediated by neutrophil granulocytes (10, 11).
The latter can occur in individuals with primary immunodefi-
ciency disorders, caused in patients with chronic granulomatous
disease, for example, by mutations that affect the NADPH oxidase
of neutrophil granulocytes to produce oxygen radicals for killing
of staphylococci (12, 13). Much more frequently, however, dimin-
ished opsonophagocytic killing of staphylococci occurs in individ-
uals with hematologic malignancies and/or anticancer chemo-
therapy (14), a patient population where S. aureus BSIs cause
significant morbidity and mortality (15, 16).

Cyclophosphamide is an alkylating agent that is used for the
therapy of malignancies and autoimmune diseases and for bone
marrow transplantation (17). Cyclophosphamide therapy in-
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duces neutropenia and leukopenia and is associated with in-
creased risk for S. aureus BSI (18, 19). Although cyclophosph-
amide-induced leukopenia in mice has been used extensively as a
preclinical model to assess therapeutic efficacy of antibiotics
against bacterial infections, this model has heretofore not been
used to analyze the virulence factors for S. aureus BSI in patients
with diminished capacity for opsonophagocytic killing (20, 21).

Although there is a need for vaccines and immunotherapies
that protect high-risk patients against S. aureus infection, several
clinical trials for staphylococcal vaccines failed to meet their study
endpoints (22). These trials have focused on single staphylococcal
antigens that, during preclinical testing, were demonstrated to act
as virulence factors for the pathogenesis of specific disease and,
when used as subunit vaccines, elicited immune responses that
protect immunocompetent animals (23-27). Clinical trials for S.
aureus vaccines included capsular polysaccharides (CP types 5 and
8), a-hemolysin (Hla), coagulase (Coa), and the iron-regulated
surface determinant B (IsdB) (28-30).

Here, we use the leukopenic mouse model to analyze S. aureus
variants lacking specific protective antigens to characterize targets
for a staphylococcal vaccine in cancer patients. Using genetic vac-
cinology to derive vaccine targets, we report that a cocktail of four
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surface protein antigens (CIfA, FnBPB, SdrD, and SpAgga,) pro-
vides protection against S. aureus BSI in leukopenic mice.

MATERIALS AND METHODS

Animal care and regulatory compliance. All experiments involving the
care and use of animals followed protocols that were reviewed, approved,
and performed under the regulatory supervision of The University of
Chicago’s Institutional Biosafety Committee and the Institutional Animal
Care and Use Committee. Animal care was managed by The University of
Chicago Animal Resource Center, accredited by the American Associa-
tion for Accreditation of Laboratory Animal Care and the Department of
Health and Human Services (A3523-01). Animals were maintained in
accordance with the applicable portions of the Animal Welfare Act and
the Guide for the Care and Use of Laboratory Animals (31). Veterinary care
was under the direction of full-time resident veterinarians boarded by the
American College of Laboratory Animal Medicine. CD-1 mice (strain
code 022) were purchased from Charles River.

Statistical analysis. Mouse survival was analyzed for significance us-
ing the two-tailed log rank test. The bacterial load following S. aureus
infection, represented as the log,, CFU/g of organ tissue, was analyzed
with the Mann-Whitney test for statistical significance. Quantification of
abscess formation was analyzed for statistical significance using the un-
paired two-tailed Student ¢ test. Statistical analyses were performed using
GraphPad Prism 4 software. All animal experiments were examined for
reproducibility using either two or three independent determinations.

Bacterial strains, media, and growth conditions. Mutants harboring
the bursa aurealis mariner transposon in defined genes were transduced
with bacteriophage ¢85 into S. aureus Newman (32). The isdA isdB and
coa vwb double mutants have been described (33, 34). S. aureus cultures
were grown at 37°C in tryptic soy broth (TSB), and bursa aurealis mutant
cultures were supplemented with 10 wg/ml of erythromycin. Escherichia
coli strain BL21(DE3) was grown in Luria-Bertani (LB) broth containing
100 pg/ml of ampicillin at 37°C when plasmid was present.

Protein purification. Recombinant clumping factor A (CIfA), fibrin-
ogen binding protein A (FnBPA), FnBPB, serine-aspartate repeat C
(SdrC), SdrD, SdrE, nontoxigenic staphylococcal protein A (SpAggaa)»
and staphylococcal immunoglobulin binding protein (Sbigy, ) carrying
hexa-histidine tags were produced from E. coli BL21(DE3) carrying plas-
mids described earlier (35-37). Briefly, overnight cultures of recombinant
E. coli strains were diluted 1:100 into fresh medium and grown at 37°C to
an absorbance at 600 nm (A,) of 0.5, at which point cultures were in-
duced with 1 mM isopropyl (-p-1-thiogalatopyranoside (IPTG) and
grown for an additional 3 h. Bacterial cells were sedimented by centrifu-
gation (3,000 X g for 5 min), washed and suspended in buffer A (50 mM
Tris-HCIL, pH 7.5, containing 150 mM NaCl and 10 mM imidazole), and
disrupted with a French pressure cell at 14,000 Ib/in®. Crude lysates were
centrifuged (40,000 X g for 40 min), and filtered supernatants were sub-
jected to affinity purification. His-tagged proteins were purified over a
nickel-nitrilotriacetic acid (Ni-NTA) agarose affinity column by gravity
flow and eluted with an imidazole gradient (10 to 500 mM). Protein pu-
rification was ascertained by separating sample aliquots on 12% SDS-
PAGE gels and Coomassie staining. Fractions containing the proteins
were pooled and subjected to 1% Triton X-114 extraction to remove en-
dotoxin. Following detergent addition, samples were first kept on ice for
10 min and then incubated at 37°C for 10 min followed by centrifugation
(16,000 X g for 10 min). Triton X-114 extraction was repeated twice, and
the aqueous phase containing the proteins was subjected to gel filtration in
endotoxin-free phosphate-buffered saline (PBS; Cellgro) using a Hi-Trap
desalting column (GE Healthcare). Protein concentration was assessed
with the bicinchoninic acid assay (BCA).

Cyclophosphamide-induced leukopenia and Staphylococcus aureus
challenge of animals. Six-week-old female CD-1 mice were treated every
48 h via intraperitoneal injection with cyclophosphamide monohydrate
(CPM; Sigma product no. C0768) dissolved in 200 .l of sterile water at a
dose of 150 mg/kg body weight or were mock (water) treated for 7 days
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prior to the infection and throughout the experiment. To confirm leuko-
penia, mouse blood from at least three mice per group was drawn via
cardiac puncture into collection tubes lined with EDTA (Sarstedt; Mi-
crovette, product no. 20.1278.100), and white blood cells were counted
with a hematology analyzer (Hemavet 950; Drew Scientific). For infection
of animals, overnight cultures of S. aureus were inoculated 1:100 into fresh
TSB and grown for 2 h with shaking at 37°C. Staphylococci were sedi-
mented by centrifugation, washed, suspended, and diluted in sterile, en-
dotoxin-free PBS to obtain a starting stock of 1 X 10° CFU/ml. Inocula
were determined by CFU enumeration following serial dilution and plat-
ing on tryptic soy agar, followed by incubation of plates for 16 h at 37°C.
Seven-week-old cyclophosphamide or mock-treated CD-1 mice were
anesthetized by intraperitoneal injection with a cocktail of 65 mg ket-
amine and 2 mg xylazine per kilogram of body weight and infected with
100 pl of bacterial suspension (ranging from 10° to 108 CFU) via intrave-
nous injection into the periorbital venous plexus. Infected animals were
monitored for morbidity or recovery over a period of 10 days. Mice were
killed by CO, inhalation, and organs were excised and homogenized in
sterile PBS and 0.1% Triton X-100 by using a high-shear lab homogenizer
(Omni International). Homogenates were diluted, plated on agar, and
incubated for 16 h at 37°C for enumeration of CFU.

Histopathology. Mouse organs were excised during necropsy and
fixed in 10% formalin for 24 h at room temperature. Tissues were embed-
ded in paraffin, thin-sectioned, stained with hematoxylin and eosin
(H&E), and examined by light microscopy.

Immunization studies. For active immunization, 3-week-old CD-1
mice were injected intramuscularly with a mix of 25 pg of each recombi-
nant protein (SpAggaa» SdrD, FnBPpB, and CIfA) emulsified in complete
Freund adjuvant (Difco), 100-pl volumes of each dose, followed by a
boost on day 12 with 25 g of each protein emulsified in incomplete
Freund adjuvant (Difco). Cyclophosphamide and mock treatment were
started on day 21 and continued throughout the experiment every 48 h.
Blood was collected on day 26 via periorbital vein puncture with heparin-
ized microhematocrit capillary tubes (Fisher). Z-gel serum separation mi-
crotubes (Sarstedt) were used to collect serum, and specific antibody pro-
duction was assessed via enzyme-linked immunosorbent assay (ELISA) as
described previously (36). On day 27, mice were challenged by intrave-
nous injection with 2 X 10° CFU of S. aureus Newman. Antibody titers in
mouse sera were analyzed via ELISA for the vaccine antigens SpAyyaas
SdrD, FnBPB, and CIfA as well as for cross-reactivity toward Sbigyaas
FnBPA, CIfB, SdrC, and SdrE.

RESULTS

Leukopenia following cyclophosphamide treatment of CD-1
mice. Earlier work used outbred ICR mice and intraperitoneal
injection of two doses (150 and 100 mg/kg body weight) of cyclo-
phosphamide, administered 48 h apart (days 1 and 3), to induce
leukopenia (<10 neutrophils/mm? blood, 84% reduction in white
blood cells, with 92% and 96% decline in lymphocytes and mono-
cytes, respectively) for 3 days (21). Others used Swiss mice and two
injections of 150 mg/kg cyclophosphamide on days 1 and 4 to
achieve neutropenia (38). Using female outbred CD-1 mice, we
observed that three intraperitoneal injections of 150 mg/kg cyclo-
phosphamide in 48-h intervals (days 1, 3, and 5) were required to
cause leukopenia (Fig. 1A and B). At the day 7 interval, neutro-
phils were >90% depleted relative to the average cell count prior
to cyclophosphamide treatment; other leukocyte populations
were >80% depleted (Fig. 1A and B). We also observed that leu-
kopenia was not sustained for the 10-day observation period of
our experimental plan unless CD-1 mice received continued treat-
ment with cyclophosphamide in 48-h intervals. Cyclophospha-
mide treatment did not affect the weight of animals compared to
the weight of mock-treated animals (data not shown). On the
basis of these observations, we developed a protocol whereby
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FIG 1 Induction of leukopenia in CD-1 mice by cyclophosphamide treat-
ment. Six-week-old CD-1 mice were treated every 48 h with 150 mg/kg cyclo-
phosphamide via intraperitoneal injection. On days 1, 7, and 9, mice were
euthanized, and blood was sampled via cardiac puncture and anticoagulated
through the addition of EDTA. (A) The numbers of white blood cells (WBC)
in each sample were enumerated by hemocytometry and plotted as a function
of time. White arrows above the plot indicate days when animals received
cyclophosphamide treatment. (B) The average cell counts (and the standard
errors of the means) of leukocytes, neutrophils, lymphocytes, and monocytes
were determined on days 1, 7, and 9. On day 7, cyclophosphamide treatment
had depleted 83% of leukocytes, 94% or neutrophils, 80% of lymphocytes, and
84% of monocytes compared to those in mock-treated mice.

CD-1 mice were either mock or cyclophosphamide (150 mg/kg)
treated on days 1, 3, and 5 and challenged by intravenous inocu-
lation with S. aureus on day 6. Animals received mock or cyclo-
phosphamide treatment in 48-h intervals (days 7, 9, 11, 13, 15)
unless mice succumbed to the infectious challenge.

Staphylococcus aureus bloodstream infection in leukopenic
mice. Cohorts of CD-1 mice (n = 10) were infected via intrave-
nous injection with S. aureus Newman (32), a human clinical iso-
late that has been used for animal model development (27, 39).
Injection of 1 X 10® CFU of S. aureus Newman caused 50% mor-
tality in immunocompetent CD-1 mice over the 10-day observa-
tion period, whereas lower inocula (5 X 107 or 1 X 107 CFU)
resulted in reduced mortality (Fig. 2A). In contrast, all leukopenic
mice that had been treated with cyclophosphamide succumbed to
BSI when challenged with 1 X 10° or 1 X 107 CFU S. aureus
Newman. Mice that received a higher dose (1 X 107) succumbed
with a shortened mean time to death (<24 h) compared to that of
animals challenged with 1 X 10° CFU (5 days) (Fig. 2B). Even a
challenge dose of 1 X 10° CFU S. aureus Newman caused blood-
stream infections with 80% mortality over the 10-day observation
period (Fig. 2B).

Lethal outcome of S. aureus BSI was associated with staphylo-
coccal replication in infected tissues (Fig. 2C to F). Enumeration
of S. aureus in organs of mock-treated animals that survived a
bloodstream challenge of 1 X 107 CFU revealed small bacterial
numbers in kidney (an average of 1.99 X 10° CFU g~ ' tissue
homogenate), liver (1.26 X 10°> CFU g '), and lung (0.79 X 10°
CFU ¢7') tissues (Fig. 2C). In contrast, cyclophosphamide-
treated animals harbored increased S. aureus loads in infected
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FIG 2 Staphylococcus aureus bloodstream infection in leukopenic mice. (A
and B) Cohorts of 7-week-old female CD-1 mice (# = 10) mock treated (A) or
treated with cyclophosphamide in 48-h intervals (B) were infected by injection
of S. aureus Newman (1 X 10,1 X 10°, 1 X 107, 5 X 107, or 1 X 10 CFU) into
the periorbital venous plexus, and animal survival was recorded over 10 days.
(Cand D) At day 10 (C) or 4 (D) postinfection, kidney, liver, and lung tissues
of mock-treated (C) or cyclophosphamide-treated (D) CD-1 mice infected
with S. aureus Newman bloodstream infection (1 X 10°or 1 X 107 CFU) were
removed during necropsy; homogenized tissues were analyzed for staphylo-
coccal load by plating serially diluted samples on agar plates and enumerating
CFU. (E and F) Hematoxylin and eosin-stained thin sections of kidney tissues
from mock-treated (E) and cyclophosphamide-treated (F) mice that had been
euthanized on day 10 following bloodstream infection with 1 X 107 and 1 X
10° CFU S. aureus Newman, respectively, were viewed by light microscopy and
images were acquired. Bars indicate length measurements. See the text for
details.

kidney (6.30 X 107 CFU g™ "), liver (1.25 X 10° CFU g~ '), and
lung (7.94 X 10° CFU g~ ') tissues at day 4 postinfection (Fig. 2C
and D).

Following infection of immunocompetent mice, S. aureus BSI
triggers the development of abscess lesions in many organ sys-
tems, which can be visualized in H&E-stained thin-sectioned kid-
ney tissues (39). Renal tissues of mock-treated mice that had been
euthanized 10 days following BSI with S. aureus Newman har-
bored 1 to 4 lesions that presented with characteristic morphology
(39): a bacterial nidus (designated the staphylococcal abscess
community), surrounded by an eosinophilic pseudocapsule com-
posed of fibrin deposits and large infiltrates of immune cells (34)
(Fig. 2E). H&E-stained renal tissues of cyclophosphamide-treated
mice harbored >100 small lesions per kidney that were comprised
of large numbers of staphylococcal cells and surrounded by eosi-
nophilic deposits, likely comprised of fibrin; however, these le-
sions did not show immune cell infiltrates (Fig. 2D).

Impact of staphylococcal virulence factors on bloodstream
infection in leukopenic mice. Earlier work analyzed S. aureus
Newman mutants with mutational lesions in genes encoding se-
creted products for defects in the pathogenesis of BSI (39, 40).
Other experiments examined purified subunit vaccines, derived
from secreted products of S. aureus, for their ability to protect
mice against BSI (25, 34, 35). This work established that secreted
products required for the pathogenesis of S. aureus BSI can also be
used as subunit vaccines and provide disease protection via the
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FIG 3 Virulence factor contribution to Staphylococcus aureus bloodstream
infection in leukopenic mice. Cohorts of 7-week-old female leukopenic (cy-
clophosphamide-treated) CD-1 mice (n = 10 to 15) were infected by intrave-
nous injection with 2 X 10° CFU of S. aureus Newman wild type or its isogenic
variants with deletions or insertions in hla (A), coa vwb (B), isdAB (C), or srtA
(D). Animal survival was recorded over 10 days. Statistical significance in
animal survival between two cohorts was analyzed with the two-tailed log rank
test; P < 0.05, significant difference.

formation of antibodies that neutralize staphylococcal virulence
determinants (36, 41, 42).

We wondered whether previously characterized S. aureus vir-
ulence factors/vaccine determinants might be required for the
pathogenesis of bloodstream infections in leukopenic mice and
examined three variants with knockout mutations in the hla, coa
vwb, and isdA isdB genes. Staphylococcal alpha-toxin («-hemoly-
sin) is encoded by the hla gene, and the primary translation prod-
uct functions as a precursor that is cleaved by signal peptidase and
secreted into the extracellular medium (43). Association of the
soluble, monomeric form of Hla with its ADAM10 host cell recep-
tor triggers oligomerization and membrane pore formation (44),
causing injury to vascular endothelial cells, epithelial cells, as well
as platelets and cells of the myeloid lineage (45, 46). During blood-
stream infection of immunocompetent mice, the hla mutant of S.
aureus Newman displayed reduced mortality and increased time
to death (47). In contrast, when tested in leukopenic CD-1 mice,
no differences in overall mortality or time to death were detected
between animals that had been challenged with wild-type or hla
mutant S. aureus Newman (Fig. 3A; P = 0.8649). Becker et al.
showed that the contributions of S. aureus hla toward lethal pneu-
monia in mice require the presence of myeloid cells expressing the
Hla receptor molecule, ADAM10 (46). In agreement with these
results, ablation of white blood cells via cyclophosphamide treat-
ment also eliminates the pathogen’s need for Hla production to
establish lethal BSI in mice.

Coagulase (Coa) and von Willebrand factor binding protein
(vWbp) are also secreted into the extracellular medium by S. au-
reus (48, 49). Both proteins associate with and nonproteolytically
activate prothrombin to convert fibrinogen into fibrin clots (50),
which promotes escape from phagocytic killing and establishment
of abscess lesions in infected tissues via the formation of a fibrin
capsule that restricts access of immune cells to staphylococcal ab-
scess communities (34). During bloodstream infection of immu-
nocompetent mice, the coa vwb mutant displayed delayed time to
death and increased survival compared to those of wild-type S.
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aureus Newman (40). In contrast, during bloodstream infection of
leukopenic mice, the coa vwb mutant displayed mortality and time
to death similar to those of wild-type S. aureus Newman (Fig. 3B;
P =0.5149).

Two surface proteins of S. aureus, IsdA and IsdB, contribute to
heme-iron scavenging from host hemoglobin and to passage of
the tetrapyrrole moiety across the bacterial envelope (33, 51). S.
aureus isdAB mutants display a small delay in time to death during
bloodstream infections as well as reduced replication in infected
tissues (41, 52). During bloodstream infection in leukopenic mice,
the S. aureus isdAB mutant caused mortality similar to that of the
wild-type strain (Fig. 3C; P = 0.1356).

Staphylococci require sortase during bloodstream infection
in leukopenic mice. Sortase A is a transpeptidase that cleaves the
LPXTG sorting signals of surface protein precursors and links
their C-terminal carboxyl group to the peptidoglycan of S. aureus
(53, 54). Sortase A mutants (srtA) cannot anchor any one of 18
surface proteins of S. aureus Newman to the bacterial envelope
(55) and are unable to form abscess lesions or cause lethal BSI in
immunocompetent mice (39, 40). When analyzed during blood-
stream infection of leukopenic mice, the srtfA mutant displayed a
delayed time to death and increased survival compared to those of
wild-type S. aureus Newman, indicating that the combined con-
tributions of all surface proteins are required for staphylococcal
disease processes in mice that lack most of their immune cells (Fig.
3D; P = 0.0039).

Contribution of surface proteins toward Staphylococcus au-
reus bloodstream infection in leukopenic mice. Earlier work had
used genetic vaccinology to compare the immune response of im-
munocompetent mice infected with wild-type S. aureus and sor-
tase A mutants to identify antigens that elicit protective immune
responses, as infection with the srtA variant, but not wild-type
staphylococci, triggers protective immunity to recurrent infection
(37). Using this technology, vaccines (COMBO 1 and COMBO 2)
were derived by combining multiple antigens; COMBO 2 with
four antigens (CIfA, FnBPB, SdrD, and SpAy ) elicited immune
responses in immunocompetent mice and protected animals
against challenge with wild-type S. aureus (37). Protein A (SpA)
binds immunoglobulins via their Fcy domain and the Fab heavy
chains of V;3 clan antibodies, attributes that interfere with op-
sonophagocytosis of bacteria and with the development of adap-
tive B cell responses (56, 57). The SpAxyaa variant has lost these
functions and, unlike wild-type SpA, elicits neutralizing antibody
responses that promote opsonophagocytic killing of staphylococci
and development of B cells to establish adaptive immune re-
sponses (36). CIfA binds to the C-terminal end of the fibrinogen
v-chain (58, 59), which is also available for staphylococcal binding
during fibrin fiber assembly (40). Neutralizing antibodies can
block CIfA binding to both fibrinogen and fibrin (40, 60). FnBPB
binds to fibronectin, elastin, and fibrinogen, and these activities
promote the pathogenesis of S. aureus BSI (61-65). The genome of
S. aureus Newman carries a missense near the 3’ end of the genetic
determinant for FnBPB, fnbB (66). Nevertheless, secreted fi-
bronectin binding proteins contribute to the pathogenesis of S.
aureus Newman infections (39, 67), as sortase-anchored products
function not only on the bacterial surface but also when released
into the extracellular medium (68). The molecular mechanisms
whereby SdrD contributes to S. aureus pathogenesis are currently
not known (39). Here, we asked whether any one of these four
surface protein genes (clfA, fnbB, sdrD, or spa) contributed to the
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FIG 4 Contributions of individual surface proteins to Staphylococcus aureus
bloodstream infection in leukopenic mice. Cohorts of 7-week-old female leu-
kopenic (cyclophosphamide-treated) CD-1 mice (n = 10 to 20) were infected
by intravenous injection with 2 X 10° CFU of S. aureus Newman wild type or
its isogenic variants with deletions or insertions in clfA (A), fnbB (B), sdrD (C),
or spa (D). Animal survival was recorded over 10 days. Statistical significance
in animal survival between two cohorts was analyzed with the two-tailed log
rank test; P = 0.05, significant difference.

pathogenesis of S. aureus BSI in leukopenic mice, studying in pair-
wise comparison the survival or time to death of wild-type and
mutant strains. Of note, none of the four surface protein genes
(clfA, fnbB, sdrD, or spa) was necessary for S. aureus BSI-associated
mortality or was a determinant of time to death in leukopenic
mice (Fig. 4; wild type versus clfA, P = 0.1479; wild type versus
fnbB, P = 0.1726; wild type versus sdrD, P = 0.0736; wild type
versus spa, P = 0.2330).

Surface protein vaccine protects leukopenic mice against S.
aureus bloodstream infection. To address the question of
whether the surface protein vaccine derived via genetic vaccinol-
ogy may protect leukopenic mice against S. aureus BSI, we first
immunized immunocompetent CD-1 mice with a cocktail of pu-
rified recombinant proteins emulsified in adjuvant, including
CIfA, FnBPB, SdrD, and SpAggax (COMBO 2). Animals received
abooster immunization on day 12 and were bled to determine the
concentration of serum IgG against each antigen. Compared to
mock (adjuvant alone)-immunized mice, animals that had re-
ceived the surface protein vaccine (COMBO 2) developed specific
antibodies against SpAggas, FnBPB, CIfA, SdrC, SdrD, and SdrE
but not against FnBPA, CIfB, and Sbigy,, (Fig. 5A). These find-
ings can be explained by the high degree of sequence identity
(76%) between the A domain of the serine-aspartate repeat pro-
tein family (SdrCDE), which is lower between the A domains of
FnBPA and FnBPB (60%) as well as CIfA and CIfB (50%). The
immunoglobulin binding domains (IgBDs) of SpA display se-
quence homology to the N-terminal two IgBDs of Sbi (staphylo-
coccal binder of immunoglobulin; 35% identity), which was also
not sufficient to elicit a strong cross-reactive immune response. As
expected, mock-immunized animals did not generate antibodies
against staphylococcal surface proteins (Fig. 5A).

Vaccinated mice were treated with cyclophosphamide starting
on day 21, and once animals were found to be leukopenic, they
were challenged on day 27 with 2 X 10° CFU S. aureus Newman.
Mock-immunized animals succumbed to challenge within 1 to 5
days, with a mean time to death of 2.5 days. Leukopenic animals
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FIG 5 Surface protein vaccine prolongs the time to death of leukopenic mice
with Staphylococcus aureus bloodstream infection. Three-week-old CD-1 mice
were immunized with adjuvant alone (mock) or with a cocktail of 25 g each
of four recombinant purified proteins emulsified in adjuvant: CIfA, FnBPB,
SdrD, and SpAggaa. Mock or booster immunizations occurred on day 12.
Animals were treated with cyclophosphamide on day 21 and in 48-h intervals
thereafter for the duration of the experiment. Animals (n = 5) were bled on
day 26, and mouse serum half-maximal antibody titers against purified S.
aureus surface proteins (SpAgxaa> Sbikxas, FNBPA, FnBPB, CIfA, CIfB, SdrC,
SdrD, and SdrE) were determined by ELISA. Brackets denote standard errors
of the means. (B) Leukopenic (cyclophosphamide-treated) CD-1 mice (n =
10) that had been mock immunized or immunized with the surface protein
vaccine (vaccinated) were challenged by intravenous injection with 2 X 10°
CFU S. aureus Newman on day 27 following the first immunization. Animal
survival was recorded over 10 days. Statistical significance in animal survival
between two cohorts was analyzed with the two-tailed log rank test; P < 0.05,
significant difference.

that had received the surface protein vaccine succumbed more
slowly to BSI, with a mean time to death of 8.5 days (mock versus
vaccine, P < 0.0001) (Fig. 5B). To monitor the ability of the sur-
face protein vaccine to reduce staphylococcal replication, cohorts
of 5 animals (mock or vaccinated) were euthanized 3 h, 6 h, 1 day,
and 3 days postchallenge, and the bacterial load in kidney, liver,
and lung tissues was quantified via CFU enumeration. This exper-
iment revealed that staphylococci disseminated within 3 h into
organ tissues (Fig. 6). While the load of S. aureus in liver and lung
tissues increased slowly in mock-immunized animals, mice that
had received the surface protein vaccine did not increase their
bacterial load in both organ tissues (Fig. 6D; P = 0.0119 in liver
and P = 0.0195 in lung on day 3 postinfection). S. aureus repli-
cated very quickly in renal tissues, and by day 3, an average bacte-
rial load of 2.51 X 107 CFU g~ ' was enumerated in mock-immu-
nized animals (Fig. 6D). Leukopenic animals that had received the
surface protein vaccine harbored a reduced bacterial load (3.98 X
10* CFU g~ ") (Fig. 6D; mock versus COMBO 2, P = 0.0556).
Thus, immunization with the surface protein vaccine not only
extended the time to death of leukopenic animals with S. aureus
BSI but also limited staphylococcal replication in infected tissues.
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FIG 6 Surface protein vaccine inhibits bacterial replication in leukopenic
mice with Staphylococcus aureus bloodstream infection. Mock-immunized
(closed circles) or vaccinated (CIfA, FnBPB, SdrD, and SpAga,) (open cir-
cles) leukopenic (cyclophosphamide-treated) CD-1 mice were infected with
2 X 10° CFU of S. aureus Newman as described in the legend to Fig. 5. Animals
were euthanized 3 h (A), 6 h (B), 1 day (C), or 3 days (D) postchallenge.
Kidney, lung, and liver tissues were removed during necropsy and analyzed for
staphylococcal load by plating serially diluted samples on agar plates and enu-
merating CFU. Statistical significance of differences in bacterial loads between
mock-treated and vaccinated leukopenic mice was analyzed with the Mann-
Whitney test; P =< 0.05, significant difference.

DISCUSSION

Chemotherapy of tumors, premature birth, human immunodefi-
ciency virus (HIV) infection, leukemia, chronic granulomatous
disease (CGD), and other inheritable diseases cause functional
depletion or annihilation of phagocytic cells (69). Unless diag-
nosed early and treated with antimicrobial prophylaxis, such im-
munodeficiency is associated with significant morbidity and mor-
tality because of bacterial infection (69, 70). S. aureus is a frequent
cause of morbidity and mortality in individuals with immunode-
ficiency, owing to its status as a commensal of humans and to the
dissemination of MRSA strains (4, 71). For example, individuals
infected with HIV experience a 6-fold-higher risk of S. aureus SSTI
than healthy individuals (72).

Cyclophosphamide treatment of mice has been used exten-
sively to induce leukopenia and examine the preclinical efficacy of
antibiotics in immunocompromised hosts (20, 21, 73). Cyclo-
phosphamide-induced leukopenia in mice has also been used for
the study of ESKAPE pathogens (Enterococcus faecium, Staphylo-
coccus aureus, Klebsiella pneumoniae, Acinetobacter baumannii,
Pseudomonas aeruginosa, and Enterobacter species), antibiotic-re-
sistant bacteria most frequently associated with nosocomial infec-
tion and therapy failure (74). While most of the work in leukope-
nic mice focused thus far on studying the efficacy of antibiotics
(75, 76), progress was also documented for the development of
vaccine and immunotherapeutics to prevent P. aeruginosa BSI
(77-79). Nevertheless, the development of vaccines that prevent S.
aureus BSI in leukopenic mice was heretofore not investigated.
Such study may be useful in designing vaccines for clinical use in
combating S. aureus BSI in individuals that can be immunized
prior to the onset of immunodeficiency, i.e., the chemotherapy of
malignant tumors. Alternatively, immunocompromised individ-
uals could receive prophylactic therapy with antibodies that neu-
tralize key virulence determinants of staphylococcal BSI.
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Work on staphylococcal vaccines commenced more than a
century ago (80). Preclinical work over several decades indicates
that immunization of immunocompetent mice with purified Hla,
Coa, CIfA, or IsdB can elicit antigen-specific immune responses
that protect animals from S. aureus BSI-associated mortality (24,
25, 34, 40, 47, 81). However, clinical trials with whole-cell killed
(82) or subunit vaccines formulated from secreted virulence fac-
tors, a-hemolysin (Hla) and coagulase, did not protect against
recurrent SSTT (29). Immunotherapy with antibodies neutralizing
Hla (30, 83) or CIfA, the fibrinogen binding surface protein and
agglutinin (40, 58), also did not protect against S. aureus infection
(84, 85). Conjugates of S. aureus type 5/8 capsular polysaccharide
(CP5/CP8) with Pseudomonas exotoxin A raise opsonophagocytic
antibodies (23, 86); however, the vaccine did not protect hemodi-
alysis patients from S. aureus infection (28). Finally, the clinical
trial for V710, the recombinant IsdB vaccine (24, 87), was recently
terminated; multiorgan dysfunction and mortality following S.
aureus infection occurred more frequently in individuals receiving
V710 than in control cohorts, and V710 immunization did not
show clinical benefit (88). A key concept explaining recent failures
of human vaccine trials with single staphylococcal antigens is
based on the observation that, at least in the mouse model, S.
aureus requires many different secreted products to cause disease
(35, 39). If so, vaccine-induced neutralization of several different
virulence factors may be required for the establishment of protec-
tive immunity (89). Researchers focusing on rabbits as models for
S. aureus BSI or pneumonia identified secreted T cell superanti-
gens as key virulence determinants and protective antigens (90).
Clinical development of the corresponding superantigen vaccines
has not yet advanced to a stage where this approach can be evalu-
ated for efficacy (91). Further, T cell superantigen vaccines have
not been evaluated for efficacy against S. aureus disease in leuko-
penic rabbits. Finally, clinical trials that examine vaccine or im-
munotherapeutic efficacy focus on health care-related S. aureus
infections in patients at high risk for staphylococcal BSI, which
includes, for example, end-stage renal disease with hemodialysis
(28) or very-low-birth-weight neonates (92). These populations
display at least partial defects in innate and adaptive immune re-
sponses; however, animal models that examine preclinical efficacy
against S. aureus disease in an immunocompromised state have
heretofore not been developed (93, 94).

Here, we used cyclophosphamide-induced leukopenia in mice
to answer whether specific virulence factors/protective antigens
contribute to the pathogenesis of S. aureus BSI. Our results dem-
onstrate that the structural genes for several protective antigens
(clfA, coa vwb, fnbB, hla, isdAB, sdrD, and spa) are not required for
the pathogenesis of staphylococcal BSI in leukopenic mice. If so,
vaccines designed to raise neutralizing antibodies against any one
of these secreted products would not be expected to provide pro-
tection against S. aureus BSI in leukopenic patients. Nevertheless,
an S. aureus sortase A (srtA) mutant, which cannot assemble any
one of 18 LPXTG surface proteins into the bacterial envelope (in-
cluding CIfA, FnBPB, IsdAB, SdrD, and SpA), displayed a signifi-
cant decrease in virulence when tested in leukopenic mice, sug-
gesting that a combinatorial vaccine or immunoprophylaxis
targeting multiple surface proteins may be protective for staphy-
lococcal BSI in patients with functional leukopenia.

Earlier work demonstrated that S. aureus infection in mice
does not elicit protective immune responses that prevent subse-
quent infections with this pathogen (95). This phenotype requires
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S. aureus expression of SpA, the B cell superantigen, which inhibits
the development of protective antibody responses (57). Mice that
have been infected with spa mutants lacking the immunoglobulin
binding attributes of SpA elicit antibody responses against many
different antigens and provide protection against subsequent dis-
ease (57). A similar phenotype is observed in mice that have been
infected with srtA mutants (37). Linear regression analysis was
used to identify the antibody responses mediating protective im-
munity against S. aureus (37). This approach, designated genetic
vaccinology, identified four surface protein antigens—CIfA,
FnBPB, SdrD, and SpA—as protective antigens (37, 96). Indeed,
when used as a combination vaccine in immunocompetent mice,
CIfA, FnBPB, SdrD, and SpAgiaa (COMBO 2) elicit protective
immunity against S. aureus BSI (37).

Here, we show that the surface protein vaccine (containing
CIfA, FnBPB, SdrD, and SpAgg,,) elicits immune responses that
protect leukopenic mice against S. aureus BSI. Of note, vaccine
protection is limited to a delay in time to death in these severely
immunocompromised mice. Although increases in survival were
not recorded, we believe the observed protection may have clinical
relevance for the following two reasons. First, chemotherapy of
hematologic malignancy rarely diminishes the blood concentra-
tion of neutrophils and macrophages to the same degree as was
achieved here with continued cyclophosphamide treatment of
mice. If so, the residual opsonophagocytic capacities of chemo-
therapy or leukemia patients may elevate vaccine-induced protec-
tion in this patient population. Second, even the delayed-time-to-
death protection affords clinical opportunities of initiating
antibiotic therapies against S. aureus, which may enable recipients
of the surface protein vaccine or specific immunotherapies (anti-
bodies against surface proteins) to survive BSL

Clearance of S. aureus from infected host tissues is dependent
on opsonophagocytic killing (OPK) of the pathogen; however,
staphylococci have evolved virulence strategies to resist OPK (97).
A hallmark of S. aureus is the pathogen’s ability to coagulate fi-
brinogen and to deploy surface proteins for its agglutination with
fibrin fibrils as a means to resist OPK (40). Further, SpA blocks the
effector functions of immunoglobulin specific for S. aureus,
thereby interfering with staphylococcal OPK (98). Antibodies
raised via the COMBO 2 vaccine target both of these virulence
strategies by neutralizing fibrinogen binding proteins (clumping
factors and fibronectin binding proteins) and SpA and may there-
fore promote OPK even in leukopenic mice whose abilities for
phagocytic killing of staphylococci have been severely impaired
(37).
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