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Subunits of a proline-rich coccidioidal antigen (Ag2/PRA) of Coccidioides immitis were analyzed by compar-
ison as vaccines in mice. The optimal dose of plasmid vaccine encoding full-length Ag2/PRA was determined
to be between 10 and 100 pg. Mice vaccinated with plasmids encoding amino acids (aa) 1 to 106 were as
protective as full-length Ag2/PRA (aa 1 to 194). The subunit from aa 27 to 106 was significantly but less
protective. Plasmids encoding aa 90 to 151 or aa 90 to 194 were not protective. Analogous results were obtained
with recombinant vaccines of the same amino acid sequences. In addition, mixtures of aa 90 to 194 with either
aa 1 to 106 or aa 27 to 106 did not enhance protection compared to the active single-recombinant subunits
alone. Humoral response of total immunoglobulin G (IgG) and subclasses IgG1 and IgG2a were detectable in
subunit vaccinations but at significantly (100-fold) lower concentrations than after vaccination with plasmids
encoding full-length Ag2/PRA. Since virtually all protection by vaccination with full-length Ag2/PRA can be
accounted for in the first half of the protein (aa 1 to 106), this subunit could make a multicomponent vaccine
more feasible by reducing the quantity of protein per dose and the possibility of an untoward reactions to a

foreign protein.

Coccidioidomycosis is the consequence of infection with the
fungus Coccidioides immitis (20). A few infections require ex-
tensive or lifelong antifungal treatment (8), especially if expo-
sure is more intense (3, 5, 7, 19, 21, 26). To prevent some or all
of the complications of coccidioidomycosis by vaccination
would seem feasible, since most infections resolve spontane-
ously (11) and engender a high level of resistance to reinfec-
tion. Whole-cell vaccines protected mice if relatively large
doses of vaccine were used (13, 14). In a human trial of the
whole-cell vaccine, there was substantial local inflammation at
the injection site, making it unacceptable (16, 22). Further
attempts to develop a coccidioidal vaccine for humans have
focused on subcellular and recombinant preparations (15).

The proline-rich coccidioidal antigen Ag2/PRA is a 194-
amino-acid (-aa) protein which is a component of a glycopep-
tide. In previous studies, either protein vaccines using recom-
binant Ag2/PRA (rAg2/PRA) or DNA vaccines based on the
sequence encoding Ag2/PRA demonstrated protection from
otherwise lethal coccidioidal infection in mice (1, 9, 12, 19a).
However, these studies also indicated that protection from
Ag2/PRA in murine models of coccidioidal infection is not as
complete as that obtained with killed whole-cell vaccines. Al-
though it is possible that a vaccine candidate prepared with
rAg2/PRA as the only antigenic component would be suffi-
ciently effective to be of practical benefit, it is also possible that
a more useful vaccine might be obtained by immunization with
two or more coccidioidal antigens. If more than one compo-
nent is to be used, reducing each protein to the essential
domain responsible for protection may be important to mini-
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mize the size of the vaccine dose and to reduce possible unto-
ward side effects of immunization.

Zhu et al. used recombinant truncations of Ag2/PRA to
detect antibody binding of human immune serum to aa 19 to 79
but not to aa 19 to 61, aa 49 to 79, or aa 62 to 194 (25). To
extend this work, we used a computer algorithm to identify
putative antigenic domains and also analyzed the sequence for
common structural motifs as has been done by others (23). In
this report, we used both DNA and protein vaccines prepared
with subunits of Ag2/PRA to further define the antigenic do-
main responsible for protection.

MATERIALS AND METHODS

Mice. Female, 6-week-old BALB/c mice were purchased from Harlan-
Sprague-Dawley (Indianapolis, Ind.).

Design of Ag2/PRA subunits. We used PEPTIDESTRUCTURE (GCG Pack-
age; Genetics Computer Group, Madison, Wis.) as a guide in designing four
overlapping subunits of Ag2/PRA. In order not to miss potential epitopes, we
divided the full-length protein approximately in half with a 17-aa overlap (aa 1 to
106 and aa 90 to 194). For additional studies, we also prepared internal subunits
corresponding to aa 27 to 106 and aa 90 to 151 to encompass and overlap specific
subunits suggested by structural analysis.

Construction of plasmid vaccines. A mammalian expression vector, VR1020
(Vical, Inc., San Diego, Calif.), was used to construct the DNA vaccine, pCVP20.17,
encoding the full-length sequence (1) and subunit sequences of Ag2/PRA (primer
sequences and PCR conditions available on request). The orientation, frame, and
sequence of plasmid inserts were confirmed by DNA sequencing.

For selected studies, a plasmid encoding murine interleukin-12 (IL-12)
(pVR4001; Vical) was also used. In preliminary studies we confirmed by our
immunization procedures that the plasmid encoding IL-12 by itself had no
protective effect against a coccidioidal infection.

Expression of recombinant peptides. Procedures for expression and purifica-
tion of rAg2/PRA have been previously described (12) and followed for the
subunits. Optimal expression was as follows: for the subunit encoding aa 1 to 106
(subunit 1-106), pET32a vector in BL21(DE3) cells grown in terrific broth; for
subunit 27-106, pET28a vector in BL21(DE3)star cells grown in Luria broth; and
for subunit 90-194, pET28a vector in Tuner(DE3)plysS cells grown in terrific
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broth. After expression, each recombinant peptide was separated from its fusion
partner, concentrated, and stored at —70°C until use. Purity of recombinant
proteins was greater than 95% as determined by Coomassie blue staining of
electrophoretic separations (18) using 16.5% Tricine acrylamide gel (Bio-Rad,
Hercules, Calif.).

Protection studies. Immunizations were carried out as previously described
with groups of eight or more mice (1). Mice were vaccinated twice 4 weeks apart.
One month after the second injection, mice were infected intraperitoneally
(51 = 13 arthroconidia per mouse [mean * standard error of the mean]) with
strain s of C. immitis as previously described (1). Fourteen days after infection,
all mice were sacrificed with an overdose of inhalant anesthesia, and the spleen
and right lung were removed aseptically from each mouse. CFU were enumer-
ated at 3 days and reported as log;, CFU per organ.

Serologic assays. Mice were vaccinated as above. Four to five weeks after
booster immunization, uninfected mice were anesthetized and exsanguinated via
the retro-orbital plexus; blood was collected using a heparinized, capillary-based
collection system (Microvette CB300; Sarstedt, Newton, N.C.) and centrifuged,
and the plasma was harvested and frozen at —20°C until titration for total IgG,
1gG1, and IgG2a as previously described (1). Briefly, plasma was diluted in
fourfold serial dilutions and applied in triplicate to microtiter plates coated with
full-length rAg2/PRA. Antibody was detected with a horseradish peroxidase-
conjugated anti-immunoglobulin, and absorbance was measured by an optical
density reader. The titer was determined as the highest dilution that was twice
the level of the background.

Statistical analyses. For fungal burden of organs of infected animals, com-
parisons between groups were determined by analysis of variance and Duncan’s
multiple-range tests as implemented by SAS software (version 6.12; SAS Insti-
tute, Inc., Cary, N.C.). The type I experiment-wise error rate of 0.05 was used to
control for multiple comparisons.

Comparisons between immunoglobulin titers of mice immunized with different
plasmid vaccines utilized the Kruskal-Wallis test (Systat; SPSS, Inc., Chicago,
IIL).

RESULTS

Protection against infection with C. immitis in relation to
Ag2/PRA DNA vaccine dose. In a previous study, vaccination
with 100 pg of plasmid containing cDNA encoding full-length
Ag2/PRA (pCVP20.17) conferred protection on BALB/c mice
infected intraperitoneally with C. immitis (1). In the present
study, lower doses of pCVP20.17 were assessed (Fig. 1). Com-
pared to the vector alone, all vaccine doses produced signifi-
cant reductions in colonies in both lungs and spleens (P <
0.05). In cultures of lungs, both the 100- and 10-wg doses
produced significantly greater reductions in colonies than did
the 1-pg vaccine dose (P < 0.05). In cultures of spleens, the
10-pg dose was significantly more protective than either 1- or
100-pg doses (P < 0.05). Based upon these results, 20 pg of
plasmid was used in subsequent studies.

Differential effects of DNA subunit vaccines. As shown in
Fig. 2, significantly fewer colonies of C. immitis were iso-
lated from lungs of mice vaccinated with plasmids encoding
either aa 1 to 106 or aa 27 to 106 than from mice receiving
the vector alone (P < 0.05). Although subunit 1-106 was
similar to full-length antigen, subunit 27-106 was less effec-
tive (P < 0.05). In contrast, there was virtually no effect of
vaccination with plasmids encoding either aa 90 to 151 or aa
90 to 194.

Although there appeared to be no protection from the
plasmid encoding aa 90 to 194 when used alone as a vaccine,
it is still possible that this portion of the protein might
contribute an adjuvant-like effect. In order to determine if
our methods would detect such an effect, should it exist, we
coadministered a plasmid encoding aa 27 to 106 with one
encoding murine IL-12, which in a previous report by Jiang
et al. enhanced protection by the full-length Ag2/PRA (10).
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FIG. 1. Comparison of protection afforded by different vaccine
doses of plasmids encoding full-length Ag2/PRA. Each box represents
the range for 25% of the results above and below the group median
(indicated by the horizontal line within the box). The vertical lines
indicate the 95% confidence range for the group.

In our hands, vector alone resulted in a mean log,, CFU of
5.74, vaccination with plasmid encoding aa 27 to 106 re-
duced the log,, CFU to 3.85, and vaccination with plasmid
encoding aa 27 to 106 in combination with plasmid encoding
IL-12 reduced log,, CFU to 1.70. Each of these groups was
significantly different from the other two (P < 0.05). Also,
log,, CFU after vaccination with plasmids encoding full-
length Ag2/PRA was 2.11, a difference from vector alone
similar to that found in other studies. That we obtained the
same effect of the plasmid encoding IL-12 in combination
with the subunit antigen as did Jiang et al. with the full-
length antigen is useful for the interpretation of studies with
combinations of recombinant peptide subunits described in
the following section.

Protection afforded by recombinant peptide subunit vac-
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FIG. 2. Comparison of protection afforded by vaccination with plasmids encoding either full-length Ag2/PRA or its different subunits. The
results are from two separate studies (indicated by different hatchings) which yielded similar results. See Fig. 1 legend for details.

cines. As previously seen with plasmid vaccination (Fig. 2),
mice vaccinated with full-length Ag2/PRA or either recombi-
nant peptides 1-106 or 27-06 were significantly protected (P <
0.05) compared to mice receiving adjuvant alone (Fig. 3). Also
similar to the previous study, vaccination with recombinant
peptide 1-106 was more protective than was recombinant pep-
tide 27-106 (P < 0.05). In contrast, vaccination with the re-
combinant peptide 90-194 showed virtually no protection. Fur-
thermore, coadministration of recombinant peptide 90-194
with either of the N-terminal subunit recombinant peptides did
not enhance their protection.

Humoral responses to subunit vaccination. Mice vaccinated
with plasmids encoding the full-length protein consistently de-
veloped higher titers of total IgG and both IgG subclasses
compared to mice receiving plasmids encoding either aa 1 to
106 or aa 27 to 106 (Fig. 4) (P < 0.01 for all comparisons).
Vaccination with vector alone or plasmids encoding aa 90 to
194 resulted in no detectable anti-Ag2/PRA antibodies. More-
over, mice immunized with mixtures of plasmids encoding aa 1
to 106 or aa 27 to 106 with aa 90 to 194 had humoral responses
similar to those seen in mice immunized with plasmids encod-
ing aa 1 to 106 or aa 27 to 106 alone (data not shown).

DISCUSSION

The studies reported here suggest that all of the vaccine
protection afforded mice against infection with C. immitis ex-
ists within the first 106 aa of the 194-aa Ag2/PRA. In keeping
with our previous report (1), protection from vaccination with
subunits of Ag2/PRA was evident whether vaccination was
carried out with plasmids encoding the antigen or with recom-
binant peptides in monophosphoryl lipid A (MPL) adjuvant.
Some of this activity has been localized to the sequence from
aa 27 to 106 (Fig. 2 and 3). However, this does not account for
all of the protection that results from immunization with plas-
mids encoding full-length Ag2/PRA. In other studies not yet
published and using a different murine model of coccidioidal
infection than is described in the present report, we have found
significant protection from the recombinant peptide 1-40 when
administered with MPL adjuvant. Therefore, we believe that it
is more likely that this sequence contributes specific protective
epitopes to those present in aa 27 to 106.

In an effort to rationally design subunits for vaccination
studies, we had analyzed the primary amino acid sequence of
Ag2/PRA for functional domains, some of which are hallmarks
of fungal cell wall proteins. As previously reported, aa 1 to 18
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FIG. 3. Comparison of protection afforded by vaccination with recombinant proteins of full-length Ag2/PRA or its different subunits. See

Fig. 1 legend for details.

form a putative signal sequence for export to the cell surface
via the endoplasmic reticulum (24). Between aa 26 and 83,
there is an eight-cysteine motif of unknown function, recently
described in proteins from two other pathogenic fungi (2, 6).
The proline- and threonine-rich repeating sequences found
between aa 98 and 141 are a common feature of fungal cell wall
proteins, and in vivo, they may be highly O-glycosylated and
cross-linked to cell wall polysaccharides. The C-terminal 23 aa
form a putative glycosylphosphatidylinositol signal sequence.
Absence of a two-lysine motif N terminal to the cleavage site
suggests that Ag2/PRA is most likely not bound to the cell
membrane via glycosylphosphatidylinositol (4) but rather is
attached to the cell wall matrix. Thus, aa 1 to 18 and aa 172 to
194 are most likely not a part of the mature protein in vivo.
The antigen prediction algorithm that we used is based on
surface properties of globular proteins and may have little to
do with the processed peptides presented to major histocom-
patibility complex class I or class II. Algorithms which recog-
nize class I epitopes are better developed (17), but these are
restricted to specific inbred strains for a given species as these
domains can be predicted only in the context of specific major
histocompatibility complex. A search using one such database
revealed no class I motifs for H-2¢ (BALB/c) in tAg2/PRA.
Class II motifs are less well understood and may be more
dependent on flanking regions that influence antigen process-

ing than on internal peptide sequence (17). Although we used
the functional and immunologic motifs as a framework on
which to design the ends of our subunit peptides, we could not
from this analysis have predicted that the protective activity of
rAg2/PRA would be localized to the first 106 aa.

We have also addressed the possibility that aa 90 to 194
could provide adjuvant-like enhancement to the N-terminal
half of Ag2/PRA. That plasmids encoding IL-12 enhanced the
protection by plasmids encoding aa 27 to 106 (Fig. 3) provides
evidence that such effects could be detected by our methods.
However, we were unable to demonstrate a similar affect with
recombinant peptide 90-194 mixed with either peptide 1-106 or
27-106. In these studies, all vaccines contained MPL as an
adjuvant, so the possibility exists that aa 90 to 194 may have
some adjuvant-like effect that was obscured by the concurrent
use of MPL. However, we have previously demonstrated the
need for an adjuvant to confer protection of full-length rAg2/
PRA in BALB/c mice (1). Thus, whatever adjuvant-like effect
the recombinant peptide 90-194 may have, it is likely to afford
little benefit in excess of that provided by MPL or perhaps
other generally available adjuvants.

Measurement of total IgG and its subclasses in sera from
mice vaccinated with subunit vaccines demonstrated that both
IgG1 and IgG2a were stimulated but that the antibody titers
were approximately 100-fold lower than those produced with
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FIG. 4. Humoral responses of mice vaccinated with plasmids encoding full-length Ag2/PRA or its subunits. Bars represent geometric mean
titers for each group of mice. Open bars, total IgG; rising hatch, IgG1; falling hatch, IgG2. Numbers in parentheses indicate number of mice

immunized for each group.

full-length antigen vaccine (Fig. 4). We presume that this dif-
ference is due to loss of tertiary structure that is present in the
full-length antigen.

Based upon these studies, the subunit 1-106 could be sub-
stituted for full-length Ag2/PRA in formulations of practical
vaccine candidates to prevent coccidioidomycosis. Such a se-
lection would require less protein per dose, which may be of
particular importance if Ag2/PRA is only one of several anti-
gens. Moreover, the administration of any foreign protein as a
vaccine carries with it a risk of either allergic or toxic untoward
reactions. Therefore, to eliminate amino acid sequence that
contributes nothing to protection should improve the safety
profile of the vaccine candidate. Finally, one approach to pro-
duction of multicomponent vaccines is to express them in se-
quence as a single-recombinant peptide. This potentially al-
lows for simplification of the production process and decreased
expense. Substituting a subunit for full-length Ag2/PRA would
make this approach more feasible by reducing the overall size
of the resulting multicomponent antigen.
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