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Immunogenicity Analysis of Staphylococcus aureus Clumping Factor

A Genetic Variants
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The staphylococcal adhesin clumping factor A (CIfA) has a variant amino acid sequence, generating the potential for alterations
in epitope structure and immunogenicity of this vaccine candidate. We demonstrated for two recombinant CIfA,,_s5, (a slightly
truncated version of the fibrinogen-binding domain of CIfA containing amino acids 40 to 531) genetic variants that strain-spe-

cific epitopes are immunodominant. This work indicates that immune responses elicited by CIfA may, at least in part, be depen-

dent on the strain of origin of the CIfA.

taphylococcus aureus is a normal colonizing species of the hu-

man anterior nares and causes a wide variety of diseases if it
breaches the epithelial layer. Increasingly, S. aureus strains are
methicillin resistant (MRSA) and as such are recalcitrant to clear-
ance with many standard antibiotics (1). Prophylactic vaccination
could be an effective means of decreasing the incidence of infec-
tion by this pathogen. Several vaccine candidates have shown var-
ious levels of success in animal models (for reviews, see references
2 and 3). Clumping factor A (CIfA), an adhesin that can adhere to
both fibrinogen and fibronectin, demonstrated some level of pro-
tection in sepsis (4, 5), arthritis (5, 6), prosthetic device infection
(7), and mastitis (8) models. The fibrinogen-binding domain of
CIfA (amino acids 40 to 559) is responsible for ligand binding. The
entire domain and a slightly truncated version of the domain
(amino acids 40 to 531) have been shown to elicit protection in
animal models (5, 7, 9, 10). A vaccine including a CIfA antigen
based on the fibrinogen-binding domain fragment is currently in
clinical trials (11, 12). Antibodies against the fibrinogen-binding
domain of CIfA have been shown to provide passive protection
against S. aureus disease in sepsis, arthritis, and mastitis animal
models (6, 13, 14).

Up to 14% of the primary amino acid sequence of CIfA varies
between sequenced isolates (15, 16), which could alter epitope
composition and change CIfA antigenicity and immunogenicity
between S. aureus strains. The crystal structure of the N2 and N3
subdomains (amino acids 221 to 559) of the fibrinogen-binding
domain of CIfA (17, 18) was used by Murphy and colleagues (15)
to map the sequence diversity in the N2 and N3 subdomains of 39
CIfA strain variants. They found that the large majority of the
variant regions were surface exposed.

In this study, we examined antibodies elicited by two different
CIfA fibrinogen-binding domain genetic variants to determine the
ability of antibodies elicited by one genetic variant to bind to the
CIfA fibrinogen-binding domain from another genetic variant in
order to examine the strain specificity of the antibody response.
We chose to study CIfA genetic variants of two representative S.
aureus strains, N315 and NRS384 (strain N315 belongs to clonal
complex 5, and strain NRS384, of the pulsed-field gel electropho-
resis [PFGE] type USA300, belongs to clonal complex 8; http:
/Iwww.narsa.net/content/home.jsp). When we aligned the two
proteins from amino acids 40 to 531, we found a 10% amino acid
variation between S. aureus N315 and NRS384 CIfA (see Fig. S1in
the supplemental material). While a crystal structure of neither
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the N315 nor NRS384 CIfA fibrinogen-binding domain is avail-
able, the crystal structure of the Newman CIfA N2N3 fibrinogen-
binding domain, which is 99% identical to that of NRS384 (Fig.
S1), is available. The single amino acid difference falls in the N1
domain, allowing us to use the published crystal structure as a
surrogate for the NRS384 CIfA N2N3 fibrinogen-binding domain.
In order to determine whether the altered amino acids are surface
associated, we compared the amino acid sequence of N315 CIfA to
the published three-dimensional structure of the CIfA N2N3 fi-
brinogen-binding domain from S. aureus strain Newman (18) us-
ing PyMOL software (Schrédinger LLC, New York City, NY). Of
the 41 amino acid variations within the N2N3 region, 40 appear to
be at least partially surface exposed (Fig. 1), with only L508 ap-
pearing to be internal. These results agree with those of Murphy et
al., where structural mapping of 39 CIfA variants indicated that
the majority of diverse sites were surface exposed (15). Because the
crystal structure elaborates the N2 and N3 subdomains of the CIfA
fibrinogen binding domain but lacks the N1 subdomain (amino
acids 40 to 220), we could not examine the locations of amino acid
variations in the N1 subdomain.

We next cloned DNA encoding CIfA ,,_s5, (a slightly truncated
version of the fibrinogen-binding domain of CIfA containing
amino acids 40 to 531) from S. aureus N315 and NRS384 in Esch-
erichia coli and expressed and purified the resultant recombinant
proteins. We immunized BALB/c mice with either CIfA,,,_55, vari-
ant (6-week-old females; 20 g per dose, adsorbed to 200 pg Al-
hydrogel with 15 ug CpG, at days 0 and 14) and obtained immune
sera 2 weeks following the second immunization. We then ana-
lyzed the ability of antibodies generated against each recombinant
to bind to both the homologous and heterologous CIfA ,,_s5, vari-
ants using enzyme-linked immunosorbent assay (ELISA). As
shown in Fig. 2, both antisera bound to both recombinants, illus-
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FIG 1 Locations of variant amino acids on CIfA crystal structure. Amino acids that are altered in S. aureus N315 CIfA N2N3 subdomains compared to S. aureus
Newman/NRS384 CIfA N2N3 subdomains are highlighted in red. The left and right panels are 180° views.

trating that the CIfA,,_s5, variants are cross-immunogenic. How-
ever, we noted that the ELISA curves were slightly shifted when
heterologous antibodies were used, suggesting that antibody
binding to the two variants may differ.

In order to further investigate differences in antibody binding,
we evaluated the ability of each CIfA,,_s5, variant to bind to anti-
bodies generated against either itself or the heterologous variant
using a competitive ELISA. In this assay, soluble recombinant
competitor protein (either S. aureus N315 or NRS384 CIfA,,_s5;)
was titrated starting at 600 nM, mixed with a constant dilution of
antisera (either anti-N315 CIfA,,_<5; or anti-NRS384 CIfA,,_-5,),
and incubated for 1 h. The antiserum/competitor mixture was
then added to a blocked ELISA plate that was coated with the
homologous recombinant CIfA,, 55, (i.e., N315 CIfA,, 55, for
anti-N315 CIfA,, 55, serum and NRS384 CIfA,, 55, for anti-
NRS384 CIfA,,_s3; serum). Anti-mouse I1gG conjugated to horse-
radish peroxidase was used as the secondary antibody (KPL Inc.,
Gaithersburg, MD). The ability of the soluble competitor to bind
to anti-CIfA,,_s;, antibodies and prevent those antibodies from
binding to the antigen coated on the plate (resulting in a lower
absorbance reading) reflects the affinity of those antibodies for the
competitor—the higher the affinity of the antibody for the com-
petitor, the lower the absorbance reading would be. The percent
competition at 600 nM competitor protein was analyzed using a
two-tailed Student’s ¢ test. A difference in the abilities of the ho-
mologous versus heterologous CIfA,,_s3, variants to compete for
antibody binding would indicate differences in antibody affinity.

We found that while soluble homologous antigen effectively
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competed for antibody binding in the competitive ELISA, soluble
heterologous antigen was largely unable to compete (Fig. 3). The
level of competition achieved with 600 nM soluble competitor was
significantly higher when homologous antigen was added than
when heterologous antigen was used (P = 0.0005 for N315
CIfA,_s5, competitor compared to NRS384 CIfA,,_s5; competi-
tor using anti-N315 CIfA,, 55, sera; P = 0.0001 for NRS384
CIfA,y_s3, compared to N315 CIfA,, 55, competitor using anti-
NRS384 CIfA,,_s3, sera). These findings suggest that both anti-
N315 CIfA,, 55, and anti-NRS384 CIfA,, 55, antibodies have a
higher affinity for the homologous variant than for the heterolo-
gous variant. Because the heterologous variant is ineffective at
competing for antibodies in this assay, the data further suggest
that the variant epitopes of CIfA,,_s5, are immunodominant.
The data presented herein highlight the potential for small dif-
ferences in protein composition across S. aureus strains to have
large effects on antigenicity. Recombinant S. aureus N315 and
NRS384 CIfA,,_s3, proteins exhibit only 10% variation in their
amino acid sequences, and antibodies elicited by one genetic vari-
ant will bind to another. However, we demonstrated a large dif-
ference in the ability of each variant to bind to the homologous
versus heterologous antisera in a competitive ELISA. This suggests
that minor amino acid variations may affect the antibody reper-
toire elicited by the CIfA fibrinogen-binding domain in that the
affinity of the antibodies generated is higher for the homologous
variant than for the heterologous variant. We do not know what
effect, if any, lower antibody affinity to heterologous CIfA might
have on protection afforded by this antigen in vivo. However,

B NRS384 CIfA Coat
3_
® Anti-N315 CIfA
®  Anti-NRS384 CIfA
2_
wn
=]
3
14
0 T T T 1
100 1000 10000 100000 1000000
1/dilution

FIG 2 Antigen binding by heterologous CIfA antibodies in direct ELISA. (A and B) Serially diluted anti-N315 CIfA,,_s5, sera and serially diluted anti-NRS384
CIfA,,_s3, serawere applied to an S. aureus N315 CIfA,,_s5,-coated plate (A) or an S. aureus NRS384 CIfA,,_s5,-coated plate (B). The graphs were generated from
data from duplicate plates with the mean * standard error of the mean (SEM) shown for each point. The figure shows data from one experiment that is
representative of two independent experiments.
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FIG 3 Limited antibody binding by heterologous CIfA in competitive ELISA. (A and B) Diluted anti-N315 CIfA,,_s5, sera (A) and diluted anti-NRS384
CIfA 4y_s3, sera (B) were mixed with the indicated concentrations of either S. aureus N315 CIfA ;_s3, or S. aureus NRS384 CIfA ,,_s5, prior to addition to an N315
CIfA,,_s3,-coated plate (A) or an NRS384 CIfA,,_s;,-coated plate (B). Percent competition was calculated by normalizing the data points to the highest A5
reading for each antibody/competitor sample (normalized to 100% IgG binding to plate or 0% competition). The graphs were generated from data from
duplicate plates with the mean = standard error of the mean (SEM) shown for each point. The figure shows data from one experiment that is representative of
three independent experiments.

these results provide the cautionary note that if CIfA is included in
a vaccine, the potential strain specificity of protection afforded by
the CIfA antigen should be considered and evaluated.
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