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Summary

Through analyses of publicly-available human serological data, we identify a previously-
unrecognised persistence of Toxoplasma gondii sporozoite-specific antibodies. We discuss
how sporozoite-specific serology can elucidate the transmission dynamics of T. gondii and
help quantify the importance of transmission routes to inform public health initiatives.
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Background. Horizontal transmission of Toxoplasma gondii occurs primarily via ingestion of

environmental oocysts or consumption of undercooked/raw meat containing cyst-stage
bradyzoites. The relative importance of these two transmission routes remains unclear.
Oocyst infection can be distinguished from bradyzoite infection by identification of IgG
antibodies against T. gondii-embryogenesis-related protein (TgJERP). These antibodies are,
however, thought to persist for only 6-8 months in human sera, limiting the use of TYJERP
serology to only those patients recently exposed to T. gondii. Yet recent serological survey
data indicate a more sustained persistence of anti-TQERP antibodies. Elucidating the
duration of anti-TgERP IgG will help to determine whether TQERP serology has
epidemiological utility for quantifying the relative importance of different routes of T. gondii
transmission.

Methods. We developed a sero-catalytic mathematical model to capture the change in
seroprevalence of non-stage-specific IgG and anti-TgERP IgG antibodies with human age.
The model was fitted to published datasets collected in an endemic region of Brazil to
estimate the duration of anti-TgERP IgG antibodies, accounting for variable age-force of
infection profiles and uncertainty in the diagnostic performance of TQERP serology.
Results. We found that anti-TgERP IgG persists for substantially longer than previously
recognised, with estimates ranging from 8.3 to 41.1 years. The Brazilian datasets were
consistent with oocysts being the predominant transmission route in these settings.
Conclusions. The longer than previously recognised duration of anti-TgERP antibodies
indicates that anti-TgERP serology could be a useful tool for delineating T. gondii
transmission routes in human populations. TJERP serology may therefore be an important
epidemiological tool for informing the design of tailored, setting-specific public health
information campaigns and interventions.

Keywords. Toxoplasma gondii; oocysts; bradyzoites; TJERP; IgG; persistence;

mathematical model.
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Approximately one third of the world's human population are seropositive for the
apicomplexan protozoan parasite Toxoplasma gondii. Members of the cat family (Felidae)
are the only known definitive hosts of T. gondii, yet the parasite can infect all warm-blooded
animals as secondary or intermediate hosts [1]. Toxoplasmosis can have a profound impact
on human health, not only in terms of congenital disease in infants, severe pathologies in
immunocompromised individuals (e.g. AIDs and organ transplant patients) [2] and acute,
symptomatic infections in adults during outbreaks [3-5], but also through its association with
a large burden of behavioural and neurological disorders, including schizophrenia, in
immunocompetent individuals [6-9]. T. gondii is also of major economic importance for the
livestock industry, being responsible for approximately 23% of ovine abortions in Europe and
the USA [10].

There are three predominant routes of T. gondii transmission: vertical transmission
from mother to offspring, and two forms of horizontal transmission. Horizontal transmission
involves either consumption of bradyzoite tissue cysts from infected secondary/intermediate
hosts, or ingestion of oocysts shed in the faeces of infected felids [11]. Understanding the
relative significance of each route in different epidemiological settings has important
implications. First, public health information campaigns and interventions aimed at limiting
the risk of human infection will be most effective if they are closely aligned with local
epidemiology. Second, whether an infection is of oocyst or bradyzoite origin may relate to
disease severity and clinical outcome, and may therefore be important for prognosis and
clinical management [3,12].

Currently, the relative epidemiological predominance of oocyst- versus bradyzoite-
transmission remains elusive. It has been proposed that due to a short duration of oocyst
shedding and the time required for sporulation, this route is a minor contributor to human
infection [13]. However, it is likely that the predominant horizontal infection route varies
globally according to context-specific eating and hygiene practices [14]. For example, in
Poland, where approximately 80% of livestock have been reported as T. gondii-seropositive,
bradyzoites from meat have been suggested to comprise a significant source of infection
[15]. By contrast, in parts of Brazil, where many people live in poor socioeconomic conditions
(and in a warm, humid climate favourable to long-term oocyst survival [16]), T. gondii
infection has been largely attributed to oocysts [17].

The discovery that antibodies raised against an 11-kDa sporozoite-specific protein, T.
gondii embryogenesis-related protein (TQERP), distinguish oocyst from bradyzoite infection
has made investigations into the route of T. gondii transmission possible [18]. However,
interpretation of results from this serological assay—and its potential use as an
epidemiological tool to understand horizontal transmission—is hindered by the presumed

short duration (6-8 months) of anti-TgERP 1gG antibodies. However, recent serosurvey data
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[19,20] showing a relatively high seroprevalence of anti-TgQERP 1gG, compared to non-stage-
specific IgG, casts doubt on the transience of anti-TgERP IgG [21-23]. Mathematical
modelling, by capturing the processes driving infection dynamics in populations, can help
resolve this paradox and hence, in this context, can be used as a tool to estimate the
duration of anti-TgERP IgG antibodies from seroprevalence data.

Here, we present a sero-catalytic mathematical model which we fit to seroprevalence
data from an endemic region of Brazil. We estimate the duration of anti-TgERP 1gG
antibodies, age-force of infection profiles and provide comprehensive sensitivity analyses to
confirm the robustness of our findings to key assumptions. We discuss how the expanded
use of TQERP serology in epidemiological studies will improve our understanding of the
transmission dynamics of T. gondii and we highlight its potential as an epidemiological tool to
inform the design of tailored, setting-specific public health initiatives.

METHODS

Epidemiological setting and serological data

Age-stratified data on serum anti-T. gondii hon-stage-specific IgG and anti-TgERP IgG were
identified by searching Google Scholar, Web of Science and PubMed using the terms
“Toxoplasma gondii OR T. gondii OR toxoplasmosis” and “seroprev*”, along with either
“oocyst*” or “sporozoite*”. Three studies were initially identified [19,20,24], one of which was
excluded from the analysis due to a limited sample size (N=10 for anti-TQERP 1gG) [24]). The
remaining two datasets were both collected in Campos dos Goytacazes, a municipality in the
north of Rio de Janeiro state, Brazil, where T. gondii infection is highly endemic and primarily
associated with the oocyst route of infection [17]. One dataset was generated using a
stratified sampling approach to collect blood samples from individuals (N=128) living in areas
at different risk of groundwater contamination (hereafter referred to as the ‘population data’)
[19]. The other dataset was generated using a geographically-representative sample of
individuals associated with 10 regional public schools (N=380), including students, students’
parents and staff (hereafter referred to as the ‘schools data’) [20].

Non-stage-specific serum IgG was measured using a standard enzyme-linked
immunosorbent assay (ELISA) for the schools data and using a modified agglutination test
(MAT) for the population data. For the population data [19], serum anti-TQERP 1gG was
measured using a standard deviation (SD) cut-off ELISA (where a sample is considered
positive if its optical density is three SDs above the mean of seronegative controls) and, for
the schools data [20], using both a SD cut-off ELISA and a receiver operating characteristic
(ROC) curve cut-off ELISA (where known-positive and negative samples are analysed and a
suitable cut-off chosen to optimise diagnostic performance). Seroprevalence estimates with

95% confidence intervals (CIs) [25] are shown in Table 1.
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Mathematical model
A sero-catalytic model [26,27] was built in R [28] based on a system of ordinary differential
equations (ODEs) to estimate the duration of anti-TgERP 1gG and age-force of infection
profiles by fitting to the age-stratified serosurvey data (Supplementary Methods). The model
describes age-seroprevalence profiles of non-stage-specific IgG and anti-TQERP 1gG based
on rates of seroconversion following exposure (and continuous re-exposure) to T. gondii
oocysts or bradyzoites and subsequent antibody-specific rates of seroreversion (Figure 1).
We assumed that all individuals were born seronegative for both antibodies, and that the rate
of seroconversion for each antibody was driven by an age-dependent force of infection (the
per capita rate at which susceptible individuals acquire infection per unit time) and a
parameter defining the proportion of oocyst-derived (as opposed to bradyzoite-derived)
infections.

The force of infection was assumed to take one of four competing functional forms.
The most complex, an exponentially damped relationship [29], initially increases with age to
a peak and subsequently declines. The simpler functions describe, respectively, a linear
relationship with age (with and without a positive intercept at birth) and a constant (age-
independent) force of infection (Supplementary Methods and Supplementary Table S1). We
varied the proportion of oocyst-derived infections between 0.50 and 1.0 in accordance with
local epidemiological knowledge suggesting that oocysts account for the majority of
infections in Campos dos Goytacazes [17]. The rate of seroreversion was assumed to be
zero for non-stage-specific IgG, a common assumption indicative of a life-long antibody
response [21-23] (but see [30,31] for alternative arguments). We estimated the rate of
seroreversion (1/duration) of anti-TQERP IgG.

Diagnostic performance characteristics
The modelled seroprevalence of non-stage-specific IgG and anti-TgERP IgG was adjusted
for the imperfect sensitivity and specificity of the respective diagnostics [32]. Sensitivity and
specificity of the non-stage-specific IgG ELISA (schools data) was set at 94.5% and 98.7%
respectively, in accordance with published estimates (Supplementary Table S2). We also
used these values for the sensitivity and specificity of the MAT (population data) because the
MAT diagnostic performance is very similar to that of the ELISA (Supplementary Table S3).
The sensitivity and specificity of the ROC curve cut-off TJERP ELISA was set to
91.5% and 75.4% respectively in accordance with published estimates (Supplementary
Table S2) [20]. Since no published estimates were available for the SD cut-off TJERP ELISA
diagnostic values, a sensitivity analysis was performed, setting a range of values such that
sensitivity for the SD cut-off ELISA was lower than the ROC curve cut-off ELISA and the
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specificity higher (since there is a higher proportion of positive cases in the ROC versus SD

data [20], Supplementary Table S4). For further details, see the Supplementary Methods.

Maximum likelihood estimation of model parameters

A maximum likelihood approach was used to estimate the rate of seroreversion of anti-
TgERP IgG and parameters defining the age-force of infection profile using a quasi-Newton
procedure [33], assuming a binomial distribution for the data. For each dataset, the model
was fitted simultaneously to the age-stratified seroprevalence of non-stage-specific IgG and
anti-TgERP 1gG (for the schools dataset, this meant simultaneously fitting to both types of
anti-TgERP data and non-stage-specific IgG data). The model was fitted repeatedly to the
data using different functional forms of the age-force of infection profile, different assumed
values of the proportion of oocyst-derived infections, and different diagnostic performance
characteristics of the SD cut-off anti-TQERP ELISA. The likelihood of each fitted model was
recorded and compared (using likelihood ratio tests, LRTs, for models with different age-

force of infection functions) to determine the best-fitting yet most parsimonious model.

RESULTS

Age-force of infection profiles

Across all combinations of the sensitivity and specificity of SD cut-off anti-TgERP ELISA, we
found that the best-fitting age-force of infection profile (by LRT) for the population data was
consistently a constant (age-independent) force of infection; whereas for the schools data,
the best fitting model was a linearly increasing function of age (with and without a positive
intercept, depending the assumed sensitivity and specificity) (Table 2). For details, see
Supplementary Tables S5 and S6.

Proportion of oocyst-derived infections

For the population data [19], increasing the proportion of oocyst infections from 0.5 to 1 led to
a consistent but small tendency for the log likelihood to increase across all age-force of
infection profiles. For the schools data [20], there was no consistent trend in the log likelihood
with an increasing proportion of oocyst infections. However, estimates of anti-TQERP 1gG
duration did not fall within a plausible range until approximately 80% of infections were
assumed to be oocyst-derived (i.e. for lower than 80% oocyst infections, the duration of anti-
TgERP IgG was estimated as longer than an average human lifespan). We therefore
considered that the proportion of oocyst infections was likely to be high (consistent with local
epidemiological knowledge [17]) and fixed this parameter to 1 for final inference on the rate
of seroreversion (duration) of anti-TgERP antibodies. For details, see Supplementary Tables
S7 and S8.
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Duration of anti-TQERP IgG antibodies

Maximum likelihood estimates of the duration (1/rate of seroreversion) of anti-TgERP IgG
antibodies ranged between 20.7 to 41.1 years for the population data and between 8.3 and
18.9 years for the schools data, depending on the assumed sensitivity and specificity of the
SD cut-off TQERP ELISA, and using the best-fit age-force of infection profile. We found little
variation in the likelihood of the data of different sensitivity and specificity values when fitting
to the population data (Figure 2a and Supplementary Table S5), while for the schools data
the best-fitting model included a SD cut-off TJERP ELISA sensitivity and specificity of 80%
and 95% respectively, yielding a best point estimate for the duration of anti-TQERP IgG
antibodies of 18.9 years (Figure 2b and Supplementary Table S6). The fitted non-stage-
specific IgG and anti-TgERP IgG seroprevalence profiles compared to the observed schools

and population data are shown in Figure 3 and Figure 4 respectively.

DISCUSSION

Using a sero-catalytic modelling approach incorporating the only substantial and publicly-
available TgERP serosurvey datasets [19,20], we estimate that the duration of anti-TgERP
IgG antibodies following exposure to T. gondii oocysts is between 8.3 and 41.1 years,
substantially longer than the hitherto proposed 6-8 months [18]. If this finding can be
confirmed in other epidemiological settings, the scope of TJERP serology may be greatly
expanded from a predominantly clinical context, for patients with known recent exposure to
T. gondii, to the epidemiological domain, to quantify the importance of the oocyst versus
bradyzoite route of transmission in endemic communities. This could ultimately help to
provide a stronger evidence-base to inform public health initiatives aiming to control
toxoplasmosis.

Hill and colleagues [18]—who first demonstrated the use of TJERP serology to
identify oocyst-derived infections—originally proposed the 6-8 month duration of the anti-
TgERP IgG response. They estimated this using 1gG avidity tests and TgERP serology on a
small cohort of experimentally infected pigs (i.e. with known time of exposure) in addition to
historical human samples paired with information on probable timing of exposure.
However, since the IgG avidity index classification of chronic infection excludes primary

infection in the last three months but has no upper limit for infection date [18], this estimate
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may have underestimated the duration of the anti-TgERP IgG response. Indeed, in line with
a longer persistence of anti-TQERP 1gG response, Vieira and colleagues [19] found that all
anti-TgERP 1gG positive individuals were negative for IgM, an observation strongly indicative
of chronic infection. IgM titres usually persist for 6-9 months post infection and in a small
minority of cases have been shown to be detectable for two or more years [23]. These
observations accord with our main finding, suggesting a previously unrecognised persistence
of anti-TgERP 1gG in oocyst-infected individuals.

Our results also indicate two distinct age-force of infection profiles, a constant (age-
independent) [19] and linearly increasing [20] relationship with age, despite both analysed
datasets being collected from the same endemic region in Brazil. These differences have a
number of possible explanations. First, since the two studies sampled individuals of very
different age ranges, 8-59 years [19] and 0-28 years [20], the force of infection profiles could
be consistent with a rapid increase in early childhood which later plateaus or decreases by
adolescence and adulthood [34]. Second, while the population data were generated by
stratified sampling of individuals from residential areas according to groundwater
contamination risk [19], the schools data were generated by sampling individuals associated
with 10 regional public schools [20]. It is thus possible that these two study populations,
despite coming from the same endemic setting, differ with respect to other unmeasured
epidemiologically relevant variables.

Interestingly, for the model fitted to the schools data [20], the best-fitting model
contained a term for a non-zero force of infection at birth, which could be indicative of
congenital infection. Indeed, in Brazil there is a very high rate of T. gondii vertical
transmission, with 5-23 neonates congenitally infected per 10,000 births [35]. Given the force
of infection estimated here—0.015 per person per year in new-borns—this is equivalent to
150 neonates (30 to 270) congenitally infected per 10,000 births. This estimate is likely
higher than that of a previous study for the whole of Brazil [35] due to the local
epidemiological characteristics of this high-transmission intensity setting, or because of
systemic under-reporting of congenital infection. Alternatively, since our model does not
account for passive transmission of maternal IgG to neonates, this estimate could, in part,
indicate the prevalence of maternally-derived antibodies, rather than de novo antibody
production following congenital infection [36]. Nonetheless, a non-zero force of infection at
birth is unlikely due to setting-specific variation in diagnostic sensitivity or specificity, since
the TQERP ROC curve cut-off diagnostic values were obtained directly from the schools
study [20]. Thus, our adjustment for imperfect diagnostic performance should provide a
reasonably accurate measure of the true underlying force of infection. While the model is
consistent with some level of congenital infection, without data on the seroprevalence in

neonates, it is difficult to establish this with certainty.
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We fully acknowledge the mathematical model proposed here relies on a number of
assumptions that could bias our estimates of the age-force of infection relationship and the
duration of the anti-TgQERP IgG response. First, it is assumed that the force of infection
remains constant over time (note that this is distinct from age-associated changes, which are
modelled explicitly [37]). A previous study incorporated time-related changes in the force of
infection of T. gondii in Sweden, yielding lower incidence estimates of maternal
toxoplasmosis than would be expected if the force of infection was temporally stable [29]. If
the force of infection had been recently increasing very rapidly in the study setting, it is
possible that the duration of anti-TgERP IgG could have been overestimated. However, in
the absence of dramatic secular changes in environmental, socioeconomic or cultural
factors, there is little evidence to suggest this.

Second, the estimates presented here use data collected from a known high-
transmission region of Brazil [17,35], which may limit the generalisability of our findings. For
example, it is possible that the duration of anti-TgERP IgG antibodies may be related to the
cumulative lifetime exposure to T. gondii (TQERP) antigens rather than their production being
continually ‘boosted’ by repeated exposure, as is modelled here. This phenomenon is
observed for the immune response to specific antigens of Plasmodium falciparum [38]. This
hypothesis could be tested by adapting the current sero-catalytic model to link antibody
duration to cumulative exposure to T. gondii and the model fitted to seroprevalence data
collected from settings with markedly different intensities of transmission. To date there is
only one study available in the literature conducted in a low transmission region, in Scotland.
However the study identified only one anti-TQERP IgG positive case out of 10 individuals
who had recently seroconverted [24] and hence had insufficient power for inclusion in our
analyses. More abundant data on anti-TQERP seroprevalence from low endemicity settings
would thus be highly valuable for further understanding T. gondii antibody dynamics.

Third, South America has an unparalleled diversity of T. gondii genotypes, with an
abundance of ‘atypical’ genotypes rarely found elsewhere (those not conforming to the
traditional type I-11l designation) [35,39,40]. Since TgERP plays a role in T. gondii
embryogenesis, a key process in the sexual cycle, one may predict its expression to not
differ significantly across parasite strains. In contrast, the duration of the antibody response
may be expected to differ among strains and therefore show geographic heterogeneity.
Hence, we reiterate, a key next step is testing our findings using data from other geographic
and epidemiological settings.

Sero-catalytic modelling is used to analyse epidemiological data from a diverse array
of pathogens [26] and, notably, for planning interventions against human malaria [41,42], an
apicomplexan cousin of T. gondii. Here we have applied this approach to estimate the

duration of the anti-TgERP IgG response following exposure to T. gondii oocysts, finding it is
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sustained for much longer than previously thought. If these findings can be validated in
additional epidemiological settings, TQERP serology could potentially be used to quantify the
relative importance of T. gondii transmission routes (oocyst versus bradyzoite) in endemic
communities. Such setting-specific understanding would be valuable for informing public

health information campaigns and designing tailored intervention strategies.

11

0202 Iudy £Z U0 Jesn AISIOAIUN YIOA MON AG GBE618S/SZFERIOPIDICE0L 0 L/I0PAOBISE-O[ILE/PIO/W0d dNO OIWSPEoE//:SA]Y WOl POPEOJUMOQ



Notes
Author contributions. All authors contributed to the design of the mathematical modelling

and analysis. GM, JPW and MW wrote the manuscript.

Financial support. This work was supported by the Biotechnology and Biological Sciences
Research Council (BBSRC) (London Interdisciplinary Doctoral Training Programme funding
to GM, under the supervision of MW and JPW) and the London International Development

Centre (LIDC).

Potential conflicts of interest. All authors: no reported conflicts of interest.

12

0202 Iudy £Z U0 Jesn AISIOAIUN YIOA MON AG GBE618S/SZFERIOPIDICE0L 0 L/I0PAOBISE-O[ILE/PIO/W0d dNO OIWSPEoE//:SA]Y WOl POPEOJUMOQ



References
1. Hill D, Dubey J. Toxoplasma gondii. In: Ortega Y, Sterling C, eds. Foodborne
Parasites. Cham: Springer, 2018: 119-138.

2. Saadatnia G, Golkar M. A review on human toxoplasmosis. Scand J Infect Dis 2012;
44:805-814.
3. Demar M, Ajzenberg D, Maubon D, et al. Fatal Outbreak of Human Toxoplasmosis

along the Maroni River: Epidemiological, Clinical, and Parasitological Aspects. Clin
Infect Dis 2007; 45:e88—e95.

4. Carme B, Demar M, Ajzenberg D, Dardé ML. Severe Acquired Toxoplasmosis
Caused by Wild Cycle of Toxoplasma gondii , French Guiana. Emerg Infect Dis 2009;
15:656-658.

5. Aramini JJ, Stephen C, Dubey JP, Engelstoft C, Schwantje H, Ribble CS. Potential
contamination of drinking water with Toxoplasma gondii oocysts. Epidemiol Infect
1999; 122:305-315.

6. Sutterland AL, Fond G, Kuin A, et al. Beyond the association. Toxoplasma gondii in
schizophrenia, bipolar disorder, and addiction: Systematic review and meta-analysis.
Acta Psychiatr Scand 2015; 132:161-179.

7. Sutterland AL, Kuin A, Kuiper B, et al. Driving us mad: The association of Toxoplasma
gondii with suicide attempts and traffic accidents - A systematic review and meta-
analysis. Psychol Med 2019; 49:1608-1623.

8. Sadeghi M, Riahi SM, Mohammadi M, et al. An updated meta-analysis of the
association between Toxoplasma gondii infection and risk of epilepsy. Trans R Soc
Trop Med Hyg 2019; 113:453-462.

9. Bayani M, Riahi SM, Bazrafshan N, Ray Gamble H, Rostami A. Toxoplasma gondii
infection and risk of Parkinson and Alzheimer diseases: A systematic review and
meta-analysis on observational studies. Acta Trop 2019; 196:165-171.

10.  JP Dubey. Toxoplasmosis in sheep—the last 20 years. Vet Parasitol 2009; 163:1-14.

11. Webster J, Kaushik M, Bristow G, McConkey G. Toxoplasma gondii infection, from
predation to schizophrenia: can animal behaviour help us understand human
behaviour? J Exp Biol 2013; 216:99-112.

12. Dubey JP. Toxoplasmosis — a waterborne zoonosis. Vet Parasitol 2004; 126:57-72.

13. Elmore SA, Jones JL, Conrad PA, Patton S, Lindsay DS, Dubey JP. Toxoplasma
gondii: epidemiology, feline clinical aspects, and prevention. Trends Parasitol 2010;
26:190-196.

14.  Furtado JM, Smith JR, Belfort R, Gattey D, Winthrop KL. Toxoplasmosis: A global
threat. In: Journal of Global Infectious Diseases. 2011: 281-284.

15.  Flegr J, Prandota J, Sovi¢kova M, Israili ZH. Toxoplasmosis — A Global Threat.

13

020z I1dy £ uo Jasn ANsIoAIUN YIOA MON AQ GBEB |L8S/8ZFEEID/PIO/EE0L 0 L/I0P/IOBISIE-O[DIHE/PIO/WOD dNO"dlWBpEo.//:SARY WOy POPEOIUMOQ



16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.
29.

Correlation of Latent Toxoplasmosis with Specific Disease Burden in a Set of 88
Countries. PLoS One 2014; 9:e90203.

Yan C, Liang L-J, Zheng K-Y, Zhu X-Q. Impact of environmental factors on the
emergence, transmission and distribution of Toxoplasma gondii. Parasit Vectors
2016; 9:137.

Bahia-Oliveira LMG, Jones JL, Azevedo-Silva J, Alves CCF, Oréfice F, Addiss DG.
Highly endemic, waterborne toxoplasmosis in north Rio de Janeiro state, Brazil.
Emerg Infect Dis 2003; 9:55-62.

Hill D, Coss C, Dubey JP, et al. Identification of a sporozoite-specific antigen from
Toxoplasma gondii. J Parasitol 2011; 97:328-337.

Vieira FP, Alves M da G, Martins LM, et al. Waterborne toxoplasmosis investigated
and analysed under hydrogeological assessment: new data and perspectives for
further research. Mem Inst Oswaldo Cruz 2015; 110:929-935.

Mangiavacchi BM, Vieira FP, G Bahia-oliveira LM, Hill D. Salivary IgA against

sporozoite-specific embryogenesis-related protein (TgQERP) in the study of horizontally

transmitted toxoplasmosis via T. gondii oocysts in endemic settings. Epidemiol Infect
2016; 144:2568-77.

Welton NJ, Ades AE. A model of toxoplasmosis incidence in the UK: evidence
synthesis and consistency of evidence. J R Stat Soc Ser C (Applied Stat 2005;
54:385-404.

Torgerson PR, Devleesschauwer B, Praet N, et al. World Health Organization
Estimates of the Global and Regional Disease Burden of 11 Foodborne Parasitic
Diseases, 2010: A Data Synthesis. PLOS Med 2015; 12:e1001920.

Villard O, Cimon B, L’'Ollivier C, et al. Serological diagnosis of Toxoplasma gondii
infection: Recommendations from the French National Reference Center for
Toxoplasmosis. Diagn Microbiol Infect Dis 2016; 84:22—-33.

Burrells A, Opsteegh M, Pollock KG, et al. The prevalence and genotypic analysis of
Toxoplasma gondii from individuals in Scotland, 2006—2012. Parasit Vectors 2016;
9:324.

Agresti A, Coull BA. Approximate is Better than “Exact” for Interval Estimation of
Binomial Proportions. Am Stat 1998; 52:119-126.

Hens N, Aerts M, Faes C, et al. Seventy-five years of estimating the force of infection
from current status data. Epidemiol Infect 2010; 138:802—-812.

Muench H. Catalytic models in epidemiology. 2nd ed. Cambridge, MA: Harvard
University Press, 1959.

Team RC. R: A Language and Environment for Statistical Computing. 2018;

Ades A, Nokes D. Modeling age-and time-specific incidence from seroprevalence:

14

020z I1dy £ uo Jasn ANsIoAIUN YIOA MON AQ GBEB |L8S/8ZFEEID/PIO/EE0L 0 L/I0P/IOBISIE-O[DIHE/PIO/WOD dNO"dlWBpEo.//:SARY WOy POPEOIUMOQ



30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

toxoplasmosis. Am J Epidemiol 1993; 137:1022-1034.

Flegr J, Zitkova S, Kodym P, Frynta D. Induction of changes in human behaviour by
the parasitic protozoan Toxoplasma gondii. Parasitology 1996; 113:49-54.

Flegr J, Kodym P, Tolarova V. Correlation of duration of latent Toxoplasma gondii
infection with personality changes in women. Biol Psychol 2000; 53:57-68.

PJ Diggle. Estimating prevalence using an imperfect test. Epidemiol Res Int 2011,
Bolker B, Team RC. bbmle: Tools for general maximum likelihood estimation. 2010;
Tenter AM, Heckeroth AR, Weiss LM. Toxoplasma gondii: from animals to humans.
Int J Parasitol 2000; 30:1217-1258.

Dubey J, Gennari SM, Su C, Jones JLP, Lago EG. Toxoplasmosis in humans and
animals in Brazil: high prevalence, high burden of disease, and epidemiology.
Parasitology 2012; 139:1375-1424.

Carlo P Di, Romano A, Schimmenti MG, Mazzola A, Titone L. Materno-fetal
Toxoplasma gondii infection: critical review of available diagnostic methods. Le Infez
Med 2008; 16:28-32.

Anderson R, Robert M. Infectious diseases of humans: dynamics and control. New
York: Oxford University Press, 1991.

Akpogheneta OJ, Duah NO, Tetteh KKA, et al. Duration of naturally acquired antibody
responses to blood-stage Plasmodium falciparum is age dependent and antigen
specific. Infect Immun 2008; 76:1748-55.

Pena HFJ, Gennari SM, Dubey JP, Su C. Population structure and mouse-virulence
of Toxoplasma gondii in Brazil. Int J Parasitol 2008; 38:561-569.

Lindsay DS, Dubey JP. Toxoplasma gondii : the changing paradigm of congenital
toxoplasmosis. Parasitology 2011; 138:1829-1831.

Yman V, White M, Rono J, et al. Antibody acquisition models: a new tool for
serological surveillance of malaria transmission intensity. Sci Rep 2016; 6:19472.
Weber G, White M, Babakhanyan A, et al. Sero-catalytic and antibody acquisition
models to estimate differing malaria transmission intensities in Western Kenya. Sci
Rep 2017; 7:1-12.

15

020z I1dy £ uo Jasn ANsIoAIUN YIOA MON AQ GBEB |L8S/8ZFEEID/PIO/EE0L 0 L/I0P/IOBISIE-O[DIHE/PIO/WOD dNO"dlWBpEo.//:SARY WOy POPEOIUMOQ



TABLES
Table 1. Seroprevalence of Toxoplasma gondii measured by two serological
diagnostics in Campos dos Goytacazes, Rio de Janeiro state, Brazil

Age in years Non-stage-specific 1IgG Anti-TgERP IgG positive using  Anti-TgERP 1gG positive Reference
(n) positive (%; 95% ClI) ROC curve cut-off (%; 95% CI)  using SD cut-off (%; 95% ClI)

8-19 (23) 47.8 (29.2, 67.0) - 39.1 (22.1, 59.3) [19]
20-29 (27) 66.7 (47.7, 81.5) - 55.6 (37.3, 72.4)

30-39 (21) 90.5 (69.9, 98.6) - 52.4 (32.4,71.7)

40-49 (15) 73.3 (47.6, 89.5) - 46.7 (24.8, 69.9)

50-59 (22) 100.0 (82.5, 100.0) - 54.5 (34.6, 73.1)

0-7 (116) 11.2 (6.5, 18.4) 31.0 (23.3, 40.0) 7.8(4.0,14.3) [20]
8-14 (156) 37.8 (30.6, 45.6) 48.1 (40.4, 55.9) 12.8 (8.4, 19.0)

15-21 (48) 68.7 (54.6, 80.1) 70.8 (56.7, 81.8) 27.1(16.5, 41.1)

22-28 (60) 75.0 (62.7, 84.3) 75.0 (62.7, 84.3) 51.7 (39.3, 63.8)

Abbreviations: Cl, confidence interval; IgG, immunoglobulin G; TgERP, Toxoplasma gondii embryogenesis-related protein;

ROC, receiver operating characteristic; SD, standard deviation.

1gG serological data were extracted from the literature from two studies in Northern Rio de Janeiro State, Brazil. One study

collected blood samples by stratified sampling of individuals [19] and the other by sampling individuals associated with 10 public

schools [20]. 95% binomial confidence intervals (Cls) were calculated using the Agresti-Coull method [25].
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Table 2. Comparison of force of infection model fits for both datasets

Age-force of infection Population dataP® Schools data
Exponentially damped? -19.31 -44.08
Linear (positive intercept) -19.32 -44.08
Linear (zero intercept) -25.44 -47.41
Constant -19.32 -55.18

Abbreviations: Cl, confidence interval; TJERP, Toxoplasma gondii embryogenesis-related protein; IgG, immunoglobulin G.
Model fitted to the population data [19] and schools data [20] using a maximum likelihood approach and assuming a proportion
of oocyst infections of 1. Bold face signifies the best-fitting model based on comparison of model log likelihoods using a
likelihood ratio test. Given a non-significant test at the 5% level, the simpler model was considered an adequate explanation of
the data. Parameter 95% Cls were calculated by likelihood profiling [33]. Complete results for the population and schools data
are given in Supplementary Tables S5 and S6 respectively.

2nitially increasing with age to a peak and subsequently declining [29].

bSince model fit (log likelihood) was invariant with different TJERP ELISA sensitivity and specificity values, a nominal set was

chosen (80% and 95% respectively). The complete results are shown in Supplementary Table S5.
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FIGURE LEGENDS

Figure 1. Sero-catalytic model describing the age-seroprevalence dynamics of IgG and
TgERP-IgG antibodies. The compartments represent serostatus (seronegative or
seropositive) for each of the two antibodies, anti-T. gondii non-stage-specific IgG and anti-T.
gondii embryogenesis-related protein (TgERP) 1gG. The dynamics of the system are
described by ordinary differential equations, based on transition rates (depicted by arrows)
among states. Individuals beginning as seronegative for non-stage-specific 19G, IgG™,
seroconvert to non-stage-specific IgG-positive, IgG™, at a rate determined by the age-specific
force of infection A(a). Individuals seroconvert from TgERP~ to TgERP* at a rate defined by
the product of A(a) and the proportion of oocyst-derived infections, A(a) X p. The rate of
seroreversion of anti-TgERP is defined by 8ggrp, Where 1/81ggrp defines the duration of
anti-TgERP antibodies. Non-stage-specific IgG antibodies are presumed to be life-long and

thus have no associated seroreversion parameter.

Figure 2. Sensitivity analysis for a range of different diagnostic values for the standard
deviation (SD) cut-off TQERP ELISA (x-axis format: sensitivity, specificity), assuming that all
infections are oocyst-derived. Points and error bars show the maximum likelihood estimates
for the duration of anti-TgERP IgG antibodies in years and 95% confidence intervals
(estimated by likelihood profiling) [33]. Panel a) shows anti-TgERP IgG antibody duration
estimates for the population data (N=128) [13] for all combinations of diagnostic performance
values (sensitivity, specificity) and the best-fit constant (age-independent) age-force of
infection profile (see Supplementary Table S5). Panel b) shows anti-TgERP IgG antibody
duration estimates for the schools data (N=380) [15], for all combinations of diagnostic
performance and the best-fitting linear age-force of infection profile (see Supplementary
Table S6).

Figure 3. Fitted and observed age-seroprevalence of Toxoplasma gondii from a population
sample of 128 individuals in Campos dos Goytacazes, Rio de Janeiro state, Brazil [19].
Seroprevalence data are shown in grey and model estimates in black, with respective 95%
confidence intervals (CIs) given by error bars and shaded grey areas. Modelled
seroprevalence estimates are adjusted by the sensitivity and specificity of the relevant
diagnostic test and use the best-fitting constant (age-independent) force of infection
relationship. Confidence intervals associated with the fitted model were constructed by
sampling parameter values from their approximate sampling distribution (see Supplementary

Methods). Panels show the fitted versus observed seroprevalence of a) non-stage-specific
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IgG, measured by modified agglutination test (MAT), and b) anti-T. gondii embryogenesis-
related protein (-TgQERP) IgG measured by standard deviation (SD) cut-off ELISA.

Figure 4. Fitted and observed age-seroprevalence of Toxoplasma gondii among 380
individuals associated with 10 public schools in Campos dos Goytacazes, Rio de Janeiro
State, Brazil [20]. Seroprevalence data are shown in grey and model estimates in black, with
respective 95% confidence intervals (CIs) given by error bars and shaded grey areas.
Modelled seroprevalence estimates are adjusted by the sensitivity and specificity of the
relevant diagnostic test and use the best-fitting (linear) force of infection relationship.
Confidence intervals associated with the fitted model were constructed by sampling
parameter values from their approximate sampling distribution (see Supplementary
Methods). Panels show the fitted versus observed seroprevalence of a) non-stage-specific
IgG, measured by ELISA, b) anti-T. gondii embryogenesis-related protein (-TgERP) 1gG
measured by receiver operating characteristic (ROC) curve cut-off ELISA, and c) anti-TgQERP
IgG measured by standard deviation (SD) cut-off ELISA.
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Figure 2
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Figure 3
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Figure 4
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