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ABSTRACT Pneumocystis pneumonia (PcP) is a life-threatening infection that affects im-
munocompromised individuals. Nearly half of all PcP cases occur in those prescribed ef-
fective chemoprophylaxis, suggesting that additional preventive methods are needed.
To this end, we have identified a unique mouse Pneumocystis surface protein, desig-
nated Pneumocystis cross-reactive antigen 1 (Pcal), as a potential vaccine candidate.
Mice were immunized with a recombinant fusion protein containing Pcal. Subsequently,
CD4+ T cells were depleted, and the mice were exposed to Pneumocystis murina. Pcal
immunization completely protected nearly all mice, similar to immunization with whole
Pneumocystis organisms. In contrast, all immunized negative-control mice developed
PcP. Unexpectedly, Pcal immunization generated cross-reactive antibody that recog-
nized Pneumocystis jirovecii and Pneumocystis carinii. Potential orthologs of Pcal have
been identified in P. jirovecii. Such cross-reactivity is rare, and our findings suggest that
Pcal is a conserved antigen and potential vaccine target. The evaluation of Pcal-elicited
antibodies in the prevention of PcP in humans deserves further investigation.
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neumocystis pneumonia (PcP) is a common opportunistic infection, with 10,000

estimated cases each year in the United States and more than 400,000 cases
worldwide (1, 2). The need for admission to the intensive care unit and ventilator
support is common. Mortality rates of up to 40% are typical in high-risk patient
populations despite first-line treatment. PcP affects immunosuppressed hosts, with
cancer patients and organ transplant recipients accounting for the majority of cases in
developed countries (3, 4). Patients receiving immunomodulatory agents and those
with preexisting lung disease represent growing patient populations at risk of devel-
oping PcP. These factors contributed to an overall increase in the incidence of PcP in
England from 2000 to 2010, despite a decline in the number of HIV-associated cases
during that time period (3).

While effective chemoprophylaxis for PcP exists, half of all PcP cases occur in those
prescribed adequate prophylaxis, most commonly a result of noncompliance (5).
Another threat to the effectiveness of chemoprophylaxis is the potential for the
development of resistance to trimethoprim-sulfamethoxazole, unquestionably our
most effective prophylactic and therapeutic agent (6). Mortality rates have changed
little over the past few decades, emphasizing the need for additional treatment options.
Immunization, passive or active, is a viable approach. Active immunization of children
and adults with cancer against bacterial and viral pathogens during the initial phases
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TABLE 1 Summary of protection by Pcal immunization?

Value for parameter for mice immunized with the following

immunogen®:
Negative-control Pca1 fusion Whole Pneumocystis
Parameter protein protein (positive control)
No. of mice
Not protected 23 4 1
Protected 0 33 11
Total 23 37 12
% mice protected 0 89*** 92***

aProtection defined as an organism burden below the limit of detection by qPCR.
b*** P < 0.0001 for mice immunized with Pcal or whole Pneumocystis compared to the negative-control
value by Fisher's exact test.

of chemotherapy has been shown to protect them through periods of immunosup-
pression (7-9). Pneumocystis is an attractive target for vaccine-based prevention, since
patient populations at risk for PcP can often be identified prior to patients becoming
immunosuppressed.

Active immunization with whole organisms is uniformly protective in animal models
of PcP (10-12). However, the antigenic profile of Pneumocystis infecting each host is so
distinct from that of Pneumocystis infecting any other host species that cross-protective
immunity is not induced. For example, immunization of mice with mouse-derived
Pneumocystis (P. murina) protects them from subsequent infection, while immunization
with ferret-derived Pneumocystis fails to protect (13). The inability to cultivate the
organism is a further impediment to vaccine development. An alternative approach is
to use molecular techniques to develop a subunit vaccine, especially one that contains
cross-reactive epitopes. Such antigens are rare but do exist (13, 14). Thus far, the
efficacy of subunit vaccines for Pneumocystis has not matched that observed with
whole-cell vaccination.

We previously identified a protective monoclonal antibody (MAb), 4F11, that is
cross-reactive with other Pneumocystis species, including P. jirovecii (13). Active immu-
nization with a 142-amino-acid polypeptide (A12) that contains a 4F11 epitope elicits
a protective response, decreasing organism burden and lung inflammation (15). We
have now isolated and partially characterized the full-length cDNA from which the A12
C-terminal polypeptide was derived. On the basis of the findings described herein, we
suggest the name Pneumocystis cross-reactive antigen 1 (Pca1) for this molecule. Here,
we show that active immunization with the N-terminal half of Pcal protected against
infection in a CD4* T cell-depleted mouse model of PcP. Furthermore, antibody
generated from the immunization of mice with this protein also recognizes epitopes on
the surface of the human pathogen, P. jirovecii, highlighting the possibility of devel-
oping Pcal as a human vaccine candidate.

(Part of this work was presented in poster format at the 54th Interscience Confer-
ence on Antimicrobial Agents and Chemotherapy, Washington, DC, 2014.)

RESULTS

Pcal immunization provides protection against infection. After immunizing
immunocompetent mice with Pcal, whole Pneumocystis, or control proteins, we mim-
icked the human susceptibility to PcP through depletion of CD4* T cells with anti-CD4
antibody (clone GK1.5). Circulating CD4" T cells were reduced from 13 to 18% to 0 to
1% of the total lymphocyte population sampled from the spleen. We then used an
established mouse model of PcP that simulates natural infection by cohousing the
susceptible, immunized mice with actively infected SCID mice (15). Pcal immunization
provided protection against subsequent infectious challenge (Table 1), with complete
protection being defined as undetected organism burden by quantitative PCR (qPCR)
(total lung organism burden below 104, the lower limit of detection). All unimmunized
control mice developed PcP, confirming the functional efficacy of our CD4" cell
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FIG 1 Pcal immunization reduces organism burden in a dose-dependent trend. (A) Mice immunized with
Pca1 fusion protein and with Pneumocystis detected by qPCR (n = 37) (triangles) had reduced Pneumo-
cystis (Pc) organism burdens compared to mice immunized with the fusion partner (n = 10) (circles) or
an irrelevant protein (n = 18) (squares). Data points represent log transformation of qPCR, with the limit
of assay detection marked by the dashed line. Data from six experiments are shown, and the data are
color coded. (B) Increasing doses of Pcal immunization resulted in an increased number of mice
protected from infection. Values that are significantly different from the value for the negative control are
indicated by asterisks as follows: **, P < 0.01; *, P < 0.05. Data from two pooled experiments are shown.

depletion regimen and infection strategy. Nearly all mice (32/37) immunized with Pca1
were completely protected against infection, with undetected organism burden at the
time of sacrifice, whereas none of the 28 control protein-immunized mice were
protected (Table 1) (P < 0.0001 by Fisher's exact test). The proportion of mice protected
by Pcal immunization was statistically indistinguishable from the proportion protected
by whole-cell Pneumocystis immunization (Table 1). These results were confirmed by
examining the lung homogenates after silver staining to identify Pneumocystis cysts.
Furthermore, PCR for the multicopy glycoprotein A (gpA) gene failed to detect any
target DNA in lung samples from protected mice (data not shown). The finding of
reduced organism burden compared to that in experimental controls in the few mice
immunized with Pcal but not completely protected may be an in vivo demonstration
of dose-dependent response to immunization (Fig. 1A). Although not statistically
significant, likely due to sample size, this provides additional evidence for vaccine
efficacy.

To determine a threshold dose, mice were immunized with different doses of Pcal.
As expected, the efficacy of Pcal was dependent on the dose. All five mice immunized
with 100 ug of Pcal were completely protected against infection, whereas only three
of five mice immunized with either 80 g or 40 g and one of five mice immunized
with 10 ug of Pcal had undetected burden (Fig. 1B).

Molecular characterization of P. murina Pcal. Nucleotide sequence analysis
(GenBank accession no. KX011348) and Southern blotting (data not shown) demon-
strated that the Pcal antigen gene is present in a single copy. It encodes a 1,099-
amino-acid protein of unknown function. Specifically, the protein does not have
characteristics typical of fungal adhesins (16). Nor was there significant homology with
closely related fungal species such as Schizosaccharomyces pombe. Significant protein
sequence homology was found in the genomes of rat Pneumocystis (P. carinii) and
human Pneumocystis (P. jirovecii) sequences deposited in data banks. A single protein
with identity and similarity to Pcal of 39% and 61%, respectively, was identified in the
P. carinii genome (accession no. KTW27087.1) Five putative Pcal orthologs were
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FIG 2 Pcal-specific antibody development in immunized mice. (A) Pooled sera from five mice bled 3
weeks after completing a three-dose immunization series of 80 ug of Pcal fusion protein (high-dose
Pca1) demonstrated antigen-specific antibody as measured by ELISA to a Pcal polypeptide. Pooled sera
from five mice immunized with only 10 ug of the Pcal fusion protein (low-dose Pcal) or 80 ug of the
fusion partner only (negative control) did not demonstrate significant antibody development above
PBS-immunized mice (sham). OD s, Optical density at 405 nm. (B) Pca1-specific antibody was detected
in high-dose Pcal-immunized mice approximately 6 weeks following CD4* T cell depletion and subse-
quent exposure to Pneumocystis, corresponding to approximately 9 weeks after the last immunization.
Values are means * standard errors of the means (SEM) (error bars) for the groups (five animals in each
group).

identified in the genome of P. jirovecii (KTW31106.1, KTW25468.1, KTW32226.1,
KTW25482.1, and KTW25472.1). These proteins displayed identity and similarity to Pca1
of up to 26% and 45%, respectively, and 48 of the 49 cysteine residues in mouse
Pneumocystis Pcal are conserved in these human Pneumocystis sequences. Importantly,
these five P. jirovecii proteins were highly similar to each other, with identity and
similarity scores ranging from 78 to 89% and 87 to 93%, respectively.

Pcal immunization generates antigen-specific antibody that cross-reacts with
the human pathogen, P. jirovecii. Pcal immunization resulted in production of
antibody to the Pca1 portion of the fusion protein (Fig. 2A) in a dose-dependent fashion
after a three-dose immunization series as measured by an enzyme-linked immunosor-
bent assay (ELISA) to a Pcal polypeptide lacking the fusion partner. Little Pcal-specific
antibody could be detected in sera from mice immunized with a low dose (10 ng) of
Pcal or the fusion partner alone. Pcal-specific antibody was detected in high-dose
Pcal-immunized mice following Pneumocystis exposure and sacrifice approximately 9
weeks after the last immunization (Fig. 2B).

To evaluate cross-reactivity, indirect immunofluorescence assays (IFA) were per-
formed with antisera from Pcal- and control protein-immunized mice and tested
against Pneumocystis isolated from three different host species. Antisera from Pcal-
immunized mice contained antibody that bound to not only the mouse-derived P.
murina (Fig. 3A) cysts but also rat-derived P. carinii (Fig. 3B) and, importantly, to four
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FIG 3 Pcal antisera recognize both mouse and human Pneumocystis cysts by IFA. Antisera from mice
immunized with the Pcal fusion protein bound not only to the surface of mouse species-specific

Pneumocystis (P. murina) cysts (A) but also to the surfaces of rat-specific P. carinii (B) and the human
pathogen P. jirovecii (C). No such binding was observed with fusion partner-immunized antisera (D).

distinct clinical isolates of P. jirovecii isolated from infected patients (Fig. 3C). This
binding to P. jirovecii was similar to that seen with positive-control MAb 4F11, known
to be cross-reactive (data not shown). No such binding to P. jirovecii was observed with
the antisera from mice immunized with the fusion partner trigger factor (Fig. 3D).

DISCUSSION

We describe here the characteristics of a novel Pneumocystis antigen, Pcal, isolated
from P. murina with an ortholog identified in P. jirovecii. Immunization with the
N-terminal half of Pcal protects in a mouse model of PcP and has the unique characteristic
of inducing antibody that cross-reacts with human Pneumocystis, P. jirovecii. The host
species specificity of Pneumocystis impedes the human translation of many animal model
observations, and previous studies have failed to demonstrate serologic cross-reactivity or
protection (13). Only three cross-reactive MAbs have been identified to our knowledge (13,
14). One of these antibodies, 4F11, has a known antibody epitope in the C terminus of the
full-length Pca1. Since immunization with this polypeptide was only partially protective in
the mouse model (17), we set out to clone the entire gene. The cross-reactivity of
N-terminal Pca1 antisera opens the possibility of using heterologous Pneumocystis antigens
to protect humans against the development of PcP.

The extent of protection that resulted from immunization with Pcal was unex-
pected, since partial protection after immunization appears to be the typical outcome
of immunization against fungal pathogens such as Candida, Aspergillus, and Cryptococ-
cus (18-22). A number of potential vaccine candidates have been evaluated in animal
models of PcP as well, but at best, they achieved only partial protection (15, 23-27). A
recent publication also describes boosting naturally acquired antibody in Pneumocystis-
exposed animals with a fragment of kexin as a means to enhance immune response to
Pneumocystis (28). The presence of shared antibody epitopes between kexin and Pca1
warrants further analysis of vaccine immunogenicity and efficacy (17). The complete
clearance of Pneumocystis from Pcal-immunized and -exposed animals reinforces the
role Pcal may have in PcP protection.

While these experiments were not designed to determine the mechanism of vaccine-
induced protection, several observations are consistent with antibody-mediated protection.
We have previously shown that administration of a Pcal-binding MAb (4F11) reduces
organism burden, and maximal reduction of Pneumocystis after MAb infusion requires an
intact Fc region and a functional complement system (29). Persistence of protection well
after immunization and in the absence of CD4* T cells also is most consistent with
antibody-mediated protection. CD8™ T cells do not appear to have a major role in defense
against Pneumocystis and are not necessary for organism clearance. Therefore, they are
unlikely to play a role in Pcal-mediated protection (30).

To circumvent the difficulties in synthesizing full-length Pneumocystis proteins, we
have examined the immunogenicity of fragments of Pcal. We previously demonstrated
that the C-terminal end was partially protective (15) and have now characterized the
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efficacy of immunization with the N-terminal half of the protein. In addition to
completely protecting nearly all animals from subsequent infection, Pcal immunization
produced antibodies that reacted with P. jirovecii, a rare finding. The ability of Pcal
immunization to protect mice from infection and induce antibody that binds to P.
jirovecii makes Pcal a leading candidate for further development into a potential
human subunit vaccine.

While Pcal was isolated from P. murina, it may prove valuable in developing a
vaccine for use in humans. From a technical standpoint, the potential advantage of
Pcal is that it could be tested in animal models and, if warranted, based on animal
model results, it could be moved to clinical trial with supporting data for its activity in
humans. It would be unlikely that a vaccine based on human pneumocystis could be
utilized in both animals and humans unless it too was based on a cross-reactive antigen
(13). Pcal provides a potential immunological advantage as well. The antigenic diver-
sity of P. jirovecii has not been well studied. However, if Pcal induces antibody that is
cross-reactive with pneumocystis from a range of mammalian hosts, it may be more
likely that the vaccine would induce an immune response broadly reactive with most,
if not all, human pneumocystis.

Finally, we appear to have identified the ortholog of mouse Pcal in the human
pathogen, P. jirovecii. The degrees of identity and of similarity observed between mouse
Pneumocystis-derived Pcal and candidate ortholog sequences identified in rat and human
Pneumocystis are similar to those observed between Pneumocystis surface glycoprotein A
sequences from different mammalian host species (31, 32). The additional observation of
cysteine conservation between mouse Pcal and the candidate human Pneumocystis or-
tholog suggests similar protein structure. The identification of a human Pneumocystis
ortholog and demonstration of cross-reactive antibody production overcome the host
species specificity impediment to translation of Pneumocystis animal models.

We have demonstrated that active immunization with mouse Pcal protects mice
against subsequent infectious challenge. The mice were immunocompetent at the time
of immunization. However, most patients at risk for PcP can be identified during
periods of relative immunocompetence, such as during early HIV infection or prior to
the administration of immunosuppressive agents for malignancy or autoimmune con-
ditions. These patients would be ideal candidates for active immunization. Even pa-
tients undergoing chemotherapy have been shown to demonstrate adequate antibody
responses to polysaccharide, protein, and conjugated vaccines (7, 8, 33). The vaccina-
tion strategy could also be optimized to function in a T cell-independent fashion
through adjuvants of conjugation. Additionally, it could be used in CD4* T cell-
independent platforms such as DNA vaccination (27).

Immune-mediated inflammation is a key component in the pathophysiology of
PcP. Passive treatment with pools of anti-Pneumocystis monoclonal antibodies,
including 4F11, has previously been shown to reduce both organism burden and
inflammation (34-36). Therefore, in addition to the antimicrobial effects, the im-
munoregulatory effects of high-dose intravenous immunoglobulin (IVIG) may pro-
vide additional benefit in the treatment of a patient with PcP. Pcal or the human
ortholog could be used to generate high-titer antisera for passive administration, as
is done for diseases such as tetanus and rabies. Patients likely to have a poor
prognosis, usually as a result of inflammatory injury, can frequently be identified on
admission to the hospital and could be targeted for treatment (37). These studies
support further investigation into the development of Pcal-based prophylactic and
therapeutic immunotherapies. With PcP-related mortality remaining high and rel-
atively unchanged, Pcal-based immunotherapy could provide a novel therapeutic
approach to our current management of PcP.

MATERIALS AND METHODS

Mice. Pathogen-free CB.17 and SCID mice on a CB.17 background were obtained from a breeding
colony at the University of Rochester animal care facilities (originally purchased from Taconic Biosciences,
Germantown, NY) and housed in microisolator cages, given sterile food and water ad lib.
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Cloning and characterization of the Pcal antigen cDNA and gene. Using the Pcal partial cDNA
sequence (GenBank accession no. AY371664.1) as a starting point, we used GeneRacer (Invitrogen,
Carlsbad, CA) reactions to obtain the full-length sequence of the cDNA (GenBank accession no.
KX011348). Based on the cDNA sequence, primers were designed to amplify the full-length Pcal gene.
All procedures for cDNA synthesis and genomic DNA isolation have been described previously (15, 17).
Southern blotting was used to determine the copy number of the Pcal gene in the Pneumocystis murina
genome as described previously (38).

Cloning and expression in Escherichia coli. Expressing the recombinant full-length Pcal protein
proved difficult for our laboratory and a commercial contractor. For the immunization model, a
544-amino-acid (aa) N-terminal portion of the Pcal protein (19 to 1,650 bp) was produced by GenScript
(Piscataway, NJ) as a fusion protein with trigger factor (TF) using proprietary technology to produce a
codon-optimized synthetic gene based on the Pcal amino acid sequence. TF was also expressed and
purified using the same system to serve as a control. To express a portion of the Pcal gene without the
fusion partner, DNA was generated from the codon-optimized synthetic gene by PCR using a 44-bp
primer pair which introduced unique Xhol restriction sites. The resulting PCR product was subcloned into
the pET14b (Novagen, Gibbstown, NJ) expression vector, forming a sequence encoding a 388-aa portion
(274 to 1,439 bp) of Pcal with an N-terminal Hisy tag. It was then transformed in the E. coli BL21(DE3)
RIL CodonPlus (New England BioLabs, Ipswich, MA) host to allow for optimal expression of AT-rich genes.

Immunization and infectious challenge model. To investigate the immunogenicity and efficacy of
the recombinant Pca1 fusion protein, groups of 6- to 8-week-old female CB.17 mice (5 to 10 mice in a group)
were immunized subcutaneously with three doses of 100 ug of Pcal emulsified in TiterMax Gold adjuvant
(Sigma, St. Louis, MO) given in 3-week intervals. To evaluate the dose response, additional mice were
immunized with 10, 40, or 80 ug of Pcal. Control mice were immunized with the fusion partner alone, an
unrelated protein, or whole Pneumocystis. Sera were obtained from the mice by submandibular venipuncture
3 weeks after the final dose and stored at —80°C until use. Two weeks after the final immunization, all mice
were depleted of CD4* T cells through twice-weekly injections of 250 pg anti-CD4 monoclonal antibody
(clone GK1.5; ATCC, Manassas, VA). CD4* T cell depletion was evaluated by flow cytometry analysis of
lymphocytes present in the spleen and bronchoalveolar lavage fluid. The mice were subsequently exposed
to Pneumocystis while being cohoused with Pneumocystis-infected SCID mice for 2 weeks. This simulates the
natural route of Pneumocystis infection. The mice were monitored for signs of infection, including weight loss
and increased respiratory rate, while CD4* T cell depletion was maintained. The mice were sacrificed after
they demonstrated signs of active infection, 4 to 6 weeks after Pneumocystis exposure. At the time of sacrifice,
serum was collected via cardiac puncture, spleens were removed, bronchoalveolar lavage was performed, and
lungs were removed and flash frozen for Pneumocystis burden enumeration.

Serology. Sera from immunized mice were assayed by enzyme-linked immunosorbent assay (ELISA)
as previously described (10) for Pcal-specific antibody production by coating 96-well plates with 1 ug/ml
of the 388-aa portion of the Pcal protein not containing the fusion partner. An immunofluorescence
assay was used to determine whether immunization induced antibody to P. murina, P. carinii, and P.
jirovecii as previously described (34).

Quantitation of P. murina. Homogenized lung tissue was prepared, and P. murina burden was
calculated using quantitative real-time PCR of the single-copy kex7 gene as previously described (39). The limit
of detection for this assay has been determined to be 4 log,, copies of kex7 gene per total lung volume.

Statistical analysis. Categorical data were analyzed by Fisher’s exact test. Continuous data were
analyzed by t test. P values of <0.05 were considered significant. Analysis was performed with GraphPad
Prism v.6 software (La Jolla, CA).

Study approval. All procedures performed were subject to University of Rochester Committee on
Animal Resources approval.

Accession number(s). The genomic DNA sequence of Pcal has been deposited in GenBank under
accession number KX011348.
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