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ABSTRACT
Toxoplasmosis is a common infection whose worldwide 
prevalence is estimated at 30%, with large disparities 
across the world. Among infected subjects, the 
prevalence of ocular toxoplasmosis (OT) is, however, 
limited to about 2% in Europe and 17% in South 
America. In France, it is estimated that about 1 000 
000 patients present either active OT or subsequent 
chorioretinal scars. Toxoplasma gondii is the first 
cause of posterior uveitis worldwide, responsible for 
retinochoroiditis, at times associated with anterior 
uveitis. To date, there is no consensus yet on how to 
diagnose OT, which is often based only on clinical 
presentation. Nevertheless, OT-associated symptoms are 
often atypical and misleading. Over the last 20 years, 
tremendous progress has been made in biological tools, 
enabling parasitologists to confirm the diagnosis in most 
suspected cases of OT. Using anterior chamber puncture, 
a safe and fast procedure, ophthalmologists sample 
aqueous humour for analysis using multiple techniques 
in order to reach high specificity and sensitivity in 
OT diagnosis. In this article, we present the different 
techniques available for the biological diagnosis of OT, 
along with their characteristics, and propose a diagnostic 
algorithm designed to select the best of these techniques 
if clinical examination is not sufficient to ascertain the 
diagnosis.

INTRODUCTION
Ocular toxoplasmosis (OT) refers to the ocular 
consequence of the infection with Toxoplasma 
gondii, an intracellular protozoan parasite that 
infects mammals, including humans, and persists in 
muscular, cerebral and ocular tissues. This infection 
is very common. In 2004, more than one-third of 
the global population harboured T. gondii. Great 
disparities were observed among different regions 
of the world, with a prevalence ranging from 10% 
to 80%.1 A 2009 study conducted in the United 
States concluded that about 2% of all infected 
subjects developed retinal lesions.2 However, this 
figure might not apply to other parts of the world, 
as OT is responsible for between 1% and 43% of all 
uveitis cases, depending on the respective geograph-
ical region.3 Despite this tremendous epidemiolog-
ical relevance, OT remains poorly investigated, 
with its pathophysiology still not well understood. 
As a result, clinical practices in managing patients 
with OT have little evolved in recent decades, both 
diagnostically a nd therapeutically. Certain medica-
tions and techniques have been employed for more 
than 50 years.4–6 In particular, very little is known 

about OT recurrences in spite of these conditions 
being thought responsible for most visual impair-
ments complicating OT, due to the development of 
successive central lesions evolving into retinal scars 
with permanent vision loss.

Classically, ophthalmic examination is considered 
to be the gold standard for diagnosing toxoplasmic 
retinochoroiditis, displaying white active spots in 
funduscopy, sometimes associated with pigmented 
scar spots in orbit with or at distance from active 
ones.7 If an active spot is positioned close to retinal 
vessels, contiguous vasculitis is commonly observed. 
These retinal lesions are often accompanied by gran-
ulomatous hypertensive anterior uveitis. Depending 
on the localisation of the spots and intensity of the 
inflammation, patients may suffer visual blur, eye 
floaters or even severe visual impairment in case of 
macular lesions.8 However, OT retinochoroiditis 
lesions are often atypical and may thus be mistaken 
for lesions of other origins.9–12 Indeed, OT may 
cause isolated vasculitis, papillitis, optic neuropathy 
(Jensen scotoma), retinal artery occlusion, exuda-
tive retinal detachment or choroidal ischemia.9–12

When OT is suspected, many ophthalmologists 
tend to exclusively rely on their clinical evaluation 
before initiating treatment without prior biological 
confirmation.10 13 This approach is not devoid of 
potentially severe systemic undesirable effects and 
does not allow ocular tissues to be cleared from T. 
gondii cysts. However, due to the improvement of 
existing tools, as well as the development of new 
laboratory techniques, a sample of aqueous humour 
(AH), along with serum, is almost always sufficient 
to confirm OT diagnosis. This article sought to 
review the various biological methods available for 
OT diagnosis, in the light of recent epidemiological 
and clinical data, and to discuss their indication in 
different situations, in an effort to guide ophthal-
mologists and biologists towards the best manage-
ment of patients with OT.

BIOLOGICAL TOOLS FOR THE DIAGNOSIS OF OT
When a retinal lesion is detected by funduscopy 
and suspected to be of toxoplasmic origin, using 
biological tools renders it possible to confirm this 
suspicion in more than 80% of cases. Different 
techniques are available, such as direct detection of 
toxoplasmic DNA using PCR, local antibody detec-
tion in AH or vitreous body (VB) using ELISA tech-
niques and comparison between serum and ocular 
immune profiles. Antibodies detected in ocular 
tissues are likely expressed locally in case of active 
OT, or originate from the systemic circulation, 
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passing through an injured blood-ocular barrier (BOB). Given 
this context, comparison between seric and ocular immune 
profiles is the only means to differentiate these two mechanisms. 
In any case, biological OT diagnosis starts with a blood serology, 
refuting the diagnosis when negative test results are obtained 
in immunocompetent subjects. An additional sample of AH in 
parallel is required for further analyses.

Serum analyses: kinetics of antibodies
The type, level and kinetics of anti-T. gondii antibodies enable 
us to determine the time of toxoplasmic infection. During 
primo-infection, IgM and IgA are the first parameters to be 
detected, 7–14 days after the infection.14 15 Their concentration 
level increases during the first 2 months of infection, decreasing 
thereafter until negativity is obtained around the eighth month 
of infection. IgG antibodies are detectable at a later time point, 
starting to rise 14–21 days after infection. Their titre increases 
until the third month, then stabilises for a few months before 
decreasing slowly. However, typically, a low IgG titre persists life 
long, endorsing the infection diagnosis while conferring residual 
immunity.14

Diverse techniques for IgM, IgG and IgA detection are avail-
able, in addition to several commercial kits with automatised 
procedures and diverse performances in terms of specificity 
and sensitivity. The choice of the reagent proves critical and 
must take into account the particular clinical situation of the 
patient, such as pregnancy, immunodeficiency or other, which 
has already been extensively discussed elsewhere.16 17 Addition-
ally, it is possible to date the infection by measuring the avidity 
of specific IgG. This assay consists of comparing the binding of 
IgG with its antigen either in the presence or absence of a disso-
ciation agent. When the infection is older than 4 months, IgG 
avidity is usually strong.17 In immunocompetent subjects, a nega-
tive serology excludes toxoplasmosis. In immunocompromised 
patients, however, anti-T. gondii antibodies may be difficult to 
detect, despite active infection.18

Recently, several studies have evaluated the potential useful-
ness of immune cell analyses in OT diagnosis, particularly by 
means of the interferon gamma (IFNγ) release assay (IGRA).19 
This test, performed in vitro, is based on IFNγ expression by 
T cells after stimulation with toxoplasmic antigens. It has been 
reported to be rapid and inexpensive while permitting the differ-
entiation between chronic and acute infections.20 Furthermore, 
this test appears effective in detecting early congenital toxo-
plasmosis.21 To date, only one research group has studied IFNγ 
expression by peripheral blood mononuclear cells in the partic-
ular setting of OT, analysing 23 subjects with active lesions or 
scars. The test results were, however, similar between subjects 
and negative controls.22 Thus, IGRA in its current version may 
not be suitable for detecting seric antibodies in patients with OT, 
and further studies are required to determine the value of such 
assays for OT diagnosis.

AH sampling
The anterior chamber puncture (ACP), used to sample AH, is a 
simple, safe and fast procedure, which does not require much 
training.23 It is performed under local anaesthesia (oxybupro-
caine eyewash) after disinfection of conjunctival fornices using 
povidone-iodine. Ideally, the testing is conducted in a dedi-
cated room with sterile material, but it can similarly be carried 
out using the slit lamp under strict aseptic conditions. Most 
common adverse events comprise traumatic cataract and ante-
rior chamber haemorrhage, which are extremely rare, as are 

other possible adverse events, such as endophthalmitis, severe 
ocular hypotonia, total hyphema and povidone-iodine allergy.24 
A study analysing 560 ACP conducted at the slit lamp after 
careful asepsis reported an overall complication rate of 0.7%, all 
of which were benign.24 There is no particular contraindication 
to ACP, except for patient’s anxiety, as he must remain still to 
ensure the safety of the procedure. If the seric serology proves to 
be negative, AH sampling may be employed for diagnosing other 
causes of retinal lesions.23 25

T. gondii direct detection by gene amplification
T. gondii DNA detection using PCR is a valuable tool for OT 
diagnosis in immunocompetent subjects, even if its sensitivity in 
AH is low, ranging from 30% to 67% in various studies.25–30 In 
the past, the B1 gene, with a highly conserved sequence among 
T. gondii strains, and repeated 3–7 times in its genome,31 was the 
target of routine testing.25 26 First described in 2001, REP-529 
sequence is currently the test target; it is repeated 38–75 times 
in T. gondii genome.31 Indeed, studies comparing these primers, 
targeting B1 gene with endpoint PCR or REP-529 sequence with 
real-time PCR, demonstrated the latter to be 10–100 times more 
sensitive.26 32 33

T. gondii PCR is particularly useful in immunocompromised 
patients, with an increased sensitivity of 75% due to increased 
parasite proliferation owing to a lack of humoural and cellular 
immune responses in these patients.9 PCR can additionally be 
carried out on VB samples with a sensitivity of 50%.26 27 Speci-
ficity of PCR is excellent (100%), and a positive result confirms 
OT diagnosis.29 Free parasites in the eye are essentially observed 
during primo-infection or recurrences, and the low PCR sensi-
tivity reflects the shortness and low amplitude of this event, 
especially when concerning recurrences. Thus, using PCR may 
prove particularly interesting when ACP is performed shortly 
after the onset of symptoms.

Anti-T. gondii antibody detection in AH
In the setting of OT, anti-T. gondii antibodies are expected to be 
produced in the eye.34 Thus, a negative serology in AH widely 
excludes this diagnosis, whereas a positive one has per se no 
positive predictive value, owing to the physiological passive tran-
sudation of seric antibodies into AH if the BOB is destroyed.12 
Because of the high rate of false-negative results, a negative AH 
serology does not, however, exclude OT in immunocompro-
mised patients or very early after onset of symptoms in primary 
OT.12 If antibodies are detected, comparison between seric and 
ocular titres is required to confirm OT diagnosis. Three tech-
niques are currently in use.

The Goldmann-Witmer Coefficient (GWC) determines the 
ratio between seric and ocular immune loads.6 The immune 
load of AH is defined as the ratio of specific anti-T. gondii IgG 
to total IgG in AH. The immune load in serum is defined in 
the same manner while considering seric antibody titres. GWC 
is defined as the ratio of AH to serum immune loads. If GWC 
is superior to a threshold between 2 and 4, depending on the 
authors, it is considered to be relevant for intraocular anti-T. 
gondii antibody synthesis.30 35 36 If inferior to 2, testing does not 
confirm intraocular- specific antibody synthesis. Sensitivity of 
GWC ranges from 29% to 81%, depending on the definition 
of the cut-off, with a specificity from 83% to 100%, depending 
on the studies.25 30 35–47 This coefficient is likely influenced by 
several factors, such as ocular inflammation, modifications in 
BOB permeability and presence of immune complexes in AH.48 
In 2005, Garweg et al comparing patients from Switzerland and 
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Figure 1 Diagnostic algorithm for biological confirmation of suspected OT. OT, ocular toxoplasmosis.

Brazil demonstrated that these two populations did not present 
the same profile, Brazilian patients having a lower mean GWC 
than Swiss patients.47 Given it is known that typical European 
and atypical South American T. gondii strains are responsible 
for dramatically different pathophysiologies, Brazilian patients 
were suggested to exhibit higher antibody levels of seric origin 
in AH, due to enhanced BOB damages.47 49 Furthermore, the 
time interval between symptom onset and ACP appears critical 
for the interpretation of results. Indeed, GWC has been reported 
to be lower when performed early after the onset of symptoms, 
which is in line with experimental findings,38 39 44 47 50 although 
one article demonstrated that GWC sensitivity was higher when 
performed early.43 This technique requires a high volume of AH 
(about 100 µL).

The ELISA-IgG test, which requires only about 20 µL of AH, 
allows anti-T. gondii IgG titres to be detected in both serum and 

AH, and compare them to any specific IgG against any pathogen 
that does not cause eye infection. Specific anti-mumps IgG are 
convenient for such purpose, since they are present in almost 
all individuals in Western countries due to extensive vaccina-
tion campaigns, whereas the mumps virus is not responsible for 
ocular pathologies.51 In the first step, the ratio of seric to ocular 
anti-T. gondii antibodies is calculated using ELISA-IgG.52 53 This 
ratio is considered as positive when inferior to 2, equivocal when 
between 2 and 3 and negative when superior to 3. In case of 
positive or equivocal results, it is necessary to verify that these 
results are not consecutive to passive antibody transudation 
due to a BOB breaches. Then, the ratio of seric to ocular anti-
mumps virus IgG is calculated. If the mumps virus index proves 
to be negative, a positive toxoplasmic index confirms intraocular 
synthesis of anti-T. gondii antibodies.53 If the mumps virus index 
is positive or equivocal, results cannot be interpreted, as they are 
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indicative of BOB rupture. Given this context, an immunoblot 
(IB) assay must be performed. We chose to name this technique 
the Candolfi Coefficient (CC) after the parasitologist who first 
described it.52 The sensitivity of CC ranges from 63% to 95% 
in AH.29 30 43 45 53

The IB analyses the specificity of seric and ocular antibodies. 
Antibodies found in AH are typically specific for other toxo-
plasmic antigens than those found in the blood. An intraocu-
lar-specific antibody synthesis can be determined by comparing 
immune profiles between blood and AH samples, since it is 
associated with a higher number of antigens recognised and/or a 
higher antibody concentration in the eye. This assay is indepen-
dent of BOB integrity.16 18 54 The technique’s sensitivity is similar 
to GWC or CC, varying from 53% to 98%, depending on the 
immunoglobulin class detected, and its specificity is high, up to 
95%.17 30 46 Furthermore, the IB is believed to be more sensitive 
than GWC or CC in the first 3 weeks following ocular symptom 
onset.39

In any case, when considering that eye antibody synthesis is 
slightly delayed compared with the infection, with the different 
immunoglobulin types appearing in a similar order than in the 
blood, it is believed that serology performance in AH is better 
when ACP is not performed at an early infection stage, with IgA 
being the first to be detected, followed by IgG at later infection 
stages.

DISCUSSION
OT diagnosis is often exclusively based on ophthalmic exam-
ination criteria, when the clinical suspicion is strong enough 
to avoid any further investigations involving blood and AH 
sampling. In many cases, however, the clinical presentation is 
misleading or not typical enough to avoid additional testing. In 
such situations, it is critical to perform liquid sampling designed 
to affirm OT diagnosis and, if necessary, to consider alternative 
diagnoses, providing appropriate treatments to patients suffering 
posterior uveitis.

The different tests available present different strengths and 
weaknesses, rendering them more or less useful in different clin-
ical situations. Thus, in the setting of an immunocompromised 
patient, serology results must be considered with caution, owing 
to the risk of false-negative results due to low antibody synthesis 
frequently observed in these patients. On the opposite, immuno-
suppression may account for an increased parasite proliferation 
within the eye, enabling the infection to be easier detected via 
PCR assays. In any case, the parasite presence in AH is probably 
both moderate and transient, rendering PCR most profitable 
when performed at early infection stages, whereas intraoc-
ular serology testing would be more efficient at later infection 
stages.47 50 When combined, these tests can achieve excellent 
performances, as shown in several studies. In 2009, Talabani et 
al reported 85% sensitivity and 93% specificity obtained when 
combining GWC, IB and PCR. In 2008, Fekkar et al demon-
strated 97% sensitivity and 93% specificity with the same test 
combination.30 38

Given these data, we propose a diagnostic algorithm (figure 1), 
enabling a biological diagnosis to be made in most cases. This 
algorithm takes immunocompromised patients into account. Of 
note is that this algorithm is only fully applicable in the ideal 
situation where all the aforementioned techniques are available. 
Thus, it must be adapted depending on the technical means 
available in each laboratory. Nonetheless, most techniques 
described here are widely available in most Western, Asian and 
South-American laboratories.

Now that biological tools with high-performance levels in 

biological OT diagnosis are available, it would be interesting to 

compare the results of these tests with those of exclusive clin-

ical examination in different situations, such as typical/atypical 

lesions or immunocompromised/immunocompetent patients. 

The timing between onset of symptoms and AH sampling seems 

to have a critical importance in the interpretation of these tests, 

but further studies are required to better understand the kinetics 

of both T. gondii tachyzoites and anti-T. gondii antibodies in the 

AH. By combining clinical and biological criteria, it should be 

possible to develop a diagnostic score that should allow us to 

better assess the need for initiating a treatment that might be the 

cause of severe systemic side effects. Meanwhile, when clinical 

examination is not sufficient to ascertain OT diagnosis, there 

appears to be no reason not to perform blood and AH sampling 

designed to reach either a biological OT diagnosis or another 

diagnosis, particularly via multiplex assays. Such an approach 

would ensure better care of patients with posterior uveitis.
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ABSTRACT Ocular toxoplasmosis (OT), i.e., the ocular manifestation of Toxoplasma

gondii infection, is one of the leading causes of posterior uveitis. While ocular lesions

are often typical, atypical forms often require biological confirmation of the diagno-

sis. Our study sought to review the biological OT diagnoses made in our laboratory

to further assess the role of each test in the diagnostic procedure. All ocular samples

sent to our laboratory over the last 9 years for OT diagnosis were included. These

samples were analyzed using T. gondii PCR and antibody detection by means of im-

munoblotting and Candolfi coefficient (CC) determinations, either alone or in combi-

nation. Since serum analysis is required to interpret both the CC and immunoblot-

ting, blood serology for T. gondii was also performed in most cases. Of the 249

samples analyzed, 80 (32.1%; 95% confidence interval [95%CI], 26.3 to 37.9) were

positive for OT. Of these 80 cases, 52/80 (65.0%; 54.6 to 74.5) displayed a positive

PCR, 15/80 (18.8%; 10.2 to 27.3) a positive CC, and 33/80 (41.3%; 95%CI, 30.5 to

52.0) a positive immunoblot result. Overall, 63 of the 80 OT diagnoses (78.8%;

95%CI, 69.8 to 87.7) were made on the basis of a single positive test result. Our

study results remind us that current biological diagnostic tools for OT must be

employed in combination to obtain an optimal diagnosis based on the precious

ocular fluids sampled by ophthalmologists. Clinicobiological studies that are fo-

cused on correlating the performances of the different tests with clinical features

are critically needed to improve our understanding of the pathophysiology and

diagnosis of OT.

IMPORTANCE Ocular toxoplasmosis (OT), a parasitic infection of the eye, is consid-

ered to be the most important infectious cause of posterior uveitis worldwide. Its

prevalence is particularly high in South America, where aggressive Toxoplasma gon-

dii strains are responsible for more-severe presentations. The particular pathophysiol-

ogy of this infection leads, from recurrence to recurrence, to potentially severe vi-

sion impairment. The diagnosis of this infection is usually exclusively based on the

clinical examination. However, the symptoms may be misleading and are not always

sufficient to confirm a diagnosis of OT. In such cases, biological tests performed by

means of several techniques on blood and ocular samples may facilitate the diagno-

sis. In this study, we analyzed the tests that were performed in our laboratory over a

9-year period every time OT was suspected. Our report highlights that the quality of

ocular sampling by ophthalmologists and combinations of several techniques are

critical for a reliable biological OT diagnosis.

KEYWORDS ocular toxoplasmosis, parasite, retinochoroiditis, diagnosis,

ophthalmology, Toxoplasma gondii, diagnostics, infectious disease, ocular

immunology, parasitology
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O
cular toxoplasmosis (OT) is the ocular presentation of the infection caused by the

ubiquitous apicomplexan parasite Toxoplasma gondii. In some parts of the world,

the prevalence of T. gondii infection is estimated at up to 80%, leading OT to represent

one of the primary etiologies of posterior uveitis in regions like South America (1, 2). OT

causes retinochoroiditis, leading to visual impairment from recurrence to recurrence

and, in rare situations, to loss of sight in the infected eye (3, 4). In most cases, retinal

lesions are sufficiently characteristic to allow an OT diagnosis to be established by

ophthalmologists relying only on ophthalmic examination (5). However, the clinical

presentation can at times prove to be misleading, requiring biological tests to be either

confirmed or refuted (5–8). Indeed, a recent article showed that, in South America, the

clinical diagnosis could be modified in a significant proportion of uveitis cases when

adding laboratory testing (9). In these cases, physicians have resorted to tests per-

formed on blood and ocular samples, these latter primarily consisting of aqueous

humor (AH) samples collected through anterior chamber puncture (ACP), a fast and safe

procedure (10, 11), but also of vitreous humor (VH) samples collected via vitrectomy, a

far more risky intervention.

Several biological techniques enable clinical parasitologists to optimize these blood

and ocular samples, including the direct detection of parasites through PCR and

antibody detection with titer interpretation from the blood, as well as from ocular

samples, as already reviewed elsewhere (12). By combining these techniques, clinical

parasitologists are now able to achieve sensitivity (Se) and specificity (Sp) of up to 97%

and 93%, respectively (13, 14). However, biological techniques, particularly PCR, might

have different performances according to whether they are performed on European/

North American or South American patient samples (15).

In the current study, we aimed to review all the OT cases diagnosed in our

laboratory, without any consideration for the underlying clinical situation, so as to

further assess the role of each test employed in positive samples according to the

diagnostic procedure.

RESULTS

From 1 January 2010 to 31 December 2018, 249 ocular samples primarily comprising

AH (240/249) (96.4%; 95% confidence interval [95%CI], 94.1 to 98.7) were sent to our

laboratory for OT diagnosis (see Table S1 in the supplemental material).

Blood serology analysis for diagnosis of toxoplasmosis was performed in our labo-

ratory in 217 cases, of which 148/217 (68.2%; 95%CI, 62.0 to 74.4) were positive with a

chronic infection profile, 7/217 (3.2%; 95%CI, 0.9 to 5.6) had a primary infection profile,

and 1/217 was positive yet doubtful with respect to antibody avidity. PCR was per-

formed in 242 cases, of which 52 (21.5%; 95%CI, 16.3 to 26.7) were positive. PCR was

not performed in seven cases due to either insufficient AH quantity (n 5 3) or for

unknown reasons (n 5 4). Ocular serology testing was conducted by means of

immunoblotting in 117 cases, of which 51/117 (43.6%; 95%CI, 34.6 to 52.6) exhibited

similar immune profiles in the blood and AH samples and 33/117 (28.2%; 95%CI, 20.1

to 36.4) different profiles, whereas 33/117 (28.2%; 95%CI, 20.1 to 36.4) were negative.

Finally, the Candolfi coefficient (CC) was assessed in 83 cases, of which 15/83 (18.1%;

95%CI, 9.8 to 26.4) were positive, 26/83 (31.3%; 95%CI, 21.4 to 41.3) were negative,

32/83 (38.6%; 95%CI, 28.1 to 49.0) were noninterpretable due to blood-ocular barrier

(BOB) permeability, and 10/83 (12.1%; 95%CI:5.0 to 19.0) were doubtful due to inter-

mediate values. Only 74/249 (29.7%; 95%CI, 24.0 to 35.4) of all eye samples were tested

using these three techniques.

Of the 249 samples analyzed, 80 (32.1%; 95%CI, 26.3 to 37.9) produced results in

favor of the OT diagnosis (Fig. 1). The PCR was positive in 52/80 cases (65.0%; 95%CI,

54.6 to 74.5); immunoblotting was positive in 33/80 cases (41.3%; 95%CI, 30.5 to 52.0),

and the CC was positive in 15/80 cases (18.8%; 95%CI, 10.2 to 27.3). Blood serology was

performed in our laboratory in 76/80 of positive cases, of which 74/76 turned out to be

positive (97.4%; 95%CI, 93.8 to 100.0), with a primary infection profile in 5/76 cases

(6.6%; 95%CI, 1.0 to 12.2). Of the two patients with negative blood serology, one
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displayed a positive yet noninterpretable CC due to a permeable BOB, whereas the

other one did not undergo the ocular serologic assays. Of note, two of the five cases

with a primary infection profile had a negative PCR. Of the 52 cases with a positive PCR,

25 were tested using either immunoblotting or CC, with 13 being positive (48.0%;

95%CI, 28.4 to 67.6); similarly, of the 41 cases with a positive CC or immunoblotting, 13

(31.7%; 95%CI, 17.5 to 46.0) were positive using PCR. Overall, 21 of the PCR-negative

samples exhibited immune profiles that differed between the blood and eye samples,

allowing the OT diagnosis to be established. This was confirmed by a positive CC in four

cases. A total of 11 samples were analyzed through CC despite a positive PCR; among

the 11 samples, 4 were positive, 6 noninterpretable due to BOB permeability, and 1

doubtful because of intermediate values. Finally, five samples displayed an interpreta-

ble and positive CC, allowing the OT diagnosis to be made. Overall, 63/80 OT diagnoses

(78.8%; 95%CI, 69.8 to 87.7) were made due to a single positive test, whereas only 25/80

(31.2%; 95%CI, 21.1 to 41.4) were tested using the three techniques, of which only 3/25

(12.0%; 95%CI, 0.0 to 24.7) turned out to be positive with the three tests (Fig. 2).

Of these 249 samples, 124 (49.8%; 95%CI, 43.6 to 56.0) were additionally tested for

viral infections (cytomegalovirus [CMV], herpes simplex virus [HSV], or varicella-zoster

virus [VZV]), among which 11 (8.9%; 95%CI, 3.9 to 13.9) were positive (6 for HSV, 4 for

VZV, and 1 for CMV), while 3 revealed the presence of PCR inhibitors. All the samples

that were positive for a viral infection were negative for toxoplasmosis. In addition, 18

(7.3%; 95%CI, 4.0 to 10.5) of the 249 samples were tested for the presence of bacteria

using PCRs (for detection of 16S DNA, Borrelia sp., Bartonella sp., or Chlamydia tracho-

matis), though all turned out to be negative. Of the 249 samples, 134 (53.8%; IC9%: 47.6

to 60.0) were also tested for other infections. Of the 169 samples that were negative for

OT, 108 (63.9%; 95%CI, 56.7 to 71.2) were tested for other microorganisms, either viral

or bacterial in nature, resulting in 11 additional microbiological diagnoses. Of these 11

subjects, 5 exhibited negative blood T. gondii serology.

DISCUSSION

We performed an observational study over a 9-year period, allowing us to analyze

data regarding a great number of samples. However, this kind of study, without prior

design, did not allow us to access reliable clinical data about the patients whose

FIG 1 Results of biological tests in all OT biologically diagnosed at Strasbourg University Hospital from 1 January 2010 to

31 December 2018.

Ocular Toxoplasmosis Diagnosis in Strasbourg 2009–2018
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samples were analyzed, and we could not ascertain whether the same set of techniques

was always used for all analyses of the samples.

Over this 9-year period, our laboratory biologically diagnosed 80 OT cases based on

249 samples analyzed. This relatively low ratio highlights the fact that OT diagnosis

primarily relies on ophthalmic examination in most cases. Indeed, in cases where the

lesions found are typical of OT, clinicians often avoid performing an ACP (5, 16).

Considering that most samples analyzed in our laboratory originated from patients

presenting lesions that were compatible with though not typical of a diagnosis of OT,

this ratio would indicate that biological confirmation is an essential diagnostic step in

atypical OT presentations. In addition, when suspecting other ocular diseases, it is

highly probable that clinicians take advantage of the ACP that they perform to assess

the possibility of an atypical OT presentation, even when the suspicion is weak (17). This

is illustrated by the fact that more than half of the samples were also analyzed for other

kinds of microorganisms, either viral or bacterial. That situation artificially decreases the

ratio of confirmed biological OT diagnoses, since tests are performed in settings where

OT is, in fact, not clinically suspected. Finally, we cannot exclude the possibility that this

low ratio might reflect low sensitivity of our diagnosis algorithm.

Of these 80 cases, 52 exhibited a positive PCR. This ratio highlights the relevance of

this particular test in our diagnosis algorithm, since two-thirds of our cases could have

been diagnosed using a single test on ocular samples. In the present study, the PCR was

positive in three patients with an immune profile compatible with a primary infection,

as well as in two patients presenting a negative serology, corresponding to either

immunocompromised subjects or to very early primary infections—two situations in

which PCR is believed to be highly sensitive. However, the PCR results remained

negative in two subjects presenting immune profiles compatible with primary infec-

tion. The biological diagnosis of these two patients was made because of the CC, since

the immunoblotting profiles of the blood and eye samples were similar. This is

consistent with the course of a primary infection acquired through per os contamina-

tion, that is, systemically. However, since the CC analyzes the differences in the

intensities of immunoglobulin synthesis in the eye and blood, rather than differences

FIG 2 Euler diagram showing the number of positive tests for each ocular toxoplasmosis sample tested

using PCR, immunoblotting, and Candolfi coefficient.
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in antibody repertoires, we were able to detect strong intraocular antibody synthesis

corresponding to retinochoroiditis. In this assay, the “mumps” ratio is necessary to

assess the impermeability of the BOB. We have chosen to use the parameter of mumps

virus immunity since, as previously explained, a large proportion of the French popu-

lation has become immune to this virus following several vaccination campaigns (18).

The same objective could, however, be achieved using virtually any other common

microorganism generating long-lasting immunity and not involved in ocular pathology.

The PCR was negative in 28/80 OT cases. OT was then diagnosed using techniques

based on detection of different anti-T. gondii antibody expression results, either with

respect to the repertoire or the amplitude, between the blood and intraocular fluids.

This could reflect the different kinetics of detection of parasites and antibodies by the

tests used, during OT. Indeed, antibodies are expected to be expressed in the eye after

the onset of infection, even in cases of recurrence (19, 28). In immunocompetent

patients at least, under conditions of immune response pressure, given that the parasite

presence in situ is probably at a low level and transient, we would expect patients with

a positive PCR result to exhibit low ratios of positive immunoblotting or CC and patients

with a negative PCR result to exhibit high ratios. Indeed, less than half of the positive

PCR samples tested using antibody detection-based tests were positive for the latter,

and, similarly, less than a third of the positive CC or immunoblot samples were positive

using PCR. Nevertheless, as our analysis relied on real-life data, a small proportion of the

samples underwent all three assays, thereby decreasing our statistics’ power and

allowing for study biases. It may also be possible that these figures highlight a lack of

sensitivity in the tests that we performed. It is, however, likely that the combination of

these three assays enables the clinical parasitologists to perform the best test for each

step of toxoplasmic retinochoroiditis, resulting in higher overall diagnostic perfor-

mances, as previously described (13, 14, 20).

In our study, 175/249 of all the ocular samples were not tested using all three

techniques; among those 175 samples, 42 displayed a positive PCR. Of the remaining

133 samples with a negative PCR, 86 were not tested with either immunoblotting or CC,

and 47 were tested using only one of these tests. Most often, because of insufficient

sample volume, these tests were not performed. In regard to the very high specificity

of PCR, choosing not to perform antibody detection-based assays on samples already

positive by PCR appears understandable, but it remains true that 133/249 (53.4%;

95%CI, 47.2 to 59.6) were not tested with the best of current diagnosis techniques, the

use of which might have facilitated the OT diagnosis. This further highlights the

importance of ensuring the quality of ocular liquid sampling by ophthalmologists in

order to obtain reliable biological test results.

Finally, the performances of the tests that we applied could be compared with the

results of a previous study carried out in the same laboratory and published in 2003. For

instance, analyzing only the ocular samples tested with all three techniques, we

showed a current PCR sensitivity of 40% (10/25) versus 28% PCR sensitivity in the data

from 2003 (20). Moreover, the sensitivities of immunoblotting and CC were 33% and

53% in our previous study versus 60% (15/25) and 56% (14/25) in the current study,

respectively. At that time, the PCR technique differed in that it used primers targeting

a sequence in the B1 gene, with a lower sensitivity (21–23). Thus, these current results

may likewise highlight the improvements made in the PCR technique, resulting in an

increase in this assay’s sensitivity. However, if the hypothesis that PCR exhibits better

performance than antibody detection-based testing at early infection stages proves to

be true, the progression of the test’s performances from the earlier study to the later

study may also reflect earlier AH sampling in the present study than in the previous

one. Increased levels of systematic AH sampling in cases of OT suspicion may explain

this sampling being performed at an earlier stage of infection than had previously been

the case, reflecting changes in the practice of the ophthalmologists.

In conclusion, our study data remind us that current biological diagnostic tools for

OT must be used in combination in order to make the best of the precious ocular fluids

sampled by ophthalmologists but also that the accuracy of the results also relies on the

Ocular Toxoplasmosis Diagnosis in Strasbourg 2009–2018
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volume of the samples. This need for combining tests probably reflects the fact that

clinical OT suspicion might occur at different disease stages, rendering parasites or

antibodies more or less easily detected depending on the progression of the infection.

To gain a better understanding of which parameters are relevant for the performances

of the different diagnostic tests, prospective clinicobiological studies focused on cor-

relating the performances of the different tests with clinical characteristics, such as the

delay between symptom onset and ACP or the presence of a retinal scar, are critically

needed. This would also be an opportunity to assess the performance of the clinical

examination within the diagnostic procedure. Moreover, such studies might shed light

on fundamental aspects of OT pathophysiology and pave the way to improvements in

this infection’s diagnosis and treatment.

MATERIALS AND METHODS

We included all the blood and ocular samples assessed from 1 January 2010 to 31 December 2018

in our laboratory for OT diagnosis without considering the strength of the clinical OT suspicion or the

underlying clinical condition. All information was retrieved from our laboratory records. The samples

originated from several medical centers, all situated in eastern France, including Strasbourg University

hospital, Colmar hospital, Mulhouse hospital, Trévenans hospital, and Belfort hospital. Furthermore, two

samples were sent by private clinical pathology laboratories and three directly by private practitioners.

Blood samples were employed for the serologic assays, which consisted of IgG and IgM titer

determinations performed using the Liaison Toxo IgG and IgM assay (DiaSorin, Saluggia, Italy) (Se, 95.8%;

Sp, 99.5%) (24) from January to March 2010, then starting from April 2010, the Architect Toxo IgG and

IgM assay (Abbott, Rungis, France) (Se, 99.6%; Sp, 99.5%) (24). In cases of positive IgM titers, an avidity

test was performed using an Architect Toxo IgG avidity kit (Abbott, Rungis, France) (Se, 89.3% at the

acute phase and 87.1% at the latent phase) (25) to determine if the seropositivity corresponded to a

primary infection or to a chronic infection. For the Architect Toxo IgG avidity kit, avidity was considered

low for levels below 50%, high for levels above 60%, and doubtful for levels between those limits. Thus,

a patient with positive IgM titers and an avidity result of below 50% was classified as presenting with a

toxoplasmic primary infection.

Ocular samples were tested using three different techniques. Whenever possible, real-time quanti-

tative PCR (qPCR) allowing the detection of the REP-529 sequence of T. gondii was performed (12). DNA

extraction was carried out on the centrifugation pellet using a minimum of 5 ml of AH (12,000 rpm for

3 min) eluted in 100 ml of water by the use of a QIAamp DNA minikit (Qiagen, Courtaboeuf, France) until

December 2017; then, after December 2017, the extraction procedure was carried out by the use of an

automated MagNA Pure 96 nucleic acid extractor (Roche, Meyland, France). PCR was conducted using the

Tox-9 and Tox-11 primers and Tox-HP-1 and Tox-HP-2 probes, as previously described (26). Each sample

was tested four times in parallel, among which one of the tests contained an internal control for the

presence of PCR inhibitors. In addition, each batch contained one positive control, one negative control,

and a standardized scale. This protocol, along with external controls (i.e., evaluation by an external

organization of the test performances in our laboratory), allowed performances of 100% Se and 100% Sp

to be achieved at the threshold of 0.1 parasite/ml of liquid sample.

Whenever possible (e.g., if the remaining sample volume was sufficient), two serologic tests were

conducted on each of these samples. We first performed an immunoblot assay comparing the IgG

profiles of blood and ocular samples. To this end, a Toxoplasma Western blotting (WB) IgG/IgM

(immunoprofile comparison) kit (Ldbio Diagnostics, Lyon, France) (Se, 62.8%; Sp, 92.8% [according to the

manufacturer]) was employed. For an OT case, the toxoplasmic antigens detected in the ocular sample

are expected to differ from those retrieved from the blood sample. This test thus remains reliable even

if the blood-ocular barrier (BOB) is permeable to circulating antibodies. If immunoblotting carried out on

the ocular samples demonstrated antigens that differed from those detected in the blood, the test result

was considered positive (Fig. 3). This test was performed according to the manufacturer’s instructions by

diluting a 25-ml AH sample or 10-ml blood serum sample in 1.2 ml buffer each.

Finally, the Candolfi coefficient (CC) was assessed by determination of antitoxoplasmic IgG titers in

ocular and blood samples by the use of the enzyme-linked immunosorbent assay (ELISA)-IgG technique

(12, 20). Thus, if the ratio of serum IgG to ocular IgG was ,2, the “toxo” ratio was considered positive;

if this ratio was .3, it was considered negative. The result was considered doubtful when the ratio was

revealed to be between those two limits. The possibility of passive transudation of serum IgG into the

eye through the BOB in cases of inflammation was assessed by comparing anti-mumps virus IgG titers

in the serum and eye. If the ratio of serum IgG to ocular IgG was ,2, the BOB was considered permeable

to systemic antibodies; it was considered impermeable when .3 and doubtful when the value was

between those limits. Thus, the CC was positive when the toxo ratio was ,2 and the mumps ratio .3;

the CC was negative when the toxo ratio was .3; the CC was considered doubtful when either the toxo

or the mumps ratio was between 2 and 3; it was considered noninterpretable when the mumps ratio was

,2 (Fig. 3). In any case, seropositivity for the mumps virus was required for the CC to be measured. The

toxo ratio was assessed with a Platelia Toxo IgG kit (Bio-Rad, Marnes-La-Coquette, France), using a

minimum of 20 ml AH sample diluted at 1/10 and a blood serum sample diluted at 1/300. The mumps

ratio was assessed using a Captia mumps IgG kit (Trinity Biotech, Bray, Ireland) according to the

instructions of the manufacturer.
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Given the high specificity of each test performed (12), we considered OT to have been diagnosed

correctly for every ocular sample that was positive for at least one of the previously described tests,

including PCR, immunoblotting, and CC. This diagnosis algorithm has already been described in

previously published reviews (12, 27).

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/

mSphere.00636-19.

TABLE S1, PDF file, 0.05 MB.

ACKNOWLEDGMENT

We thank all clinicians from the various ophthalmology departments who indirectly

participated in this study by sending fluid samples for analysis.

REFERENCES

1. Pappas G, Roussos N, Falagas ME. 2009. Toxoplasmosis snapshots: global

status of Toxoplasma gondii seroprevalence and implications for preg-

nancy and congenital toxoplasmosis. Int J Parasitol 39:1385–1394.

https://doi.org/10.1016/j.ijpara.2009.04.003.

2. Furtado JM, Winthrop KL, Butler NJ, Smith JR. 2013. Ocular toxoplasmo-

sis I: parasitology, epidemiology and public health. Clin Exp Ophthalmol

41:82–94. https://doi.org/10.1111/j.1442-9071.2012.02821.x.

3. Commodaro AG, Belfort RN, Rizzo LV, Muccioli C, Silveira C, Burnier MN,

Belfort R. 2009. Ocular toxoplasmosis: an update and review of the

literature. Mem Inst Oswaldo Cruz 104:345–350. https://doi.org/10.1590/

s0074-02762009000200030.

4. Pleyer U, Schlüter D, Mänz M. 2014. Ocular toxoplasmosis: recent aspects

of pathophysiology and clinical implications. Ophthalmic Res 52:

116–123. https://doi.org/10.1159/000363141.

5. Stanford MR, Gras L, Wade A, Gilbert RE. 2002. Reliability of expert

interpretation of retinal photographs for the diagnosis of Toxoplasma

retinochoroiditis. Br J Ophthalmol 86:636–639. https://doi.org/10.1136/

bjo.86.6.636.

6. Fardeau C, Romand S, Rao NA, Cassoux N, Bettembourg O, Thulliez P,

Lehoang P. 2002. Diagnosis of toxoplasmic retinochoroiditis with atyp-

ical clinical features. Am J Ophthalmol 134:196–203. https://doi.org/10

.1016/s0002-9394(02)01500-3.

7. Johnson MW, Greven CM, Jaffe GJ, Sudhalkar H, Vine AK. 1997. Atypical,

severe toxoplasmic retinochoroiditis in elderly patients. Ophthalmology

104:48–57. https://doi.org/10.1016/S0161-6420(97)30362-5.

8. Al-Zahrani YA, Al-Dhibi HA, Al-Abdullah AA. 2016. Atypical presentation

of ocular toxoplasmosis: a case report of exudative retinal detachment

and choroidal ischemia. Middle East Afr J Ophthalmol 23:150–152.

https://doi.org/10.4103/0974-9233.164624.

9. de-la-Torre A, Valdés-Camacho J, de Mesa CL, Uauy-Nazal A, Zuluaga JD,

Ramírez-Páez LM, Durán F, Torres-Morales E, Triviño J, Murillo M, Pe-

ñaranda AC, Sepúlveda-Arias JC, Gómez-Marín JE. 2019. Coinfections

and differential diagnosis in immunocompetent patients with uveitis of

infectious origin. BMC Infect Dis 19:91. https://doi.org/10.1186/s12879

-018-3613-8.

10. Chronopoulos A, Roquelaure D, Souteyrand G, Seebach JD, Schutz JS,

Thumann G. 2016. Aqueous humor polymerase chain reaction in uve-

itis—utility and safety. BMC Ophthalmol 16:189. https://doi.org/10.1186/

s12886-016-0369-z.

11. Trivedi D, Denniston AKO, Murray PI. 2011. Safety profile of anterior

chamber paracentesis performed at the slit lamp. Clin Experiment Oph-

thalmol 39:725–728. https://doi.org/10.1111/j.1442-9071.2011.02565.x.

12. Greigert V, Foggia ED, Filisetti D, Villard O, Pfaff AW, Sauer A, Candolfi E.

14 May 2019, posting date. When biology supports clinical diagnosis:

review of techniques to diagnose ocular toxoplasmosis. Br J Ophthalmol

https://doi.org/10.1136/bjophthalmol-2019-313884.

FIG 3 Serological assays in ocular samples. (A) Example of a positive test with different immune profiles in aqueous

humor (ah) and serum (s). (B) Diagnostic algorithm using the Candolfi coefficient.

Ocular Toxoplasmosis Diagnosis in Strasbourg 2009–2018

September/October 2019 Volume 4 Issue 5 e00636-19 msphere.asm.org 7

 o
n
 O

c
to

b
e
r 3

, 2
0
1
9
 b

y
 g

u
e
s
t

h
ttp

://m
s
p
h
e
re

.a
s
m

.o
rg

/
D

o
w

n
lo

a
d
e
d
 fro

m
 



13. Fekkar A, Bodaghi B, Touafek F, Le Hoang P, Mazier D, Paris L. 2008.

Comparison of immunoblotting, calculation of the Goldmann-Witmer

coefficient, and real-time PCR using aqueous humor samples for diag-

nosis of ocular toxoplasmosis. J Clin Microbiol 46:1965–1967. https://doi

.org/10.1128/JCM.01900-07.

14. Talabani H, Asseraf M, Yera H, Delair E, Ancelle T, Thulliez P, Brézin AP,

Dupouy-Camet J. 2009. Contributions of immunoblotting, real-time PCR,

and the Goldmann-Witmer coefficient to diagnosis of atypical toxoplas-

mic retinochoroiditis. J Clin Microbiol 47:2131–2135. https://doi.org/10

.1128/JCM.00128-09.

15. Okay TS, Yamamoto L, Oliveira LC, Manuli ER, Andrade HF Junior, Del

Negro G. 2009. Significant performance variation among PCR systems in

diagnosing congenital toxoplasmosis in São Paulo, Brazil: analysis of 467

amniotic fluid samples. Clinics 64:171–176. https://doi.org/10.1590/

S1807-59322009000300004.

16. Morais FB, Arantes T, Muccioli C. 2018. Current practices in ocular

toxoplasmosis: a survey of Brazilian uveitis specialists. Ocul Immunol

Inflamm 26:317–323. https://doi.org/10.1080/09273948.2016.1215471.

17. Rothova A, de Boer JH, Ten Dam-van Loon NH, Postma G, de Visser L,

Zuurveen SJ, Schuller M, Weersink AJL, van Loon AM, de Groot-Mijnes

J. 2008. Usefulness of aqueous humor analysis for the diagnosis of

posterior uveitis. Ophthalmology 115:306–311. https://doi.org/10

.1016/j.ophtha.2007.05.014.

18. Payeur G, Bijon JC, Pagano N, Kien T, Candolfi E, Penner MF. 1988.

Diagnosis of ocular toxoplasmosis by the ELISA method applied to the

determination of immunoglobulins of the aqueous humor. J Fr Ophtal-

mol 11:75–79. (In French.)

19. Garweg JG, Ventura ACS, Halberstadt M, Silveira C, Muccioli C, Belfort RJ,

Jacquier P. 2005. Specific antibody levels in the aqueous humor and

serum of two distinct populations of patients with ocular toxoplasmosis.

Int J Med Microbiol 295:287–295. https://doi.org/10.1016/j.ijmm.2005.03

.005.

20. Villard O, Filisetti D, Roch-Deries F, Garweg J, Flament J, Candolfi E. 2003.

Comparison of enzyme-linked immunosorbent assay, immunoblotting,

and PCR for diagnosis of toxoplasmic chorioretinitis. J Clin Microbiol

41:3537–3541. https://doi.org/10.1128/jcm.41.8.3537-3541.2003.

21. Fernández C, Jaimes J, Ortiz MC, Ramírez JD. 2016. Host and Toxoplasma

gondii genetic and non-genetic factors influencing the development of

ocular toxoplasmosis: a systematic review. Infect Genet Evol 44:199–209.

https://doi.org/10.1016/j.meegid.2016.06.053.

22. Steeples LR, Guiver M, Jones NP. 2016. Real-time PCR using the 529 bp

repeat element for the diagnosis of atypical ocular toxoplasmosis.

Br J Ophthalmol 100:200–203. https://doi.org/10.1136/bjophthalmol

-2015-306801.

23. Camilo LM, Pereira-Chioccola VL, Gava R, Meira-Strejevitch CDS, Vidal JE,

Brandão de Mattos CC, Frederico FB, De Mattos LC, Spegiorin L, FAMERP

Toxoplasma Research Group. 2017. Molecular diagnosis of symptomatic

toxoplasmosis: a 9-year retrospective and prospective study in a referral

laboratory in São Paulo, Brazil. Braz J Infect Dis 21:638–647. https://doi

.org/10.1016/j.bjid.2017.07.003.

24. Villard O, Cimon B, L’Ollivier C, Fricker-Hidalgo H, Godineau N, Houze S,

Paris L, Pelloux H, Villena I, Candolfi E. 2016. Help in the choice of

automated or semiautomated immunoassays for serological diagnosis

of toxoplasmosis: evaluation of nine immunoassays by the French Na-

tional Reference Center for Toxoplasmosis. J Clin Microbiol 54:

3034–3042. https://doi.org/10.1128/JCM.01193-16.

25. Villard O, Breit L, Cimon B, Franck J, Fricker-Hidalgo H, Godineau N,

Houze S, Paris L, Pelloux H, Villena I, Candolfi E. 2013. Comparison of four

commercially available avidity tests for Toxoplasma gondii-specific IgG

antibodies. Clin Vaccine Immunol 20:197–204. https://doi.org/10.1128/

CVI.00356-12.

26. Reischl U, Bretagne S, Krüger D, Ernault P, Costa J-M. 2003. Comparison

of two DNA targets for the diagnosis of Toxoplasmosis by real-time PCR

using fluorescence resonance energy transfer hybridization probes. BMC

Infect Dis 3:7. https://doi.org/10.1186/1471-2334-3-7.

27. Villard O, Cimon B, L’Ollivier C, Fricker-Hidalgo H, Godineau N, Houze S,

Paris L, Pelloux H, Villena I, Candolfi E. 2016. Serological diagnosis of

Toxoplasma gondii infection: recommendations from the French Na-

tional Reference Center for Toxoplasmosis. Diagn Microbiol Infect Dis

84:22–33. https://doi.org/10.1016/j.diagmicrobio.2015.09.009.

28. Garweg JG, Boehnke M. 2006. The antibody response in experimental

ocular toxoplasmosis. Graefes Arch Clin Exp Ophthalmol 244:1668–1679.

https://doi.org/10.1007/s00417-006-0274-x.

Greigert et al.

September/October 2019 Volume 4 Issue 5 e00636-19 msphere.asm.org 8

 o
n
 O

c
to

b
e
r 3

, 2
0
1
9
 b

y
 g

u
e
s
t

h
ttp

://m
s
p
h
e
re

.a
s
m

.o
rg

/
D

o
w

n
lo

a
d
e
d
 fro

m
 





RESEARCH ARTICLE

Type I ROP16 regulates retinal inflammatory
responses during ocular toxoplasmosis

Elise Rochet1 a, Nicolas Argy1 b, Valentin GreigertID
1, Julie Brunet1,2, Marcela Sabou1,2,

Luc Marcellin3, Alejandra de-la-Torre1,4, Arnaud Sauer5, Ermanno Candolfi1,2 , Alexander

W. PfaffID
1,2

1 Institut de Parasitologie et Pathologie Tropicale, EA, Fédération de Médecine Translationnelle, Université
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Abstract

Ocular toxoplasmosis (OT), mostly retinochorioditis, is a major feature of infection with the

protozoan parasite Toxoplasma gondii. The pathophysiology of this infection is still largely

elusive; especially mouse models are not yet well developed. In contrast, numerous in vitro

studies showed the highly Toxoplasma strain dependent nature of the host-parasite interac-

tions. Some distinct polymorphic virulence factors were characterized, notably the rhoptry

protein ROP16. Here, we studied the strain-dependent pathophysiology in our OT mouse

model. Besides of two wild type strains of the canonical I (RH, virulent) and II (PRU, aviru-

lent) types, we used genetically engineered parasites, RH ROP16 and PRU ROP16-I,

expressing the type I allele of this virulence factor. We analyzed retinal integrity, parasite

proliferation and retinal expression of cytokines. PRU parasites behaved much more viru-

lently in the presence of a type I ROP16. In contrast, knockout of ROP16 in the RH strain led

to a decrease of intraocular proliferation, but no difference in retinal pathology. Cytokine

quantification in aqueous humor showed strong production of Th1 and inflammatory mark-

ers following infection with the two strains containing the ROP16-I allele. In strong contrast,

immunofluorescence images showed that actual expression of most cytokines in retinal

cells is rapidly suppressed by type I strain infection, with or without the involvement of its

homologous ROP16 allele. This demonstrates the particular immune privileged situation of

the retina, which is also revealed by the fact that parasite proliferation is nearly exclusively

observed outside the retina. In summary, we further developed a promising OT mouse

model and demonstrated the specific pathology in retinal tissues.

PLOSONE | https://doi.org/10.1371/journal.pone.0214310 March 22, 2019 1 / 15

a1111111111
a1111111111
a1111111111
a1111111111
a1111111111

Citation: Rochet E, Argy N, Greigert V, Brunet J,

SabouM, Marcellin L, et al. (2019) Type I ROP16

regulates retinal inflammatory responses during

ocular toxoplasmosis. PLoS ONE 14(3): e0214310.

https://doi.org/10.1371/journal.pone.0214310

Editor:Mohamed Ali Hakimi, Centre National de la

Recherche Scientifique, FRANCE

Received:November 15, 2018

Accepted:March 11, 2019

Published:March 22, 2019

Copyright: 2019 Rochet et al. This is an open

access article distributed under the terms of the

Creative Commons Attribution License, which

permits unrestricted use, distribution, and

reproduction in any medium, provided the original

author and source are credited.

Data Availability Statement: All relevant data are

within the manuscript and its Supporting

Information files.

Funding: Our work has been supported by the

Fondation de Recherche Médicale (Retinal

Physiopathology program), Université de
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Introduction

Toxoplasma gondii is a ubiquitous apicomplexan parasite, infecting a third of the human

population. In recent years, ocular toxoplasmosis (OT), mainly expressed as retinochoroidi-

ditis, have gained clinical attention, as survey studies revealed an unexpected prevalence of

this affection of 1–2% in Europe and North America [1], most of which cannot be attributed

to congenital infection [2]. While systemic infection is well explored, ocular infection

remains poorly characterized despite its medical importance. Due to the specific immune

privileged situation of the eye [3], the pathophysiological mechanisms are likely to be par-

ticular to this organ. The retina is organized in several alternate layers of nuclei and cell

bodies of photoreceptors and other neuronal cells. Additionally, several types of glial cells

help to maintain an anti-inflammatory environment and to preserve the integrity of the neu-

ronal cells. In inflammatory conditions, the retinal architecture is usually visibly distorted,

local glial cells activated and inflammatory leukocytes attracted [4]. We previously demon-

strated this also for T. gondii infection [5]. In order to investigate the pathophysiological

mechanisms, we previously characterized a murine OT model of intravitreal injection of the

replicative tachyzoite stage in basic parasitological and immunological terms [6] and demon-

strated the importance of the inflammatory Th17 pathway in infection with the relatively

avirulent type II parasites [7]. We used and further developed this model in the present

study.

Specifically, whether these findings are also valid for other T. gondii strains, has not been

investigated. Therefore, we now expand our OT model to the comparison of different strains

and the underlying strain-dependent factors. In the laboratory mouse model, differences

between the canonical lineages existing in Europe and North America have long been known

with type I strains rapidly killing mice, whereas type II strains, which are largely predominant

in human infections, are much less virulent [8]. The discovery of highly variable and unusually

virulent strains in immune competent humans in South America [9], where up to 17.7% of the

population present retinal scars [10], adds complexity to this situation. The generally more

severe OT clinical cases in South America are correlated with a completely contrasting ocular

immune response [11], but the underlying strain-dependent virulence factors are not well

explored in T. gondii infection studies [12].

Recently, products secreted from rhoptries and other apicomplexae-specific organelles

were shown to hijack host-signaling pathways, which control the immune response, and

therefore determine parasite virulence [13]. The rhoptry protein ROP16 was early identified

as a strain specific key virulence factor [14]. This protein is injected into the host cell cytosol

during parasite invasion, enters the nucleus and activates several transcription factors, such

as STAT3, through its kinase activity [15]. The allele polymorphism of ROP16 is determined

by a single amino acid difference [16] and plays a major role in the suppression of a protective

Th1 type response by virulent type I but not by avirulent type II Toxoplasma strains [17]. This

crucial role of ROP16 polymorphism was also found in South American human infections

[18].

To characterize the role of ROP16 in the increased pathogenicity of type I strains, we first

monitored the proliferation of wild and mutant type I and II strains in the eye. Then, we ana-

lyzed the expression of cytokines by retinal cells in response to infection with either wild type I

and II strains or mutants including ROP16 deficient type I strain and type II strain expressing

a heterologous type I allele of ROP16, in order to identify the influence of the virulent type I

allele of ROP16 on intraocular parasite load and pathophysiology.
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Materials andmethods

Mice and parasites

Female inbred C57Bl/6J mice were purchased from Centre d’Elevage R. Janvier (Le Genest-

Saint-Isle, France) and partially bred at our own animal housing facility (accreditation no

A67-482-37). Animals were bred under specific pathogen-free conditions, according to

national and local regulations.

Tachyzoites of the avirulent (type II) PRU and the virulent (type I) RH strain of T. gondii

were obtained from the French Biological Resource Center Toxoplasma, Limoges and Reims,

France. The PRU-ROP16-I strain was kindly provided by J. Saeij, UC Davis, USA and the RH-

ROP16-I by J. Boothroyd, Stanford University, USA). Tachyzoites were maintained in

human THP1 monocyte cultures or by weekly passages in Swiss-Webster mice. Preliminary

assays showed similar parasite proliferation and cytokine signature of the RH and the

RH KU80 strain, which was used to create the KO strain. RH parasites were thus used as con-

trol strain. The PRU-ROP16-I strain was created by inserting ROP16-I into a PRU HPT

strain, but HPT was again inserted afterwards (J. Saeij, pers. comm.). Therefore, the wild-type

PRU strain was used as control.

Infection model

Mice at 4–8 weeks of age were infected through intravitreal injection with a solution of 2000

tachyzoites in 5μl of sterile PBS per eye. The solution was injected into the vitreous cavity (VC)

of both eyes using 30-gauge needles (BDMicrolance 3, Becton-Dickinson, Le Pont-de-Claix,

France) on a 25μL syringe (Hamilton, Bonaduz, Switzerland) during general anesthesia with

isoflurane (Forène, Abbott, Paris France) [6]. Age-matched control mice received an injection

of 5μL of sterile PBS intravitreally. Four mice per group were euthanized at different time

points post-infection by isofluorane overdose. Aqueous humor was collected by anterior

chamber paracentesis (� 5 μl/eye), pooled and stored at -80˚C until analysis. Eyes were enucle-

ated and pools of whole eyes were collected and stored at -20˚C or immediately preserved in

4% buffered formaldehyde for Toxoplasma specific DNA quantification or histopathology,

respectively. Each experimental group consisted of four animals (8 eyes).

All experiments were performed in accordance with ARVO (Association for Research in

Vision and Ophthalmology, USA) Statement for the Use of Animals in Ophthalmic and Vision

Research, as well as with national and local restrictions. Bilateral injection allowed us to use

fewer mice to obtain the necessary number of eyes per pool, while severe retinal pathology was

never observed in the short time frame of our infections, according to our observations in pre-

vious studies. Our animal study, including bilateral injection, was approved by the local ethic

committee (project no.AL/77/84/02/13).

Quantification of parasite load

DNA was extracted from pools of eight whole eyes and eluted in 200μl of elution buffer, as pre-

viously described [19]. Total DNA concentration was determined by Nanodrop1. Toxoplasma

specific DNA was quantified with real-time PCR on a LightCycler (Roche Diagnostics) using

the Faststart DNAMaster SYBR Green (Roche Diagnostics, Meylan, France), in 5 μl of DNA

solution and a reaction volume of 20 μL, following the manufacturer’s recommendations. The

repetitive TgB1 gene of T. gondii was chosen as target, as it allows sensitive quantification even

for avirulent strains [20]. The following primers were used:

and . The

parasite load was calculated using external standards, extracted from known numbers of

ROP16 regulates ocular toxoplasmosis
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parasites, run in parallel, and calculated as parasites per μg DNA. The standard curve showed

high degrees of linearity at least between 101 and 106 parasites per reaction. Viability of the

parasites was assured for each batch by infecting cell cultures.

Retinal histopathology

Formaldehyde fixed eyes were embedded in paraffin, serially cut into 5 μm sections and

stained with haematoxylin and eosin, as previously described [21]. Sections were analyzed by

light microscopy under 1000x magnification. Retinal pathology was assessed for distortion of

retinal layers, vascular dilatation and presence of inflammatory cells, i.e. invasive monocytes

and neutrophils, distinguished by their characteristic morphology, and their migration into

the plexiform layers of the retina.

Cytokine/ Chemokine profile in aqueous humor

The Bio-Plex Mouse 23-Plex Panel assay (Bio-Rad, Marne-la-Coquette, France) was used

according to the manufacturer’s recommendations to measure cytokine and chemokine levels

in aqueous humor. As each pool of aqueous humor from eight eyes consisted of�40μl, dupli-

cates of 20μl samples were analyzed. The assay plate layout consisted in a standard series, one

blank well and duplicates of 20 μL samples, diluted to 50 μL with BioPlex mouse serum diluent.

Data were analyzed with Bio-Plex Manager TM software V1.1 (BioRad). The fold induction

index was calculated as the ratio of cytokine concentration in infected mice and the mean con-

centration of PBS injected mice.

Localization of retinal cytokine expression by immunofluorescence

Cryocut sections of whole eyes were prepared and processed for indirect immunofluorescence

to detect the cells expressing different cytokines, as previously described [19]. Primary anti-

bodies used are listed in S1 Table. The corresponding Alexa 488 or 546 conjugated secondary

antibodies were purchased from Invitrogen.

Statistical analysis

Quantification of ocular parasites was done with pools of 8 eyes, due to small volumes. Each

experiment was repeated three times and the results displayed as means ± SD. Statistically sig-

nificant differences between the strains on a given day p.i. were identified using one-way

ANOVA test, followed by Bonferroni’s multiple comparison test (GraphPad). Quantification

of cytokines was also done with pools of 8 eyes. Means ± standard deviations (SD) from dupli-

cate measures are shown. One-way ANOVA test was used to calculate statistical significance

between experimental groups at day 7 post-infection.

Results

Intraocular parasite multiplication

To evaluate the virulence of different Toxoplasma strains and the particular role of ROP16, we

injected tachyzoites into the eye. We first looked at parasite loads following infection (Fig 1).

We observed completely distinct kinetics between the two parental strains. PRU strain parasite

load increased moderately at 7 days post infection (dpi) and then decreased to very low levels

at 14 dpi, while RH strain load increased steeply and rapidly. This intraocular injection rapidly

led to fatal systemic infection, killing all RH infected mice between 7 and 14 dpi.

To evaluate the role of the virulence factor ROP16, we first evaluated the effect of a virulent

ROP16-I allele in an avirulent type II Toxoplasma strain (PRU ROP16-I). The ocular parasite
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PLOSONE | https://doi.org/10.1371/journal.pone.0214310 March 22, 2019 4 / 15



load sharply increased until 7 dpi, to a higher level than observed with the parental strain, but

still fifty times lower than with RH infection. At 14 dpi, the parasite load diminished some-

what, but stayed at an elevated level, which was in complete contrast to the wild type PRU

infection. However, all mice finally controlled infection and did not succumb to the PRU

ROP16-I infection. Then, we determined the effect of the virulent ROP16-I allele in its native

type I parasite by injecting RH parasites deficient of the rop16 gene (RH ROP16). The intraoc-

ular parasite load of this strain increased rapidly and to higher levels than with the PRU

ROP16-I strain, but stayed significantly lower than with the wild type RH strain. Nevertheless,

RH ROP16 infection led to the death of all mice before 14 dpi.

Retinal pathology

We next evaluated retinal sections on pathological consequences of infection with the different

strains (Fig 2). Infection with PRU (type II) strain led to mild modifications of the nuclear lay-

ers and some cell invasion, mostly by neutrophils, which peaked at day 7. Moreover, retinal

migration of mononuclear cells, monocytes or microglial cells was visible from 3 dpi. These

modifications continued until 14 dpi and resulted in alterations in retinal architecture. Curi-

ously, when the infection was carried out with the virulent RH strain, the retinal structure

Fig 1. Ocular parasite load depends both on parental strain and ROP16 allele. C57BL/6 mice were infected by intraocular injection of 2000 T.
gondii tachyzoites of different strains. The parasite load was determined by quantitative PCR on DNA extracted from whole eyes. Values shown are
means ± SD of three independent experiments on pools of four mice (eight eyes). All mice infected with RH and RH ROP16 strains died before
14 dpi. �� P< 0.01; ��� P< 0.001.

https://doi.org/10.1371/journal.pone.0214310.g001
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Fig 2. Retinal pathology following intraocular infection with different strains of T. gondii does not correlate with parasite load.

C57BL/6 mice were infected by intraocular injection of 2000 T. gondii tachyzoites of different strains. Hematoxylin-eosin staining of
retina sections. GCL ganglion cell layer; IPL inner plexiform layer; INR inner nuclear layer; OPL outer plexiform layer; ONL outer
nuclear layer; Pho photoreceptor layer. All mice infected with RH and RH ROP16 strains died before day 14. The arrows show the
characteristic pathological features described in the text.

https://doi.org/10.1371/journal.pone.0214310.g002
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remained globally normal with only vessel vasodilatation in the ganglion cell layer and some

cell migration observed.

The pathology observed following infection with the PRU ROP16-I strain was more severe

than with either the parental PRU strain and the RH strain. Differences were already visible at 3

dpi, but became obvious by 7 dpi, with enhanced cell migration in the inner plexiform layer, but

also in the outer plexiform layer. At 14 dpi, the two nuclear layers were distorted and showed less

cell density. The photoreceptor layer showed equally cell loss. Additionally, inflammatory masses

(black spots) were observed. Overall, the alterations observed here were considerably more impor-

tant than that of the PRUwild-type strain at the same time. In contrast, upon infection with the

RH ROP16 strain, we observed, like in the RH parental strain, no notable difference in the archi-

tecture of the retina, but only some vasodilatation of the vessels in the ganglion cell layer.

These results show that the ROP16 allele has profound influence on retinal pathology,

apparently independent on control of intraocular parasite multiplication.

Ocular cytokine patterns

The Th1 type immune response, characterized by the cytokines IFN- and IL-12, has long

been acknowledged to have a protective function in T. gondii infection [22]. In contrast, our

previous studies demonstrated the detrimental role of Th17 cytokines, characterized by the

production of IL-17A, in OT, at least in infection with type II strains [7]. To evaluate these two

cytokine groups in different strains, we quantified these cytokines in aqueous humor, using a

BioPlex multiplex assay (Fig 3 and S1 Fig). PRU strain infection triggered a moderate inflam-

matory immune response, but no visible upregulation for the other cytokines. In contrast,

with RH infection, Th1 and Th17 inflammatory responses were strongly upregulated at 7 dpi.

Th2 cytokines were also upregulated, but only to moderate levels. Interestingly, PRU ROP16-I

infection induced a marked increase in cytokine levels, compared to wild type PRU infection,

and more similar to RH infection. Certain cytokine levels at 7 dpi were even higher than with

RH infection. Remarkably, most cytokine levels were stable or even further increased at 14 dpi,

again in contrast to wild type PRU infection. In contrast, the Th1 and Th17 cytokine levels of

the RH ROP16 strain followed the same increase at 7 dpi as observed with the wild type RH

strain, but were throughout considerably lower. These results illustrate that the presence of the

ROP16-I protein in an avirulent PRU strain considerably increased the local immune

response, whereas the lack of this factor diminished it in the virulent RH strain.

Next, we looked at actual expression of these cytokines in retinal cells (Fig 4). Both IL-12

and IFN- were easily detected at 7 dpi in all strains with the notable exception of the RH

parental strain. These two cytokines are principally localized to the inner and outer plexiform

layers. We also looked at the inflammatory cytokines IL-6, IL-17A and IL-23: IL-6 was

expressed in the ganglion cell layer following infection with the PRU parental and mutant

strains, but absent with RH parental and knock-out strains. IL-17A was the only cytokine

detected following infection with all strains, including RH. However, expression was more

reduced with RH infection and, interestingly, also in the PRU ROP16-I strain. The expression

of IL-17A was mainly detected in Muller cells, as we previously showed by vimentin co-locali-

zation in PRU infected retinas [7]. While IL-17A expression extended throughout the length

of Muller cells following infection with the RH ROP16 and PRU parental strains, expression

in the RH and PRU ROP16-I infected mice seemed to be restricted to the endfeet region of

Muller cells. This could suggest a perturbation of intracellular transport of IL-17 in the highly

polarized Muller cells. Finally, IL-23 was the only cytokine clearly detected in non-infected

mice. It was also detected in infected eyes, again except with RH parental strain infection.

Expression of IL-23 was localized to the outer plexiform layer. These results suggest that type I
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Toxoplasma strains need the presence of their specific ROP16-I allele to regulate expression of

Th1 and Th17 type cytokines, with the exception of IL-6. In contrast, in a type II strain, the

ROP16-I allele seems to affect only expression of IL-17A in our setting.

Fig 3. Cytokine levels in aqueous humor are determined by ROP16-I expression. C57BL/6 mice were infected by
intraocular injection of 2000 T. gondii tachyzoites of different strains. Cytokine concentrations in aqueous humor were
determined by BioPlex assays on pools of four mice (eight eyes) at the indicated time points. Values are means ± SD
from duplicate measures, expressed as the fold increase of T. gondii-infected mice over PBS sham-injected mice. All
mice infected with RH and RH ROP16 strains died before day 14. Statistically significant differences between groups
at 7 dpi are summarized in S2 Table.

https://doi.org/10.1371/journal.pone.0214310.g003
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Regarding this notable absence of cytokine expression in RH strain infection at 7 dpi, we

studied the early kinetics of cytokine expression upon RH infection (Fig 5). Interestingly, all

cytokines were visibly expressed at 1 dpi., but absent thereafter. IL-17A stands out in this con-

text, as expression developed more slowly and was at its maximum at day 3 p.i. At 7 dpi., IL-

17A expression was visibly weaker. Interestingly, this expression kinetics of IL-17A was also

observed with PRU ROP16-I infection (not shown), which suggests an involvement of ROP16

in the active suppression of IL-17A. These results show that inflammatory and Th1 cytokines

Fig 4. Retinal cytokine expression depends both on background strain and on the ROP16 allele. C57BL/6 mice were infected by intraocular injection of
2000 T. gondii tachyzoites of different strains. Retinal expression of Th1 and inflammatory cytokines was detected by immunoflurorescence 7 days after
infection (arrows). GCL ganglion cell layer; INR inner nuclear layer; ONL outer nuclear layer.

https://doi.org/10.1371/journal.pone.0214310.g004
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are initially expressed following infection, before being actively suppressed by the type I Toxo-

plasma strain.

Discussion

While type I strains of T. gondii are uniformly virulent in mice, type II strains display a chronic

course of infection, despite differing at only few genetical loci [23]. In this study, we first

observed that Type II infection could be controlled by the local immune response after a

moderate proliferation activity during the first days post infection. However, this was accom-

panied by transient inflammatory processes, best visible by a massive influx of monocytes and

neutrophils. In contrast, with the type I RH strain, we detected uncontrolled ocular parasite

Fig 5. Early expression and subsequent loss of retinal cytokine production following intraocular infection with the RH strain of T. gondii. C57BL/6 mice
were infected by intraocular injection of 2000 T. gondii tachyzoites of different strains. Cytokine producing cells were localized by immunofluorescence on
retinal cryosections (arrows).

https://doi.org/10.1371/journal.pone.0214310.g005
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proliferation by PCR, and host death, indicating rapid systemic dissemination, but we

observed little retinal pathology in microscopic observation of retinal sections at 7 dpi. This

could be explained by the particular place in the immune regulation of the retina itself, closely

linked to its immune privileged situation behind efficient cellular and immunological barriers,

which is known to avoid overwhelming inflammatory reactions [24]. To further specify this

particular role of the retina, it would be interesting to compare the kinetics of pathology in dif-

ferent organs, especially the brain, with different infection doses.

We aimed to decipher the role of the parasite strain and particularly of one of these factors,

ROP16, on pathology and immune response in the particular ocular environment. Recently,

the polymorphic rhoptry protein ROP16 was identified as major modulator centrally deter-

mining strain virulence [16, 17]. The fact that the majority of ROP16 nucleotide sequences

from Colombian patients with ocular toxoplasmosis (80%) belonged to the group of mouse-

virulent strains ROP16-I allele [18] demonstrates its relevance for human pathology. There-

fore, we focused on the role of the ROP16 type I allele separately from the background genes,

in our in vivomodel. The lower parasite counts in the RH ROP16 and the considerably ele-

vated ocular parasite load in the transgenic PRU strain expressing the heterologous ROP16-I

allele, compared to the two parental strains, strongly suggests a role of the ROP16-I allele as a

virulence factor activating efficient immune evasion mechanisms. This virulence enhancing

effect of ROP16-I is also clearly visible in the much more severe retinal disorganization in the

PRU ROP16-I strain. A previous study with the same transgenic PRU ROP16-I strain observed

a nearly complete absence of parasite proliferation in the intestine after oral infection [25].

Another work found, in contrast to our results, enhanced parasite loads in multiple organs

with the type I ROP16 strain [26]. Interestingly, while this difference was highly significant in

spleen, liver and lung, it was not in brain, another immunoprivileged organ with important

similarities with the eye. This could point to crucial differences of systemic and ocular infec-

tion. Specifically, Butcher et al. linked limited Toxoplasma proliferation to ROP16-I dependent

activation of host arginase production. This is consistent with our observation that the trans-

genic PRU ROP16-I strain does not cause host death, despite of high ocular parasite prolifera-

tion. In view of our results, the arginase pathway might be differently regulated in the ocular

environment. In contrast, the similar weak retinal pathology in wild type and knockout RH

strains argues against an active role of ROP16-I in the pathological process itself.

The outcome of Toxoplasma infection is determined by the induced cytokine response. We

looked both at cytokines present in aqueous humor and actual cytokine production by retinal

cells and observed different kinetics. Cytokine levels in the aqueous humor were largely deter-

mined by the presence of the ROP16-I allele in the infecting parasite strain. The two strains

containing the ROP16-I allele induced high levels of most cytokines, largely correlating with

parasite loads. Seven days post-infection, high levels of inflammatory and Th1 cytokines are

detected in the aqueous humor. The PRU ROP16-I strain allowed us to follow the infection

beyond seven days, contrary to the RH strain. Interestingly, most cytokine levels were stable

between days 7 and 14, in contrast to wild type PRU infection, which again parallels the para-

site loads. On the other hand, the mutant PRU strain could finally be controlled and did not

induce mortality. Consequently, there seems to be an as yet unexplained interplay between the

ROP16-I allele which dramatically increases parasite numbers and immune response, and a

dampening effect of the PRU background, in which the host is capable to finally control para-

site proliferation and avoid lethal overreaction.

In contrast, retinal cytokine expression, as assessed by immunofluorescence, is initially

induced, but then rapidly and strain-dependently suppressed. More precisely, suppression of

IL-17A expression seems to be entirely due to the virulent ROP16 allele, while the other cyto-

kines are suppressed by type I ROP16 only within the type I strain. It would now be interesting
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to look on ROP16 induced cell-type specific reactions, such as STAT3 activation, a known

mediator of ROP16 action [15]. Our result that the virulent strain suppressed local cytokine

production more efficiently than avirulent strain could explain the absence of visible retinal

pathology in RH infection, whereas PRU infection causes moderate, probably immune medi-

ated pathology. This recalls our previous results on human OT, which also suggested an

immune induced pathology in type II infections in European patients, whereas the ocular

immune response in South American patients were down-regulated and the pathology seemed

to be induced by uncontrolled parasite proliferation [11]. Obviously, the short observation

period due to rapid host death in type I infections does not allow to monitor the full ocular dis-

ease progression. Concordantly, in vitro studies showed that virulent but not avirulent strains

down-regulate Th1 cytokine production [27]. This seems to be in contrast to the much stron-

ger production of IFN- in type I infected mice [28]. More detailed studies suggested that over-

production of inflammatory cytokines in vivo is probably secondary to uncontrolled parasite

growth [17]. In light of these results, RH specific suppression in our study could be just due to

higher parasite loads with this strain. However, this suppression was visible as early as 3 dpi,

where parasite load in RH infection was still quite low, whereas suppression was not observed

at 7 dpi in the RH ROP16 and PRU ROP16-I strains, with considerably higher parasite loads.

To fully answer this question, it would be again interesting to compare the outcome of various

infection doses. The coincidence of rather low local cytokine production, as assessed by immu-

nofluorescence, and a nearly complete lack of detectable parasite proliferation or even persis-

tence within the retina could be due to a common mechanism of immunosuppression of

retinal cells and inhibition of Toxoplasma proliferation. Retinal production of indoleamine 2,3

dioxygenase (IDO), which consumes the available tryptophan, has been demonstrated [29]

also upon T. gondii infection, and shown in vitro to restrict parasite growth [30]. There are cer-

tainly several of these mechanisms at play, and further studies could bring valuable insights in

retinal anti-parasitic pathways. The reason for the contrasting cytokine patterns in aqueous

humor has still to be elucidated. It could be explained by invading cells or a less suppressed

production outside the retina.

The immunofluorescence study also allowed to localize retinal cytokine production. For the

Th1 cytokines IL-12 and IFN- , their localization to the plexiform layers and microscopical

aspect of the producing cells suggest them to be microglial cells. Brain microglial cells are well

known producers especially of IL-12, which was again recently shown for the related apicom-

plexan parasite Neospora caninum [31]. Further studies could confirm this by immunopheno-

typing and distinguishing microglia from invading monocytes. Expression of IL-17A was

observed in Muller cells, as in our previous studies [7], but seems also to be expressed in other

cell types. Muller cells could be a central cell type in the development of OT, as they were

recently shown to harbor tissue cysts, unlike microglial cells and astrocytes [32]. Our ocular

model is particularly suitable to investigate such development of an immune response, due to

confinement of a complex immune network to this small immunoprivileged organ. It would

be interesting to follow the spatial and temporal kinetics of parasite conversion into brady-

zoites and cysts following such intraocular injection.

In summary, we introduced a model to compare ocular pathology and parasite proliferation

for Toxoplasma strains of different virulence. These results show different pathological conse-

quences of ocular, compared to systemic, infection, demonstrating that the specific immuno-

suppressive ocular environment is maintained upon T. gondii infection. Some of our findings,

such as the differences between cytokine levels in aqueous humor and cellular cytokine pro-

duction, or the absence of severe pathology in RH-infected retinas, show the complex situation

of the eye and should be further examined. Our results on the central importance of the

ROP16 alleles pave the way for further mechanistic studies on the effect of this virulence factor.
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Finally, these studies should also be extended to the highly variable and often highly patho-

genic South American strains and compared with sequence analysis and comparison of

selected virulence factors, notably ROP16.
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Abstract

We report a case of spinal cord toxoplasmosis occurring as a primary infection in a 31-year-old immunocompetent man. 

Exhaustive immunologic and genetic investigations did not identify any immunodeficiency. The causative agent was a typi-

cal type 2 strain. In cases of spinal cord lesions, toxoplasmosis should be considered, even in an immunocompetent patient.

Keywords Toxoplasmosis · Primary infection · Immunocompetent patient · Spinal cord · Toxoplasma gondii

Introduction

Toxoplasmosis is one of the most frequent human proto-

zoan infections. About one-third of the world’s population 

is affected by latent toxoplasmosis. It is often asymptomatic 

or may cause mild flu-like symptoms, including fever, myal-

gia, and lymphadenopathy. However, in immunodeficient 

patients, the infection can lead to severe disease, notably 

with neurologic involvement. Spinal cord toxoplasmosis, 

though, is extremely rare, with less than 30 cases reported. 

These infections have occurred exclusively in immunodefi-

cient patients, mainly in those with acquired immune defi-

ciency syndrome (AIDS) or other severe immunodeficiency 

disorders [1–5]. Outbreaks of complicated toxoplasmosis 

have been described among immunocompetent patients, 

caused by infection with atypical virulent strains, particu-

larly in French Guiana [6]. We report the first case of acute 

spinal cord toxoplasmosis in an immunocompetent individ-

ual infected with a typical type 2 Toxoplasma gondii strain.

Case report

A 31-year-old man with no remarkable medical history was 

hospitalized in the Department of Neurosurgery, Colmar 

Hospital, with the acute onset of the Brown–Séquard syn-

drome, characterized by left arm paresis and hypesthesia of 

the right leg and right torso. The patient reported that he had 

had fever and chills 2 weeks before admission. He worked 

as a veterinarian and went hunting regularly, providing wild 

boar meat for his own consumption. He had no history of 

travel outside Europe for 6 months preceding admission. A 
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physical examination revealed that he had bilateral cervical 

and axillary lymphadenopathy. The remainder of the exami-

nation was unremarkable except for the neurologic impair-

ment noted above. The C-reactive protein level was < 1 mg/l, 

and there was no leukocytosis. Magnetic resonance imaging 

(MRI) of the spinal cord showed a 12-mm intramedullary 

C3–C4 cervical tumor on the left that had ring enhancement 

after a gadolinium injection (Fig. 1). Brain Imaging done at 

the same time was normal.

Cerebrospinal fluid (CSF) analysis showed 2 leukocytes/

mm3, with normal CSF protein (0.56 g/l) and glucose lev-

els. Serology for HIV, Epstein–Barr virus, cytomegalovi-

rus, human T-lymphotropic virus, and syphilis was negative. 

Serologic testing was also performed for parasites known to 

cause spinal cord infections [4], and the results were nega-

tive for neurocysticercosis, schistosomiasis, and echino-

coccosis, but positive for T. gondii. The seroconversion of 

antibodies to this organism was clear and tested with two dif-

ferent techniques. Antiparasitic treatment with sulfadiazine 

and pyrimethamine was initiated, with folinic acid adminis-

tered to prevent pyrimethamine toxicity. After a few weeks, 

the patient noted a complete regression of the neurologic 

deficits. After 6 weeks of treatment, secondary prophylaxis 

with cotrimoxazole was administered. This last treatment 

was discontinued 1 year later. Three years after the infec-

tion, the patient remained in good health. A follow-up MRI 

showed a sequellar intramedullary image without contrast 

enhancement after the gadolinium injection.

Results

Microbiologic examination

Serologic testing for T. gondii revealed a fourfold increase 

in antibody titers using two different techniques. The Cobas 

analyzer (Roche) reported an IgG of 6.51 UI/mL (cut-

off > 3.0 Ui/mL) and IgM of 10.91 (cutoff > 1.0) on day 0 

and IgG 34.1 UI/mL and IgM 10.39 on day 10. With the 

DiaSorin test, the corresponding values were IgG 5.60 

UI/mL (cutoff > 8.80Ui/mL) and IgM 76.8 UA/mL (cut-

off > 8.0UA/mL) and IgG 19.3 UI/mL and IgM 70.9 UA/

mL An avidity test confirmed an acute infection with a low 

initial avidity of 22.5% (Architect, Abbott) (cutoff for low 

avidity < 50%). Blood and CSF were tested directly for T. 

gondii using PCR performed at the Strasbourg University 

Hospital. The results were negative.

The patient had consumed wild boar meat a few weeks 

before the onset of the disease, which was, therefore, con-

sidered a possible source of the infection [7]. PCR analysis 

of a frozen piece of the same meat revealed the presence 

of T. gondii DNA. A genotyping method using 15 micros-

atellite markers identified a type 2 strain in the meat DNA 

extract. A serotypic analysis confirmed that the patient’s 

antibodies were specific for type 2 T. gondii strains. These 

findings are consistent with an acute infection with a type 

2 T. gondii strain from the wild boar meat the patient had 

eaten.

Fig. 1  Sagittal (left) and axial 

(right) magnetic resonance 

imaging with gadolinium show-

ing a 12-mm, ring-enhancing, 

intramedullary lesion (arrow) at 

C3–C4 in the left of the spinal 

cord, an appearance that is char-

acteristic of toxoplasmosis
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Immune system evaluation

Despite repeated testing, we could not identify any evidence 

of primary or secondary immunodeficiency in this man, 

including hematologic or solid cancers or autoimmune dis-

ease. Plasma protein electrophoresis immunoglobulin levels 

and complement assay results were in the normal range, as 

was the control of tetani vaccination. There was no HLA 

class I deficiency. The absolute lymphocyte count was 

2732/mm3, with 191/mm3 (7%)  CD19+ B, 357/mm3 (13%) 

 CD3−  CD56+ natural killer (NK), and 2184/mm3 (80%) 

 CD3+ T cells. Among the latter were 928/mm3  CD4+, 1030/

mm3  CD8+, and 218/mm3  CD4−  CD8− γδ T cells. Three 

years after the patient’s recovery, the  CD4−  CD8− γδ T cells 

still constituted 12% of the T lymphocytes.

NK cell function assays indicated normal interferon-γ 

(IFN-γ) expression and degranulation. In vitro lymphocyte 

proliferation assays with phytohemagglutinin were normal. 

Lymphocytes from the patient and from healthy subjects 

who were either T. gondii seropositive or seronegative were 

tested using in vitro lymphocyte proliferation assays with 

stimulation by T. gondii antigens and the tetanus toxoid. 

The patient’s  CD4+ and  CD8+ lymphocyte responses were 

in the normal range in comparison with healthy seroposi-

tive patients after 7 days of incubation (supplementary data 

Fig. 1).

Three years after the infection, a genetic analysis (DIPAI) 

exploring the 98 genes most frequently involved in primary 

immunodeficiencies, including IFN and IL12 pathways, 

showed no mutations consistent with immunodeficiency. 

This confirmed the results of earlier testing indicating that 

the patient was immunocompetent.

Discussion

Acute toxoplasmosis in immunocompetent subjects is either 

asymptomatic or presents with cervical lymphadenopathy. 

As opposed to infections in immunocompromized patients, 

complicated toxoplasmosis is unusual in immunocompetent 

subjects. Reported cases are rare, including symptoms such 

as high fever, musculoskeletal pain, cough, and general-

ized lymphadenopathy. Exceptionally, unusual manifesta-

tions have been reported in immunocompetent individuals, 

including hepatitis [8], pneumonia [9], polymyositis [10], 

pericarditis and myocarditis [11], ocular involvement [12], 

cerebral infection [13], or disseminated toxoplasmosis 

[14]. However, a spinal cord infection due to T. gondii is 

rare and has been described nearly exclusively in immuno-

compromised patients with only one case reported in the 

literature in an apparently immunocompetent 35-year-old 

man [15]. We describe the case of spinal cord toxoplas-

mosis in an immunocompetent patient in whom extended 

immunologic screening and genetic analysis failed to dis-

close any immunodeficiency.

As opposed to the situation in AIDS, where neurologic 

toxoplasmosis frequently involves the reactivation of latent 

infection [3, 16], this patient’s spinal cord lesion occurred 

during primary infection. His neurologic localization was 

limited to the unique lesion in the cord, in contrast to the 

neurotoxoplasmosis associated with AIDS, where there 

are usually multiple lesions. The patient’s clinical manifes-

tations, the typical MRI images, and a significant rise in 

anti-T. gondii antibodies with low initial avidity allowed us 

to make a clear diagnosis of a primary T. gondii infection 

[17]. We could not detect T. gondii directly in the CSF with 

molecular techniques, but the sensitivity of PCR to T. gon-

dii in the CSF in the case of cerebral toxoplasmosis is low. 

Finally, the positive outcome following 6 weeks of specific 

treatment with sulfadiazine and pyrimethamine confirmed 

our diagnosis. We used secondary prophylaxis with cotri-

moxazole for 1 year to prevent any recurrence, while we 

continued to assess the patient’s immune system.

The response to T. gondii requires both innate (dendritic 

cells, neutrophils, and NK cells) and adaptive (mainly Th1 

with IFN-γ and IL12 synthesis) immune mechanisms. In 

neurologic toxoplasmosis, microglial cells, astrocytes, and 

neurons can be infected, causing the expression of IFN-γ, 

IL-1, IL-6, and IL-12 and the recruitment of peripheral 

 CD4+ and  CD8+ immune cells in the brain [16, 18]. Inflam-

mation is counterbalanced by regulatory cytokines, espe-

cially IL10, which is synthesized mainly by  CD4+ T cells. A 

murine model of spinal cord infection with a T. gondii type 

2 strain indicated a pathologic process comparable to that 

seen in the brain [19]. We could not detect any deficiency 

affecting either the innate or adaptive immune responses in 

our patient, and his lymphocyte proliferation assay results 

were normal even in the face of the challenge with T. gon-

dii antigens. Thus, as far as we could determine, he was 

immunocompetent, which may explain why he had spinal 

toxoplasmosis as a primary infection rather than as a reac-

tivation disease.

During the immunologic testing, we detected an excess 

of  CD4−  CD8− γδ T cells. These lymphocytes are known for 

their activity against T. gondii, with proliferation described 

during acute toxoplasmosis [20]. However, in our patient, a 

high rate of this particular cell population was still detect-

able at 3 years after infection, in contrast with the prompt 

regression described previously [20].

Virulent T. gondii strains can be responsible for aggres-

sive infections. However, the analysis of wild boar meat 

suspected of being the source of infection found a type 2 

T. gondii strain largely spread among humans and animals 

in France and probably responsible for the vast majority of 

asymptomatic infections in this country [21, 22]. Further-

more, the patient’s antibodies were also specific for the type 
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2 strain. These features of the case are consistent with the 

patient’s lack of recent travel before his infection. Atypical, 

highly pathogenic strains of T. gondii are found mostly in 

South America [6].

Conclusion

We report a case of spinal cord toxoplasmosis in a young 

immunocompetent patient. T. gondii infection, particularly 

during primary infection, should be considered in the dif-

ferential diagnosis of spinal cord infections, even in immu-

nocompetent patients.
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?�&�(������ �&��������������%��������(��(�������/%�������	���%�	��%�#������#�� �	������ ��	����

!�� � %�����	 � ��(��& � ��$� � �	 � ��(��&��� � ������	 � >��&����� � ��������� � �#� � %�#������# � ��� ��!

%�	��%�#������#���������� ���	����������	����		����%%�������	����%��� �����$%��/�	#�� �	������ ��	���
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3

)*

)3

5*

53



���
����
�
����������
����
���
�
����������
�������

������
�	
����	�������
���������
!����#���������$%��/�������&�����$������������(�������6	���

	���� ������%������ ���%	��������	�����	���� ��$��	��������������������������&�����&�������������#�	��

������ 	� �����	���	 ���� �$���� ����$�	��� �%��%������$��� 	���%��	������ ����	�$#�� � 	�� ��#�� � 6	 � ��

��$%������ �	�������#�����	�����	�������������>��&�����	���������	��������$%������ �	���������

������������6	�������	��$����#�� �����������������	����� �&��������!���%��%����� �	������#������$����#

	��%��	��	�	����#�� ��$�$�����������������������&���������(�����	�����%��	��	����������!���$�����

��#������	�� �������&��������$����#���$%������ �(���������	���	��������������	���������������	��

������#����#����	������	���������������#��	��������$��	���#����������������#��������������	������(���

��#���&������������ ��	�� ��$���� �	����������	���������#�	������� �	����#���������#��	�����	�������#���

����@ �����A��&�	��	����%����	�	�������������"����������&����	�������	�	�����%��%���#� ���������	��	��

��	�������������	�� ��$����������$�����!���������	���������&�����������%�������� ��� ������������	

	�������	���$�������$�� �����$$���	������"��������$��������	�����	&����	��������������	��

����������	���(�	���������#� �������	����������������	��������

!�����	���������#��	��� ������$%��/�	�������6	�����������#��	��	� ��������������<���	������ ��$��

�#�$��#���  ����	������	#%��� �� �������(��������������0�����#��	��������� �(��	#%���� ���������������

���	�����	���� �&��>����	���	���� ���	���� ��$��������	���	������������������������ ���	���������	�

	���� ��$��	���	�����������	���$�����!���������	����������������	�������&�����	���� ��$�	�������	���

����	������������������������	������&�����������(��(������	������	���	�����	�����$�����	#�� �	����$���

 ��$��� ������� 	 ������ &���� � ��� � ��	��������� � ����&��� � 	� � %��� � ����	����� � ������� �  ��$ � ��(����

%��	�����%	���������	����������������������������	������&������������%�������� ���	�����$�����	#�� 

	����$��������	�����	��	����� �$�(�$��	������
��
���	������&�����������������������	����	��� ����

�� ��$�	���� ��$�	�����	��������%��������	�	��	������	�������(�����#�	�$�-:8�.���/����� �	����

��		��������� ��$�	����%	��������(������	���$�����	&��	#%���� �����������������%�����	�&�	����	�����	����

������ 	 ������ ��� � 	�� �$��� ������ � ����� � � � 	��� � 	������ � �%���� � ������ � ��� � 	�� � ��#���� � ��	��� ��� � 	��

��$%����	��� ��� ��$�&��>����%%��	����	��������	��	����� �	�����	���������	������#��	��������������
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������$%��	��	����$���	���������	�������$���	������������������$%����	�� �	�����	�����������'��	����

������� � -�0. � �# � ������� � �/	������� � � � 	���� � ���# � ������ � ��	����	���� � ����� � (������ � -)).�

����������� ��� ����� �� ���$%����	 �� � 	��� �������� �����  �� ��� �� �(����	# �� �  ���	���� ���������  ��$

��$���	��������	����	���$$�������%�������6��%��	����������	���#	����������%�������� ������	�������

�/	���������� � ���	�$�	� � ��(��� � 8� � %�����	��� � ��� � �#	�>���� � �/%������� � -)5.� � ������#� �������

����
��� 	������ ��� ���	 ������ ������ ���	 � �$$���������� �����(��� �  ��$� 	�� �#��> ����� � ��>� ���������

$��������� � ����� �-)2=)3.� � 6	 � ��� � ���� � ��	�������� � 	��	 � ��	���� �$�������� � ����� � ����(� �  ��$ � 	&�

��  ����	�	#%���� ��������	��� ���	�������/%���������%��� ���$��>����� �$����%������-:�B3C�����')C�

:�))�C���BD,*C��:�9,C.��	���������������&�	����:�))���&D:�B3��&�%����	#%��-)9.������������������

������� ������������	�����#����� �	�����	�����������$�	�������$���������#����	����	����$����	��

	����� � -)).� �!��# �%��# � �� � �$%��	��	 � ���� � �� � 	�� � �$$��� � ���%���� � ������	 � �� ��	����� � �$$���'

������	����������%������ ���$�����	��������!����� ���	��������$��	�����������	��	������ ����������

$����%������ � ��&�(��� � 	��# � �%%��� � ��	 � 	� � �� � ���� � � � �/%������� � 	�� �$�4�� � ���	���$%�	�����	#

��$%��/�� �������66�����	����(����$�	��������	���� �����	�����%�����	�	����-)3.�

6�	���������	�����������������	���	�������	&��(���������#�	�$���!���������	��������	������

�����	�#�������	���	�����������#����� �	�����	�����6	����$����� ��$����������(�����������(���� ��$�	��

��	����������	�����	��#��!����������	���$���������	��� ��$��������	�������(���	���	�#������������	������

�������������������#�%����#	��������E�����������������	���#	����/	��������� ��$����	�����	������0

-�0.�-);.��6	����$��	��	�����%��$�	����	������������������#� ���#���$%�	��	�����	�)*���#��� 	������	�

-),�)1.�����	����	����������	��������������#�	�$��������������� �������	����	����/	��������#����� �	��

��	�������	���#�%��	�����%	����������!����%��/��������$%������ � ����	��	�����%��������������(���� ��$

	�� � �%�	���$�� � ��	��#� �!���� � ��%�������� � ��� � ��%���	�� �  ��$ �%��	�����%	�� � ����� � �# � 	�� � ��	����

%��$��	��%�	�����$�$����� �	���	�#�������	���������&������������&�	��	�����(��������%����	��	��

�����������$�$������� ��$����	����/	������0�-�0.��!����������� �� ������(����� ���	�����

��������(�	�$�����$�	������$����	����	�������$���	��������	���������$$���������	�����!��������

��������%�������� ���	����%��	������	����	������$�	�����	����������	����0�-5*.��!���� �����&����
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F�>���	���������	�(�� ����'��������	�(��������� �������������������%�����	�� � 	����#���� �����������#

��������� � �� � �� ������ 	 �����
�� 	 ��
��� � !��� � �����	��� � �� � �� ���� � �# � ��$�	�	��� � � � �����

�� ��$$�	���������$$�����������	�(�	�����%��(��	��������(��������	��������$�������(�����������#���

$�������$���������%�������� ���	����%����$�����

����	������������������������	�����	�������&���������	��� ��$��������������	�������0���!����

0��$����������# � ����� ��������	��# � �$$���������� ���	������� �������	����� � 	� �%��� �  ��$����

��$%��	$��	�	��	����	��������	���$�����	������������#$%��	������������� �	����#�����"����������

�����	�#�����������	��	���(��������������	����	�������	���	����������$���&��>�-5)�55.�

�������#� � ��"���� � %�����	 � �� � 	�� � �#� � %��	����� � %��� � ���	��� �$��# � �$$�����%%�����(�

$��������� � ����	��� � �� � �$$�����%%�����(� �$������(����$��	� ��� %��$����	 � �/�$%�� �  �� � ����

$�������� � �� � 	���!���� ��$�������&	�����	��'G5�-!��'G5.� �&�����������	�� � 	�����  ����	��	����

%���� ���	��� � ��� � ���(�(�� �� � �#$%���#	�� � -52�5B.� � 6	 � ��� ����� � ���%��	�� � 	��	 � 	��� �$������� � ��

��	�(�	��������	�����<����#�	���$���%�����')�-!��').�&������������	�	�	������#��/%����������0�7

����� � -53.� �!�� �H'$������#	�'�	�$���	��� ����$��� � -H'��?. � �� � ���� �  ���� � �� � 	���� � ��"���� ����

%��������$$���������	��#� ���	������#����������	����/%��������� �!��'G5����	�������#�������	���

	����/%��������� ���	�� �������$$��-6�8'I.�����	����/%��������� �	���	���'��>������%	���B�-!F0B.���

$����%���������	���	�����	�����$�������$������&�	���H'��?�	���������	�����  ����	��	����� �!

����� � ��	� � ������	��# �!������ �-59=5,.� �!�� �(�����	�(� � ��	��	���� � %�%	��� � -�6�. ���	� � �� � � � %�	��	

�$$�����%%�����(� �$������� � �# � �������� � ��(���� � 	�������%	��� �  ��	���� � ���� � �� � ������� �  ��	��

>�%%�'����	'�����'�������� �� ���	�(�	��������� � -8�'JK.� � ��	�� �����������	��#� ��	��')�-60�').�

$�	����'��	�(�	�� � %��	��� � >����� � -���L. � ��� � ���� � ���%���� � ���$��	 � -:07.� � # � 	����
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��	�(�	�������6����&�'������	���	����/%��������� ���(������� ��$$�	��#�$�����������������	�$��

�������� �  ��	��'H�-!8�'H.� � ��	�����>���)�-6F').� � 6F'9� �6F')5�����6�8'I� �&���� ��%'������	����	��

�/%��������� ��$$���$�����	��#�$�����������������6F')*��6F')0�����!��'G �-51=25.��0�	�����

�����-(�	�$����.����	��	������0�7���������	���������������	������#������	&����������������	���0�7�

������������&��	����(���$$���$�����	��#� ���	��������$�����	��	������ �!��'G�-22.��������#��	��

�����	���� � ����'����	�� � %�%	��� � -:�0�. �&���� � �� � �/%������ � �# � ��	���� � �������� � ������ � ��� � ��

������	��#��  ��	����$����%���������$�	����	���8��%�����	�����#�	�����������-2B.�

:������� � �$$��� � $�������$� � ��� � ���� � ��(��(�� � �� � 	��� � �$$�����%%�����(�

$������(����$��	��!�����$�����������������&����������������$#��������������/%�������	�������������

����%	����� �	���:�5**D:�5**0�������')D��'F)��#�	�$���%��(��	������	�(�	����� ������'�����

$#����������� �-23=2,.�������%������%�����	����	����#�����������	��%�����	���	������ ��$�������

�����������	��%�����	��	�	��!����������	����%�����$��������<��������������	�����  ����	��	����� �	����

��������	��������	��#�!�������-21�B*.��0�7������������"����#������	���������	�����  ����	��	����� �!

��������	��������	��#�!�������-B)=BB.�����	���$�����	��#��/%������������� ���%�����$$�����������	�

%�	�&�#�� �������� ������������-���F.��� ���'F)� � ��������� 	������	� �� ���	�(�	�� � �$$���������

�������	���� ��$��������������	����-B).����'F)��������&��	������/%��������#���	������������� ��$

���(��$�����������	������������ �	���������������	�����')D��'F)�%�	�&�#����$���	�������	�����	����

�$$�����%%�����(� � $������(����$��	 � -B3.� � ���	���$���� � 	�� � !8�'����	�� � �%�%	����'��������

�������-!0�6F.��&��������������/%���������	��	�����	�����%��	�������#��	�	����0����������	��������

��������	��	����0�7���������������������	���/%�����%���	���������75������#	�	�/���!'�#$%���#	�'

�������	���%��	����5�-:!F�'5.�&������������%�������� ���	�����	�(�	����� �������	��#�!�����������	��

�/%��������� �!��'G�-B)�BB�B9.�

!�����	�����$��	�%����#�	�$�����������	���%��	��������$$�����%%�����(��$������(����$��	

���	����#��%��	������%����$���	�%��(���������	����������� �����	
����%�����	�����������(���%$��	��
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�!��������� �	��������"�������� �	����#�	�$����� ��	�����#���	
�����!����� ��	����������%%�����

���������	�$��	�������������	����#���"������� 	������	��-)*�B;�B,.�

�����	����� ��	���������"������	����������	�$���	��� �������&�	��������	������%���<��	��

���� ����� ��$�	������#	������&�����	��#��������	������ ����&����	�����$��������	����� ������������

	�#%������%?������	������$%����	��%�����	����$�$$���������	�(��	���	�-B1.������� ������$�	���

�%���<��	�����(������	���	�������������� ��$������%�����	�%�������(�������(���	���$������4���	���

$�������$�-3*�3).��������	���	����	���� ��$���	����%���#�%���� ���	����	���#<��	�����#�����	��������	

�������������������	����������	���$��!����%����$�����������%�������� �������� ��$$�	��#����%����

����	���������	$��	�� �%��#$��%�����������������$����#	�������������	���������-35=3B.��6	���������

��������&��	��	�	���%�����	������������	��������	�����	��	�������������(�����%������������%�	��-33�39.�

�����	����� ��	������������������������"���	�#�	����%��$�'�� ��	����� �	���$�	�����	���%�����	��&���

�� ��	 � 	��� �	��� 	������� �	��'����(��� 	������� �� ��	���� �������� � 	����#��#	��	��%������	 � -3;�3,.�
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