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Abstract
Background—Immune responses to Pneumocystis jirovecii are not well understood in HIV
infection, but antibody responses to proteins may be useful as a marker of Pneumocystis risk or
presence of Pneumocystis pneumonia (PcP).

Design—Retrospective analysis of a prospective cohort

Methods—Enzyme-linked immunosorbent assays of antibodies to recombinant Pneumocystis
proteins of major surface glycoprotein fragments (MsgC1, C3, C8, and C9) and of antibody titers
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to recombinant kexin protein (KEX1) were performed on three sequential serum samples up to 18
months prior to and three samples after first AIDS-defining illness from Multicenter AIDS Cohort
Study participants and compared between those who had PcP or a non-PcP AIDS-defining illness.

Results—Fifty-four participants had PcP and 47 had a non-PcP AIDS-defining illness. IgG
levels to MsgC fragments were similar between groups prior to first AIDS-defining illness, but the
PcP group had higher levels of IgG to MsgC9 (median units/ml 50.2 vs. 22.2, p=0.047) post-
illness. Participants with PcP were more likely to have an increase in MsgC3 (OR 3.9, p=0.02),
MsgC8 (OR 5.5, p=0.001), and MsgC9 (OR 4.0, p=0.007). The PcP group was more likely to have
low KEX1 IgG prior to development of PcP (OR 3.6, p=0.048) independent of CD4 cell count and
to have an increase in high IgG titers to KEX1 after PcP.

Conclusion—HIV-infected individuals develop immune responses to both Msg and kexin
proteins after PcP. Low KEX1 IgG titers may be a novel marker of future PcP risk before CD4
cell count has declined below 200 cells/μl.
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INTRODUCTION
In HIV-infected individuals, Pneumocystis pneumonia (PcP) remains the most common
acquired immune deficiency syndrome (AIDS)-defining illness despite advances in
antiretroviral therapy and prophylactic treatment.1,2 PcP is also an unusual, serious
complication in non-HIV-infected individuals who are immunosuppressed due to
hematologic malignancies, organ transplants, congenital immunodeficiencies, and those
receiving specific immunosuppressive drugs such as high dose corticosteroids.3 PcP can also
be a complication of treatment with tumor necrosis factor inhibitors.4–8 Although the
greatest risk factor for development of PcP is a lack of T-cell related immunity9,10, humoral
responses are also of considerable importance, but their role has been less well-studied.11,12

The Pneumocystis (Pc) surface proteins, major surface glycoprotein (Msg) and kexin
(KEX1) are important antigens in the immune response to Pc.12–22 Msgs are products from a
family of genes encoding surface glycoproteins, which are multiply repeated in the species
where they have been studied. Msgs are used to evade host defense and adhere to host cells
as well as other sibling organisms in different life cycle stages.23 Various recombinant Msg
segments (MsgA, MsgB, and MsgC) have been used to study humoral responses to
Pc.12–15,19 MsgC, the carboxyl terminus, and variants of this fragment (MsgC1, MsgC3,
MsgC8, MsgC9) are most strongly recognized by serum antibodies of patients with HIV
infection who recovered from PcP. In addition, HIV-infected individuals who died from PcP
had higher levels of antibody to MsgC8 than those dying from other causes.12,14,24–26

Whether responses to Msg peptides have any protective or predictive value in PcP infection
is currently unclear.

KEX1 is a serine protease with an antigenically stable active site peptide sequence.18,27,28

Immune responses to active site peptide sequence of KEX1 in mice have been found to be
protective in both passive and active immunity.16,20–22 In a simian model of HIV infection,
antibody responses to the KEX1 peptide were detected with the onset of Pc colonization of
the macaque airways17, and low kexin titers prior to immunosuppression predicted
development of Pc colonization after monkeys were immunosuppressed.29 These studies
suggest humoral responses to KEX1 may be important in the pathogenesis and
epidemiology of PcP, but humoral immunity or responses to KEX1 have not been evaluated
in humans at risk for PcP.
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In the current study, we examine the IgG levels to 4 MsgC fragments (MsgC1, MsgC3,
MsgC8, MsgC9) and IgG and IgM levels to KEX1 in HIV-infected individuals at serial time
points. We compare the levels between those with PcP and those with another AIDS-
defining illness, both before and after their first AIDS-defining illness, to determine if
antibody levels up to 18 months prior to PcP predicted risk for developing PcP and to
identify factors associated with changes in antibody levels after infection.

METHODS
Study population and data collection

Participants were selected from the Multicenter AIDS Cohort Study (MACS). Details on the
design of the MACS study have been previously reported.30 Participants were selected for
the following characteristics: occurrence of PcP as first AIDS-defining illness during this
period; no participation in a previous study of Msg serology26, and having a total of 6 serum
specimens available for analysis at 6 month intervals from 18 months before to 18 months
after the first episode of PcP. Controls were MACS participants who developed a non-PcP
AIDS-defining illness during this period and with three available specimens both before and
after the AIDS-defining illness. All participants meeting these criteria were included in the
study.

Participants attended MACS study visits every 6 months. Clinical and laboratory data were
entered into a central database, and blood specimens were stored at −70°C in a national
repository. For each study participant, we studied 3 sequential time points prior to the AIDS-
defining illness (visits 1, 2, and 3) and 3 sequential time points subsequent to AIDS-defining
illness (visits 4, 5, and 6). Clinical data included age, race/ethnicity, smoking history,
intravenous drug use history, use of PcP prophylaxis, and antiretroviral treatment as defined
by the use of ≥1 antiretroviral drugs. Laboratory data included CD4+ cell counts and serum
HIV viral levels (although these were not available for all individuals). PcP and other AIDS-
defining illnesses were assessed by MACS study administration review of medical records
and determined based on predefined criteria.30 For PcP, a definite diagnosis was defined as
sputum, bronchoalveolar lavage, or biopsy specimen positive for Pneumocystis and either a
new infiltrate on chest x-ray or new respiratory symptom such as cough or shortness of
breath. We did not include participants whose first AIDS-defining illness was not PcP, but
who later developed PcP during the period in which serum samples were collected. All
participants signed written informed consent, and the study was approved by the
Institutional Review Boards of the University of Cincinnati and the University of Pittsburgh.

Recombinant antigens
Recombinant MsgC fragments were prepared via polymerase chain reaction (PCR) using
DNA isolated from P. jirovecii infected lung or cloned msg genes as templates. MsgA and
MsgB fragments were not used in this study because they elicit less robust antibody
responses in USA patients.12,14,19,24–26 MsgC1, 3, 8, and 9 fragments, which code for
approximately 425 amino acids, exhibit 80–90% homology at the nucleotide level and 77–
90% at the amino acid level 25. Yet, these fragments generate unique antibody responses.
Amplitaq enzyme (Applied Biosystems, Foster City, CA) was used to generate msg gene
segments.12,14,24,25 PCR products were cloned into the pET30 vector (Novagen, Madison
WI) and the recombinant MsgC proteins expressed in Escherichia coli and purified as
previously described.25 A partial fragment of the macaque-derived Pneumocystis kexin gene
in the pBAD expression vector (gift from C. G. Haidaris, University of Rochester) was used
to produce recombinant KEX1 as described previously.31
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ELISA
Msg ELISA was performed as previously described.14,24–26 Serum specimens from
participants and the standard reference serum were tested against recombinant MsgC
fragments, and the results were quantified using the method of Bishop and Kovacs.13 A
standard curve of reactivity for each antigen was used to quantify antibody reactivity in each
test serum. Samples whose values were below the standard curve were assigned the lowest
possible value of 1U. The ELISA for the kexin antibodies was performed as described
previously.31 Pooled normal human serum samples (Atlanta Biologicals, Georgia, USA)
were used as negative controls. The reciprocal end point titer was calculated as the highest
dilution at which the optical density was the same or less than that of the control.

Statistical analysis
Participant characteristics at visit 1 were compared between those with first AIDS-defining
illness due to PcP (PcP group) or those with the first AIDS-defining illness due to another
cause (non-PcP group) by t-tests, Wilcoxon rank sum test, and chi-square test where
appropriate. The distribution of Msg C1, 3, 8, and 9 antibody levels were non-normally
distributed, and there was no suitable transformation that achieved normality; therefore the
Msg C1, 3, 8, and 9 levels at each visit were determined and compared between groups by
Wilcoxon rank sum test. Based on the distribution of KEX1 reciprocal endpoint antibody
titers and prior data from a separate cohort that showed a significant association of KEX1
antibody levels above a reciprocal endpoint titer 1:3200 with exposure to P. jirovecii32, the
KEX1 antibody level was dichotomized into low ( 1:3200 reciprocal endpoint titer) and high
(>1:3200 reciprocal endpoint titer). Proportions of participants with low and high titers were
compared between the PcP group and non-PcP group at each visit and between visit 1 and
visit 6 in each group by the chi-square test. Based on previous literature that demonstrate
exposure to Pc cause an increase of MsgC antibody levels to greater than or equal o 1.5
times baseline level 24,26,33, proportions with an increase in titers to Msg C1, 3, 8, and 9 of
greater than or equal to 1.5 times from visit 3 to visit 4 were compared by chi-square. Based
on literature of KEX1 antibody responses to Pc in macaques29, proportions with a 4-fold or
greater increase in titers to kexin from the lowest titer of the pre-AIDS-defining illness visits
(visits 1–3) to the highest post-AIDS-defining illness visit titer (visit 4–6), were compared
using the chi-square test. Multivariable logistic regression was used to determine
independent associations between potential predictors (age, race, study site, smoking history
(as the product of the average packs of cigarettes smoked per day and years smoked), history
of intravenous drug use, CD4+ T-lymphocyte count, use of PcP prophylaxis) and antibody
levels at visits prior to the first AIDS-defining illness. Models were developed by
considering all variables with univariable associations of significance <0.2 and using
forward selection to keep all variables with a likelihood ratio test yielding significance
<0.05. We tested for interactions between our main predictor (antibody levels) and CD4
counts, and the models were assessed for colinearity. Hosmer-Lemshow test was used to
assess the models for goodness of fit.

RESULTS
One hundred and one HIV-infected MACS participants met criteria and were included; 54
had PcP and 47 had a disease other than PcP as their first AIDS-defining illness. Three
participants were placed in the PcP group for analyses as they had PcP shortly after their
first non-PcP AIDS-defining illness (2 participants within two days of the first AIDS-
defining illness and one within 120 days). While the time between visits 1, 2, and 3 and
visits 4, 5, and 6 were 6 months on average, there were some participants who had longer
periods between visit 3 and 4, the visits before and after the first AIDS-defining illness,
respectively. The difference in time between visit 3 and when the participant developed
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AIDS and the time between when the participant developed AIDS and visit 4 was similar in
the two groups (4.3 months vs. 4.8 months between visit 3 and AIDS and 5.5 months vs. 4.6
months between AIDS and visit 4 in the PcP group vs. non PcP group, respectively).
Clinical characteristics were similar between the groups at the baseline visit (Table 1). At
the visit just prior to the AIDS-defining illness (visit 3), the PcP group was less likely to be
on antiretroviral therapy (13.0% vs. 46.8%, p<0.001) and had a lower CD4 cell count
(median cells/μL 137 vs. 311, p<0.001). The majority of AIDS-defining illnesses in the non-
PcP group were Kaposi sarcoma (31.9%), wasting syndrome (21.3%), and Candida
esophagitis (10.6%).

Antibody levels to each of the 4 MsgC fragments were similar between the two groups prior
to the AIDS-defining illness (Table 2). The PcP group had higher levels of IgG to MsgC9 at
the visit immediately after AIDS-defining illness (median [interquartile range] units/ml 50.2
[4.9–123.2] vs. 22.2 [2.6–50.9], p=0.047), and antibody levels to the MsgC3 and MsgC8
fragments tended to be higher in the PcP group at that time as well (median [interquartile
range] units/ml 11.6 [1–86.0] vs. 6.9 [1–41.8], p=0.06 for MsgC3 and 43.8 [5.8–96.7] vs.
15.3 [1–84.4], p=0.1 for MsgC8) (Figure 1). The PcP group were more likely to have an
increase in antibody level greater than or equal to 1.5 times for antibodies to MsgC3 (odds
ratio [OR] 3.9, 95% confidence interval [CI] 1.3–11.5, p=0.01), MsgC8 (OR 5.5, 95% CI
2.0–15.0, p=0.001), and MsgC9 (OR 4.0, 95% CI 1.5–11.1, p=0.005) (Figure 2).

Several factors other than PcP were associated with an increase in antibody levels to MsgC
fragments of greater than or equal to 1.5 times that prior to first AIDS-defining illness in
univariable analyses. Factors independently associated with an increase in antibody levels
for MsgC8 were PcP (OR 6.6, 95% CI 2.3–19.3, p=0.001) and being in Chicago (OR
compared to being in Baltimore 0.14, 95% CI 0.02–0.79, p=0.03); and for MsgC9 was PcP
(OR 4.0, 95% CI 1.4 (or 1.5)-11.1, p=0.007). No factors were significantly associated with a
rise for MsgC1, and only PcP was associated with an increase in MsgC3 antibodies as
above.

We examined KEX1 IgG at 12–18 months prior to PcP or other AIDS-defining infection in
order to determine if KEX1 IgG might be an early marker of PcP risk. The PcP group was
more likely to have low pre-AIDS KEX1 IgG titers than those who developed another
AIDS-defining illness (at visit 1, OR 3.4, 95% CI 1.0–11.6, p=0.053; at visit 2, OR 3.9, 95%
CI 1.0–15.6, p=0.047) (Figure 3A). A low KEX1 IgG level at 18 months prior to AIDS-
defining illness (visit 1) had 92% sensitivity, 21% specificity, 57% positive predictive value,
and 71% negative predictive value in predicting future development of PcP. A low KEX1
IgG level at 12 months pre-AIDS-defining illness (visit 2) had a slightly better sensitivity
(94%) and negative predictive value (75%) while the specificity was slightly less (19%) in
predicting future development of PcP. Because the KEX1 IgG titer at visit 1 was predictive
of development of PcP, we determined factors associated with having a high versus low IgG
titer to KEX1 at visit 1 (Table 1). The CD4 cell count was lower in those with a low IgG
titer to KEX1 compared to a high IgG titer to KEX1 (median cells/μl 282 vs. 402.5, p=0.02).
No other factors were associated with the KEX1 IgG titer. There was no association between
visit 1 CD4 cell count and developing PcP, and a low KEX1 IgG at visit 1 remained an
independent predictor of PcP when controlling for CD4 cell count (OR 3.6, 95% CI 1.02–
12.6, p=0.048). KEX1 IgM levels were similar between the PcP and non-PcP groups at each
visit with similar proportions having low and high titers.

We examined other baseline factors associated with development of PcP. No clinical factors
at visit 1 except low KEX1 IgG were predictive of subsequent PcP. The majority of subjects
had CD4 cell counts greater than 200 cells/μl at the time of their first visit, and visit 1 CD4
cell count did not predict future PcP risk. Factors present at visit 3 (the visit just prior to
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developing the first AIDS-defining illness) independently associated with PcP were lower
CD4 cell count (OR per 100 cells/μL decrease 1.50, 95% CI 1.16–1.93, p=0.002) and not
using antiretroviral medications (OR 7.2, 95% CI 2.7–19.4, p<0.001).

The proportion of participants with high IgG titers to KEX1 increased significantly in the
PcP group after PcP, but there was no increase in proportion with high IgG titer to KEX1 in
the non-PcP group (7.4% pre vs. 22.6% with high titers post, p=0.03 for the PcP group, and
21.3% pre vs. 17.4% post, p=0.6 for the non-PcP group) (Figure 3B). The proportion who
had a high IgM titer to KEX1 decreased in each group after AIDS-defining illness, but there
was a significant decrease only for the PcP group (48.1% pre vs. 29.4% post, p=0.052 for
the PcP group, and 45.7% pre vs. 36.4% post, p=0.4 for the non-PcP group). No factors were
related to an increase in IgG or IgM titer to KEX1 of 4 fold or greater after first AIDS-
defining illness in multivariable or univariable analyses including whether participants were
started on any form of antiretroviral therapy.

DISCUSSION
We investigated humoral immune responses in HIV-infected individuals to two different
Pneumocystis surface proteins with different properties and found that measuring antibody
titers to each are likely useful in different situations. There were higher levels of IgG
antibodies to MsgC9 after an episode of PcP than after other AIDS-defining illnesses, and
those who had PcP had a greater proportion of participants with increases in IgG level to
MsgC3, MsgC8, and MsgC9. Subjects in Chicago were less likely to have a rise in MsgC9
IgG level, suggesting a regional difference in serotypes. Low levels of KEX1 IgG at 12 to
18 months prior were predictive of subsequent PcP episodes. This relationship of low KEX1
to future PcP risk was seen before participants had decreases in CD4 cell counts to levels
generally considered at risk for PcP. KEX1 IgG levels were more likely to rise after PcP
than after another AIDS-defining illness.

The current study supports previous work suggesting humoral responses to the MsgC
fragment may be useful in identifying acute or recent PcP infection. Prior studies have found
that serum from HIV-infected individuals with past PcP recognize the MsgC fragment
significantly better than those who have not had PcP, even more than other Msg fragments
(MsgA and MsgB).12–14,24,25 While we showed that HIV-infected individuals with PcP as
their first AIDS-defining illness have higher levels of IgG to only MsgC9, prior studies have
shown differences in MsgC1, Msg C3, and MsgC8.25,26 In the current study, participants
with PcP were also more likely to have a rise in titer of 1.5 times or greater to MsgC3,
MsgC8, and MsgC9, while prior work detected a difference in all four MsgC fragments.26

These discrepancies may be related to studying a separate set of subjects who might be
exposed to a different Pc serotype and evaluating somewhat different time points in
relationship to PcP. We also found that there was a geographic difference in the likelihood
to respond to the MsgC8 fragment, supporting previous findings.26

In contrast to the relationship of Msg to prior infection, KEX1 levels seem to be more useful
as an indicator of subsequent PcP risk earlier than decreases in CD4 cell counts. The current
study demonstrated that a low IgG level to KEX1 as early as 12 to 18 months prior to PcP
predicted the development of PcP with 92% sensitivity, but only modest specificity. This
high sensitivity for subsequent development of PcP could be useful in predicting who is at
risk for PcP and who may need prophylactic therapy. In addition, this finding is not
explained by a generally suppressed ability to produce antibodies as Msg levels did not
demonstrate this pattern. Immediately prior to PcP diagnosis, KEX1 levels were no longer
predictive of PcP potentially because levels had started to rise in response to pre-clinical
infection. At this time point, CD4 cell count was a much stronger marker of PcP risk. These

GINGO et al. Page 6

J Acquir Immune Defic Syndr. Author manuscript; available in PMC 2012 July 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



findings suggest that low IgG levels to kexin may be a novel, early marker of future PcP
risk, and its clinical utility in predicting need for PcP prophylaxis should be evaluated in
larger clinical studies.

The association of low KEX1 antibody levels with subsequent development of PcP also
supports prior studies documenting a preventive role of KEX1 antibodies in animal models.
Both passive and active immunization to KEX1 protein of Pneumocystis protects animals
from development of PcP in rodent models of PcP, even in T-cell independent
vaccination.16,20–22 In a non-human primate model of HIV-infection and Pc colonization,
high KEX1 antibody titers protected against colonization with Pc, and memory B-cells were
maintained while CD4+ cells declined.29 The findings of these studies suggest that
vaccination for the prevention of PcP may be potentially useful. Although PcP prophylaxis
is available, a vaccine has several features that make it an attractive option for disease
prophylaxis. First, antibiotic prophylaxis is not uniformly effective even when taken
correctly and may not be available in areas where resources are limited.34,35 In addition,
prophylactic medications are associated with a variety of adverse effects, including allergic
reactions, renal dysfunction, methemoglobinemia and hemolytic anemia, and bone marrow
suppression.36 Continued use of antibiotics for prophylaxis may lead to mutations at the
dihydropteroate synthase locus which have been linked to drug resistance in other
organisms, although clinical relevance in Pneumocystis is uncertain.37–39 Vaccination for
the prevention of PcP could allow patients to avoid these negative aspects of antibiotic
prophylaxis.

There are several limitations to our study. First, it is difficult to compare Msg and KEX1
levels directly as different laboratory methods are used to detect each of these antibodies.
The sample size for this study was also small which may have limited our ability to detect
differences between the clinical groups. It is possible that participants were not selected
because there were not serum samples available around the time of first AIDS diagnosis
which may cause a selection bias and reduce the applicability to the entire AIDS population.
In addition, participants developed AIDS mostly in the pre-combination antiretroviral
therapy era, and thus our results may not be generalizable to the current era of antiretroviral
therapy. However, it would be difficult to perform a similar study in the current era given
the large number of people who would need to be followed to detect sufficient cases of PcP.
It is possible that low IgG levels to KEX1 may be a sign of generalized immunodeficiency
from HIV or other causes leading to PcP, but we did not see differences in the levels of
antibodies to the MsgC fragments between those who developed PcP or another AIDS-
defining illness, making generalized immunodeficiency less likely and suggesting specificity
of the KEX1 response. In addition, participants were still able to generate an increase in
antibody levels after PcP. Although CD4 cell counts were slightly lower in those with low
KEX1 titers, most were still above 200 cells/μl, so these subjects would not have been
thought to be at substantial risk for PcP. In addition, KEX1 remained an independent risk
factor when adjusted for CD4 cell count. We also lack information on adherence to
prophylaxis in these subjects as data were collected by participant self-report. Finally,
antibody levels were measured at intervals of 6 months for most participants, but some
participants had antibody levels measured at greater time periods from their first AIDS-
defining illness. These measures could have been less relevant than measures nearer AIDS,
but this limitation was similar between the groups.

In conclusion, we have found that humoral responses to the Pc surface proteins MsgC and
KEX1 have utility in identifying different aspects of PcP infection and may help in
understanding the epidemiology of PcP. Both Msg and KEX1 increase after acute PcP, but
low baseline KEX1 levels are associated with subsequent development of PcP even in
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subjects not yet at risk for PcP by CD4 cell count criteria. Low KEX1 IgG titers may
therefore be a novel marker of future PcP risk.
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Figure 1.
Level of antibodies to MsgC segments at visit 3 (Pre) and visit 4 (Post), before and after the
first AIDS-defining illness, respectively. Lines and whiskers represent the median value and
interquartile range. No PcP = group that had an illness other than PcP for their first AIDS-
defining illness. PcP = group that had PcP as their first AIDS-defining illness.
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Figure 2.
Proportion of subjects in each group who had an increase in antibody level to each MsgC
segment after their first AIDS-defining illness (visit 4) of ≥1.5 times the level prior to the
first AIDS-defining illness (visit 3). No PcP = group that had an illness other than PcP for
their first AIDS-defining illness. PcP = group that had PcP as their first AIDS-defining
illness.
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Figure 3.
A) Proportion of subjects in each group who had a low (≤1:3200) IgG reciprocal endpoint
titer to KEX1 at each visit. Visits 1, 2, and 3 are prior to the first AIDS-defining illness, and
visits 4, 5, and 6 are after the first AIDS-defining illness. B) Proportion of subjects in each
group who had a high (>1:3200) IgG antibody titer to KEX1 before (Visit 1) and after (Visit
6) AIDS-defining illness. No PcP = group that had an illness other than PcP for their first
AIDS-defining illness. PcP = group that had PcP as their first AIDS-defining illness.
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