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Abstract

Background: Pneumocystis jirovecii remains an important cause of fatal pneumonia (Pneumocystis pneumonia or PcP) in
HIV+ patients and other immunocompromised hosts. Despite many previous attempts, a clinically useful serologic test for P.
jirovecii infection has never been developed.

Methods/Principal Findings: We analyzed serum antibody responses to the P. jirovecii major surface glycoprotein
recombinant fragment C1 (MsgC1) in 110 HIV+ patients with active PcP (cases) and 63 HIV+ patients with pneumonia due to
other causes (controls) by an enzyme-linked immunosorbent assay (ELISA). The cases had significantly higher IgG and IgM
antibody levels to MsgC1 than the controls at hospital admission (week 0) and intervals up to at least 1 month thereafter.
The sensitivity, specificity and positive predictive value (PPV) of IgG antibody levels increased from 57.2%, 61.7% and 71.5%
at week 0 to 63.4%, 100%, and 100%, respectively, at weeks 3–4. The sensitivity, specificity and PPV of IgM antibody levels
rose from 59.7%, 61.3%, and 79.3% at week 0 to 74.6%, 73.7%, and 89.8%, respectively, at weeks 3–4. Multivariate analysis
revealed that a diagnosis of PcP was the only independent predictor of high IgG and IgM antibody levels to MsgC1. A high
LDH level, a nonspecific marker of lung damage, was an independent predictor of low IgG antibody levels to MsgC1.

Conclusions/Significance: The results suggest that the ELISA shows promise as an aid to the diagnosis of PCP in situations
where diagnostic procedures cannot be performed. Further studies in other patient populations are needed to better define
the usefulness of this serologic test.
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Introduction

Pneumocystis jirovecii pneumonia (PcP) was the leading cause of

morbidity and mortality in HIV+ patients early in the HIV/AIDS

epidemic [1–3]. With the introduction and wide use of highly

active antiretroviral therapy (ART) and PcP chemoprophylaxis,

the incidence of PcP in this patient population has declined.

However, PcP remains an important clinical problem in HIV+
and other immunocompromised patients with mortality rates

ranging from 10–60% depending on the underlying disease [2–3].

Definitive diagnosis of PcP is usually made by the microscopic

demonstration of the organism in specimens obtained by induced

sputum or bronchoalveolar lavage fluid (BALF) with histological or

immunofluorescent reagents [4]. Often, HIV+ patients with a

suggestive clinical picture of PcP are treated empirically for PcP

[5]. In such cases, non-invasive and non-specific methods such as

chest radiographs, serum lactic dehydrogenase (LDH), or serum b-

glucan levels may be used to help support the diagnosis [6–9].

Detection of P. jirovecii DNA by polymerase chain reaction (PCR) is

highly sensitive; however, this test is not commercially available,

and the high rate of P. jirovecii colonization in HIV+ patients can

make PCR results difficult to interpret [10].

The availability of a reliable and sensitive serological test for P.

jirovecii infection, particularly if it involved only a single specimen,

is attractive because it would provide a degree of specificity to

currently available non-invasive tests described above. Serologic

studies have been investigated for many years, but the reagents

used could not reliably distinguish present from past P. jirovecii

infection or colonization from active disease [11–19]. Since

Pneumocystis cannot be reliably grown in vitro, it has been difficult

to obtain large quantities of purified proteins for use as antigens for

assay development.

PLoS ONE | www.plosone.org 1 December 2010 | Volume 5 | Issue 12 | e14259



Recently, recombinant antigens of P. jirovecii have been

developed that show promise as reagents for serologic studies:

Kexin 1, which is encoded by a single gene; the major surface

glycoprotein (Msg), which is encoded by multiple genes and is

capable of antigenic variation [20–21]. Both antigens are highly

immunogenic and contain protective epitopes [19–23]. We have

focused our attention on Msg. First we developed 3 overlapping

recombinant fragments (MsgA, MsgB, MsgC1) that span the entire

length of a single Msg isoform for our studies [24–25]. Then we

developed variants (MsgC 3, 8, and 9) of Msg C1 in order to better

define the reactivity of serum antibodies [26].

We have shown that MsgC1 is helpful in distinguishing HIV+
patients who have had previous PcP from those who did not and in

differentiating healthcare workers who had contact with patients

from those who did not [24–25,27]. We also examined the serologic

responses to P. jirovecii infection in early childhood; geographic

differences in seroreactivity to MsgC1; and the specific factors

independently related to high antibody levels to MsgC1 in long-

term cohort study [28–31]. In addition, we conducted a pilot study

to examine the serologic responses in HIV+ patients admitted to the

San Francisco General Hospital (SFGH) with PcP (cases) and

pneumonia due other causes (controls) [32]. The data showed that

first episode of PcP and CD4+ counts $50 cells/mL were the

principal host factors associated with a rise in antibody response to

MsgC1. While this report was of interest, it was limited by the

relatively small number of cases and lack of convalescent serum

specimens in the controls. In addition, the study only examined IgG

antibodies and provided only modest information about the

influence host factors had on these antibodies.

Since the pilot study, we have increased the number of SFGH

HIV+ cases and controls with acute and convalescent serum

specimens. We have also improved the IgG assay and developed an

assay to measure IgM antibody responses to MsgC1. We undertook

the present study to: 1) characterize the IgG and IgM antibody

responses to MsgC1 in the cases and the controls; 2) evaluate these

antibody responses in the diagnosis of PcP; and 3) identify specific

host or environmental factors associated with these antibodies. The

data show that there are significant differences in IgG and IgM

levels between cases and controls at multiple time points, which

suggest that this serologic test may be helpful in the diagnosis of PcP.

Materials and Methods

Patient population
The study was approved by the University of California San

Francisco and the University of Cincinnati Institutional Review

Boards, and all patients provided written, informed consent for

participation in the study. As standard clinical practice, all HIV+
patients admitted to SFGH with respiratory symptoms were

evaluated by a uniform diagnostic protocol previously described

[33]. The diagnosis of PcP was confirmed by visualization of the

organism in induced sputum or bronchoalveolar lavage fluid (BALF)

specimen (cases) using Diff-Quik stain, which is a modified Giemsa

stain, which identifies all stages of the Pneumocystis life cycle. Patients

whose specimens were negative for P. jirovecii served as controls. From

May 2000 to May 2008, 173 HIV+ subjects (110 cases, 63 controls)

were enrolled. Among the 63 controls, 45 (71.4%) had community

acquired pneumonia (CAP), 7 (11.1%) had mycobacterial diseases (2

with tuberculosis and 5 with Mycobacterium avium complex (MAC)),

and 7 (11.1%) had other diseases such as pulmonary Kaposi sarcoma,

bronchitis, pulmonary fibrosis, and chronic obstructive pulmonary

disease (COPD). Four patients had no discharge diagnosis listed in

chart abstraction. Seven of the patients with CAP had bacteria

cultured in sputum and 2 had MAC isolated in sputum.

Data collection
At hospital admission, clinical and demographic (age, gender,

race) characteristics were collected [32–33]. The clinical data

collected were history of PcP, CD4+ counts, plasma HIV viral

load, serum LDH level, serum albumin levels, arterial blood gas

measurements and the use of mechanical ventilation. The use of

PcP prophylaxis within the last 3 months and PcP treatment

provided were also collected. An acute-phase serum specimen was

drawn at the time of hospital admission and convalescent-phase

serum specimens were drawn every 1–2 weeks for 6 weeks. Serum

specimens were stored at 280uC and shipped to the University of

Cincinnati and the Cincinnati VA Medial Center for analysis.

Recombinant antigens
The recombinant MsgC1 fragment was prepared by PCR using

DNA isolated from P. jirovecii infected lung or cloned Msg genes as

templates and Amplitaq enzyme (Applied Biosystems, Foster City,

CA) to generate msg gene segments [20,24–25]. The PCR products

were cloned into the pET30 vector (Novagen, Madison WI) and

the recombinant MsgC1 proteins were expressed in Escherichia coli

and purified as previously described [24].

IgG ELISA
The ELISA was performed as previously described [25–26,31–

32]. Serum specimens to be analyzed and the standard reference

serum were tested against recombinant MsgC1; PBS without

antigen was used as a negative control. The reactivity of each

serum specimen to Msg was corrected by subtraction of the

reactivity of that serum to PBS (mean OD Msg – mean OD PBS),

and the results were quantified using the method of Bishop and

Kovacs [34]. A standard serum with specificity for MsgC1 was

generated by mixing a pool of 4–6 sera with high reactivity to

MsgC1. A standard curve was generated for MsgC1 on each day

of the assay and was used to calculate the units of reactivity to

MsgC1. The standard serum pool was assigned a value of 100U of

reactivity to MsgC1 construct in 100 mL of a 1: 100 dilution of

serum. Sera were assayed at 1: 100 to 1: 200 dilutions to fit the

linear portion of the standard curves and units of reactivity were

calculated taking the dilution into account.

IgM ELISA
The IgM antibody reactivity to MsgC1 was measured using the

same ELISA methods described above for IgG antibody reactivity

except for the following changes. The secondary antibody was

affinity-purified, HRP-labeled goat anti-human IgM (m chain)

(KPL Products, Gaithersberg, MD) instead of goat anti-human

IgG (H&L) (KPL Products) was used for IgG antibodies. In a

previous study, we tested the anti-IgM reagent for m chain

specificity in two ways: 1) with serum from HIV+ patients with

heavy staining IgM antibody bands to P. jirovecii that had been

separated by column chromatography into IgM and IgG fractions;

and 2) with purified IgM and IgG on immunoblots [11]. In both

cases, anti-IgM antibody only reacted with the IgM preparations,

indicating that it was m chain-specific. As an additional measure of

specificity, we have recently screened 200 healthy blood donors for

IgM and IgG using the same IgG and IgM ELISA. Of 200 serum

samples examined, IgG antibodies were detected in 103 (51.5%) of

the specimens, whereas IgM antibodies were only detected in 7

(3.5%) of the specimens (p,0.001).

Statistical Analysis
Descriptive statistics were calculated to describe patient clinical

and demographic characteristics. Categorical variables were
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analyzed by chi square statistics. Bivariate correlations measuring

associations between MsgC1 antibodies and clinical variables at

initial visit, and the auto-correlation between MsgC1 antibody

responses on the same patient were calculated. The relationship of

PcP infection to MsgC1 antibody levels was determined by the

parameter estimate of dichotomized PcP infection in a linear

mixed model, applied for modeling correlated loge MsgC1

antibody levels with left censoring. Mixed models are often used

for estimating fixed effects and components of variability in

longitudinal studies of continuous data. The model included a

random intercept, which defined MsgC1 antibody values on the

same patient to be correlated. Previous episode of PcP, CD4+
count (,50, $50 cells/mL), and one additional clinical variable,

were modeled as fixed effects, in addition to PcP. Analyses were

repeated when the additional clinical variable was replaced by a

different clinical variable and all other variables remained the

same. MsgC1 antibody responses during the first 6 weeks of

follow-up were analyzed. For each interval, sensitivity and

specificity were calculated for predicting PcP status, when MsgC1

antibody levels were dichotomized as above or below the cut

points. We used parametric receiver operating characteristic

(ROC) curve analysis methods to generate different cutpoints in

each interval. The optimum cutpoint which was the same as the

median value in each time interval was used to calculate the

sensitivity and the specificity. SAS for Windows, version 9.2 (SAS

Institute, Cary, NC) was used for all analyses and the statistical

significance was based on the 5% level. The graphs were produced

using R software, version 2.9 (R project for statistical computing).

Results

Demographic characteristics
At hospital admission, there were statistically significant

differences in gender and racial distributions between PcP cases

and controls (Table S1). The cases were more likely to be males

(88.2% vs. 74.6%) (p = 0.02) and Caucasians (52.7% vs. 33.3%)

(p = 0.046).

Clinical characteristics
There was no statistical difference in the proportion of patients

with prior episodes of PcP between cases and controls (16% and

23.8% respectively) (Table S1). However, cases had a more

advanced stage of HIV illness with significantly higher median HIV

viral load (1.36105 vs. 3.66104 copies/mL) (p,0.01) and a higher

proportion of patients with CD4+ counts ,50 cells/ml (62.4% vs.

34.9%) (p,0.01) than controls. Pneumonia severity was similar

between cases and controls. Both groups had similar serum albumin

levels, arterial blood gas measurements, and were unlikely to require

mechanical ventilation. However, cases had a significantly higher

median LDH level (347 U/L) compared to controls (283 U/L)

(p,0.01). Fewer cases (20.0%) than controls (39.7%) were taking

PcP prophylaxis within 3 months before hospital admission

(p,0.05). All cases (100%) were treated for PcP while undergoing

diagnostic evaluation compared to 66.7% of the controls (p,0.01),

and the cases were more likely to be treated with trimethoprim-

sulfamethoxazole (TMP-SMX) compared to controls (74.6% vs.

55.6%) (p,0.01). A significant proportion of cases (82.7%) were on

corticosteroids compared to controls (41.3%) (p,0.01).

IgG and IgM antibody levels to MsgC1 at admission and
over time

We compared changes in mean IgG antibody levels to MsgC1 for

a period of up to 6 weeks, and changes in mean IgM antibody levels

to MsgC1 for a period of up to 4 weeks between PcP cases and

controls (Table S1, Figure 1). IgG antibody levels were

significantly higher in the cases than in the controls at all time points

(p,0.05). The IgG antibody levels in the cases increased from 18.15

(95% CI: [14.46–22.78]) at admission to their peak of 29.30 (95% CI:

[17.73–48.42]) at weeks 3–4 and then declined to 18.95 (95% CI:

[10.45–34.37]) at weeks 5–6. However, these changes were not

statistically significant. The IgG antibody levels for the controls

declined from 8.17 (95% CI: [6.55–10.28]) at admission to 2.59 (95%

CI: [1.56–4.27]) at weeks 3–4 and then rose slightly to 5.38 (95% CI:

[2.97–9.77]) at weeks 5–6. The changes in the controls were

statistically significant in the first four weeks of the study (p,0.05).

IgM antibody levels in the cases were significantly higher than

for the controls at the time of hospital admission and at weeks 1–2

thereafter (p,0.05) (Table S1, Figure 1). IgM antibody levels in

the cases were highest at baseline (20.73) and then decreased

slightly over time. Antibody levels in the controls were 9.16 at

baseline, then declined at weeks 1–2 and rose at weeks 3–4.

When serum specimens for the entire 6 weeks period were

combined, PcP cases still had significantly higher mean IgG

antibody levels than controls (mean [95%CI]:17.39 [14.50–20.86]

vs. 7.40 [6.17–8.88]) (p,0.05). Similarly, the combined mean IgM

antibody level to MsgC1 in the cases was higher than that in the

controls (mean [95% CI]: 21.63 [18.69–25.02] vs. 11.51 [9.95–

13.31]) (p,.05). By paired analysis of baseline serum specimens

and 3–4 week specimens, 46% of the cases developed a median

rise of 1.74-fold in IgG antibody levels at weeks 3–4 compared to

14% of the controls with a median rise of 1.03-fold. However, the

difference in proportions was not statistically significant.

We attempted to identify independent risk factors associated

with a rise in IgG antibody levels to MsgC1 among PcP cases at

weeks 3–4. In light of data in our pilot study, we were particularly

interested in the role of first episode of PcP and CD4+ counts. As

seen in Figure 2, there were no significant differences in the

sequential antibody levels to MsgC1 between first episodes and

repeated episodes of PcP. Subjects with CD4+ counts $50 cells/

mL had consistently higher antibody levels during weeks 1–4 than

subjects with CD4+ counts ,50 cells/mL, but these differences

never reached statistical significance.

Use of antibodies to MsgC1 in the diagnosis of PcP
For analysis using IgG and IgM antibody levels to predict PcP

diagnosis, cutpoint values were determined for different time

points. A cutpoint value was defined to be the median value of all

serum specimens from both cases and controls at a given time

point. The IgG cutpoint values increased from baseline to weeks

3–4 and declined afterward (Table 1). A similar pattern was

observed in the sensitivity, specificity, and positive predictive value

(PPV). At hospital admission, an IgG cutpoint of 23 was used to

discriminate cases and controls with 57.2% sensitivity, 61.7%

specificity and 71.5% PPV. By weeks 3–4, an IgG cutpoint of 40.5

was used to discriminate PcP cases and controls with 63.4%

sensitivity, 100% specificity and 100% PPV. Thus, the increase in

PPV over time was mainly due to an increase in specificity, which

reflected changes in antibody levels both in the cases and controls.

In contrast to the IgG cutpoint which increased significantly

over time, the IgM cutpoint decreased slightly over time

(Table 2). Sensitivity, specificity and PPV increased from

59.7%, 61.3%, and 79.3% at admission to 74.6%, 73.7%, and

89.8%, respectively, at weeks 3–4.

Factors associated with high IgG and/or IgM antibody
levels to MsgC1

Here, we were interested in host factors associated with high

antibody levels to MsgC1 rather than a rise or fall in antibody levels

Serologic Diagnosis of PcP
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over time (Table S2). In multivariate analysis using all IgG levels

from both cases and controls as the main dependent variable, we

found that PcP diagnosis and LDH levels were significant predictors

of IgG antibody levels to MsgC1 when controlling for CD4+ count

and previous episode of PcP. PcP diagnosis was significantly

associated with high IgG antibody levels (p,0.01). In contrast,

LDH levels had a negative effect on IgG antibody responses. One

standard deviation increase in loge LDH levels was significantly

associated with decrease in IgG antibody levels (p = 0.02). When

IgM was used as the main dependent variable, only PcP diagnosis

was found to be a significant predictor of IgM antibody levels to

MsgC1. PcP diagnosis was significantly associated with increased

IgM antibody levels when controlling for previous episode of PcP

and CD4+ count (p,0.05). LDH was associated with a decrease in

IgM antibody levels, but the effect was not statistically significant.

The effects of CD4+ counts, HIV viral load, PO2 levels and PcP

prophylaxis on both IgM and IgG antibody levels were not

statistically significant. The other variables such as race, gender,

age, PcP treatment, albumin levels and the use of mechanical

ventilation were modeled, but their effects on IgM and IgG

antibody levels were not statistically significant (results not shown).

Discussion

The present study analyzed acute and convalescent serum

antibody responses to MsgC1 in HIV+ subjects with pneumonia

due to P. jirovecii (cases) or other causes (controls) at a single site. The

data showed that the cases had significantly higher IgG and IgM

antibody levels than the controls both at the time of hospital

admission and at intervals for up to one month thereafter. The

sensitivity, specificity and PPV of these specimens increased from

57.2%, 61.7% and 71.5% at admission to 63.4%, 100%, and 100%

at 3–4 weeks, respectively for IgG antibodies, and from 59.7%,

61.3%, and 79.3% at admission to 74.6%, 73.7%, and 89.8%,

respectively for IgM antibodies. Multivariate analysis revealed that

two factors were independently associated with altered antibody

IgG and/or IgM antibody levels: the diagnosis of PcP was

significantly associated with high IgG and IgM antibody levels;

high LDH levels were associated with low IgG antibody levels.

The present report extends the results of our pilot study [32],

but also revealed some differences. For example, the pilot study

found no significant difference in antibody levels to MsgC1

between cases and controls at admission. Yet, that study did find

significant differences in antibody levels between baseline and

weeks 3–4; CD4+ counts ,50 cells/mL and $50 cells/mL; and

first episodes and recurrent episodes of PcP [32]. The present

report found similar trends in these results, but they never reached

statistical significance. Some reasons for these differences may

involve a greater number of subjects in the present report; slight

modifications in the ELISA in the last few years; and differences in

statistical methods used to analyze the data. The analysis in the

pilot study did not take into account values that were below the

Figure 1. Geometric mean [95% CI] IgG and IgM antibody levels to MsgC1 in cases and controls over time. *p,0.05 tests the
differences in mean values between cases and controls at each time point. { tests in controls only the differences in mean values at week 1–2
compared to baseline and at week 3–4 compared to baseline. These comparisons in cases were not significant. A mixed effect Tobit regression model
was written which provided an estimate of the average effect of PcP+ compared to PcP2 in each interval. A random effect subject effect was
modeled to account for correlation between measurements on the same subject in the same interval. The value of the t-statistics, testing Ho: PcP
parameter estimate = 0, was used to judge the statistical significance of the effect of PcP+, compared to PcP2.
doi:10.1371/journal.pone.0014259.g001
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limit of detection; yet, in the present report we applied a regression

model, which was able to handle censored values.

It is difficult to compare our study with previous reports because

most of those studies used different antigen preparations, controls

and methodology [11–19]. In these other studies, HIV+ patients

with PcP exhibited serum antibody levels that were either similar

to or lower than antibody levels of non-PcP patients at the time of

diagnosis [11–15,17]. The PcP patients also had a poor antibody

response in convalescent specimens. Yet, studies of individual

native Pneumocystis antigens suggested how these moieties might be

useful in the future. In one report, technetium-labeled monoclonal

antibodies to Msg showed promise (sensitivity of 85.7%, specificity

of 86.7%) in using lung scans for the diagnosis of PcP [35].

Unfortunately, the test was never commercially developed.

Another report that used native Msg as the antigen found that

HIV+ patients with PcP had more frequent detectable antibodies

and higher antibody levels than HIV+ patients without PcP and

healthy controls [18]. On the other hand, a study that used a

different recombinant Msg fragment than the one used in our

study found high antibody levels in non-HIV immunocompro-

mised patients who experienced PcP; however, there were no

differences in antibody levels in HIV+ patients with PcP, HIV+
patients without PcP, or healthy controls [34].

One way that serology can be used in the diagnosis of infectious

diseases is to demonstrate that the antibody level in a single serum

specimen is above the established normal range of values. The

attractiveness of this approach is that it avoids the need to obtain a

second (convalescent) specimen. The sensitivity, specificity and PPV

Figure 2. Geometric mean [95% CI] IgG antibody levels to MsgC1 in cases by history of PcP and CD4+ cell counts over time.
doi:10.1371/journal.pone.0014259.g002

Table 1. Sensitivity, Specificity, and Positive Predictive Value (PPV) Associated with IgG to MsgC1 Cutpoints at Each Time Interval
Comparing PcP Cases and Controls.

Time Samples in Cases Samples in Controls MsgC1 Cutpoint Sensitivity Specificity PPV

Baseline 180 107 23 57.2 61.7 71.5

1–2 weeks 59 27 25 61.0 70.4 81.8

3–4 weeks 41 11 40.5 63.4 100 100

5–6 weeks 32 16 20.5 53.1 56.3 70.8

Note: We included 110 individual PcP cases and 63 individual controls in this study. Since some patients had their first specimen drawn at the time of hospital
admission, but others had it drawn a day after admission, we defined baseline specimen to be specimen drawn on the day of hospital admission (day 0) or the following
day after admission (day 1). Some subjects had specimens on both days and this resulted into 180 specimens for cases and 107 sample for controls.
doi:10.1371/journal.pone.0014259.t001
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of the serologic data at the time of hospitalization in our study were

not as good as we had hoped. The reasons for these findings are

unclear but may involve several factors: the severity of HIV and

immunosuppression in the cases; P. jirovecii colonization in the

controls, which can be quite common [10]; previous episodes of PcP;

and antibody cross-reactivity with other microbial antigens, although

little is known about this subject. The fact that the cases consistently

had higher antibody levels than the controls and that the specificity

and PPV of the serologic test increased over time is encouraging.

The decrease in antibody levels contributed to these changes, but the

reasons for this decrease are unknown. It is also possible that the

serologic test will be more sensitive in analyzing differences when

used in non-HIV patients with PcP, as shown in the higher antibody

levels to recombinant Msg in these patients [34].

The other way to use serology as a diagnostic tool is to

demonstrate a rise in antibody levels over time. When serial

dilutions are used to measure antibody levels, a 4-fold or greater

rise is considered to be significant. Yet, in our ELISA, the

determination of what constitutes a significant rise is more

complicated because serum specimens are diluted only once to a

specific level (e.g., 1/100) and the antibody level is then derived

from a standard curve. In addition to the present study, several

other reports have shown that about 40–50% of HIV patients with

PcP develop a rise in antibodies to Msg [18,31–32]. The increase

in antibody levels in these patients helps support the diagnosis of

PcP, but the failure to develop a rise (which occurred in the

majority of cases) does not carry the same negative weight. The

reasons for the relatively low frequency of antibody rises in PcP

subjects are probably related to the advanced stage of HIV disease

and its associated immunosuppression.

In light of the impaired B cell function in HIV infection and the

low or absent IgM antibodies to P. jirovecii antigens in previous

reports [13,16,36–37], the presence of elevated antibody levels in

the present study is somewhat unusual and unexpected. However,

we previously showed that HIV+ patients with single or recurrent

episodes of PcP can develop active IgM and/or IgG responses to

crude P. carinii antigens, and that the secondary anti-IgM

antibody, which was essentially the same product as used here,

was m-specific [11]. In addition, IgM antibodies to specific antigens

have been found in HIV+ patients with CD4+ .100 cells/mL who

were immunized with Haemophilus influenzae Type b vaccine, and in

the saliva of HIV+ patients with Toxoplasma encephalitis [38–39].

The elevated IgM antibodies in the present study might be in

response to new infection, especially if this is the first episode of

PcP. If this is a recurrent episode, there might be a different strain

of P. jirovecii that would elicit this response. One study showed that

some patients who experienced 2 episodes of PcP greater than 6

months apart tended to be infected with different P. jirovecii isolates

rather than the same isolate [40]. Also, the IgM antibodies may

have been elicited by Msg that underwent antigenic variation in an

already acquired strain of P. jirovecii.

The high antibody levels to MsgC1 raise questions about the

host and environmental factors that contribute to them. In a

recent long-term study of HIV+ patients, we found that previous

episode of PcP, geographic location, age and failure to take PcP

prophylaxis were independently associated with increased IgG

antibody levels to the recombinant MsgC1 fragments [31].

However, in the present study, we did not find significant effects

of race, age, and gender on MsgC1 antibody levels. The

discrepancy between this study and our previous report [31]

about the effect of age on MsgC1 antibody levels might be due to

the differences in study design. In that study, MsgC1 antibody

levels were measured on average 6 months after the diagnosis of

PcP, but in this study, it was measured within weeks. As in our

pilot study [32], the cases and controls in the present report

differed significantly in terms of their CD4+ counts, HIV viral

loads, and LDH levels. Other investigators have also found higher

LDH levels in PcP than in other forms of pneumonia [2,4,6–7].

Thus, despite having more advanced HIV disease and more severe

lung damage, cases were still able to develop higher antibody levels

than the controls. Cases in the present report were also

significantly more likely to be male and Caucasian than controls,

whereas in the pilot study these differences did not reach statistical

significance [32]. The influence of race on PcP risk has shown

conflicting results [31,41–42]. Yet, with recent studies showing

that PcP acquisition is influenced by host single nucleotide

polymorphisms (SNPs) in specific genes [43–44], race might have

a role in PcP incidence. Even though more studies are needed to

elucidate this genetic association, the differences in PcP cases

among racial groups found in this study might be due to genetic

variation across different races.

This study has several limitations. It was only performed in

HIV+ patients, who are generally more immunosuppressed than

most other populations at risk for PcP. Thus, the results obtained

here may underestimate the diagnostic value of this serologic test.

Similarly, the population here was entirely composed of adults.

The value of the study in pediatric HIV+ patients with PcP needs

to be evaluated [45]. Since the study was conducted at a single

center, the results may not reasonably apply to hospitals in

different geographic locations. Also, only a minority of control

subjects had an alternative, non-PcP diagnosis confirmed micro-

scopically. While it is possible that these individuals may have had

PcP and a false-negative Diff-Quik test, we have previously shown

a high sensitivity ($98%) and specificity (100%) of this assay at

SFGH [33]. Thus, we believe that we have classified our cases and

controls accurately.

In conclusion, this is the first large scale use of a recombinant P.

jirovecii antigen in the serologic diagnosis of PcP in HIV+ patients.

Table 2. Sensitivity, Specificity, and Positive Predictive Value (PPV) Associated with IgM to MsgC1 Cutpoints at Each Time Interval
Comparing PcP Cases and Controls.

Time Samples in Cases Samples in Control MsgC1 Cutpoint Sensitivity Specificity PPV

Baseline 77 31 23.49 59.7 61.3 79.3

1–2 weeks 77 36 20.39 64.9 69.4 82.0

3–4 weeks 32 19 20.36 74.6 73.7 89.8

Note: We had 110 individual PcP cases and 63 individual controls in this study. Since some patients had their first specimen drawn at the time of hospital admission, but
others had it drawn a day after admission, we defined baseline specimen to be specimen drawn on the day of hospital admission (day 0) or the following day after
admission (day 1). Some subjects had specimens on both days and this resulted into 77 specimens for cases and 31 sample for controls. There are different numbers of
specimens for IgG and IgM in each group because some subjects was not enough for both IgG and IgM antibodies to be tested.
doi:10.1371/journal.pone.0014259.t002
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Overall, we are encouraged by the results and believe that they

show promise as an aid to the diagnosis of PcP in situations where

bronchoscopy cannot be performed. This promise may be

increased by evaluating the test in different patient populations

and in different geographic locations; delineating the areas of

maximal reactions on Msg C1 and its closely related other Msg C

fragments; and using Kexin 1 in combination with Msg C1.

Serology may also be useful in conditions such as P. jirovecii

colonization, as evidenced by decreased antibody levels to Kexin 1

[46] and by our finding of low antibody levels to Msg C fragments

in smokers (Walzer, PD unpublished observations). Finally, the

presence of serology as a tool to examine the risk of nosocomial

transmission of P. jirovecii infections may be enhanced by the

findings of increased antibody levels in hospital personnel with

patient contact [27] and the presence of P. jirovecii in the air

surrounding patients with PcP [47].
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DOC)

Author Contributions

Conceived and designed the experiments: LH KD PDW. Performed the

experiments: KD JK AS SF BR AS KG LGJ. Analyzed the data: KD LH

KD LL JK PDW. Contributed reagents/materials/analysis tools: KD LH

LL JK AS SF BR AS KG LGJ. Wrote the paper: KD PDW.

References

1. Morris A, Lundgren JD, Masur H, Walzer PD, Hanson DL, et al. (2004)
Current epidemiology of Pneumocystis pneumonia. Emerg Infect Dis 10:

1713–1720.

2. Krajicek BJ, Thomas CF, Jr., Limper AH (2009) Pneumocystis pneumonia:
current concepts in pathogenesis, diagnosis, and treatment. Clin Chest Med 30:

265–278, vi.

3. Walzer PD, Evans HE, Copas AJ, Edwards SG, Grant AD, et al. (2008) Early
predictors of mortality from Pneumocystis jirovecii pneumonia in HIV-infected

patients: 1985–2006. Clin Infect Dis 46: 625–633.

4. Thomas CF, Jr., Limper AH (2004) Pneumocystis pneumonia. N Engl J Med

350: 2487–2498.

5. Rimland D, Navin TR, Lennox JL, Jernigan JA, Kaplan J, et al. (2002)
Prospective study of etiologic agents of community-acquired pneumonia in

patients with HIV infection. AIDS 16: 85–95.

6. Tasaka S, Hasegawa N, Kobayashi S, Yamada W, Nishimura T, et al. (2007)
Serum indicators for the diagnosis of pneumocystis pneumonia. Chest 131:

1173–1180.

7. Selwyn PA, Pumerantz AS, Durante A, Alcabes PG, Gourevitch MN, et al.

(1998) Clinical predictors of Pneumocystis carinii pneumonia, bacterial

pneumonia and tuberculosis in HIV-infected patients. AIDS 12: 885–893.

8. Watanabe T, Yasuoka A, Tanuma J, Yazaki H, Honda H, et al. (2009) Serum

(1R3) beta-D-glucan as a noninvasive adjunct marker for the diagnosis of

Pneumocystis pneumonia in patients with AIDS. Clin Infect Dis 49: 1128–1131.

9. Pisculli ML, Sax PE (2008) Use of a serum beta-glucan assay for diagnosis of

HIV-related Pneumocystis jiroveci pneumonia in patients with negative
microscopic examination results. Clin Infect Dis 46: 1928–1930.

10. Davis JL, Welsh DA, Beard CB, Jones JL, Lawrence GG, et al. (2008)

Pneumocystis colonisation is common among hospitalised HIV infected patients
with non-Pneumocystis pneumonia. Thorax 63: 329–334.

11. Peglow SL, Smulian AG, Linke MJ, Pogue CL, Nurre S, et al. (1990) Serologic

responses to Pneumocystis carinii antigens in health and disease. J Infect Dis
161: 296–306.

12. Burns SM, Read JA, Yap PL, Brettle RP (1990) Reduced concentrations of IgG
antibodies to Pneumocystis carinii in HIV-infected patients during active

Pneumocystis carinii infection and the possibility of passive immunisation.

J Infect 20: 33–39.

13. Hofmann B, Odum N, Platz P, Ryder LP, Svejgaard A, et al. (1985) Humoral

responses to Pneumocystis carinii in patients with acquired immunodeficiency

syndrome and in immunocompromised homosexual men. J Infect Dis 152:
838–840.

14. Elvin K, Bjorkman A, Heurlin N, Eriksson BM, Barkholt L, et al. (1994)
Seroreactivity to Pneumocystis carinii in patients with AIDS versus other

immunosuppressed patients. Scand J Infect Dis 26: 33–40.

15. Laursen AL, Andersen PL (1998) Low levels of IgG antibodies against
pneumocystis carinii among HIV-infected patients. Scand J Infect Dis 30:

495–499.

16. Lundgren B, Kovacs JA, Mathiesen L, Nielsen JO, Lundgren JD (1993) IgM
response to a human Pneumocystis carinii surface antigen in HIV-infected

patients with pulmonary symptoms. Scand J Infect Dis 25: 515–520.

17. Pifer LL, Niell HB, Langdon SB, Baltz S, Clark ST, et al. (1987) Evidence for

depressed humoral immunity to Pneumocystis carinii in homosexual males,

commercial plasma donors, and patients with acquired immunodeficiency
syndrome. J Clin Microbiol 25: 991–995.

18. Lundgren B, Lundgren JD, Nielsen T, Mathiesen L, Nielsen JO, et al. (1992)

Antibody responses to a major Pneumocystis carinii antigen in human

immunodeficiency virus-infected patients with and without P. carinii pneumo-
nia. J Infect Dis 165: 1151–1155.

19. Walzer PD (1999) Immunological features of Pneumocystis carinii infection in

humans. Clin Diagn Lab Immunol 6: 149–155.

20. Garbe TR, Stringer JR (1994) Molecular characterization of clustered variants

of genes encoding major surface antigens of human Pneumocystis carinii. Infect

Immun 62: 3092–3101.

21. Kutty G, Kovacs JA (2003) A single-copy gene encodes Kex1, a serine

endoprotease of Pneumocystis jiroveci. Infect Immun 71: 571–574.

22. Kovacs JA, Powell F, Edman JC, Lundgren B, Martinez A, et al. (1993) Multiple

genes encode the major surface glycoprotein of Pneumocystis carinii. J Biol

Chem 268: 6034–6040.

23. Stringer JR, Keely SP (2001) Genetics of surface antigen expression in

Pneumocystis carinii. Infect Immun 69: 627–639.

24. Daly KR, Fichtenbaum CJ, Tanaka R, Linke MJ, O’Bert R, et al. (2002)
Serologic responses to epitopes of the major surface glycoprotein of

Pneumocystis jiroveci differ in human immunodeficiency virus-infected and
uninfected persons. J Infect Dis 186: 644–651.

25. Daly KR, Koch J, Levin L, Walzer PD (2004) Enzyme-linked immunosorbent

assay and serologic responses to Pneumocystis jiroveci. Emerg Infect Dis 10:
848–854.

26. Daly KR, Koch JV, Shire NJ, Levin L, Walzer PD (2006) Human

immunodeficiency virus-infected patients with prior Pneumocystis pneumonia
exhibit increased serologic reactivity to several major surface glycoprotein

clones. Clin Vaccine Immunol 13: 1071–1078.

27. Tipirneni R, Daly KR, Jarlsberg LG, Koch JV, Swartzman A, et al. (2009)

Healthcare worker occupation and immune response to Pneumocystis jirovecii.

Emerg Infect Dis 15: 1590–1597.

28. Daly K, Koch J, Respaldiza N, de la Horra C, Montes-Cano MA, et al. (2009)

Geographical variation in serological responses to recombinant Pneumocystis

jirovecii major surface glycoprotein antigens. Clin Microbiol Infect 15: 937–942.

29. Djawe K, Daly KR, Vargas SL, Santolaya S, Ponce CA, et al. (2010)

Seroepidemiological Study of Pneumocystis Jirovecii infection in healthy infants
in Chile using recombinant fragments of the P. jirovecii major surface

glycoprotein. Internat J Infect Dis, (in press).

30. Nkinin SW, Daly KR, Walzer PD, Ndzi ES, Asonganyi T, et al. (2009) Evidence
for high prevalence of Pneumocystis jirovecii exposure among Cameroonians.

Acta Trop 112: 219–224.

31. Walzer PD, Djawe K, Levin L, Daly KR, Koch J, et al. (2009) Long-term
serologic responses to the Pneumocystis jirovecii major surface glycoprotein in

HIV-positive individuals with and without P. jirovecii infection. J Infect Dis 199:
1335–1344.

32. Daly KR, Huang L, Morris A, Koch J, Crothers K, et al. (2006) Antibody

response to Pneumocystis jirovecii major surface glycoprotein. Emerg Infect Dis
12: 1231–1237.

33. Huang L, Hecht FM, Stansell JD, Montanti R, Handley WK, et al. (1995)

Suspected Pneumocystis Carinii pneumonia with a negative induced sputum
examination. Is early bronchoscopy useful? Am J Respir Crit Care Med 151(6):

1866–1871.

34. Bishop LR, Kovacs JA (2003) Quantitation of anti-Pneumocystis jiroveci

antibodies in healthy persons and immunocompromised patients. J Infect Dis

187: 1844–1848.

35. Goldenberg DM, Sharkey RM, Udem S, Vagg R, Levine GM, et al. (1994)

Immunoscintigraphy of Pneumocystis carinii pneumonia in AIDS patients. J Nud

Med 35(6): 1034–7.

Serologic Diagnosis of PcP

PLoS ONE | www.plosone.org 7 December 2010 | Volume 5 | Issue 12 | e14259



36. Cagigi A, Nilsson A, De Milito A, Chiodi F (2008) B cell immunopathology

during HIV-1 infection: lessons to learn for HIV-1 vaccine design. Vaccine 26:
3016–3025.

37. De Milito A, Nilsson A, Titanji K, Thorstensson R, Reizenstein E, et al. (2004)

Mechanisms of hypergammaglobulinemia and impaired antigen-specific hu-
moral immunity in HIV-1 infection. Blood 103: 2180–2186.

38. Kroon FP, van Dissel JT, Rijkers GT, Labadie J, van Furth R (1997) Antibody
response to Haemophilus influenzae type b vaccine in relation to the number of

CD4+ T lymphocytes in adults infected with human immunodeficiency virus.

Clin Infect Dis 25: 600–606.
39. Singh MP, Dubey ML, Sud A, Malla N (2005) Antibody response to

Toxoplasma gondii in saliva samples from human immunodeficiency virus-
infected patients. Br J Biomed Sci 62: 81–84.

40. Keely SP, Stringer JR, Baughman RP, Linke MJ, Walzer PD, et al. (1995)
Genetic variation among Pneumocystis carinii hominis isolates in recurrent

pneumocystosis. J Infect Dis 172: 595–598.

41. Stansell JD, Osmond DH, Charlebois E, LaVange L, Wallace JM, et al. (1997)
Predictors of Pneumocystis carinii pneumonia in HIV-infected persons.

Pulmonary Complications of HIV Infection Study Group. Am J Respir Crit
Care Med 155: 60–66.

42. Kaplan JE, Hanson DL, Navin TR, Jones JL (1998) Risk factors for primary

Pneumocystis carinii pneumonia in human immunodeficiency virus-infected
adolescents and adults in the United States: reassessment of indications for

chemoprophylaxis. J Infect Dis 178: 1126–1132.

43. Forthal DN, Landucci G, Bream J, Jacobson LP, Phan TB, et al. (2007)
FcgammaRIIa genotype predicts progression of HIV infection. J Immunol 179:

7916–7923.
44. Duggal P, An P, Beaty TH, Strathdee SA, Farzadegan H, et al. (2003) Genetic

influence of CXCR6 chemokine receptor alleles on PCP-mediated AIDS

progression among African Americans. Genes Immun 4: 245–250.
45. Morrow BM, Hsaio NY, Zampoli M, Whitelaw A, Zar HJ (2010) Pneumocystis

Pneumonia in South African Children With and Without Human Immunode-
ficiency Virus Infection in the Era of Highly Active Antiretroviral Therapy.

Pediatr Infect Dis J.
46. Morris A, Netravali M, Kling HM, Shipley T, Ross T, et al. (2008) Relationship

of pneumocystis antibody response to severity of chronic obstructive pulmonary

disease. Clin Infect Dis 47: e64–68.
47. Choukri F, Menotti J, Sarfati C, Lucet JC, Nevez G, et al. (2010) Quantification

and spread of Pneumocystis jirovecii in the surrounding air of patients with
Pneumocystis pneumonia. Clin Infect Dis 51(3): 266.

Serologic Diagnosis of PcP

PLoS ONE | www.plosone.org 8 December 2010 | Volume 5 | Issue 12 | e14259


