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When rationally designing a vaccine 
against a specific pathogen, several cat-
egories of microbiologic and immunologic 
data can offer insight. The identification 
of the protective antigen is of paramount 
importance. Another is the nature of the 
immune response to natural infection, 
which presumably is protective against 
recurrent infection caused by the same 
pathogen. A third category concerns the 
insight that is sometimes gained from 
understanding the nature of host defense 
immunologic defects that predispose to, 
or increase the severity of, the pathogen in 
question.

Based on these principles, the design of 
vaccines targeting toxin-mediated diseases 
is relatively straightforward: immunize 
with a detoxified toxin analog to generate 
neutralizing antibodies (e.g., diphtheria, 
pertussis, tetanus toxoid). Similarly, for 
viral diseases, successful vaccines based on 
whole virus (e.g., Hepatitis A Virus), viral 
antigens (e.g., Hepatitis B Virus) or viral-
like particles (e.g., Human Papilloma 
Virus) have been designed to generate 
antibodies that block viral interaction 
with host cells, and induce cytotoxic T 
lymphocytes to kill virally infected host 
cells.1 In these examples, the vaccines are 
designed to induce an immune response 
which mimics protective immunity 
against natural disease caused by the tar-
get toxin or pathogen, and also stimulates 
mechanisms of host defense which, when 
absent, predispose to the target disease.

Similarly, the underpinning of vaccina-
tion against encapsulated bacterial organ-
isms is based in part on the well-described 
hypersusceptibility to these organisms of 
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patients with congenital or acquired B 
cell/antibody deficiencies, as well as the 
same hypersusceptibility of animal models 
in which B cell/antibody function is dis-
rupted.2 These clinical and experimental 
immunologic observations are further bol-
stered by data establishing that antibody 
concentrations correlate with protective 
immunity after natural infection caused 
by such encapsulated organisms. Hence, 
vaccines against encapsulated bacterial 
pathogens are designed to stimulate anti-
bodies that neutralize the anti-phagocytic 
capacity of the polysaccharide capsule of 
Streptococcus pneumoniae, Hemophilus 
influenzae type B and Neisseria meningiti-
dis, enabling the host immune system to 
clear the organism.1

After a half century of successful vac-
cine development for toxin, viral and 
encapsulated bacterial diseases, it is per-
haps not surprising that initial efforts 
to develop a staphylococcal vaccine was 
based on the same immunologic mecha-
nism: a humorally focused vaccine. 
The leading effort in this regard was 
StaphVAX, a bivalent vaccine comprised 
of S. aureus capsular polysaccharide types 
5 and 8 bound to pseudomonal exotox-
oid A as a carrier. In phase II clinical 
trials, the vaccine resulted in high anti-
body titers that lasted for approximately 
6 months in patients undergoing chronic 
hemodialysis.3-6 Furthermore, a booster 
dose appeared to maintain antibody lev-
els for more than a year. Unfortunately, in 
a large, pivotal phase III trial, StaphVAX 
did not reduce the incidence of inva-
sive S. aureus infections in hemodialysis 
patients.7 This lack of protective efficacy 
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antibodies in individual mice did not 
correlate well with the risk of death from 
staphylococcal infection.21 Furthermore, 
the vaccine was equally effective in B 
cell deficient mice as wild type mice, 
but had no efficacy in T cell deficient 
mice.11 Adoptive transfer of immune 
B220+ B cells did not transfer protection, 
but transfer of CD4+ T cells did trans-
fer protection. The vaccine was ineffec-
tive in IFNγ and IL-17A deficient mice, 
and in gp91phox-/- mice that are unable to 
produce superoxide. These latter mice 
are therefore used as an animal model 
for Chronic Granulomatous Disease.21 
Cross-adoptive transfer experiments con-
firmed that functional phagocytes were 
operative in vaccine-mediated protection 
at the downstream effector stage, not 
the upstream lymphocyte priming stage. 
Finally, vaccination increased the recruit-
ment and activation of phagocytes at sites 
of tissue infection in mice, and cytokines 
produced by vaccine-primed lympho-
cytes markedly improved the ability of 
phagocytes to kill S. aureus. Hence, the 
rAls3p-N vaccine demonstrates that it is 
feasible to induce a protective immune 
response in mice against S. aureus in 
the absence of induction of protective 
antibodies, and by inducing a protective 
Th1/Th17 response.

Clinical and animal model experience 
has indicated that hosts deficient in phago-
cytes, or phagocytic function, are specifi-
cally predisposed to S. aureus infection. 
This concept strongly suggests that vaccines 
can be developed to specifically enhance 
phagocytic-mediated host defense mecha-
nisms against S. aureus. Nevertheless, 
recent experiences confirm that it is possible 
to induce and identify protective antibod-
ies even against diseases which are clearly 
not dependent on antibody-mediated pro-
tection. Examples include disseminated 
candidiasis and invasive aspergillosis.22-24 
Therefore, the available immunopathogen-
esis data do not preclude development of a 
humoral based vaccine against S. aureus. 
Rather, they suggest that cell-mediated vac-
cines merit additional focus, and raise the 
possibility of combining antigens that stim-
ulate both humoral and cellular responses 
against the pathogenic organism. Indeed, 
the latter may be the most likely strategy 

with B cell or antibody deficiency or 
asplenic states, are not at higher risk for S. 
aureus infections, nor do they have espe-
cially severe S. aureus infections when such 
infections occur.2 The clinical experience 
with patients was recapitulated in a recent 
study of mice deficient in B cells, which 
were not more susceptible to S. aureus bac-
teremia than wild type mice.11

Specific risks that appear to predispose 
to development of uncomplicated skin 
infections primarily relate to behavioral 
and hygiene factors that result in increased 
exposure to S. aureus, particularly in the 
setting of minor trauma to skin.12-15 The 
primary predisposing risk factors for 
acquisition of more invasive staphylococ-
cal infections, and for increasing sever-
ity of such infections, are: (1) defects in 
anatomical barriers, such as from burns, 
intravenous catheters, urinary catheters, 
traumatic or surgical wounds, cardiac val-
vular abnormalities, bronchiectasis/airway 
disease, etc., and (2) quantitative or quali-
tative defects in phagocytic function.2,16-18

We have found that IFNγ deficient 
mice are hypersusceptible to infection 
caused by S. aureus inoculated intrave-
nously.11,19 Others have found that dual 
IL-17A/F deficient mice had an increased 
incidence of developing spontaneous skin 
infections caused by S. aureus.20 Hence, a 
new immunologic strategy to develop an 
anti-S. aureus vaccine may be to induce 
memory T cells which are capable of 
increasing the rapidity and strength of 
phagocyte recruitment to sites of infec-
tion, facilitating clearance of the organism 
from tissues.

Indeed we have recently described a 
novel vaccine strategy against S. aureus 
which is based on immunologic cross 
reactivity of the candidal recombinant 
N-terminus of Als3p (rAls3p-N) vac-
cine against S. aureus cell wall prepa-
rations.11,19 The immunology of this 
vaccine offers new insights into immuno-
logic mechanisms by which vaccines may 
be effective at protecting against inva-
sive S. aureus infections. The rAls3p-N 
vaccine induced high antibody concen-
trations, but these antibodies were not 
protective when used to passively immu-
nize against S. aureus intravenous chal-
lenge.11 Concentrations of anti-rAls3p-N 

occurred despite the presence of impres-
sive anticapsular antibody concentrations 
in immunized patients. Another fac-
tor limiting this approach is that many 
clinical isolates lack these capsular types 
or indeed any capsule. For example, 
the major genetic background causing 
epidemic community acquired (CA) 
methicillin resistant S. aureus (MRSA) 
infection, USA300, elaborates no detect-
able capsular polysaccharide.8

Passive vaccine strategies targeting 
S. aureus have also been developed. The 
Aurexis™ anti-staphylococcal monoclo-
nal antibody targets the Microbial Surface 
Components Recognizing Adhesive Matrix 
Molecule (MSCRAMM), clumping factor 
A. A phase II clinical trial of Aurexis™ as 
adjunctive therapy in patients with estab-
lished S. aureus bacteremia resulted in an 
insignificant trend towards improved out-
comes for treated patients.9 However, high-
titer anti-clumping factor A polyclonal 
antibody resulted in no clinical benefit 
among high-risk premature neonates, and 
did not reduce the risk of developing inva-
sive staphylococcal infection.10

The failure of an active, polysaccharide 
capsular-based vaccine despite successful 
induction of opsonophagocytic antibod-
ies, combined with the failure of passive 
immunization against S. aureus in clini-
cal trials, highlights a logical disconnect 
between these humoral-based strategies 
deployed against S. pneumoniae, H. influ-
enzae and N. meningitidis versus a similar 
approach against S. aureus. In contrast to 
toxins, viruses and encapsulated bacteria, 
to date, no study has defined the nature 
of protective adaptive immunity that 
occurs after natural infection by S. aureus. 
Indeed, it is not at all clear that natural 
infection by S. aureus leads to an immune 
response that protects against re-infection. 
In the absence of available data on protec-
tive immunity after natural infection, 
the only data available on which to base 
a rational vaccine program from S. aureus 
are derived from clinical and experimen-
tal deficiencies in specific host defense 
mechanisms which predispose to S. aureus 
infections.

The immunopathogenesis of S. aureus 
infections stands in contrast to typical 
encapsulated bacterial infections. Patients 
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to result in a strongly protective vaccine 
against S. aureus.

Acknowledgements

B.S. owns shares in NovaDigm 
Therapeutics Inc., which is developing 
vaccine technologies against S. aureus.

R.D. was a paid consultant for Glaxo 
Smith Kline, Merck and Wyeth concern-
ing S. aureus vaccine development. He 
currently consults for Gluconaxyn, which 
is developing vaccine technologies against 
S. aureus.

References
1.	 Plotkin SA. Vaccines: correlates of vaccine-induced 

immunity. Clin Infect Dis 2008; 7:401-9.
2.	 Rich RR, Fleisher TA, Shearer WT, Kotzin BL, 

Schroeder HWJ, eds. Clinical Immunology: 
Principles and Practice. 2nd ed. New York: Mosby 
2001.

3.	 Robbins JB, Schneerson R, Horwith G, Naso R, 
Fattom A. Staphylococcus aureus types 5 and 8 cap-
sular polysaccharide-protein conjugate vaccines. Am 
Heart J 2004; 47:593-8.

4.	 Fattom AI, Horwith G, Fuller S, Propst M, Naso R. 
Development of StaphVAX, a polysaccharide con-
jugate vaccine against S. aureus infection: from the 
lab bench to phase III clinical trials. Vaccine 2004; 
2:880-7.

5.	 Shinefield H, Black S, Fattom A, Horwith G, Rasgon 
S, Ordonez J, et al. Use of a Staphylococcus aureus 
conjugate vaccine in patients receiving hemodialysis. 
N Engl J Med 2002; 46:491-6.

6.	 Fattom A, Fuller S, Propst M, Winston S, Muenz L, 
He D, et al. Safety and immunogenicity of a booster 
dose of Staphylococcus aureus types 5 and 8 capsular 
polysaccharide conjugate vaccine (StaphVAX) in 
hemodialysis patients. Vaccine 2004; 3:656-63.

7.	 Release P. Nabi Biopharmaceuticals Announces 
Results of StaphVAX(R) Confirmatory Phase III 
Clinical Trial. Finance.Yahoo.Com, 2005; (Accessed 
2005, at http://biz.yahoo.com/prnews/051101/
nytu109.html?v=27).

17.	 Laupland KB, Church DL, Mucenski M, Sutherland 
LR, Davies HD. Population-based study of the 
epidemiology of and the risk factors for invasive 
Staphylococcus aureus infections. J Infect Dis 2003; 
87:1452-9.

18.	 Jensen AG, Wachmann CH, Poulsen KB, Espersen 
F, Scheibel J, Skinhoj PF, et al. Risk factors for 
hospital-acquired Staphylococcus aureus bacteremia. 
Arch Intern Med 1999; 59:1437-44.

19.	 Lin L, Ibrahim AS, Xu X, Farber JM, Avanesian V, 
Baquir B, et al. Th1-Th17 cells mediate protective 
adaptive immunity against Staphylococcus aureus and 
Candida albicans infection in mice. PLoS Pathog 
2009; 1000703. PMC2792038.

20.	 Ishigame H, Kakuta S, Nagai T, Kadoki M, Nambu 
A, Komiyama Y, et al. Differential roles of interleu-
kin-17A and -17F in host defense against mucoepi-
thelial bacterial infection and allergic responses. 
Immunity 2009; 108-19.

21.	 Lin L, Ibrahim AS, Baquir B, Avanesian V, Fu 
Y, Spellberg B. Immunological surrogate marker 
of rAls3p-N vaccine-induced protection against 
Staphylococcus aureus. FEMS Immunol Med 
Microbiol 2009; 80:259-62.

22.	 Pachl J, Svoboda P, Jacobs F, Vandewoude K, van der 
Hoven B, Spronk P, et al. Randomized, blinded, mul-
ticenter trial of lipid-associated amphotericin B alone 
versus in combination with an antibody-based inhibi-
tor of heat shock protein 90 in patients with invasive 
candidiasis. Clin Infect Dis 2006; 2:1404-13.

23.	 Torosantucci A, Bromuro C, Chiani P, De Bernardis 
F, Berti F, Galli C, et al. A novel glyco-conjugate 
vaccine against fungal pathogens. J Exp Med 2005; 
02:597-606.

24.	 Torosantucci A, Chiani P, Bromuro C, De Bernardis 
F, Palma AS, Liu Y, et al. Protection by anti-beta-glu-
can antibodies is associated with restricted beta-1,3 
glucan binding specificity and inhibition of fungal 
growth and adherence. PLoS ONE 2009; 5392.


