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In the present study we have evaluated the performance of several immunological biomarkers for
early diagnosis and prognosis of congenital toxoplasmosis. Our results showed that ex vivo serum
levels of CXCL9, and the frequencies of circulating CD4*CD25"* T-cells and T. gondii-specific IFN-y*CD4*
T-cells measured 30-45 days after birth presented high accuracy to distinguish T. gondii-infected
infants from healthy age-matched controls (Global Accuracy/AUC=0.9; 0.9 and 0.8, respectively). Of
note was the enhanced performance (Accuracy =96%) achieved by using a combined stepwise analysis
of CD4*CD25* T-cells and CXCL9. In addition, high global accuracy (AUC=0.9) with elevated sensitivity
(Se =98%) was also reached by using the total frequency of in vitro IFN-y-producing T. gondii-specific
T-cells (¥ IFN-y* CD4* & CD8*) as a biomarker of congenital toxoplasmosis. Furthermore, the analysis
of in vitro T. gondii-specific IL5*CD4* T-cells and IFN-y*NK-cells displayed a high accuracy for early
prognosis of ocular lesion in infant with congenital toxoplasmosis (Global Accuracy/AUC=0.8 and

0.9, respectively). Together, these findings support the relevance of employing the elements of the
cell-mediated immune response as biomarkers with potential to endorse early diagnosis and prognosis
of congenital ocular toxoplasmosis to contribute for a precise clinical management and effective
therapeutic intervention.

The Toxoplasma gondii infection has a worldwide distribution, affecting about 25-30% of the human population'~
. The seroprevalence may range from less than 10% to over 90%, depending on the nutrition and hygiene habits
of populations from distinct geographical areas"*. T. gondii infection may result from the ingestion or handling
of undercooked/raw meat containing cysts or water and food contaminated with oocysts. Moreover, congenital
toxoplasmosis may occur as consequence of primary infection during pregnancy, possibly resulting in fetal
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death and abortion or causing severe syndromes that include neurologic damage, neurocognitive deficits or
chorioretinitis.

Despite the severity of the lesions that congenital toxoplasmosis can trigger, they are not always detectable
during prenatal care. Thus, fetal damage caused by toxoplasmosis is detectable by ultrasound screening only when
severe neurological anomalies are present. However, toxoplasmic chorioretinitis is not accessible by ultrasonogra-
phy. The clinical manifestations of congenital toxoplasmosis may be absent in newborns, but long-term sequelae
can be observed, including retinochoroiditis and neurological abnormalities. Moreover, no signs described in
newborns with congenital disease are pathognomonic for toxoplasmosis’.

The diagnosis of congenital toxoplasmosis is generally established based on the use of several laboratorial
methods, including the isolation of T. gondii from blood or body fluids, detection of parasite DNA and serologi-
cal tests for detection of T. gondii-specific immunoglobulins. Although the detection of T. gondii-specific IgM
and IgA, which do not cross the placenta, are considered good markers of congenital infection, these biomarkers
show low sensitivity and cannot detect more than 75% of infected babies"’. As T. gondii-specific IgG crosses the
placenta and the clearance of maternally transferred IgG may take 6-12 months"S, IgG is not a feasible labo-
ratorial marker for congenital toxoplasmosis. In this sense, it is relevant to propose complementary diagnostic
approaches to contribute for a precise clinical management and effective establishment of therapeutic interven-
tion immediately after birth.

It is well known that besides eliciting a robust antibody response, congenital T. gondii infection results in long-
lasting cell-mediated immune response, which involve a wide range of cell subsets and soluble molecules®”~!4,
Surprisingly, the studies that investigated the potential role of cell immunity in diagnosis of congenital toxo-
plasmosis or methods with prognostic potential to predict the retinochoroidal lesion status are still scarce. It has
been proposed that IgM screening at birth, followed by flow cytometric IgG avidity analysis at 30-45 days after
birth, displays high performance for early serological diagnosis of congenital toxoplasmosis'>. Moreover, the
use of flow cytometric serology has been recognized as a potential method for early prognosis of ocular lesions
in T. gondii-infected infants'®.

It has been reported that high CD25 expression is detectable in almost all T. gondii-infected patients, includ-
ing newborns®. Moreover, the analysis of other T-cell activation markers, such as HLA-DR and IFN-y producing
T-cells, has shown to be a useful approach for early and accurate diagnosis of congenital toxoplasmosis’. Aiming
at improving the laboratorial diagnosis of toxoplasmosis, complementary methods using whole blood samples
have been proposed. In this line, a simple test based on whole blood IFN-y-release assay to assess the T-cell-
mediated immunity in toxoplasmosis with high sensitivity and specificity have been described>'""”.

In the present study, we evaluated a broad range of immunological mediators to be employed as biomarkers
for early diagnosis and prognosis of the development of ocular lesions in infants with congenital toxoplasmosis.
Using small volumes of whole blood samples, the performance of serum soluble mediators, ex vivo phenotypes
of circulating leukocytes and intracellular cytokine profiles upon short-term in vitro stimuli were evaluated as
single or combined stepwise biomarker platforms. As reported here, we found that the levels of CXCL9, and the
frequencies of circulating CD4*CD25* T-cells and T. gondii-specific IFN-y*CD4* T-cells measured 30-45 days
after birth presented high accuracy to distinguish T. gondii-infected infants. Moreover, the combined stepwise
analyses of CD4"CD25" T-cells and CXCL9 or the total frequency of in vitro IFN-y-producing T. gondii-specific
T-cells further improve the accuracy of the diagnosis of congenital toxoplasmosis. Finally, the contemporaneous
analysis of T. gondii-specific IL-5*CD4" T-cells and IFN-y*NK-cells serve as an early prognosis tool of ocular
involvement in infant with congenital toxoplasmosis.

Results

Screening of serum chemokines and cytokines as complementary biomarkers for early diag-
nosis and prognosis of congenital toxoplasmosis. The performance of serum chemokines and
cytokines as a complementary biomarker for early diagnosis of congenital T. gondii infection was first evaluated
assessing the sensitivity (Se) and specificity (Sp) to segregate T. gondii-infected infants (TOXO) from healthy
controls (CTL). Additionally, the ability of these serum biomarkers to provide an early prognosis assessment
were also evaluated by comparing TOXO with retinochoroidal lesion (L) vs. TOXO without lesions (NL) as well
as TOXO with active lesion (AL) vs. TOXO with cicatricial lesion (CL). The performance indices (AUC, Se and
Sp) are presented in the Table 1, from higher to lower global accuracy (AUC). The specific cut-offs used for each
biomarker were calculated by the ROC curve and are provided in the Table 1. Data analysis demonstrated that
CXCL9 and CXCL10 display high accuracy (AUC > 0.8) to distinguish TOXO from CTL individuals. Low accu-
racy (AUC<0.7) was found for serum chemokines and cytokines for early prognosis assessment by comparing
NL vs. L or AL vs. CL (Table 1).

Screening of circulating leukocyte subsets as complementary biomarkers for early diagnosis
and prognosis of congenital toxoplasmosis. The absolute counts of white blood cells performed by
automated hematological and the frequency of circulating monocytes, neutrophils, eosinophils, T-cells and
B-cell subsets generated from ex vivo flow cytometry analysis, assessed 30-45 days after birth, were used to
evaluate the sensitivity (Se) and specificity (Sp) to segregate T. gondii-infected infants (TOXO) from healthy
controls (CTL). Moreover, the ability of these biomarkers to distinguish “NL from L as well as “AL from CL” was
also evaluated. The resultant indices (AUC, Se and Sp) are provided in the Table 2. Data analysis showed that fre-
quencies of CD4*CD25* T-cells, yd T-cells, CD8" T-cells, CD4*"HLA-DR" T-cells, CD8"HLA-DR* T-cells, CD4*
T-cells discriminate TOXO from CTL individuals with high accuracy (AUC>0.8). Moderate (AUC=0.7) or low
(AUC<0.7) accuracies were found for comparisons between “NL vs. I or “AL vs. CL” (Table 2).
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Diagnosis Early prognosis
CTL x TOXO TOXO (NL x L) TOXO (AL x CL)

Biomarkers® (pg/mL) | AUC Se (%) Sp (%) Biomarkers® (pg/mL) | AUC Se (%) Sp (%) Biomarkers® (pg/mL) | AUC Se (%) Sp (%)
CXCL9 0.9 84 81 IL-5 0.6 92 28 IL-12p70 0.6 91 30
CXCL10 0.8 82 69 TNEF 0.6 78 50 IL-6 0.6 87 30
CCL5 0.6 83 42 CXCL8 0.6 68 50 CCL2 0.6 84 37
CXCL8 0.6 68 50 IL-6 0.6 62 61 CCL5 0.6 78 37
IFN-y 0.6 58 65 CCL2 0.6 61 72 IL-17A 0.6 72 46
IL-12p70 0.6 56 61 IFN-y 0.6 55 72 IL-4 0.6 63 52
IL-1B 0.6 52 65 CCL5 0.6 40 78 IL-1p 0.5 96 15
TNF 0.6 31 83 IL-17A 0.5 83 33 IL-10 0.5 94 21
IL-10 0.5 91 22 IL-1B 0.5 81 39 CXCL8 0.5 93 17
CCL2 0.5 91 23 IL-4 0.5 71 50 IL-5 0.5 93 27
IL-17A 0.5 91 22 CXCL9 0.5 68 50 IFN-y 0.5 59 52
IL-4 0.5 85 30 IL-12p70 0.5 51 61 TNF 0.5 48 70
IL-5 0.5 51 70 IL-10 0.5 46 72 CXCL9 0.5 40 74
IL-6 0.5 42 74 CXCL10 0.5 13 100 CXCL10 0.5 31 86

Table 1. Screening of serum chemokines and cytokines as complementary biomarkers for early diagnosis
and prognosis of congenital toxoplasmosis. CTL = Uninfected infant controls (n = 26); TOXO = Infants with
congenital toxoplasmosis (n = 108); NL = no retinochoroidal lesion (n = 18); L = retinochoroidal lesion (n =
90); AL = active retinochoroidal lesion (n = 35); CL = cicatricial retinochoroidal lesion (n = 55); AUC = Area
under the ROC curve; Se = Sensitivity; Sp = Specificity. Bold values and letters correspond to biomarkers
with high accuracy (>0.8). *Cut-off: CXCL9 = 6754; CXCL10 = 12,050; CCL5 = 937; CXCL8 = 3.3; IFN-y =
1,565; IL-12p70 = 72; IL-1B = 197; TNF = 64; IL-10 = 98; CCL2 = 230; IL-17A = 795; IL-4 = 704; IL-5 = 451
and IL-6 = 1,861. Cut-off: IL-5 = detectable levels; TNF = 346; CXCL8 = 3.3; IL-6 = 986; CCL2 = 59; IEN-y
=2,031; CCL5 = 1,295; IL-17A = 335; IL-1P = 83; IL-4 = 342; CXCL9 = 10,135; IL-12p70 = 275; IL-10 = 887
and CXCL10 = 8523. “Cut-off: IL-12p70 = 4617; IL-6 = 3,460; CCL2 = 141; CCL5 = 2,215; IL-17A = detectable
levels; IL-4 = 249; IL-1p = 1,065; IL-10 = 138; CXCL8 = 1.2; IL-5 = 2,914; IFN-y = 1,414; TNF=91; CXCL =
15,256 and CXCL10 = 24,694.

Screening of T. gondii-specific intracellular cytokines as complementary biomarkers for early
diagnosis and prognosis of congenital toxoplasmosis. Intracellular cytokines were analyzed in
monocytes, neutrophils, NK-cells, B cells and T-cells by flow cytometry upon short-term T. gondii antigen stim-
ulation of whole blood samples in vitro, carried out 30-45 days after birth. The global accuracy (AUC), sensi-
tivity (Se) and specificity (Sp) of these biomarkers to segregate “TOXO from CTL’ as well as “NL from L’ and
“AL from CL” are provided in the Table 3. The results indicate that the STAg/CC index for IFN-y*CD4* T-cells,
IL-12* Monocytes and IL-5* Neutrophlis displayed high accuracy (AUC > 0.8) to discriminate TOXO from CTL
individuals. For early prognosis purposes, the STAg/CC index for IL-5*CD4* T-cells and IL-17A*CD4" T-cells
showed high performance (AUC > 0.8) to discriminate NL from L. Additionally, the STAg/CC index for IFN-y*
NK-cells displayed high accuracy (AUC>0.8) to discriminate AL from CL (Table 3).

Aiming at screening complementary biomarkers for late prognosis of congenital toxoplasmosis, the ex vivo
features of circulating leukocytes and the in vitro profile of intracellular cytokines were analyzed in whole
blood samples collected 1 year after birth from TOXO to search for putative attributes with applicability as late
prognosis biomarkers to distinguish “NL from L” The results are presented in the Supplementary Table 1. All
biomarkers evaluated display moderate (AUC=0.7) or low accuracy indices (AUC<0.7) to discriminate NL
from L (Supplementary Table 1).

Detailed performance of selected biomarkers for early complementary diagnosis of congeni-
tal toxoplasmosis. Detailed performance information, including two-graph ROC curves (TG-ROC),
ROC curve indices and scatter plot distribution for the biomarkers selected during screening analysis (CXCL9,
CD4*CD25" T-cells and IFN-y*CD4* T-cells) is presented in the Fig. 1. The TG-ROC curves were employed to
define the cut-offs for each biomarker, able to segregate TOXO from CTL with the highest accuracy (Fig. 1, left
panels). Data analysis indicated that CXCL9 levels above 6754 pg/ml, frequency of CD4*CD25" T-cells higher
than 4.8% and STAg/CC index for IFN-y*CD4" T-cells superior than 1.3% are the most reliable cut-offs to dis-
criminate TOXO from CTL (Fig. 1, middle panels). The ROC curve parameters underscored the high perfor-
mance for these biomarkers, (AUC=0.9; 0.9 and 0.8, respectively) (Fig. 1, middle panels). Scatter plot distribu-
tions of individual values further illustrates the ability of CXCL9, CD4*CD25" T-cells and IFN-y*CD4" T-cells
to distinguish TOXO from CTL (Fig. 1, right panels).

Performance of combined biomarkers for early diagnosis of congenital toxoplasmo-
sis.  Attempting to improve the performance of immunological biomarkers as complementary tools for early
diagnosis of congenital toxoplasmosis, the top two biomarkers of each set of parameters were combined in a
sequential stepwise algorithm (Fig. 2). For this purposes, novel cut-off edges were defined for each root attribute
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Diagnosis Early prognosis

Biomarkers® (% or MFI, CIIOXY Biomarkers® (% or MFI, TR R L) Biomarkers® (% or MFI, UERTD AL (L)
counts) AUC | Se (%) |Sp (%) | counts) AUC |Se (%) |Sp(%) | counts) AUC | Se (%) | Sp (%)
CD4'CD25* 0.9 82 91 CD3°CD16" & CD3°CD56* 0.7 63 73 CD3°CD16* & CD3 CD56* 0.7 82 62
TCRyd 0.8 82 76 CD3*CD56* 0.7 59 80 CD3-CD16*CD56* 0.7 55 92
CD8* 0.8 78 68 CD3-CD16*CD56* 0.7 54 93 WBC (counts) 0.7 55 85
CD4'DR* 0.8 71 77 WBC (counts) 0.7 50 93 CD3*CD16* 0.6 92 29
CD8'DR* 0.8 66 77 CD3~ 0.6 96 24 CD14*CD64*(MFI) 0.6 89 36
CD4* 0.8 54 100 CD14*CD64*(MFI) 0.6 74 53 CD14*CD32*(MFI) 0.6 86 43
CD14*CD32*(MFI) 0.7 82 55 CD19*CD5* 0.6 72 59 TCRy8* 0.6 86 43
WBC (counts) 0.7 79 55 CD3*CD16* 0.6 72 67 LYM 0.6 85 46
CD14*CD64*(MFI) 0.7 77 59 CD19* 0.6 70 59 CD4*CD8* 0.6 81 14
TCRaf* 0.7 75 71 TCRaﬁ* 0.6 69 65 NEU 0.6 79 54
CD3°CD56™ 0.7 66 82 CD3°CD16'CD56~ 0.6 64 67 CD3*CD56* 0.6 69 64
CD14*CD16*/CD14* 0.7 57 82 CD19*CD23* 0.6 60 71 CD4* 0.6 67 57
CD3*CD16* 0.7 54 77 LYM 0.6 54 73 CD19* 0.6 67 57
NEU 06 |97 30 ggigggigm&/ 06 |54 71 CD3 06 |61 71
DI cps R 06 |93 36 | CDS'DR 06 |44 77 | TCRB* 06 |46 7
LYM 0.6 89 32 CD3°CD16 CD56* 0.6 40 87 CD14*CD16'/CD14* 0.6 36 86
CD3*CD56* 0.6 85 41 CD4* 0.6 36 94 CD3-CD16 CD56* 0.5 100 15
CD3-CD16*'CD56* 0.6 84 41 CD3 CD56"* 0.6 33 100 CD8* 0.5 78 43
CD3* 0.6 63 59 NEU 0.6 24 100 CD19*CD23* 0.5 78 36
MON 0.6 62 73 CD14*CD16*/CD14* 0.5 96 18 gg}::gg}g:DRV 0.5 69 43
EOS 0.6 54 64 TCRy8* 0.5 82 29 CD3°CD16*CD56~ 0.5 63 62
CD3-CD16* & CD3"CD56* 0.6 52 77 CD8* 0.5 80 41 CD4*DR* 0.5 53 71
CD19*CD5" 0.6 41 91 CD19*CD5~ 0.5 80 41 CD19*CD5~ 0.5 53 64
CD3°CD16'CD56~ 0.6 39 91 CD4*CD8* 0.5 68 41 CD4*CD25* 0.5 53 71
CD19*CD23* 0.6 35 96 CD4*CD25* 0.5 60 53 EOS 0.5 39 82
CD19*CD5* 0.5 47 68 CD14*CD32*(MFI) 0.5 44 71 CD19*CD5* 0.5 33 86
CD4*CD8* 0.5 27 91 MON 0.5 44 71 CD8'DR 0.5 28 86
CD3-CD16 CD56* 0.5 26 91 CD4*DR* 0.5 40 77 MON 0.5 24 100
CD19* 0.5 16 100 EOS 0.5 29 93 CD3-CD56* 0.5 14 100

Table 2. Screening of ex vivo circulating leukocyte subsets as complementary biomarkers for early diagnosis
and prognosis of congenital toxoplasmosis. CTL = Uninfected infant controls (n =22); TOXO =Infants

with congenital toxoplasmosis (n=68); NL =no retinochoroidal lesion (n =18); L =retinochoroidal

lesion (n=50); AL =active retinochoroidal lesion (n=14); CL = cicatricial retinochoroidal lesion

(n=36); AUC= Area under the ROC curve; Se = Sensitivity; Sp = Specificity. WBC = White Blood Cells;

LYM =Lymphocytes; MON = Monocytes; NEU = Neutrophils; EOS = Eosinophils. Bold values and

letters correspond to biomarkers with high accuracy (>0.8). *Cut-off: CD4"CD25" = 4.8; TCRy8" =4.1;
CD8"=23.2; CD4'DR*=5.4; CD8'DR*=14.1; CD4"=33.8; CD14*CD32"(MFI)=518.3; WBC

(counts) =9,350; CD14*CD64*(MFI) =557.5; TCRaf*=59.5; CD3 - CD56** =1.1; CD14+CD16+/CD14+ 12.1;
CD3*CD16*=0.9; NEU=28; CD14*CD16"DR*/CD14*CD16*=63.7; LYM = 58.2; CD3*CD56* =
CD37CD16"CD56"=4.8; CD3"=66.8; MON =10; EOS=3.7; CD3°CD16* & CD3"CD56"=18.5;
CD19*CD5 = 6.0; CD3"CD16"CD56™=8.8; CD19*CD23*=10.5; CD19*CD5*=12.7; CD4*CD8* =
CD3"CD16°CD56* =2.3; CD19*=11.9. °Cut-off: CD3"CD16* & CD3"CD56*=20.4; CD3*CD56" =

CD3 CD16*CD56"=9.7; WBC (counts) =12,360; CD3*=75.8; CD14"CD64*(MFI) =566.4; CD19"CD5*=14.2
CD3*CD16*=0.3; CD19*=2.6; TCRap*=54.4; CD3 CD16"CD56 =5.9; CD19*CD23*=12.9; LYM =70.2;
CD14*CD16*DR*/CD14*CD16*=80.8; CD8'DR*=32.6; CD3"CD16 CD56*=1.7; CD4* =28.8;
CD3°CD56*"=0.9; NEU=10; CD14*CD16*/CD14*=26.5; TCROy*=11.9; CD8*=24.2; CD19"CD5 =4.5;
CD4*'CD8*=0.3; CD4"CD25*=3.9; CD14"*CD32*(MFI) =481.8; MON =10.3; CD4*DR*=10.2;

EOS=2.8. “Cut-off: CD3"CD16* & CD3 CD56*=24.9; CD3"CD16*CD56*=7.3; WBC (counts) =12,160;
CD3*CD16*=0.4; CD14*CD64*(MFI) = 630.7; CD14*CD32*(MFI) = 356.6; TCROy* =4.4; LYM =63.1;
CD4*CD8*=0.8; NEU=17; CD3*CD56*=0.9; CD4"=29.8; CD19*=17.6; CD3*=62.6; TCRap*=53.5;
CD14*CD16*/CD14*=10; CD3"CD16 CD56*=4.9; CD8"=30.8; CD19*CD23*=17.2; CD14*CD16*DR*/
CD14*CD16"=86.9; CD3"CD16*CD56™ =7.2; CD4*DR*=7.9; CD19+CD5’ =6.7; CD4*CD25*=3.6; EOS=2.9;
CD19*CD5*=14.2; CD8*DR*=10.9; MON =13.4; CD3"CD56"" =
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Diagnosis Early prognosis
CTL x TOXO TOXO (NL x L) TOXO (AL x CL)

Biomarkers® (%) AUC Se (%) Sp (%) Biomarkers® (%) AUC Se (%) Sp (%) Biomarkers® (%) AUC Se (%) Sp (%)
IFN-y*CD4" 0.8 79 80 IL-5*CD4* 0.8 65 90 IFN-y*"NK 0.9 93 83
IL-12*MON 0.8 78 70 IL-17A*CD4* 0.8 62 100 IL-4*CD4* 0.7 86 50
IL-5*NEU 0.8 65 88 IL-4*CD19 0.7 100 29 IL-1p*MON 0.7 68 80
IL-1"MON 0.7 93 56 IL-8*CD4* 0.7 81 50 IL-8*CD8"* 0.7 68 71
IL-17A*NEU 0.7 78 56 IFN-y*CD4* 0.7 74 60 IL-8*CD4* 0.7 67 69
IL-10*'NEU 0.7 76 67 IL-4'NEU 0.7 63 78 TNF*CD19* 0.7 63 69
TNF'NEU 0.7 63 88 TNF'MON 0.7 63 78 IL-4'NK 0.7 60 73
TNF*MON 0.7 55 90 IL-5*CD8* 0.7 48 88 TNF*CD4* 0.7 52 79
IFN-y*CD8* 0.7 45 100 IL-5"NEU 0.7 41 100 IL-4*NEU 0.7 47 85
IFN-y*NK 0.7 44 100 IL-10*CD4* 0.6 98 30 IL-10*CD8* 0.6 96 29
IL-10*CD19* 0.6 90 44 TNF*CD8* 0.6 80 44 IL-4*CD8"* 0.6 96 35
IL-4*CD19* 0.6 80 40 IFN-y*CD8* 0.6 79 44 IL-6*NEU 0.6 75 46
IL-4'MON 0.6 78 50 TNF*CD4* 0.6 71 50 IL-10*MON 0.6 75 47
IL-10"'MON 0.6 73 60 IL-6*'MON 0.6 68 56 TNF*CD8* 0.6 73 59
IL-5*CD8* 0.6 71 56 IL-10"CD19* 0.6 63 71 TNF*NEU 0.6 71 67
IL-4*CD4* 0.6 70 60 TNF*NK 0.6 48 83 IL-10*'NEU 0.6 70 63
IL-4"NEU 0.6 67 63 IL-1*"MON 0.6 47 89 IL-10*CD4* 0.6 63 63
IL-8*NEU 0.6 66 78 IL-17A*NEU 0.6 42 86 TNF*NK 0.6 60 67
IL-6*MON 0.6 65 60 IL-17A*CD8* 0.6 35 88 IL-10*CD19* 0.6 58 69
IL-13*"NEU 0.6 61 71 IL-13*NEU 0.6 31 100 IL-4"'MON 0.6 52 73
IL-4*CD8* 0.6 59 67 IFN-y"NK 0.6 23 100 TNF'MON 0.6 48 79
TNF*CD8* 0.6 58 67 IL-8*CD8* 0.6 21 100 IL-17A*NEU 0.6 47 86
TNF*NK 0.6 58 100 TNF'NEU 0.5 100 11 IL-6*'MON 0.6 45 79
IL-17A*CD4" 0.6 50 78 IL-4*CD8* 0.5 95 22 IEN-y*CD4* 0.5 100 19
IL-8*CD4" 0.6 40 80 IL-10"MON* 0.5 80 44 IL-5*CD4* 0.5 96 18
TNF*CD4* 0.6 33 90 IL-4*CD4* 0.5 73 44 IL-5*CD8* 0.5 91 29
IL-17A*CD8* 0.6 33 100 IL-12*MON 0.5 56 67 IL-17A*CD8* 0.5 91 25
TNF*CD19* 0.6 26 100 IL-10"NEU 0.5 47 89 IL-12*'MON 0.5 81 33
IL-5*CD4* 0.5 64 50 IL-4*'MON 0.5 36 89 IL-1B*NEU 0.5 69 46
IL-6*'NEU 0.5 45 75 IL-6*NEU 0.5 27 100 IFN-y*CD8* 0.5 62 65
IL-8*CD8* 0.5 35 100 IL-10"CD8* 0.5 27 89 IL-17A*CD4* 0.5 55 64
IL-4*NK 0.5 34 100 TNF*CD19* 0.5 24 100 IL-8*NEU 0.5 44 80
IL-10*CD4"* 0.5 18 100 IL-8'NEU 0.5 24 100 IL-5*NEU 0.5 30 88
IL-10*CD8* 0.5 16 100 IL-4"NK 0.5 23 100 IL-4*CD19* 0.5 24 92

Table 3. Screening of T. gondii-specific intracellular cytokines as complementary biomarkers for

early diagnosis and prognosis of congenital toxoplasmosis. CTL = Uninfected infant controls (n=10);

TOXO =Infants with congenital toxoplasmosis (n=51); NL=no retinochoroidal lesion (n=10);
L=retinochoroidal lesion (n=41); AL=active retinochoroidal lesion (n=16); CL = cicatricial

retinochoroidal lesion (n=25); AUC = Area under the ROC curve; Se = Sensitivity; Sp = Specificity. NK-cells:
CD16*FSC*SSCL"; MON = Monocytes: CD14* cells; NEU = Neutrophils SSCH$"CD16* or CD14~

cells. Bold values and letters correspond to biomarkers with high accuracy (>0.8). *Cut-off: IFN-y*CD4*=1.3;
IL-12*MON =1.2; IL-5*'NEU =0.9; IL-1*TMON =0.5; IL-17A*NEU = 0.9; IL-10"NEU =0.9; TNF*NEU =0.9;
TNF*MON =4.0; IFN-y*CD8" =1.3; IFN-y*NK=1.7; IL-10*CD19* =0.7; IL-4*CD19" =0.8; IL-4*'MON = 1.0;
IL-10"'MON =1.3; IL-5*CD8" =0.9; IL-4*CD4" =1.1; IL-4*NEU =0.9; IL-8*NEU = 3.4; IL-6"'MON = 1.3;
IL-13*"NEU =3.8; IL-4*CD8*=1.0; TNF*CD8" =1.1; TNF'NK=1.2; IL-17A*CD4*=1.2; IL-8"CD4*=1.2;
TNF*CD4*=1.9; IL-17A*CD8"=0.9; TNF*CD19*=1.7; IL-5"CD4*=0.9; IL-6'NEU = 1.1; IL-8*CD8" = 1.6;
IL-4*"NK=0.8; [L-10*CD4*=1.7; IL-10*CD8* = 1.5. ®Cut-off: IL-5*CD4* =1.1; IL-17A*CD4*=1.2;
IL-4*CD19* =0.5; IL-8*CD4* =1.4; IFN-y*CD4" =2.8; IL-4'NEU = 1.2; TNF*MON =6.0; IL-5*CD8*=1.0;
IL-5"NEU =2.3; IL-10*CD4"* = 2.2; TNF*CD8" = 1.5; IFN-y*CD8" =1.9; TNF*CD4"=1.8; IL-6'MON =3.1;
IL-10"CD19*=1.1; TNF'NK=1.1; IL- 1p*MON = 1.2; IL-17A*NEU =2.6; IL-17A*CD8*=1.2; IL- 1p*NEU = 1.7;
IFN-y*NK =0.9; IL-8*CD8*=0.8; TNF*NEU =5.1; IL-4*CD8*=0.5; IL-10"MON* =1.2; IL-4*CD4* =1.1;
IL-12*'MON =2.2; IL-10*NEU = 1.0; IL-4"MON = 1.6; IL-6'NEU = 2.4; IL-10*CD8* = 1.2; TNF*CD19* = 1.8;
IL-8*NEU =1.5; IL-4"NK =0.5. “Cut-off: IFN-y*"NK =1.3; IL-4'CD4*=0.9; IL-13*"MON =1.2; IL-8*CD8"=1.2;
IL-8*CD4*=1.1; TNF*CD19* =1.1; IL-4*'NK =1.1; TNF*CD4* =1.3; IL-4'NEU = 0.6; IL-10*CD8*=0.7;
IL-4*CD8*=1.4; IL-6'NEU = 1.6; IL-10"MON = 1.4; TNF*CD8"*=1.2; TNF'NEU =1.3; IL-10"NEU = 1.4;
IL-10*CD4* =1.0; TNF*NK =1.1; IL-10*CD19*=1.0; IL-4"'MON =1.2; TNF*'MON =6.0; IL-17A*NEU =1.2;
IL-6*MON =1.1; IFN-y*CD4* =0.8; IL-5*CD4* = 0.5; IL-5*CD8* =1.7; IL-17A*CD8*=1.8; IL-12*MON = 1.3;
IL-1B*NEU =1.9; IFN-y*CD8* =1.2; IL-17A*CD4* = 1.3; IL-8*"NEU =2.1; IL-5*"NEU =4.2; IL-4*CD19*=1.8.
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Figure 1. Performance of immunological biomarkers for early diagnosis of congenital toxoplasmosis. Serum
levels of CXCL9 (pg/mL) and percentages of circulating CD4*CD25* T-cells and IFN-y*CD4" T-cells were
measured as described in “Population, material and methods” Two-graph Receiver Operating-Characteristics
(TG-ROC) were plotted based on the sensitivity (Se) and specificity (Sp) at the y axis versus cut-off at the x
axis. The dotted lines indicate the cut-off with highest accuracy. Receiver Operating-Characteristics (ROC)
curves were plotted considering the sensitivity (Se) and the complement of the specificity (100-Sp%) along

a range of cut-offs. The area under the curve (AUC) indicates the global accuracy of each biomarker in
diagnosing congenital toxoplasmosis by segregating TOXO from CTL. The performance indices (Cutt-off;
Area Under the Curve—AUG; Sensitivity (Se); Specificity (Sp); Likelihood Ratio—LR(—)/LR(+) for the three
selected biomarkers are provided in the figure. Scatter plots illustrate the levels of CXCL9 (pg/mL) as well as
the frequency of CD4*CD25" T-cells and IFN-y*CD4" T-cells in infants with congenital toxoplasmosis (TOXO,
dark circles, n=90) and age-matching healthy controls (CTL, white circles, n=24). The dotted line represents
the cut-off previously selected by TG-ROC and ROC curve analysis. The frequencies of TOXO samples (Se) and
CTL (Sp) segregated by the cut-offs are displayed in each scatter plot.

(CXCL9, CD4*CD25* T-cells and IFN-y*CD4* T-cells) to improve the sensitivity for screening purposes. A sec-
ond biomarker (CXCL10, yd T-cells and IL-12*MON, respectively) was then employed as a stringent attribute
to provide complementary specificity. The accuracy obtained for using single or combined biomarkers was then
compared by discriminant analysis. Data analysis was carried out with groups of infants with paired measure-
ment of CXCL9:CXCL10 (TOXO =108 and CTL =26), CD4*CD25" T-cells: y8 T-cells (TOXO =67 and CTL=21)
and IFN-y*CD4" T-cells:IL-12*MON (TOXO =43 and CTL =10). The results demonstrated a slight increase in
the overall performance with the use of combined CXCL9 — CXCL10 (Accuracy =91%) as compared to the use
of CXCL9 alone (Accuracy =84%) (Fig. 2 A). However, decreased accuracy was obtained for the combination of
the biomarkers CD4*CD25* T-cells— yd T-cells=84% and IFN-y*CD4* T-cells —IL-12*MON =84% as com-
pared to the use of single parameters (CD4*CD25" T-cells=85% and IFN-y*CD4* T-cells=81%) (Fig. 2B,C).

Additional analysis was carried out with the stepwise combination of CD4*CD25" T-cells — CXCL9, using
a selected group of infants (TOXO =37 and CTL = 15) with paired measurement of these attributes. The results
demonstrated a relevant increase in the accuracy for CD4*CD25* T-cells — CXCL9 combination (Accu-
racy =96%) as compared with CD4*CD25* T-cells used as a single parameter (Accuracy =90%) (Fig. 3).

SCIENTIFIC REPORTS |

(2020) 10:16757 |

https://doi.org/10.1038/s41598-020-73265-z



www.nature.com/scientificreports/

Performance of IFN-y*CD4" plus IFN-y*CD8"* T-cells as early diagnosis of congenital toxoplasmo-
sis. The performance of T. gondii-induced IFN-y* production by T-cells observed upon short-term in vitro
stimuli was further evaluated as complementary biomarker for early diagnosis of congenital toxoplasmosis. For
this purpose, the sum of IFN-y*CD4* T-cells and IFN-y*CD8* T-cells (X IFN-y* CD4* & CD8") was calculated
and the performance assessed by TG-ROC and ROC curve analysis (Fig. 4). The cut-off edge (STAg/CC Index =
1%) was defined by the TG-ROC analysis as the most reliable value to obtain the highest performance indices.
A high global accuracy (AUC = 0.9) along with elevated sensitivity (Se = 98%) and moderate specificity (Sp =
70%) were obtained (Fig. 4).

Performance of IL5*CD4* T-cells and IFN-y* NK-cells for early prognosis of congenital toxo-
plasmosis. In order to verify the operating characteristic of novel biomarkers for early prognosis of ocular
congenital T. gondii infection, a detailed analysis of IL5*CD4* T-cells and IFN-y"NK-cells were carried out in
TOXO subgroups by comparing NL vs. L and AL vs. CL, respectively (Fig. 5). The TG-ROC curves were used to
determine the most appropriated STAg/CC Index cut-offs (IL5*CD4* T-cells=1.1% and IFN-y*NK-cells=1.3%)
for accurate early prognosis of congenital T. gondii infection (Fig. 5, left panels). ROC curve analysis indicated
the high performance of these biomarkers to distinguish NL from L (AUC=0.8) and AL from CL (AUC=0.9)
(Fig. 5, middle panels). Scatter plots distribution of individual values further illustrate the ability of IL5*CD4*
T-cells and IFN-y*"NK-cells to accordingly categorize TOXO infants based on their status of retinochoroidal
lesions (Fig. 5, right panels).

Discussion

Congenital infection with T. gondii can lead to severe neurological and ophthalmological sequelae and therefore
the early diagnosis is relevant to support prompt clinical management and therapeutic intervention'. The most
common methods employed for the diagnosis of congenital toxoplasmosis in newborns and infants are serolog-
ical-based detection of T. gondii specific IgM, IgG and IgA antibodies'®". Although these classical methods may
provide differential diagnosis of acute, chronic or reactivated acquired toxoplasmosis, they have little relevance for
early diagnosis of congenital toxoplasmosis, specially due to passive transfer of long-term-persistence of maternal
T. gondii specific IgG to infants at risk for congenital toxoplasmosis or contamination with some maternal anti-T.
gondii IgM and IgA during the first days of life of the newborn?**!. Furthermore, the sensitivities for [gM and
IgA detection do not exceed 70% and 65% of infected babies, respectively®In general, a definitive serological
diagnosis of congenital toxoplasmosis requires subsequent follow-up for at least one year*"*.

Several analytical methods have been proposed as complementary laboratory biomarkers for early diagnosis
of congenital toxoplasmosis with high sensitivity and specificity aiming to improve clinical decision-making'>"".
In the present work we have evaluated the sensitivity and specificity of a broad spectrum of immunological
parameters and characterized their accuracy as complementary biomarkers for early diagnosis and prognosis
of congenital toxoplasmosis. The analysis included the measurement of serum chemokines and cytokines lev-
els along with the quantification of circulating leucocytes subsets and analysis of intracellular cytokines upon
antigen-specific short-term in vitro stimulation.

Our data demonstrated that CXCL9 and CXCL10 have good performance to discriminate T. gondii-infected
infants from age matched non-infected controls. Moreover, we have also observed that the combined analysis of
CXCL9 and CXCL10 improves the accuracy of these biomarkers to diagnose toxoplasmosis. We have previously
shown increased levels of serum CXCL9 and CXCL10 in T. gondii-infected infants early after birth'*. High levels
of chemokines have been also described in the aqueous humor from patients with primary or recurrent ocular
toxoplasmosis as compared to disease-free controls?. It is well known that the immune response induced by
T. gondii infection is mediated by a rich microenvironment of activated cells and soluble inflammatory media-
tors including chemokines, cytokines and cell factors'#**-3°. It has been already reported that the expression of
CXCL9 and CXCL10 in the retina was significantly upregulated in experimental model of ocular toxoplasmosis?.
CXCL9 has been shown to be crucial for recruiting and activate T-cells to control T. gondii infection®’. Impor-
tantly, CXCL10 increased transmigration of human monocyte-derived dendritic cell preparations infected with
T. gondii towards human retinal endothelium?®. These findings support the relevance of measuring CXCL9 and
CXCL10 as complementary tools for the early diagnosis of congenital toxoplasmosis.

Besides the analysis of serum biomarkers, our results showed that the ex vivo analysis of circulating leucocytes
subsets can be employed as complementary immunological test for early diagnosis of congenital toxoplasmosis.
The assessment of y§ T-cells and CD4*CD25" T-cells displayed high performance to distinguish TOXO from
CTL. Although the combined analysis of CD4*CD25" and yd T-cells does not improve the accuracy of these
biomarkers for early diagnosis, the evaluation of CD4*CD25* T-cells followed of CXCL9 lead to an increase in
the diagnosis performance. Previous studies have proposed the measurement of CD25* T-cells upon T. gondii-
specific stimulation as a simple, sensitive and specific test for diagnosis of congenital toxoplasmosis for cases
in which the serological tests were inaccurate®®. Another study showed that the evaluation of the specific T cell
response, such as CD25 and HLA-DR expression, IFN-y production by T-cells and T-cell proliferation supported
the diagnosis of T. gondii-infected neonates, 3 months or older’. Regarding the activation marker CD25, our
data showed rather a decrease in the frequency of circulating CD25*CD4* T-cells from TOXO T. gondii-infected
30-45 days old newborns as compared to age-matched uninfected controls.

A prominent pro-inflammatory response of CD4* and CD8* T-cells, characterized by high levels of IFN-y
has been reported during congenital toxoplasmosis; in cases without ocular involvement as well as in those
with active or cicatricial retinochoroidal lesion'?. In this context, our results have shown that the production of
IFN-y by CD4" T-cells after short-term stimulation with T. gondii antigen has high accuracy for the early diag-
nosis of congenital toxoplasmosis. Moreover, the production of IFN-y by both CD4* and CD8* T-cells reveal
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Figure 2. Performance of single and combined stepwise biomarker analysis for early diagnosis of congenital )
toxoplasmosis. Three sets of biomarkers including (A) serum chemokines, (B) leukocyte subsets and (C)
intracellular cytokines were evaluated as single and stepwise parameters to segregate TOXO from CTL. Single
biomarker analysis are displayed by individual scatter plots for serum levels of CXCL9 (pg/mL) and percentages
of circulating CD4*CD25* T-cells and IFN-y*CD4* T-cells in infants with congenital toxoplasmosis (TOXO,

dark circles, “n” is indicated for each biomarker) and healthy controls (CTL, white circles, “n” is indicated

for each biomarker). The dotted line represents the cut-offs previously selected by ROC curve analysis. The
proportion of TOXO and CTL across the cut-offs are shown in each scatter plot. False-positive and false-

negative results are underscored by red circles. Stepwise biomarker analysis was performed using the top

two biomarkers with higher performance during single analysis. Novel cut-off edges were defined for each

root attribute (CXCL9, CD4*CD25" T-cells and IFN-y*CD4" T-cells) to improve the sensitivity for screening
purposes. The second biomarker (CXCL10, yd T-cells and IL-12*MON, respectively) was employed as a

stringent attribute to provide complementary specificity. Gray backgrounds display patients selected for the
second round of analysis. Data analysis was carried out with groups of infants with paired measurements (“n”
is provided for each pair of biomarkers). Discriminant analysis for single and stepwise biomarker analysis are
provided below each scatter plot. Accuracy of discriminant analysis is displayed on the lower left corner of each
inserted table.

an even higher performance for diagnosis. The analysis of secreted IFN-y produced upon stimulation with T.
gondii antigens, known as IGRA, has been employed as a diagnosis method of toxoplasmosis. In general, these
T-cell-based tests have been considered a sensitive and specific diagnostic tool for congenital toxoplasmosis,
complementary to serological tests> 117,

In this regard, we showed that the production of IFN-y by NK cells display high accuracy to discriminate
infants with active or cicatricial retinochoroidal lesions. IFN-y produced by NK cells is important for regulating
inflammatory cell dynamics and also in driving cell differentiation for the initiation of the immune response
to T. gondii**. However, in what extant this cytokine is associated with ocular involvement is still not known.
Our results also showed that the production of IL-5 by CD4* T-cells was able to distinguish with high accuracy
infants with retinochoroidal lesions from those without ocular disease. Thus, while the assessment of IFN-y
producing NK cells provide a putative biomarker for early prognosis of congenital toxoplasmosis, the analysis
of IL-5*CD4" T-cells upon T. gondii antigens stimulation is a potential prognostic marker of ocular involvement
in infant with congenital toxoplasmosis. Upregulation of IL-5 has been related to severe clinical features of
ocular toxoplasmosis with increased levels of IL-5 found in the aqueous humor samples of patients with acute
and recurrent ocular toxoplasmosis®!.

Taken together, our findings reinforce the importance of evaluating elements of the immune response as
biomarkers to define an early diagnosis and prognosis of congenital toxoplasmosis. This study screened a range of
immunological assays to measure ex vivo and post stimulation T. gondii specific parameters defining biomarkers
with high accuracy for the diagnosis and prognosis of congenital toxoplasmosis. We propose the levels of CXCL9
and CXCL10, the frequencies of CD4*CD25* T-cells and the frequency of T. gondii-specific IFN-y producing
CD4" T-cells presented as biomarkers able to distinguish with high accuracy infants with congenital toxoplas-
mosis from uninfected healthy controls. Combined analyses of CD4*CD25* T-cells and CXCL9, and IFN-y pro-
duction by CD4* and CD8" T-cells have even higher accuracy as biomarkers of congenital toxoplasmosis. As for
early prognosis T. gondii-specific IL5*CD4" T-cells and IFN-y produced by NK-cells displayed high accuracy to
define respectively ocular involvement and acute/chronic phase of ocular toxoplasmosis in infants with congenital
disease. Together, these findings support the relevance of employing the elements of the cell-mediated immune
response as biomarkers with potential to endorse early diagnosis and prognosis of congenital toxoplasmosis. The
analyses of these biomarkers have potential used as complementary approaches to contribute for better clinical
management and therapeutic intervention during congenital toxoplasmosis. The present study may have some
limitations regarding the number of samples evaluated and requires further validation in future investigation.
Opverall, these findings support the relevance of employing the elements of the cell-mediated immune response
as biomarkers with potential to endorse early diagnosis and prognosis of congenital toxoplasmosis.

Population, material and methods

Study population. This study was part of a prospective investigation on neonatal screening for congenital
toxoplasmosis conducted by a multidisciplinary research group (UFMG Congenital Toxoplasmosis Brazilian
Group).

Air-dried whole blood samples (heel puncture) were collected immediately after birth from 146,307 new-
borns and used for the initial screening of anti-T. gondii IgM by Enzyme-Linked Immunosorbent Assay (ELISA)
(Q-Preven TOXO, Symbiosis, Leme, Brazil). Individuals with positive or indeterminate anti-T. gondii IgM results
were further selected in a non-probabilistic convenience sampling for additional peripheral blood collection.
Whole blood samples were obtained at 30-45 days and one year after birth to identify putative biomarkers for
early diagnosis/prognosis or late prognosis purposes, respectively. A total of 215 infants were selected, including:
177 infants with confirmed diagnosis of congenital toxoplasmosis (TOXO) and 38 infants included as a control
group (CTL), with negative results for anti-T. gondii IgG ELFA test (ELFAVIDAS TOXO, Biomerieux, France),
carried out in additional blood samples collected 12 months after birth.

Fundoscopic analysis was carried out by one of us (DVVS) at 30-45 days after birth to evaluate ophthalmo-
logical impairment as previously described*. Based on the ophthalmological findings, TOXO group was first
categorized into two subgroups, referred as: patients with no retinochoroidal lesion (NL) and patients with
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retinochoroidal lesion (L). Further classification of TOXO patients was performed based on the presence of active
(AL) or cicatricial retinochoroidal lesions (CL). CTL children did not present any ophthalmological impairment.

Ethics statement. The protocols conducted in this study were approved by the local Ethics Committee
(Federal University of Minas Gerais, protocol 298/06). All experiments were performed in accordance with
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Figure 3. Performance of single analysis of CD4*CD25" T-cells and combined stepwise analysis of CD4*CD25*
T-cells and CXCL9 for early diagnosis of congenital toxoplasmosis. Scatter plot illustrate the single analysis of
CD4*CD25" T-cells in infants with congenital toxoplasmosis (TOXO, dark circles, n=37) and age-matching
healthy controls (CTL, white circles, n=15). The dotted line represents the cut-off previously selected by
TG-ROC and ROC curve analysis. The frequencies of TOXO samples (Se) and CTL (Sp) segregated by the
cut-offs are displayed in each scatter plot. False-positive and false-negative results are underscored by red circles.
Stepwise biomarker analysis was carried out using the frequency of circulating CD4*CD25* T-cells percentages
for screening and the serum levels of CXCL9 as a second step to segregate infants with congenital toxoplasmosis
(TOXO, dark circles, n=37) from age-matched healthy controls (CTL, white circles, n=15). The dotted line
represents the cut-off previously defined by the ROC curve analysis for single biomarker use. Gray backgrounds
display patients selected for the second round of analysis. The proportion of TOXO and CTL across the

cut-offs are shown in each scatter plot. The dotted line rectangles show the number of cases accounted in the
discriminant analysis as accurate results. The discriminant analysis results, including the single and stepwise
biomarker analysis, are demonstrated in the inserted tables below each scatter plot.

relevant guidelines and regulations. Written informed consent was given by all mothers of infants included in
this study.

Quantification of serum chemokines and cytokines. A total of 134 samples collected at 30-45 days
after birth were assayed for quantification of serum chemokines and cytokines (108 TOXO and 26 CTL) by
Cytometric Bead Array according to the manufacturer’s instructions (CBA, BD Biosciences, San Jose, CA, USA).
The chemokines (CXCL8, CCL2, CCL5, CXCL9 and CXCL10) were measured by the conventional CBA system
and the cytokines levels (IL-1p, IL-6, TNE, IL-12, IFN-y, IL-4, IL-5, IL-10 and IL-17A) determined using the
enhanced sensitivity CBA Flex array. Sample acquisition was performed using the BD FACSVerse flow cytom-
eter (Becton Dickinson, La Jolla, CA, USA) and data analysis carried out employing the FCAP Array Software
V3.0 (Becton Dickinson, La Jolla, CA, USA). As previously described?, the results were expressed as pg/mL
(chemokines) or fg/mL (cytokines), as assessed by the standard curve using the forth-logistic regression param-
eter. The limits of detection were CXCL8: 2.5, CCL2: 0.2, CCL5:1.0, CXCL9: 2.7, CXCL10: 2.8 (expressed as pg/
mL), IL-1p: 274.35, IL-6: 409.62, TNF: 144.62 , IL-12: 191.48, IFN-y: 172.09, IL-4: 238.34, IL-5: 407.19, IL-10:
152.70 and IL-17A =239.95 (expressed as fg/mL). All patient samples were assayed in the same batch using the
same standard curve to avoid inter-assay variability'*.

Immunophenotyping of circulating leukocytes. Peripheral blood from infants with congenital toxo-
plasmosis (TOXO) and noninfected infants (CTL) was collected in Heparin/EDTA tubes. A total of 90 samples
(68 TOXO and 22 CTL), collected at 30-45 days after birth and 81 samples of TOXO collected one year after
birth were used for immunophenotypic analysis of circulating leukocytes. Samples were processed, and leuko-
cytes were used for ex vivo protocols, as previously described!’. Monoclonal antibodies were used for labeling
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Figure 4. Performance of IFN-y-producing T-cells (X IFN-y* CD4" & CD8*) for early diagnosis of congenital
toxoplasmosis. TG-ROC was plotted based on the at the y axis versus cut-off at the x axis. The vertical dotted
line represents the cut-off with highest accuracy. ROC curves was plotted considering the sensitivity (Se%)
and the complement of the specificity (100-Sp%). The performance indices (Cut-off; Area Under the Curve—
AUG; Sensitivity (Se); Specificity (Sp); Likelihood Ratio—LR(-)/LR(+) are provided in the figure. Scatter plots
illustrate the percentages of IFN-y* T-cells (¥ IFN-y* CD4* & CD8") in infants with congenital toxoplasmosis
(TOXO, dark circles, n = 49) and age-matching healthy controls (CTL, white circles, n = 10). The dotted line
represents the cut-off previously selected by TG-ROC and ROC curve analysis. The frequencies of TOXO
samples (Se) and CTL (Sp) segregated by the cut-offs are displayed in the scatter plot.

cell surface molecules: anti-CD14 (TiiK4), anti-CD16 (3G8), anti-CD32 (FLI8.26) and anti-CD64 (10.1) for
monocytes, anti-CD16 (3G8) and anti-CD56 (B159) for NK-cells and NKT cell subsets; anti-TCRaf8 (WT31)
and anti-TCRy§ (11F2), anti-CD3 (UCHT1), anti-CD4 (RPA-T4), anti-CD8 (B9.11) for T-cell subsets and
anti-HLA-DR (TU36) as activation marker for T-cells along with anti-CD5 (L17F12), anti-CD19 (4G7) and
anti-CD23 (M-L233) for B-cell subpopulations. Antibodies conjugated with fluorescein isothiocyanate (FITC),
phycoerythrin (PE), or Tricolor (TC) were purchased from Invitrogen Life Technologies (Carlsbad, CA, USA)
and BD Bioscience (San Diego, CA, USA). Data acquisition was performed using FACSCalibur and the results
expressed as % of gated cells or mean fluorescence intensity (MFI) of cell surface marker expression. FlowJo
(version 9.4.1; TreeStar, Ashland, Oregon) was used for data analysis.

Short-term whole blood culture in vitro and analysis of intracytoplasmic cytokines. Heparin-
ized whole blood samples (3 mL) from 61 infants (51 TOXO and 10 CTL) collected at 30-45 days after birth
and 50 samples of TOXO collected one year after birth were used for in vitro short-term culture as previously
described'?. Blood samples were dispensed into polypropylene tubes and cultured with Roswell Park Memo-
rial Institute medium (RPMI) (control culture, CC) or soluble T. gondii antigen (STAg), produced as previously
described®, at a concentration of 5 ug/mL (T. gondii-stimulated culture). Samples were incubated for 12 hin a
5% CO, incubator at 37 °C. Brefeldin A (Sigma, St Louis, Missouri) was added to each culture tube at a final con-
centration of 10 pug/mL for additional 4 h. Before immunostaining, CC and STAg-stimulated cells were treated
with EDTA and kept at room temperature for 15 min prior intracellular cytokine analysis. After stimulation, cells
were stained with the following surface antibodies: anti-CD14-TC, anti-CD16-TC, anti-CD4-TC, anti-CD8-TC
or anti-CD19-TC (BD Bioscience, San Diego, CA, USA), at room temperature for 30 min. Red blood cells were
then lysed, and the leukocytes were fixed with lysing/fixing solution for 10 min at room temperature. Washes
were performed using phosphate-buffered saline (PBS) supplemented with 0.5% bovine serum albumin and per-
meabilization using PBS-saponin (PBS, 0.5% bovine serum albumin, 0.5% saponin). Fixed permeabilized cells
were stained with anti-IL-8 (AS14), anti-IL-1p (AS10), anti-IL-6 (AS12), anti-TNF (Mab11), anti-IL-12 (C11.5),
anti-IFN-y (4S.B3), anti-IL-4 (8D4-8), anti-IL-5 (TRFK5), anti-IL-10 (JES3-19F1) or anti-IL-17A (SCPL1362)
monoclonal antibodies conjugated with PE, for 30 min at room temperature. Cells were washed and fixed with
FACS fixing solution (10 g/L paraformaldehyde, 10.2 g/L sodium cacodylate, and 6.63 g/L sodium chloride; pH
7.2). Samples were stored in the absence of light, and acquisition performed in 24 h using FACSCalibur (BD Bio-
sciences). Each analysis was performed using at least 20,000 gated events .Results were analyzed using the Flow]Jo
software. Cytokine secretion by different cell subsets was defined by the gating strategy: selection of lympho-
cytes based on their size and granularity laser scattering properties. Posteriorly, were calculated the frequency of
cytokines-producing cells in lymphocytes subsets or monocytes in the nonstimulated and STAg cultures. Further
analysis was performed to estimate the T. gondii-specific cytokine production as the index of STAg-stimulated
culture divided by the CC (hereafter, the STAg/CC index)'%

Statistical analysis. The statistical tool used to determine the cut-off point as well as the relative sensitiv-
ity and specificity indexes and the respective confidence intervals at 95% of the tests was the receiver operating
characteristic (ROC curve) and Two-graph-receiver operating characteristic (TG-ROC). The definition of cut-
off points for each biomarker was determined by ROC curve analysis, considering the highest possible values of
sensitivity and specificity. The global accuracy was estimated considering the area under the ROC curve (AUC)
categorized as low (AUC<0.7), moderate (0.7 < AUC<0.8) or high (AUC> 0.8). Combined analysis of biomark-
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Figure 5. Performance of intracellular cytokines produced by T-cells for the early prognosis of ocular
congenital toxoplasmosis. The selected biomarkers, IL-5*CD4" T-cells and IFN-y*NK-cells, were evaluated for
their performance as novel laboratorial parameters for early prognosis of ocular congenital T. gondii infection.
The performance of IL-57CD4* T-cells was tested to discriminate infants with congenital toxoplasmosis with
(L) from those without (NL) retinochoroidal lesions. The frequency of IFN-y*NK-cells was tested for its ability
to segregate infants with active (AL) or cicatricial (CL) retinochoroidal lesions. TG-ROC was built considering
the sensitivity (Se) and specificity (Sp) at the y axis versus cut-off at the x axis. The vertical dotted line shows the
cut-off with highest accuracy. ROC curves were plotted considering the sensitivity (Se%) and the complement
of the specificity (100-Sp%). The performance indices (Cut-off; Area Under the Curve—AUC; Sensitivity

(Se); Specificity (Sp); Likelihood Ratio—LR(—)/LR(+) are provided in the figure. Scatter plots illustrate the
percentages of IL-5*CD4* T-cells in infants with (L, dark circles, n=41) or without (NL, white circles, n=10)
retinochoroidal lesions as well as the percentage of IFN-y*NK-cells in infants with active (AL, white circles,
n=14) or cicatricial retinochoroidal lesion (CL, dark circles, n=12). The dotted line displays the cut-offs selected
by TG-ROC and ROC curve analysis. The frequencies of infants above and below the cut-offs are displayed in
each scatter plot.

ers, including serum chemokines and cytokines; immunophenotypic profile of circulating leukocyte as well
as intracytoplasmic cytokine patterns, were also carried out, using a sequential algorithm proposed for those
attributes with higher accuracy at screening. GraphPad Prism 5.0 was used to construct the ROC and TG-ROC
curves.

Received: 26 May 2020; Accepted: 15 September 2020
Published online: 07 October 2020

References

1. Montoya, J. G. & Liesenfeld, O. Toxoplasmosis. Lancet 363, 1965-1976 (2004).

2. Robert-Gangneux, E & Dardé, M. L. Epidemiology of and diagnostic strategies for toxoplasmosis. Clin. Microbiol. Rev. 25, 264-296.
https://doi.org/10.1128/CMR.05013-11 (2012).

3. Torgerson, P. R. & Mastroiacovo, P. The global burden of congenital toxoplasmosis: A systematic review. Bull World Health Organ.
91, 501-508. https://doi.org/10.2471/BLT.12.111732 (2013).

4. Pappas, G., Roussos, N. & Falagas, M. E. Toxoplasmosis snapshots: Global status of Toxoplasma gondii seroprevalence and impli-
cations for pregnancy and congenital toxoplasmosis. Int. J. Parasitol. 39, 1385-1394. https://doi.org/10.1016/j.ijpara.2009.04.003
(2009).

SCIENTIFIC REPORTS |

(2020) 10:16757 | https://doi.org/10.1038/s41598-020-73265-z


https://doi.org/10.1128/CMR.05013-11
https://doi.org/10.2471/BLT.12.111732
https://doi.org/10.1016/j.ijpara.2009.04.003

www.nature.com/scientificreports/

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

. Chapey, E., Wallon, M., Debize, G., Rabilloud, M. & Peyron, F. Diagnosis of congenital toxoplasmosis by using a whole-blood

gamma interferon release assay. J. Clin. Microbiol. 48, 41-45. https://doi.org/10.1128/JCM.01903-09 (2010).

. Lebech, M. et al. Classification system and case definitions of Toxoplasma gondii infection in immunocompetent pregnant women

and their congenitally infected offspring. Eur. J. Clin. Microbiol. Infect. Dis. 15, 799-805 (1996).

. Denkers, E. Y. T lymphocyte-dependent effector mechanisms of immunity to Toxoplasma gondii. Microbes Infect. 1, 699-708

(1999).

. Fatoohi, A. F et al. Cellular immunity to Toxoplasma gondii in congenitally infected newborns and immunocompetent infected

hosts. Eur. J. Clin. Microbiol. Infect. Dis. 22, 181-184 (2003).

. Ciardelli, L. et al. Early and accurate diagnosis of congenital toxoplasmosis. Pediatr. Infect. Dis. J. 27, 125-129. https://doi.

0rg/10.1097/INF.0b013e3181586052 (2008).

Machado, A. S. et al. Biomarker analysis revealed distinct profiles of innate and adaptive immunity in infants with ocular lesions
of congenital toxoplasmosis. Mediators Inflamm. 2014, 910621. https://doi.org/10.1155/2014/910621 (2014).

Chapey, E., Wallon, M., LOllivier, C., Piarroux, R. & Peyron, F. Place of interferon-y assay for diagnosis of congenital toxoplasmosis.
Pediatr. Infect. Dis. ]. 34, 1407-1409. https://doi.org/10.1097/INE.0000000000000901 (2015).

Carneiro, A. C. et al. Cytokine signatures associated with early onset, active lesions and late cicatricial events of retinochoroidal
commitment in infants with congenital toxoplasmosis. J. Infect. Dis. 213, 1962-1970. https://doi.org/10.1093/infdis/jiw041 (2016).
Matowicka-Karna, J., Dymicka-Piekarska, V. & Kemona, H. Does Toxoplasma gondii infection affect the levels of IgE and cytokines
(IL-5, IL-6, IL-10, IL-12, and TNF-alpha)?. Clin. Dev. Immunol. 2009, 374696. https://doi.org/10.1155/2009/374696 (2009).

de Araujo, T. E. et al. Early serum biomarker networks in infants with distinct retinochoroidal lesion status of congenital toxo-
plasmosis. Cytokine 95, 102-112. https://doi.org/10.1016/j.cyt0.2017.02.018 (2017).

Zacche-Tonini, A. C. et al. Establishing tools for early diagnosis of congenital toxoplasmosis: Flow cytometric IgG avidity assay
as a confirmatory test for neonatal screening. J. Immunol. Methods 451, 37-47. https://doi.org/10.1016/j.jim.2017.08.005 (2017).
de Jesus, L. N. et al. IgA and IgG1 reactivities assessed by flow cytometry mirror clinical aspects of infants with ocular congenital
toxoplasmosis. J. Immunol. Methods 428, 1-8. https://doi.org/10.1016/j.jim.2015.11.004 (2016).

Mahmoudi, S., Mamishi, S., Suo, X. & Keshavarz, H. Early detection of Toxoplasma gondii infection by using a interferon gamma
release assay: A review. Exp. Parasitol. 172, 39-43. https://doi.org/10.1016/j.exppara.2016.12.008 (2017).

Zhang, K., Lin, G., Han, Y. & Li, J. Serological diagnosis of toxoplasmosis and standardization. Clin. Chim. Acta 461, 83-89. https
://doi.org/10.1016/j.cca.2016.07.018 (2016).

Villard, O. et al. Serological diagnosis of Toxoplasma gondii infection: Recommendations from the French National Reference
Center for Toxoplasmosis. Diagn. Microbiol. Infect. Dis. 84, 22-33. https://doi.org/10.1016/j.diagmicrobio.2015.09.009 (2016).
Pinon, J. M. et al. Early neonatal diagnosis of congenital toxoplasmosis: Value of comparative enzyme-linked immunofiltration
assay immunological profiles and anti- Toxoplasma gondii immunoglobulin M (IgM) or IgA immunocapture and implications for
postnatal therapeutic strategies. J. Clin. Microbiol. 34, 579-583 (1996).

Pomares, C. & Montoya, J. G. Laboratory diagnosis of congenital toxoplasmosis. J. Clin. Microbiol. 54, 2448-2454. https://doi.
org/10.1128/JCM.00487-16 (2016).

Dard, C. et al. Late diagnosis of congenital toxoplasmosis based on serological follow-up: A case report. Parasitol. Int. 66, 186-189.
https://doi.org/10.1016/j.parint.2016.12.004 (2017).

Thieme, C., Schlickeiser, S., Metzner, S., Dames, C. & Pleyer, U. Immune mediator profile in aqueous humor differs in patients
with primary acquired ocular toxoplasmosis and recurrent acute ocular toxoplasmosis. Mediators Inflamm. 2019, 9356728. https
://doi.org/10.1155/2019/9356728 (2019).

Andrade, W. A. et al. Combined action of nucleic acid-sensing Toll-like receptors and TLR11/TLR12 heterodimers imparts resist-
ance to Toxoplasma gondii in mice. Cell Host Microbe 13, 42-53. https://doi.org/10.1016/j.chom.2012.12.003 (2013).

Goldszmid, R. S. et al. NK cell-derived interferon-y orchestrates cellular dynamics and the differentiation of monocytes into
dendritic cells at the site of infection. Immunity 36, 1047-1059. https://doi.org/10.1016/j.immuni.2012.03.026 (2012).

Dunay, L. R. et al. Grl(+) inflammatory monocytes are required for mucosal resistance to the pathogen Toxoplasma gondii. Immu-
nity 29, 306-317. https://doi.org/10.1016/j.immuni.2008.05.019 (2008).

Tosh, K. W. et al. The IL-12 response of primary human dendritic cells and monocytes to Toxoplasma gondii is stimulated by
phagocytosis of live parasites rather than host cell invasion. J. Immunol. 196, 345-356. https://doi.org/10.4049/jimmunol.15015
58 (2016).

Norose, K., Kikumura, A., Luster, A. D., Hunter, C. A. & Harris, T. H. CXCL10 is required to maintain T-cell populations and to con-
trol parasite replication during chronic ocular toxoplasmosis. Investig. Ophthalmol. Vis. Sci. 52, 389-398. https://doi.org/10.1167/
iovs.10-5819 (2011).

Furtado, J. M., Bharadwaj, A. S., Ashander, L. M., Olivas, A. & Smith, J. R. Migration of Toxoplasma gondii-infected dendritic cells
across human retinal vascular endothelium. Investig. Ophthalmol. Vis. Sci. 53, 6856-6862. https://doi.org/10.1167/iovs.12-10384
(2012).

Ochiai, E. et al. CXCL9 is important for recruiting immune T cells into the brain and inducing an accumulation of the T cells to
the areas of tachyzoite proliferation to prevent reactivation of chronic cerebral infection with Toxoplasma gondii. Am. ]. Pathol.
185, 314-324. https://doi.org/10.1016/j.ajpath.2014.10.003 (2015).

de Torre, A. et al. Ocular cytokinome is linked to clinical characteristics in ocular toxoplasmosis. Cytokine 68, 23-31. https://doi.
0rg/10.1016/j.cyt0.2014.03.005 (2014).

Vasconcelos-Santos, D. V. et al. Congenital toxoplasmosis in southeastern Brazil: Results of early ophthalmologic examination of
a large cohort of neonates. Ophthalmology 116, 2199-205.el. https://doi.org/10.1016/j.ophtha.2009.04.042 (2009).

Gazzinelli, R. T., Hakim, E T., Hieny, S., Shearer, G. M. & Sher, A. Synergistic role of CD4+ and CD8+ T lymphocytes in IFN-gamma
production and protective immunity induced by an attenuated Toxoplasma gondii vaccine. J. Immunol. 146, 286-292 (1991).

Acknowledgements
This study was supported by Funda¢do de Amparo a Pesquisa de Minas Gerais (FAPEMIG—grants APQ-01004-

13;

APQ-01877-12), Conselho Nacional de Desenvolvimento Cientifico e Tecnoldgico (CNPq) and Fundagao

Oswaldo Cruz (FIOCRUZ). The authors thank the program for technological development in tools for health-
PDTIS-FIOCRUZ for the use of its facilities. ATC, RWAV, DVVS, LRVA, EAVF and OAMF thank the CNPq for
the PQ fellowships program. JGCdR received fellowship from Programa Mineiro (FAPEMIG #BPD-00205-13)
and the Brazilian National Postdoctoral Fellowship Program (PNPD/CAPES). OAMEF is a research fellow from
FAPEAM (PVN-II, PRO-ESTADO Program #005/2019. The authors thank the Programa de Pés-graduagio em
Imunologia e Parasitologia Aplicadas (PPIPA), Instituto de Ciéncias Biomédicas (ICBIM), Universidade Federal
de Uberlandia (UFU) supported by the Coordenagao de Aperfeicoamento de Pessoal de Nivel Superior (CAPES).

SCIENTIFIC REPORTS |

(2020) 10:16757 | https://doi.org/10.1038/s41598-020-73265-z


https://doi.org/10.1128/JCM.01903-09
https://doi.org/10.1097/INF.0b013e3181586052
https://doi.org/10.1097/INF.0b013e3181586052
https://doi.org/10.1155/2014/910621
https://doi.org/10.1097/INF.0000000000000901
https://doi.org/10.1093/infdis/jiw041
https://doi.org/10.1155/2009/374696
https://doi.org/10.1016/j.cyto.2017.02.018
https://doi.org/10.1016/j.jim.2017.08.005
https://doi.org/10.1016/j.jim.2015.11.004
https://doi.org/10.1016/j.exppara.2016.12.008
https://doi.org/10.1016/j.cca.2016.07.018
https://doi.org/10.1016/j.cca.2016.07.018
https://doi.org/10.1016/j.diagmicrobio.2015.09.009
https://doi.org/10.1128/JCM.00487-16
https://doi.org/10.1128/JCM.00487-16
https://doi.org/10.1016/j.parint.2016.12.004
https://doi.org/10.1155/2019/9356728
https://doi.org/10.1155/2019/9356728
https://doi.org/10.1016/j.chom.2012.12.003
https://doi.org/10.1016/j.immuni.2012.03.026
https://doi.org/10.1016/j.immuni.2008.05.019
https://doi.org/10.4049/jimmunol.1501558
https://doi.org/10.4049/jimmunol.1501558
https://doi.org/10.1167/iovs.10-5819
https://doi.org/10.1167/iovs.10-5819
https://doi.org/10.1167/iovs.12-10384
https://doi.org/10.1016/j.ajpath.2014.10.003
https://doi.org/10.1016/j.cyto.2014.03.005
https://doi.org/10.1016/j.cyto.2014.03.005
https://doi.org/10.1016/j.ophtha.2009.04.042

www.nature.com/scientificreports/

Author contributions

Designing research study: TE.A.,, L.LS., LR.V.A,, E.A.VE, O.AMF. Conducting experiments: TE.A., A.C. A V.C,
ASM., J.G.CR, S.RB, O.AM.E Acquiring data: TE.A., LLS., A.C.A.V.C, ASM,, ].G.CR, SR.B,RWA.V.
Analyzing data: TE.A., LLS., A.O.G,, LR.V.A, AT.C., RW.A.V,, O.A.M.F. Advisory Medical Committee:
G.M.QA,, D.V.VS,, ].N.J. Writing the manuscript: T.E.A., L.I.S., LR.V.AA,, VPM., O.AM.F. TE.A. and L.L.S.
contributed equally to this work. E.A.V.E. and O.A.M.F. shared the senior authorship. All authors reviewed and
approved the final version.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-73265-z.

Correspondence and requests for materials should be addressed to T.E.d.A. or L.R.A.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

the UFMG Congenital Toxoplasmosis Brazilian Group UFMG-CTBG, beside the
authors

Danuza O. Machado Azevedo??, Ericka V. Machado Carellos?, Luciana Macedo Resende'* &
Roberta M. Castro Romanelli®

0yveitis Unit, Hospital Sao Geraldo, Hospital das Clinicas, UFMG, Belo Horizonte, Brazil. 'Department of
Phonoaudiology, School of Medicine, UFMG, Belo Horizonte, Brazil.

SCIENTIFIC REPORTS |

(2020) 10:16757 | https://doi.org/10.1038/s41598-020-73265-z


https://doi.org/10.1038/s41598-020-73265-z
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Putative biomarkers for early diagnosis and prognosis of congenital ocular toxoplasmosis
	Results
	Screening of serum chemokines and cytokines as complementary biomarkers for early diagnosis and prognosis of congenital toxoplasmosis. 
	Screening of circulating leukocyte subsets as complementary biomarkers for early diagnosis and prognosis of congenital toxoplasmosis. 
	Screening of T. gondii-specific intracellular cytokines as complementary biomarkers for early diagnosis and prognosis of congenital toxoplasmosis. 
	Detailed performance of selected biomarkers for early complementary diagnosis of congenital toxoplasmosis. 
	Performance of combined biomarkers for early diagnosis of congenital toxoplasmosis. 
	Performance of IFN-γ+CD4+ plus IFN-γ+CD8+ T-cells as early diagnosis of congenital toxoplasmosis. 
	Performance of IL5+CD4+ T-cells and IFN-γ+ NK-cells for early prognosis of congenital toxoplasmosis. 

	Discussion
	Population, material and methods
	Study population. 
	Ethics statement. 
	Quantification of serum chemokines and cytokines. 
	Immunophenotyping of circulating leukocytes. 
	Short-term whole blood culture in vitro and analysis of intracytoplasmic cytokines. 
	Statistical analysis. 

	References
	Acknowledgements


