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Pneumocystis pneumonia (PCP) remains a major
cause of illness and death in HIV-infected persons. Sulfa
drugs, trimethoprim-sulfamethoxazole (TMP-SMX), and
dapsone are mainstays of PCP treatment and prophylaxis.
While prophylaxis has reduced the incidence of PCP, its
use has raised concerns about development of resistant
organisms. The inability to culture human Pneumocystis,
Pneumocystis jirovecii, in a standardized culture system
prevents routine susceptibility testing and detection of drug
resistance. In other microorganisms, sulfa drug resistance
has resulted from specific point mutations in the dihydropteroate synthase (DHPS) gene. Similar mutations
have been observed in P. jirovecii. Studies have consistently demonstrated a significant association between the use
of sulfa drugs for PCP prophylaxis and DHPS gene mutations. Whether these mutations confer resistance to TMPSMX or dapsone plus trimethoprim for PCP treatment
remains unclear. We review studies of DHPS mutations in
P. jirovecii and summarize the evidence for resistance to
sulfamethoxazole and dapsone.

lthough decreasing in incidence as a result of combination antiretroviral therapy and effective prophylaxis, Pneumocystis pneumonia (PCP), caused by
Pneumocystis jirovecii (formerly P. carinii f. sp. hominis),
remains the most common AIDS-defining opportunistic
infection, as well as the most frequent serious opportunistic infection in HIV-infected persons, in the United States
and Europe. Despite the fact that this infection can be prevented, certain patients continue to be at increased risk for
PCP. Specifically, PCP frequently signals HIV infection in
patients not previously known to be HIV-infected (1).
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Patients who are not receiving regular medical care, as
well as those who are not receiving or responding to antiretroviral therapy or prophylaxis, are also at increased risk
for PCP (2). PCP may also develop in other immunosuppressed populations, such as cancer patients and transplant
recipients. Furthermore, PCP remains a leading cause of
death among critically ill patients, despite advances in
treatment and management (3).
The first-line treatment and prophylaxis regimen for
PCP is trimethoprim-sulfamethoxazole (TMP-SMX) (4).
While prophylaxis has been shown to reduce the incidence
of PCP, the widespread and long-term use of TMP-SMX in
HIV patients has raised concerns regarding the development of resistant organisms. Even short-term exposure to
TMP-SMX can be associated with the emergence of TMPSMX resistance, as has been demonstrated in patients with
acute cystitis caused by Escherichia coli (5). Indeed, an
increased number of sulfa-resistant bacteria have been isolated in HIV patients, which coincides with the rise in
TMP-SMX prophylaxis for PCP (6,7). In one study, the
prevalence of TMP-SMX–resistant Staphylococcus aureus
and Enterobacteriaceae species isolated in all hospitalized
patients increased significantly from <5.5% of isolates
before 1986 to 20% in 1995, during which time TMPSMX prophylaxis was increasing in HIV-infected patients
(6). In addition, the rise in resistant organisms was significantly more prominent in samples obtained from HIVinfected patients, in whom resistant isolates increased from
6.3% in 1988 to 53% in 1995. Another study found that
significantly more TMP-SMX–resistant organisms were
isolated from HIV-infected patients who had received
TMP-SMX than from patients who had not received TMPSMX (7).
Given the emergence of resistance to TMP-SMX
among many bacteria (8), concern has focused on the
potential development of resistant Pneumocystis. Based
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on animal studies, nearly all of the anti-Pneumocystis
activity of TMP-SMX is due to sulfamethoxazole (9). The
development of sulfonamide resistance could result in the
failure of sulfamethoxazole as well as dapsone, a sulfone
antimicrobial agent also used in the treatment and prophylaxis of PCP. While separate lines of investigation also
suggest that Pneumocystis may be developing resistance
to atovaquone, a second-line PCP treatment and prophylaxis regimen (10), we concentrate our review on the evidence for the development of sulfonamide-resistant
Pneumocystis.
Mechanisms of Sulfonamide Resistance
Sulfonamides act by interfering with folate synthesis.
Since many microorganisms cannot transport folate into
cells as mammalian cells can, most prokaryotes and lower
eukaryotes must synthesize folates de novo (11).
Sulfonamides inhibit one of the integral enzymes in folate
synthesis, dihydropteroate synthase (DHPS), which catalyzes the condensation of para-aminobenzoic acid and
pteridine to form dihydropteroic acid (Figure). Since mammalian cells lack DHPS, sulfonamides can selectively
inhibit the growth of various microorganisms.
Trimethoprim, part of the fixed combination TMP-SMX,
inhibits another of the integral enzymes, the dihydrofolate
reductase (DHFR).
Resistance to sulfonamides can emerge by means of a
number of mechanisms (12). In most gram-negative
enteric bacteria, sulfonamide resistance is largely plasmidborne and related to drug-resistant DHPS variants with
substantial sequence divergence (12). Chromosomal mutations in the DHPS locus—such as point mutations, inser-

Figure. Inhibition of folate synthesis by sulfonamides and trimethoprim. PABA, paraaminobenzoic acid; DHPS, dihydropteroate synthase; DHFR, dihydrofolate reductase.
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tions of duplicate amino acids, or larger sequence alterations as a result of recombination—can also lead to resistance (8). In some organisms, several different mechanisms
of resistance have been identified in different strains. For
example, some strains of Neisseria meningitidis have
acquired a DHPS gene with 10% sequence divergence,
postulated by others to be due to recombination (12),
whereas other Neisseria strains have acquired a chromosomal insertion, resulting in the addition of two amino acids
to DHPS (13). In other organisms, such as E. coli and
Plasmodium falciparum, nonsynonymous point mutations
resulting in amino acid substitutions in DHPS can confer
sulfa resistance (14,15). Furthermore, the accumulation of
additional mutations over time can confer increasing levels
of sulfa resistance, as has occurred in P. falciparum (16).
Dihydropteroate Synthase Mutations
in Pneumocystis
Similar to other microorganisms, mutations have been
identified in the DHPS gene of Pneumocystis jirovecii,
which has raised the question of whether P. jirovecii is
developing resistance to sulfonamides. The DHPS gene of
P. jirovecii has been sequenced and is part of the folic acid
synthesis gene or fas gene; it encodes a trifunctional protein along with dihydroneopterin aldolase and hydroxymethyldihydropterin pyrophosphokinase (17). Sulfa
medications appear to exert selective pressure on
Pneumocystis (18), as the DHPS gene is more likely to display mutations in highly conserved regions in patients with
PCP who have previously been exposed to sulfa medications (19–25). These DHPS gene mutations were rarely
found in clinical isolates before the early 1990s (19,20,22).
Genetic analysis suggests that the mutations arose independently in multiple strains of Pneumocystis, which supports the theory that exposure to sulfa medications selects
for DHPS gene mutations (26). Furthermore, DHPS gene
mutations have not been found in other mammalian
Pneumocystis species that have not been exposed to sulfa
medications (18,27).
Several factors suggest that the mutations observed in
P. jirovecii may confer resistance to sulfa medications. The
region of the DHPS gene in which mutations have been
identified is one that is highly conserved among other
organisms,
including
Plasmodium
falciparum,
Streptococcus pneumoniae, E. coli, and Bacillus subtilis
(18). The most common mutations identified in the
Pneumocystis jirovecii DHPS are nonsynonymous point
mutations, which result in amino acid substitutions at positions 55, 57, or both. Different strains with single or double amino acid substitutions at these positions have been
identified (Table 1). Based on homology to the E. coli
DHPS, these point mutations appear to be in an active site
of the enzyme involved in substrate binding; thus, amino
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acid substitutions in these regions could result in structural changes that could interfere with substrate binding and
enzyme activity (21). Likewise, similar point mutations in
positions equivalent to this site in Plasmodium falciparum
(15) and Mycobacterium leprae (28) confer sulfa resistance. Other mutations near this site also cause sulfa resistance in S. pneumoniae and P. falciparum (18).
However, the inability to reliably culture Pneumocystis
jirovecii in a standardized in vitro culture system prevents
the routine susceptibility testing of Pneumocystis. The lack
of a standardized culture system also hampers research
into the development and testing of new antimicrobial
agents with anti-Pneumocystis activity, which highlights
our reliance on TMP-SMX as the current mainstay of therapy. Thus, the clinical significance of these DHPS gene
mutations must be inferred from correlating the clinical
outcome with the presence of DHPS gene mutations in
patients with PCP.
Association of Sulfamethoxazole and Dapsone
with DHPS Gene Mutations
Several studies have consistently demonstrated a significant association between the use of TMP-SMX or dapsone for PCP prophylaxis in HIV-infected persons and the
presence of DHPS gene mutations (Table 2) (19–25,29).
One study extended these findings to the use of
pyrimethamine plus sulfadoxine for PCP prophylaxis (30).
Another study demonstrated an apparent reversal of the
DHPS mutant-to-wild-type ratios after the use of TMPSMX was restricted (31). In total, studies report >700
episodes of PCP, span a period from 1976 to 2001, and
include patient data and clinical specimens from multiple
cities in several different countries. Unfortunately, these
studies used different criteria to define PCP prophylaxis
with TMP-SMX or dapsone, which effectively limits
attempts at data pooling for more direct and detailed analyses. In addition, most of the studies collected data by
abstracting information from patient charts. Thus, these

studies were unable to assess whether patients adhered to
the prescribed prophylaxis. Nevertheless, seven of the nine
studies found that most HIV-infected patients with a diagnosis of PCP who had been prescribed TMP-SMX or dapsone for PCP prophylaxis had Pneumocystis that contained
DHPS mutations (range 19%–80%, Table 2) (19–24,30).
Furthermore, eight of the nine studies reported that PCP
patients for whom TMP-SMX or dapsone was prescribed
were more likely to have Pneumocystis that contained
DHPS mutations than were patients for whom these medications were not prescribed (19–25,30).
Of note, in all nine studies, DHPS mutations were
observed in PCP patients who were not currently receiving
TMP-SMX or dapsone. Whether these patients who failed
to meet the defined criteria for TMP-SMX or dapsone prophylaxis had ever received one of these medications for
prophylaxis or had received TMP-SMX for a reason other
than PCP prophylaxis at some point during their lives was
difficult to assess with any degree of confidence.
Nevertheless, most of the studies found that only a minority of PCP patients who had not been prescribed TMPSMX or dapsone for PCP prophylaxis had Pneumocystis
that contained DHPS mutations. The study that reported
the highest proportion (48%) used both chart abstraction
and patient interview as sources of clinical information
regarding PCP prophylaxis (23). This study also used a
broad definition of PCP prophylaxis, including patient
report of TMP-SMX use for prophylaxis at any time in life.
Thus, despite rigorous attempts to document TMP-SMX or
dapsone use for PCP prophylaxis and with the broadest
definition of prophylaxis applied, nearly half of the
patients without TMP-SMX or dapsone use had evidence
of DHPS mutations on their clinical PCP specimen.
Among the 26 patients with a new diagnosis of HIV infection at the time PCP was diagnosed and who thus had
never received PCP prophylaxis, 14 (54%) had
Pneumocystis that contained DHPS gene mutations. The
specific city of residence was also an independent predictor associated with the risk for Pneumocystis that contained DHPS gene mutations. Patients who lived in San
Francisco were five times more likely, and patients who
lived in Seattle were more than three times as likely to
have mutant DHPS than patients who resided in Atlanta,
even when factors including sulfonamide or dapsone PCP
prophylaxis and prior PCP were controlled for. The presence of DHPS mutations in patients without prior TMPSMX or dapsone use for PCP prophylaxis, the absence of
similar mutations in Pneumocystis isolated from other
mammalian species, and the impact of geography on
DHPS genotype have substantial implications for disease
transmission (i.e., person-to-person transmission) that are
beyond the scope of this review (32–35).
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Lack of Association of Trimethoprim with
DHFR Gene Mutations
Trimethoprim inhibits another of the integral enzymes
in folate synthesis, DHFR (Figure). In other microorganisms, point mutations in the DHFR gene are an important
mechanism of drug resistance. This finding has led
researchers to examine the DHFR gene of P. jirovecii to
evaluate whether DHFR mutations contribute to TMPSMX resistance. To date, two studies have failed to
demonstrate an association between the use of TMP-SMX
for PCP prophylaxis in HIV-infected persons and the presence of DHFR gene mutations (21,36). In one study, 36 of
37 specimens (from 35 patients, 26 of whom were HIVinfected) demonstrated identical DHFR sequences, with a
single specimen showing one synonymous nucleotide
change (21). In the second study, 16 (59%) of 27 specimens (from 27 patients, 19 of whom were HIV-infected)
had DHFR gene mutations, 14 had synonymous changes,
1724

and 2 had nonsynonymous changes (36). Neither of the
two patients whose PCP specimen had nonsynonymous
DHFR changes had prior exposure to DHFR inhibitors, yet
both patients were treated successfully for PCP with TMPSMX. In addition, this study aligned the Pneumocystis
DHFR sequences with those of E. coli, Staphylococcus
aureus, Streptococcus pneumoniae, and Plasmodium falciparum and reported that the observed nonsynonymous
changes in Pneumocystis DHFR were not in the highly
conserved regions of the enzyme as are the amino acid
substitutions that confer resistance to TMP (or
pyrimethamine) in these other organisms. Thus, the presence and association of DHPS, but not DHFR, gene mutations with the use of specific PCP prophylaxis regimens
argue strongly both for the importance of SMX and dapsone against Pneumocystis and the central role of DHPS
mutations in the potential development of TMP-SMX or
dapsone resistance.
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Clinical Importance of DHPS Gene
Mutations in Pneumocystis jirovecii
A number of studies have examined the effect of DHPS
gene mutations on clinical outcomes such as death, death
specifically attributable to PCP, and PCP treatment failure
with TMP-SMX or dapsone plus trimethoprim (Table 3)
(19–22,24,25,37–39). Whether the presence of DHPS gene
mutations confers clinical resistance to TMP-SMX or dapsone plus trimethoprim for PCP treatment remains unclear
and requires further study. In a multivariate analysis,
Helweg-Larsen and colleagues found that DHPS mutations were an independent predictor associated with
increased death rates (20). In this study, DHPS mutation
was the strongest predictor of death, and patients who had
Pneumocystis that contained DHPS mutations had a
greater than threefold increased risk for death within 3
months compared to patients with the wild-type DHPS,
after important mortality cofactors such as age, CD4+/cell
count, and arterial oxygen partial pressure (PaO2) were

controlled for. Whether this increased death rate was due to
failure of TMP-SMX for PCP treatment is unclear. In fact,
12 (63%) of 19 PCP patients with Pneumocystis that contained DHPS gene mutations responded to PCP treatment
with TMP-SMX. Kazanjian and co-workers found that the
presence of DHPS mutations was associated with an
increased risk for PCP treatment failure with TMP-SMX or
dapsone plus trimethoprim (22). In univariate analysis,
PCP patients who had Pneumocystis that contained DHPS
gene mutations had a greater than twofold increased risk
for treatment failure with one of these regimens, compared
to patients with the wild-type DHPS. In this study, treatment failure was defined as worsening of clinical features
after 7 days of therapy, failure to improve after 10 days of
therapy, or a change in therapy because the treating physician perceives failure. Patients who responded clinically to
therapy but who switched therapies because of adverse
effects were considered to have been treated successfully.
Similar to the findings of Helweg-Larsen, most patients
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with Pneumocystis that contained DHPS gene mutations
responded to PCP treatment with TMP-SMX or dapsone
plus trimethoprim. Overall, 15 (71%) of 21 PCP patients
with Pneumocystis that contained DHPS gene mutations
responded to PCP treatment with one of these two regimens. In addition, this study found no association between
the presence of DHPS mutations and death at 4 weeks. In
contrast to these prior two studies, Navin and colleagues
found no association between the presence of DHPS mutations and overall number of deaths at 6 weeks, death attributable specifically to PCP, or PCP treatment failure (39).
Overall, 16 (17%) of 94 PCP patients with DHPS mutations died compared to 9 (25%) of 36 PCP patients with
wild-type DHPS (p = 0.30). Similarly, seven patients (7%)
with PCP with DHPS mutations died as a result of PCP
compared to four patients (11%) with wild-type DHPS.
Among the 66 patients with PCP with DHPS mutations
who were treated with TMP-SMX, 56 (85%) responded to
this treatment. In this study, patients were classified as
having been successfully treated if they completed a full
course of therapy and responded or if they responded sufficiently to be switched from intravenous to oral therapy
and be discharged. Similar to the Kazanjian study, patients
who responded clinically to therapy but who switched
therapies because of adverse effects were considered to
have been treated successfully. This noted TMP-SMX
response rate was significantly better than the rate for
patients with DHPS mutation who were treated with intravenous pentamidine or clindamycin plus primaquine (14
[50%] of 28) and for patients with the wild-type DHPS
who were treated with TMP-SMX (23 [64%] of 36). These
results were similar when the analysis was restricted to
patients who had been treated for at least 7 days with their
initial therapy. Although these three patient groups did not
differ in terms of age, CD4-cell count, serum albumin,
serum lactate dehydrogenase (LDH), or proportion who
required corticosteroids, no multivariate analysis was performed to determine independent predictors associated
with death (or PCP treatment failure). Instead, a series of
stratified analyses were performed and failed to detect any
subsets of PCP patients in whom DHPS mutations were
associated with a worse outcome.
Summary and Future Directions
Whether Pneumocystis DHPS gene mutations confer
clinical resistance to TMP-SMX or dapsone plus trimethoprim for PCP treatment remains unclear. Published studies
offer conflicting results. Each study used different definitions for PCP prophylaxis and PCP treatment success or
failure, and each examined patient deaths at different timepoints, with different methods of statistical analysis. These
methodologic differences limit attempts at data pooling for
more direct and detailed analyses. The outcome of HIV1726

infected patients with PCP is a complex issue, with multiple factors affecting death, including those related to the
patient (e.g., age), the patient’s overall health status (e.g.,
serum albumin), the underlying HIV/AIDS (e.g., coexisting opportunistic infections or conditions), and, of course,
those specific factors related to PCP (e.g., disease severity,
presence of respiratory failure, need for mechanical ventilation, and development of serious complications such as
pneumothorax). In each individual report, the overall number of patients studied and the subset of patients who had
Pneumocystis that contained DHPS mutations and were
treated with TMP-SMX or dapsone plus trimethoprim
were too small to account for these factors and to detect
small differences in outcome that may be related to drug
resistance. Furthermore, these and future observational
studies that examine DHPS genotype and PCP treatment
outcome are complicated by the absence of validated PCP
clinical treatment guidelines, practice standards, and definitions of treatment success or failure.
While the declining incidence of PCP in the United
States and Europe, as a result of combinations of antiretroviral therapy and PCP prophylaxis, might lessen the enthusiasm for continued study of this issue, brief consideration
of a number of factors that warn of a future “perfect storm”
suggests that continued study is important. First, most
HIV-infected persons worldwide reside in sub-Saharan
Africa, Southeast Asia, and Latin America, places where
access to antiretroviral therapy and PCP prophylaxis are
limited. Second, PCP is increasingly being recognized as
an important cause of illness in these regions. In many of
these regions, programs to use TMP-SMX as multiopportunistic infection prophylaxis are being implemented, and
Pneumocystis that contains DHPS mutations can be
expected. Next, the treatment options for PCP in these
regions are often limited to TMP-SMX, since regimens
such as pentamidine, clindamycin plus primaquine, trimetrexate, and atovaquone are unavailable. The existence of
TMP-SMX–resistant Pneumocystis in these regions, combined with the general absence of invasive diagnostic procedures (e.g., bronchoscopy that might establish an earlier
diagnosis of PCP when the outcome is better) and intensive care facilities (e.g., mechanical ventilation that might
support patients until PCP treatment can be effective),
stresses the importance of further study (40).
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