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Abstract

Objective—To investigate trends in the efficacy of praziquantel (PZQ) suggestive of the emergence
of drug resistance against Schistosoma mansoni infection after 12.5 years of intense, repeated use in
a small geographic area along the shores of Lake Victoria.

Methods—As part of a longitudinal study, 178 men occupationally exposed to schistosomes were
repeatedly tested for S. mansoni infection at 4-6 week intervals and were treated with PZQ at each
reinfection. We compared cure rates by year of study and examined factors associated with cure
failure in a multivariate logistic regression model.

Results—Overall, the cure rate after a single dose of PZQ was 66%, ranging annually from 36%
to 82%. In multivariate analysis, failure to cure after 1 PZQ dose was significantly associated with
high intensity of infection and having fewer previous exposures to dying worms. Even after
adjustment for these factors, treatments administered in 2006 were significantly more likely to result
in cure failures than treatments administered in 2004, the year in which PZQ efficacy was highest.
While cure rates varied over the course of 12 years, there was no consistent downward trend towards
decreased efficacy over time. In years for which malacological data were available, periods of low
PZQ efficacy coincide with high rates of S. mansoni infection in nearby snail populations.

Conclusion—We did not find a pattern of cure failures consistent with development of clinical
resistance to PZQ in our intensely treated cohort.
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Introduction

Schistosomiasis is one of the most prevalent parasitic infections of humans, with an estimated
200 million people infected and 600 million at risk worldwide (Chitsulo et al. 2000). Presently,
schistosomiasis control strategies are focused on mass administration of the drug praziquantel
(PZQ), with special emphasis on treating school age children (Fenwick et al. 2003). While
PZQ is safe and effective, there is concern over the reliance on a single drug for a concerted
effort against such a widespread infection. While definitive evidence of clinically relevant
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resistance to PZQ has not been reported, field studies showing reduced efficacy of PZQ in
some settings, and the ability to induce resistance in laboratory-maintained isolates through
drug pressure in mice, raise concerns that PZQ resistance in human schistosomiasis could
develop (Doenhoff et al. 2002).

As part of several longitudinal studies, we have been repeatedly treating a geographically
defined cohort of occupationally exposed adult men for more than 12 years. If praziquantel
resistance can be induced in field settings, repeated treatments in a restricted area with high
numbers of individual parasites are the conditions most likely to have this result. We
investigated trends in the efficacy of PZQ over time to evaluate the possible emergence of PZQ
resistance in our study population as well as factors associated with failure to cure.

Patient population

All participants in this study were adult males working as car washers along the shores of Lake
Victoria in Kisumu, western Kenya. Car washers are exposed to schistosomes as they stand
ankle- to knee-deep in the lake to wash cars that have been driven into the shallow water at the
edge of the lake. The entire car washing area under study is confined to an area approximately
30 m along the shoreline. Based on their occupation, these men likely received almost all of
their exposure within this small site, which is also located within 15-25 m of the site of most
fecal contamination in this area. All subjects in this current analysis were part of two
longitudinal studies by our group designed to study resistance to S. mansoni reinfection
(Karanja et al. 1998; Mwinzi et al. 2001; Karanja et al. 2002; Mwinzi et al. 2008). Enrollment
for the first study began in June 1995 and ended in December 1999, with follow-up of willing
participants that continues to the present day. Enroliment in the second cohort began in October
2003 and is currently ongoing. Since follow-up procedures regarding stool sampling and
treatment are the same for both cohorts, the data were pooled for the present analysis. Thus,
this analysis includes data collected from June 1995 through December 2007.

The parent studies from which the current data were obtained, including the collection of and
use of all data analyzed in the current study, were approved by the institutional review boards
of the University of Georgia and the Centers for Disease Control and Prevention, the Scientific
Steering Committee of the Kenya Medical Research Institute, and the KEMRI/National Ethics
Review Board of Kenya.

Patient follow-up

Upon enrollment, car washers were tested for infection with S. mansoni by the modified Kato-
Katz technique. Duplicate slides from 3 stool samples taken within a 2-week period were used
to quantify S. mansoni eggs per gram (epg) of feces. Persons positive for S. mansoni eggs were
treated with 40 mg/kg PZQ. Follow-up stool samples were taken 4 to 6 weeks later to allow
clearance of already deposited eggs from the treated subjects' intestines, and those persons still
excreting eggs were retreated with another dose of PZQ. Retreatment continued until stool
samples were negative for S. mansoni eggs, based again on duplicate slides of 3 separate stools.
After cure by these standard criteria, participants were continually followed and retested for
the presence of S. mansoni eggs by 3 stool samples provided at 4-week intervals. Each time
stools were found to be positive subjects were treated with PZQ until only negative stools were
obtained, as above. PZQ was purchased through the Kenyan Ministry of Health and has been
manufactured by Cosmos Ltd (Nairobi, Kenya) since 2002.
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Participants donated blood samples for HIV-1 testing as previously described (Karanja et al.
2002; Mwinzi et al. 2008) approximately yearly for those enrolled prior to 2003 and every six
months for those enrolled thereafter.

Malacological studies

Snails of the species Biomphalaria sudanica were collected at the carwash site as part of a
study of the interactions between human and rodent schistosomes in the Lake Victoria region
of Kenya (Steinauer et al. 2008). B. sudanica was the only species of snails found to harbor
S. mansoni in this location. Briefly, snail surveys were conducted intermittently between
November 2004 and February 2007 using a standard wire-mesh scoop. Snails were isolated in
aged tap water in individual wells of tissue culture plates for 24-48 hours and examined for
shedding cercariae. Cercariae from infected snails were used to infect mice, and adult worms
perfused from mice were identified as S. mansoni by molecular techniques.

Statistical analyses

Each infection or reinfection was counted as a separate infection event. Instances in which the
participant left the study or follow-up ended after PZQ treatment and before cure could be
assessed or more than 4 months transpired between treatment and assessment of cure were
considered censored. Observations that were censored after 1 dose of PZQ following a new
reinfection were excluded from the analyses. Subjects that were censored after having received
more than 1 dose of PZQ without demonstrated cure were included in the analyses with an
imputed cure after the final documented dose of PZQ. Cure rate was defined as the percent of
infections cleared of S. mansoni eggs after one or two doses of PZQ. Percent reduction in mean
egg count after a single PZQ dose was defined as:

(mean egg count before PZQ treatment — mean egg count after treatment) %100

mean egg count before treatment

Logistic regression was used to examine the effect of year of treatment, intensity of infection,
number of previous cures, number of years worked in the lake, and HIV status on the efficacy
of a single dose of PZQ. Intensity of infection was included in the logistic regression models
as a continuous variable representing the log transformation of the arithmetic mean egg count
of the 6 stool slides examined. Number of previous cures and number of years worked in the
lake were included in the regression models as a composite variable, as both variables are used
as indicators of past exposure to dying worms, either due to PZQ or through natural worm
death. Also, as a longer history of work at the lake is strongly correlated with length of time
in the study and thus number of previous treatments received, inclusion of both variables would
introduce collinearity into the models. Thus, past exposure to dying worms was defined as
having worked in the lake at least 10 years or having 3 or more previous documented cures.
Ten years was chosen as the cutoff because it represents the upper range of the mean natural
life span of S. mansoni worms (Fulford et al. 1995). Because the home villages of
approximately 90% of the car washers in this study were not lakeside villages endemic for
schistosomiasis, it is unlikely that they received exposures to schistosomes before they began
working at the car wash.

For comparisons between year of treatment, 2004 was chosen as the reference year because
cure rates were high during this year and an ample number of infections occurred to make
meaningful comparisons with other years. Generalized estimating equations were used to
account for non-independence due to the inclusion of multiple infection episodes of the same
individuals. All analyses were performed with SAS version 9.1 (Cary, NC).
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The study population consisted of 201 men who experienced 916 infection episodes over the
course of approximately 12.5 years. Two men were treated with oxamniquine after repeatedly
failing to cure with PZQ, one of whom successfully cured with oxamniquine after 7 failed PZQ
treatments, and one of whom never cured despite 14 PZQ and 9 oxamniquine treatments. Both
of these men were excluded from further analyses. An additional 91 infection episodes (9.9%
of total) were excluded from the analyses due to censoring after 1 PZQ treatment, leaving a
final sample size of 823 infections in 178 men. The mean number of infection episodes per
individual was 5 (range: 1-18) and the mean follow-up time was 59.5 months (range: 1-152
months).

Efficacy of PZQ

The overall efficacy of 1 and 2 doses of PZQ over the entire period of 12.5 years was 66% and
82%, respectively. Efficacy by year of treatment is shown in Figure 1. The cure rate after 1
dose of PZQ ranged yearly from 36% to 82%. The percentage of infected persons cured after
2 doses of PZQ ranged from 52% to 92%. While cure rates varied over the course of 12 years
of PZQ administration, there was no consistent downward trend of decreased efficacy over
time. After 2 doses of PZQ cure rates were mostly well above the generally accepted efficacies
for PZQ, although during the years 2000, 2002 and 2006 efficacy was below 65% even after
2 doses.

The percent reduction in egg count after a single dose of PZQ, by year of treatment, is given
in Table 1. The overall mean percent egg reduction was 83%, and annually ranged from 62%
to 91%. The overall mean number of PZQ doses needed to achieve cure was 1.8, and annually
ranged from 1.4 to 3.1 (Table 1). As with cure rates, mean reductions in egg count and the
number of doses needed to clear S. mansoni eggs fluctuated by year of treatment but did not
follow any linear pattern over time.

Factors associated with cure failure

Overall, 34% of infections failed to clear after a single dose of PZQ. The frequencies of cure
failures after 1 dose of PZQ, stratified by year of treatment, number of previous cures, years
worked in the lake, intensity of infection, and HIV status are given in Table 2. Cure failures
were highest in the years 1995, 2000-2003 and 2006, among those subjects with no previous
cures (and thus treatment naive), those with less than 10 years of lake exposure, those with
highest egg counts, and those who were HIV negative.

In univariate analyses (Table 3, left-hand column), infections treated during the years 1995,
1999-2003 and 2006 were significantly more likely to be cure failures than infections treated
in 2004, with odds ratios ranging from 2.4 to 8.8. Infections in subjects who had worked in the
lake at least 10 years or had previously experienced 3 or more PZQ-induced cures had 0.4 times
reduced odds of cure failure as infections in subjects with fewer previous exposures to dying
worms. Each 1-unit increase in log egg count increased the odds of cure failure by 1.5 (95 %
Cl[1.4,1.6]). Infections in HIV positive men were less likely to be cure failures than infections
among HIV negative men (OR=0.6 [0.4, 0.8]).

Results of the multivariate analysis of factors associated with PZQ failure are also shown in
Table 3 (right-hand column). Many of the differences in cure failures by year disappeared after
adjustment for intensity of infections, previous cure history, and HIV status. However, even
after adjustment for these factors, the odds of cure failure for infections treated in 2006 were
4.2 times greater (95 % CI [2.1, 8.3]) than the odds of cure failure in 2004. Infections treated
in 2005 were significantly less likely to be cure failures relative to infections treated in 2004
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(OR=0.410.1, 1.0]). HIV status was no longer associated with cure failure after adjustment for
other factors, while the association between cure failure and intensity of infection and previous
exposure to dying worms remained virtually unchanged.

Malacological survey results

As an indicator of potential for S. mansoni transmission in this area, the prevalence of S.
mansoni infection among the intermediate snail hosts was investigated. Prevalence in B.
sudanica snails collected at the carwash site between November 2004 and February 2007 is
shown in Figure 2. Malacological surveys were not conducted at regular intervals during this
time, but time periods in which surveys were done over consecutive months are grouped
together. The percentage of snails infected with S. mansoni ranged from 0% (0/296) in early
2005 to 22% (4/18) in the period from March-May 2006. After mid-2006, prevalence of
infected snails decreased to 1.4% (1/69) in early 2007.

Discussion

While we observed substantial year-to-year variation in the efficacy of PZQ against S.
mansoni infection, we saw no evidence of the development of clinically detectable resistance
to PZQ after more than 12 years of consistent administration in this relatively closed population
in a confined geographical area. Similar results were reported for the efficacy of PZQ against
S. haematobium in coastal Kenya, where after repeated PZQ treatment in a group of children
followed from 1984-1991, cure rates after a single dose varied from 65% in 1986 to 96% in
1990 but did not predictably decline by year (King et al. 2000). Reduced efficacy against S.
japonicum was also not found in the Dongting Lake region of China after 14 years of annual
mass chemotherapy with PZQ (Yu et al. 2001). However, ours is the first study to report on
intense, multiple retreatments of the same individuals in a small area over the course of many
years.

Two instances in the literature of mass PZQ use in the treatment of schistosomiasis are
frequently cited as evidence that PZQ resistance or tolerance in schistosome infections of
humans may be possible. A 1994 study in Egypt of five villages in which PZQ had been used
for approximately 10 years found that 1.6% of those infected with S. mansoni were not cured
after 3 doses of PZQ, and worms from those infections had reduced responsiveness to PZQ in
vivo and in vitro. However, a follow-up study in the same villages after 10 additional years of
continued PZQ use found cure rates after 1 dose of PZQ to be within normal ranges and no
patients failed to cure after 3 successive doses (Ismail et al. 1996; Botros et al. 2005).

Primary resistance to PZQ was thought to be seen in a newly endemic area of northern Senegal
when studies conducted between 1991-1993 yielded cure rates between 18-39%, the lowest
cure rates reported at the time and well below the expected cure rates of 70-90% (Cioli 2000;
Gryseelsetal. 2001). However, the notion of PZQ resistance in this population has been largely
dismissed in subsequent literature. The initial low cure rates have instead been attributed to
three factors: high intensity of infection, high transmission of infection, and the lack of previous
immunologic exposure to schistosomes in this population. Because the intensity of infection
was so high among the participants of these studies, many researchers speculate that even if
PZQ was >90% effective, enough worm pairs could remain alive to continue to excrete
detectable eggs. Secondly, PZQ is largely ineffective against larval stages of worms. Due to
the high intensity of transmission in this area, many people were likely infected with immature
worms at the time of treatment, which would have matured and begun excreting eggs at the
time of the follow-up 12 weeks later (Cioli 2000; Gryseels et al. 2001). Thirdly, though the
exact mechanism of action of PZQ is unknown, efficacy in mice has been shown to be
dependent on appropriate humoral immune responses in the host. Researchers have postulated
that PZQ acts by exposing surface antigens on the worms and rendering them susceptible to
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elimination by relevant immune effector mechanisms in the host (Harnett & Kusel 1986;
Brindley & Sher 1987; Doenhoff et al. 1987; Modha et al. 1990). These necessary immune
responses were possibly not yet fully developed in this recently exposed Senegalese population.

The aforementioned factors for low PZQ efficacy may also explain the yearly variations in
cure rates in our study population. As seen by others (Van Lieshout et al. 1999; Kabatereine
et al. 2003; Raso et al. 2004), we found that higher intensities of infection were significantly
associated with the inability to completely cure. Furthermore, after adjustment for egg count,
cure rates in the years in which intensity of infections were high (1995, 2000, 2003) were
similar to those years in which cure rates were >80%.

Even after adjustment for intensity of infection, cure rates during the year 2006 remained low
relative to other years. However, as evidenced by the variation in the prevalence of S.
mansoni in the intermediate snail hosts collected at the car wash site (Figure 2), intensity of
transmission in the area surrounding the carwash is not consistent over time. The year in which
cure failures were the greatest, 2006, is also the year in which S. mansoni prevalence in shails
was highest of the years for which snail data are available. Although based on a small sample
of snails, the 22% prevalence in snails observed in mid-2006 is extraordinarily high relative
to what is often reported. For example, in coastal Kenya, a 1.2% prevalence of S.
haematobium among Bulinus snails was sufficient to support a high prevalence of human S.
haematobium infections in the area (Kariuki et al. 2004). Similarly, during the time period of
the aforementioned King et al study of repeated treatment in school children, prevalence of S.
haematobium in snails in the study areas ranged from 0.13% to 1.5% (Sturrock et al. 1990).
Thus, the increase in the proportion of infected snails is consistent with increased transmission
during 2006 and the possibility that subjects were harboring pre-patent infections that are not
sensitive to PZQ. S. mansoni prevalence in snails decreased in 2007, corresponding to a
decrease in cure failures in 2007 relative to 2006. Other researchers have reported lower-than-
expected PZQ cure rates in areas of high schistosome transmission (Kabatereine et al. 2003)
and reduced efficacy in sites with higher transmission relative to sites with lower transmission
(Garcia et al. 2006).

Independently of differences in intensity of infection and transmission, we found that infections
in men with less than ten years of lake exposure and less than three documented prior cures
were more likely to be cure failures than those in men with a previous history of treatment-
induced cures or a likelihood of exposure to naturally-occurring worm deaths. An immunologic
component to PZQ cure involving antibodies targeted at teqgumental antigens that are exposed
upon death or damage to the worms but not normally exposed during the lifespan of the worm
has been postulated (Harnett & Kusel 1986; Brindley & Sher 1987; Doenhoff et al. 1987,
Modha et al. 1990), so possibly immune responses generated by previous exposure to dying
worms add to the subsequent efficacy of PZQ to clear worms. Our results are in contrast to
those of King et al (2000), who found no association between cure failure and prior PZQ
treatment. However, their study included only children in a focally endemic area so may not
be comparable to ours, which included only adults largely raised in non-endemic settings.

Consistent with a prior report by our group (Karanja et al. 1998), upon multivariate analysis
we found no association between HIV status and PZQ cure failure. Of the 49 HIV positive men
for whom CD4 data were available, only 14 had CD4 counts below 200 at any point during
the course of follow-up, and only one man had a CD4 count below 100. Most HIV positive
subjects had relatively normal CD4 counts throughout the duration of the study and were thus
still likely sufficiently immunocompetent to make the appropriate antibodies postulated as
necessary for PZQ efficacy (Karanja et al. 1998).
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The data presented here only provide evidence that broad-scale PZQ resistance has not spread
throughout the carwash population due to high selective drug pressure. Resistance or increased
tolerance could have emerged in individual worms but not become widespread in the
population. If such resistant strains exist, whether they could spread throughout the population
and lead to observable clinical resistance depends on such factors as the size of the schistosome
population in untreated human hosts and the fitness costs of resistance to the worms (Feng et
al. 2001). Evaluation of these factors is beyond the scope of the current analysis, but ongoing
population genetics studies by several groups may provide useful data on genetic population
shifts under field conditions of mass drug administration.

Although we did not find broad-scale resistance to PZQ, we also did not find that repeated
treatment demonstrably lessened the transmission of S. mansoni in this area. Since we do not
treat everyone simultaneously, thereby eliminating worms from all human reservoirs, our
individual treatment strategy leaves a constant refugium of worms in those infected but not yet
diagnosed and treated. Likewise, there are sometimes others utilizing the lake in the carwash
area who may be contributing to transmission. Our experience indicates that very frequent
diagnosis and treatment with PZQ of schistosome-infected individuals has not lead to the
widespread development of clinical resistance to PZQ, but intense individual treatment after
positive diagnosis alone was also not sufficient to eliminate, or even substantially diminish,
transmission in a high-intensity focus of infection.
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Figure 1.
Percent of S. mansoni infections cured after 1 or 2 doses of PZQ, by year of treatment.
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Figure 2.

Prevalence of S. mansoni in Biomphalaria sudanca snails collected at the carwash site from
the period between November 2004 — February 2007. N indicates number of snails represented
in each time period.
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Frequency of cure failure of S. mansoni infections after 1 dose of PZQ, stratified by year of treatment, number

of previous cures, years worked in the lake, intensity of infection, and HIV status

Frequency of Cure Failure

Variable % (# failures / total N)
Year
1995 49.5 (45 91)
1996 25.5 (14 / 55)
1997 23.8(15/63)
1998 25.0 (17 / 68)
1999 31.3 (15/48)
2000 421 (8/19)
2001 455 (10 / 22)
2002 64.0 (16 / 25)
2003 42.3 (22 /52)
2004 18.3 (22 / 120)
2005 15.0 (15 / 100)
2006 61.1(58/95)
2007 30.8 (20 / 65)
# of previous cures
0 58.1 (100 / 172)
1-2 31.3(711227)
3+ 25.0 (106 / 424)
Years worked in lake
<10 38.5 (156 / 405)
>10 21.2 (49 / 231)
Egg category
<100 epg 24.9 (151 / 607)
100-1000 epg 54.7 (75 137)
>1000 epg 64.9 (50/77)
HIV status
positive 26.5(59/223)
negative 36.6 (169 / 462)

EPG = eggs per gram of feces
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Table 3

Results of univariate and multivariate analyses of associations between failure to cure after 1 dose of PZQ and
year of treatment, previous exposure to dying worms, intensity of infection, and HIV status

Variable Unadjusted OR (95% CI)  adjusted™ OR (95% CI)

Year
1995 45(24,86) 0.7 (0.3,1.7)
1996 1.6 (0.7,3.7) 0.5 (0.2, 1.4)
1997 15(0.7,3.1) 1.1 (0.5, 2.5)
1998 1.7(0.9,3.2) 1.2 (05, 2.5)
1999 241150 1.0 (0.4,2.6)
2000 3.8 (14, 10.3)1 1.6(04,6.8)
2001 36(13 98) 1.7(03,7.9)
2002 8.8 (3.7, 21.3)1 2.6(0.8,7.8)
2003 3418, 65) 0.9(0.3,25)
2004 Ref Ref
2005 0.7 (0.4, 1.4) 0.4 (0.1, .0yt
2006 6937, 12.9) 42(21,83) 1
2007 1.7 (0.8, 3.9) 1.6 (0.6, 4.4)

Past exposure to dying wormst

Yes 0.4(0.3,05) 05 (0.4,0.8)1
No Ref Ref
Log epg (continuous) 15 (1.4, 1.6)T 15 (1.3, 1.8) t
HIV status
Positive 0.6 (0.4, 0.8) 1.1(0.7,1.6)
Negative Ref Ref

OR = Odds ratio
ClI = Confidence interval

EPG = eggs per gram of feces
*

Adjusted for all other variables in table
Tp <0.05

iPast exposure to dying worms is defined as having worked in the lake at least 10 years or having at least 3 prior documented cures
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