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Toxoplasma gondii is the etiological agent of toxoplasmosis. Mother-to-child

transmission of this parasite can occur during pregnancy. Newborns with congenital

toxoplasmosis may develop central nervous system impairment, with severity ranging

from subclinical manifestations to death. A proinflammatory/regulated specific immune

profile is crucial in the defense against the parasite; nevertheless, its role in the infected

pregnant women and the congenitally infected offspring has been poorly explored, and

there is still no consensus about its relation to parasite vertical transmission or to severity

and dissemination in the congenitally infected newborns. This work aimed to characterize

these relations by means of principal component and principal factor analyses. For

this purpose, we determined the specific production of the four immunoglobulin G

antibody subclasses, cytokines, and lymphocyte proliferation in the T. gondii–infected

pregnant women−10 who transmitted the infection to their offspring and seven who

did not—as well as in 11 newborns congenitally infected and grouped according to

disease severity (five mild and six moderate/severe) and dissemination (four local and

seven disseminated). We found that the immune response of nontransmitter women

differed from that of the transmitters, the latter having a stronger proinflammatory

response, supporting a previous report. We also found that newborns who developed

moderate/severe disease presented higher levels of lymphocyte proliferation, particularly

of CD8+ and CD19+ cells, a high proportion of tumor necrosis factor α producers, and

reduced expression of the immune modulator transforming growth factor β, as opposed
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to children who developed mild clinical complications. Our results suggest that a

distinctive, not regulated, proinflammatory immune response might favor T. gondii vertical

transmission and the development of severe clinical manifestations in congenitally

infected newborns.

Keywords: Toxoplasma gondii, immune response, human congenital toxoplasmosis, vertical transmission, TGF-β1

INTRODUCTION

Toxoplasmosis is a worldwide highly prevalent zoonotic
infection caused by the parasite Toxoplasma gondii, which
can be orally or congenitally acquired (1, 2). Humans can
become infected per os through the ingestion of food or
water contaminated with sporulated oocysts released in the
feces of the definitive hosts (felines) or of undercooked meat
products containing tissue cysts (3), as well as by vertical
transmission from mother to fetus during pregnancy (4–6).
Congenital toxoplasmosis can promote clinical manifestations
in the newborn that involve the central nervous system,
such as hydrocephalus and hearing loss, or the eye, such
as retinochoroiditis (7–9). Given the high prevalence of this
disease and the wide range of clinical manifestations, it is of
great importance to study the factors involved in congenital
transmission of T. gondii and the severity of congenital
toxoplasmosis in the newborn, but these aspects have been poorly
explored. Both humoral and cell-mediated proinflammatory
responses have consistently been reported as crucial for the
containment of this parasite in acquired toxoplasmosis (10).
Regarding fetal damage, it has been hypothesized that disease
results from the poorly developed fetal immune response, which
is thought to be unable to control parasite replication (11),
allowing T. gondii to invade different tissues of the host and
thus contributing to the high heterogeneity of the clinical
manifestations associated with the infection (9). This has been
reinforced by the known inverse relation between the gestation
time at infection and the severity degree (4, 12). Nevertheless,
contrasting results have suggested that besides parasite virulence
a nonregulated exacerbated proinflammatory response that
promotes tissue damage may contribute to the development of
toxoplasmosis, which has been studied mainly in rodent models,
with few studies in humans (5, 13–19). In addition, we and
others have reported that the mother’s immune response could
be involved in the transmission of the parasite through the
placenta during pregnancy (10, 18, 19). The major limitation
in the study of human congenital toxoplasmosis regards to
interspecies differences, since the insights gained from mice
models have not been tested for fidelity in humans (16–19);
that is, the central processes that occurred in the placenta in
humans can mainly be studied at the culmination of pregnancy,
when transmission might have already happened. To evaluate
the role of the maternal immune system during pregnancy and
parturition in T. gondii transmission, we have evaluated systemic
cellular and humoral-specific response against the parasite and
after pregnancy in the infected newborns; interestingly, we found
that some immunoglobulin G (IgG) subclasses might be used
as markers of transmission of newborns’ poor prognosis and

that a nonregulated proinflammatory response in the infected
mother might be related to parasite vertical transmission (19).
Nevertheless, our previous approaches were limited in the
number of immunological markers in a reduced group of
patients, and they were not analyzed to define which of these
conform a profile in transmitters (19). Even more, the role of the
infected fetus immune response in the dissemination and severity
of congenital toxoplasmosis has not been analyzed.

In this study, we aimed to determine the role of maternal
immunological profile in transmission and that of the
congenitally infected fetus/newborn on disease dissemination
or severity.

MATERIALS AND METHODS

Ethical Aspects
This work was performed according to the World Medical
Association’s Declaration of Helsinki. The project (INP
060/2011) was approved by the Research and Research Ethics
Boards of the Instituto Nacional de Pediatría (INP), Mexico City,
Mexico. This institutional review boards (IRBs) are registered
at the Office for Human Research Protection of the National
Institutes of Health (http://ohrp.cit.nih.gov/search/search.aspx)
with numbers IRB00008064 and IRB00008065. Institutional
review board approvals are available upon request. The Instituto
Nacional de Perinatología (INPer) IRBs also approved the project
(212250-02231). All participant pregnant women and/or tutors
of infected children signed corresponding informed consents, in
which we explicitly stated that it was of low risk, considering that
clinical management would not be modified for the protocol.

Patients and Study Strategy
All pregnant women and newborns were, respectively, managed
at INPer/“Centro de Salud-Dr. Gustavo A. Rovirosa Pérez” in
Mexico City and INP, according to national and international
standards. For this study, we included 17 pregnant women
who were diagnosed as positive for T. gondii infection and
had no other disease. As specified in Supplementary Table 1,
data from 7/17 infected pregnant women were taken from
Gómez-Chávez et al. (19) to reanalyze them by the methodology
described herein. Mothers were considered at risk of vertical
transmission during pregnancy, by the presence of low-
avidity IgG antibodies, T. gondii polymerase chain reaction
(PCR)–positive results, or clinical evidence or presence of
IgM/IgG antibodies concomitant with clinical history of
obstetric diseases suggestive of toxoplasmosis (such as recurrent
abortions or previous premature or stillbirth deliveries). To
classify women at risk in nontransmitters or transmitters
(Supplementary Table 1), we followed their gestations until
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delivery and the surviving children for at least 1 year (9). We
confirmed 11 congenitally infected newborns (0–65 days of life),
seven from prenatally screened mothers of this study and four
who arrived as clinical cases to INP. Four newborns of the studied
transmitter mothers could not be recruited for immunological
tests because they died soon after confirmation or they were not
brought for continuation of treatment.

Confirmation of congenital infections was done through
serological tests by the detection of specific IgM and IgG
neoantibodies by enzyme-linked immunosorbent assay (ELISA)
and Western blot and through B1 parasite gene detection by
quantitative PCR on peripheral blood, according to previously
reported methods and algorithms (9, 19–22). After the infection
was confirmed and before treatment onset, we determined
the levels of specific anti–T. gondii IgG1, IgG2, IgG3, and
IgG4 antibodies and proliferation in vitro of peripheral blood
mononuclear–specific cells and their cytokine production
(19). Congenitally infected newborns were evaluated at 1-year
follow-up, and their clinical features classified according to
the location (neurological or disseminated) and severity (mild
or moderate/severe) (9). In brief, local infection refers to
patients with neurological, ophthalmic, or both alterations, such
as intracranial calcifications, hydrocephalus, microcephalus,
retinochoroiditis, uveitis, and intraocular hemorrhage. The
infection was considered disseminated when the patients had
local clinical manifestations and at least one of the following:
low birth weight, hepatomegaly or cholestasis, splenomegaly,
intrahepatic calcifications, petechiae rash eruptions, myocarditis,
anemia, thrombocytopenia, eosinophilia, or pneumonitis.
Congenital toxoplasmosis patients were assigned to the
mild disease group if they were subclinical during physical
examination, showed isolated findings, or responded adequately
to treatment, as determined through follow-up of the disease
clinical presentation in which we assessed the children’s weight
and height, as well as their auditive, muscular, neurological,
and ophthalmological development. Children in this group
showed diminished lesions in the affected organs or a limited
development of severe clinical manifestations, expected on the
basis of the evolution before treatment and the untreated cases
reported in the literature. In contrast, patients were classified as
having a severe disease if they presented clinical manifestations
that compromised their life or because they did not respond
appropriately to treatment (Supplementary Table 2).

Anti–T. gondii Antibody Detection
Detection of serum anti–T. gondii IgG1, IgG2 IgG3, and IgG4
antibodies was performed using indirect homemade ELISAs (10,
19, 21). Subclasses were detected using biotinylated monoclonal
antibodies against each IgG subclass: IgG1 (clone 8c/6-39),
IgG2 (clone HP-6014), IgG3 (clone HP-6050), and IgG4 (clone
HP6025) (Sigma Chemical Co., St. Louis, MO, USA). Polystyrene
plates (Maxisorp, Nunc, Roskilde, Denmark) were coated with
5µg/mL of the RH strain crude extract of T. gondii, blocked
with 1% bovine serum albumin–phosphate-buffered saline (PBS),
and incubated with serum diluted in PBS−0.05% Tween 20,
to 1:250 for IgG1, and 1:125 for IgG2 to IgG4. The reaction
was developed with horseradish peroxidase–streptavidin (Sigma
Chemical Co.) diluted 1:10,000. The enzymatic activity was

revealed with O-phenylenediamine/H2O2, in citrate buffer (pH
5.0) and stopped with 0.1N sulfuric acid. The absorbance was
read at 492 nm. The results were expressed as the reactivity index
(RI), which was calculated by dividing the mean absorbance
of duplicates of each sample by the cutoff value for each
immunoglobulin (mean plus 3 standard deviations of six low,
medium, and high negative controls). An RI≥ 1.0 was considered
positive (21).

Peripheral Blood Samples and Proliferation
Test
Five milliliters of peripheral blood from pregnant women
at risk of vertical transmission and congenitally infected
newborns was obtained into EDTA-Vacutainer tubes. To obtain
peripheral blood mononuclear cells (PBMCs), peripheral blood
was subjected to Ficoll-Hypaque separation (GE Healthcare,
Piscataway, NJ, USA). Then, PBMCs were labeled with
carboxyfluorescein succinimidyl ester (CFSE) (Molecular
Probes/Invitrogen Detection Technologies, Eugene, OR) as
previously reported (19). Briefly, cells were stimulated with
10µg/mL of the soluble T. gondii antigen (STAg) in triplicate
and then incubated at 37◦C in 5% CO2/95% air atmosphere, for
72 h for cytokine detection and 120 h for cell proliferation assays.
Peripheral blood mononuclear cells cultured without STAg
stimulation were used as negative controls. We used the mitogen
ConA at 5µg/mL as positive response ability control. After the
stimulation period, CFSE-labeled PBMCs were collected and
stained with the following antibodies: CD3/APC-Cy7 (SK7),
CD4/APC(OKT4), CD8/PERCP-Cy5 (RPA-T8), and CD19/PE-
Cy7 (HIB19) (BioLegend, San Diego, CA, USA). All samples
were analyzed in a FACS-Aria flow cytometer (BD Biosciences,
San Jose, CA, USA) using FlowJo (version 7) software (Tree
Star Inc., Ashland, OR, USA). For the analysis, 1 × 104 events
were collected. Relative proliferation index was calculated by
dividing the proliferation percentage of STAg-stimulated PBMCs
by the proliferation percentage of nonstimulated PBMCs. A
proliferation index ≥ 1.0 was considered positive.

Cytokine Detection in PBMC Culture
Supernatants
The concentration of interleukin 1β (IL-1β), IL-2, IL-4, IL-5,
IL-6, IL-8, IL-10, IL-12p70, tumor necrosis factor α (TNF-α),
interferon γ (IFN-γ), and transforming growth factor β1 (TGF-
β1) in the supernatants obtained from PBMC cultures were
quantified using the human inflammatory CBA kit, the human
TH1/TH2 CBA kit, and the human TGF-β1 Single Plex Flex set
(BD Biosciences). The CBA analysis was performed with the
FCAP Array Software v3.0 (BD Biosciences), from data obtained
in a BD FACSAria flow cytometer (BD Biosciences). Cytokine
production index for each cytokine tested was calculated,
dividing cytokine concentration from STAg-stimulated PBMCs
by the cytokine concentration of the negative (only medium)
PBMC controls. A cytokine production index ≥ 1.0 was
considered positive.

Data Analysis and Statistics
The standardized data of the levels of 18 immunological markers
(IgG1, IgG2 IgG3, and IgG4; IL-1β, IL-2, IL-4, IL-5, IL-6, IL-8,
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IL-10, TNF-α, and IFN-γ, as well as total lymphocytes, CD3+,
CD4+, CD8+, and CD19+) from nontransmitters, transmitters,
and congenitally infected newborns were subjected to a principal
component analysis (PCA). We maximized the variance of the
normalized loadings from the principal components by the
varimax rotation and retained as signifiers each component
associated with a singular value of at least 1.0 and with at
least 10% of the total variance. We extracted the underlying
principal common factors by estimation of commonalities from
the orthonormalized loadings of the retained components. This
multivariate analysis was done on MATLAB 2018a version (23).
On the other hand, the antibody RI, the cytokine production
index, and the proliferation index were compared between
congenitally infected newborns with local vs. disseminated and
mild vs. moderate/severe disease, determining the statistical
significance using the Mann-Whitney U test and comparing
proportions between groups using the Fisher exact test. A p ≤

0.05 was considered significant. The GraphPad Prism version
7.0d forMacintosh (GraphPad Software, La Jolla, CA, USA; www.
graphpad.com) was used for these purposes.

RESULTS

We evaluated 20 immunological markers in 10 T. gondii
transmitter and seven nontransmitter women, as well as in 11

newborns with congenital toxoplasmosis. Interleukin 12 was
not expressed by any patient and thus was excluded from
the PCA. Transforming growth factor β was also excluded
because of the reduced number of tested samples in the infected
pregnant women group, resulting in an unequal representation
for PCA. The multivariate analysis showed a specific pattern of
the molecular markers in each group, and the nontransmitter
women, the transmitter women, and the congenitally infected
newborns were contained in four PCs (Table 1). As it is shown,
nontransmitter women can be described by nine of the 18
markers, which account for 93.2% of the total variance, principal
component 1 (PC1): ↑TNF-α and ↑IL-2; PC2: ↑IgG3 and ↓IL-8;
PC3: ↑IgG1, ↑IgG2, and ↑IgG4; PC4: ↑CD8 and ↓IL-4. More
heterogeneous results were found among transmitter women,
because seven markers sum up the group, representing 76.8%
of the total variance, PC1: ↑TNF-α and ↑IFN-γ; PC2: ↑IgG4;
PC3: ↑IL-6 and ↑IL-8; PC4: ↑CD19 and ↑Lym (lymphocytes
proliferation). Remarkably, TNF-α had a similar vectoral effect
between transmitter and nontransmitter groups, whereas IL-8
had an opposed result.

The response of the congenitally infected newborns is
composed by 10 markers that concentrate 82.3% of the total
variance (PC1: ↑Lym, ↑IL-5, and ↑TNF-α; PC2: ↑IgG3 and
↑CD19; PC3: ↑IgG4, ↑IL-6, and ↑IL-8; PC4: ↑CD3 and ↑CD4):
three unique to this group (↑CD3,↑CD4, and↑IL-5), four shared

TABLE 1 | Principal component analysis from 18 molecular markers and their rotated loadings.

Non-transmitter women Transmitter women Congenitally infected newborns

Principal component 1 2 3 4 1 2 3 4 1 2 3 4

Singular value 8.97 3.40 2.51 1.90 5.37 3.54 2.87 2.03 5.30 4.32 3.32 1.87

Variance explained (%) 49.82 18.87 13.92 10.55 29.84 19.68 15.95 11.28 29.45 23.99 18.44 10.40

Cumulated variance (%) 49.82 68.70 82.62 93.18 29.84 49.53 65.49 76.77 29.45 53.45 71.89 82.30

Loadings by molecular marker

IgG1 −0.02 0.05 0.59 0.02 0.34 0.18 0.03 0.35 −0.13 0.32 0.02 0.07

IgG2 0.19 −0.20 0.47 0.22 −0.05 0.04 0.04 −0.10 −0.23 0.07 0.38 0.02

IgG3 −0.05 0.74 0.00 0.16 0.33 −0.01 −0.11 0.01 −0.08 0.67 0.02 −0.13

IgG4 0.04 0.14 0.47 −0.26 0.13 0.69 0.08 0.08 0.06 0.20 0.55 −0.04

CD3 0.39 0.00 0.01 0.01 0.13 −0.16 0.02 0.12 0.00 0.02 −0.03 0.67

CD4 0.20 0.04 −0.01 0.04 −0.13 0.16 −0.03 −0.04 −0.03 −0.04 0.01 0.71

CDS 0.11 −0.01 0.12 0.56 0.17 −0.35 0.04 0.09 0.01 −0.01 −0.11 0.00

CD19 0.08 −0.05 0.06 −0.08 −0.13 0.26 −0.08 0.48 0.16 0.50 0.02 0.12

Lym −0.31 0.12 0.19 0.37 −0.07 −0.08 −0.03 0.71 0.59 0.16 0.05 0.09

IL-1 0.29 0.06 0.00 0.05 0.20 −0.03 −0.12 −0.10 0.02 −0.02 0.00 0.01

IL-2 0.40 0.00 −0.01 −0.01 0.25 −0.28 0.22 0.18 0.02 0.11 −0.02 0.04

IL-4 −0.06 −0.04 0.33 −0.51 −0.13 −0.27 0.03 0.12 0.18 −0.02 −0.01 0.01

IL-5 0.17 −0.05 −0.07 0.01 0.08 0.11 −0.03 −0.04 0.50 −0.04 0.02 −0.06

IL-6 0.38 −0.00 0.07 0.09 0.06 −0.12 0.66 0.02 0.09 −0.19 0.58 0.01

IL-8 −0.12 −0.60 −0.01 0.14 −0.09 0.20 0.67 −0.06 −0.04 −0.15 0.45 0.03

IL-10 −0.21 −0.05 0.14 −0.01 0.25 0.01 −0.04 −0.19 −0.05 0.01 −0.03 0.03

TNFα 0.41 0.02 0.00 −0.02 0.48 −0.05 0.04 −0.01 0.48 −0.05 0.01 −0.02

IFNγ 0.09 0.07 −0.11 −0.32 0.49 0.07 −0.05 −0.07 0.10 −0.20 −0.04 −0.07

We show the first four significant components (with a singular value > 1, and a total explained variance > 10% each). The correlation coefficient of the components was significant (bold)

as the varimax rotated loadings increase, from a relatively weak relationship (0.4–0.5) to the middle (0.5–0.7) or strongest (>0.7).
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TABLE 2 | Factor extraction and variance analysis from a four principal factors solution.

Non-transmitter women Transmitter women Congenitally infected newborns

Molecular marker Commonality Unique Molecular marker Commonality Unique Molecular marker Commonality Unique

Factor 1 TNFα 0.17 0.82 TNFα 0.23 0.77 TNFα 0.24 0.76

IL-2 0.16 0.84 IFNγ 0.25 0.75 Lym 0.38 0.62

IL-5 0.25 0.75

Factor 2 IgG3 0.57 0.43 IgG4 0.51 0.49 IgG3 0.48 0.52

IL-8 (–) 0.4 0.6 CD19 0.29 0.71

Factor 3 IgG1 0.36 0.64 IL-6 0.46 0.54 IL-6 0.38 0.62

IgG2 0.34 0.66 IL-8 0.51 0.49 IL-8 0.23 0.77

IgG4 0.31 0.69 IgG4 0.35 0.65

Factor 4 CD8 0.35 0.65 CD19 0.32 0.68 CD3 0.44 0.56

IL-4 (–) 0.37 0.63 Lym 0.51 0.49 CD4 0.5 0.49

Variance analysis by the principal factor method. The total variance associated with each of the original variables is expressed as the portion of the variance in communality with other

markers, explained by a common factor or the portion of unique variance which has nothing in common with any other variable. The unique factor includes the inherent variability for

each variable. (–) negative loading, see Table 1.

with transmitter women (↑TNF-α, ↑Lym, ↑IL-6, and ↑IL-8), and
three with nontransmitter women (↑TNF-α, ↑IgG3, and ↑IgG4)
(Table 1). Finally, ↑TNF-α was shared by all groups and all in
the first component. Then, a varimax rotation of scores analysis
was performed, and we extracted principal common factors
for each group from a four-factor solution. For nontransmitter
women, we found that factor 2 is the central common factor and
includes IgG3 in high commonality with low production of IL-
8. The group of transmitter women is described by the principal
common factor 2, represented by IgG4; common factor 3, with
IL-8 in high commonality with IL-6, and common factor 4, with
Lym in high commonality with CD19.

The congenitally infected newborns are represented by the
principal common factor 4, containing CD4 proliferation in
high commonality with CD3 (Table 2). Because of the few
cases in this group, we could not compare common factors
between subgroups. But, because the immunological response
may be involved in the development of clinical manifestations
in the newborns, we directly compared the immunological
markers segregating our data according to the severity and
dissemination degree. We found that lymphocyte proliferation,
particularly of the CD8+ and CD19+ subpopulations, was higher
and in a significantly larger proportion of the newborns with
moderate/severe disease than in those withmild symptomatology
(Figure 1). Remarkably, the frequency of TNF-α positive cases
was significantly higher in newborns with moderate/severe
clinical outcome than in patients with mild illness (Figure 1);
conversely, the proportion and levels of the immune regulator
cytokines IL-2 and TGF-β were higher in the latter group. No
differences between groups were observed regarding specific
production of the proinflammatory cytokine IFN-γ (data not
shown). We found a pattern of increased TNF-α levels and low
production of IL-2 and TGF-β production in the congenitally
infected newborns, with disseminated toxoplasmosis and an
inverse profile in those with localized lesions (Figure 2). Based on
our results, we summarized the two faces of the immune response
in the inhibition or promotion of congenital transmission and

the clinical outcome of the infected newborn, which is discussed
below (Figure 3).

DISCUSSION

The immune response has been proposed as a critical factor
involved in the control of the parasite T. gondii in individuals
with acquired toxoplasmosis (11, 15–19, 24–26). We previously
reported that T. gondii vertical transmission might be related
to those cases positive to proinflammatory cytokines such as
IFN-γ and negative to the immunoregulatory cytokine TGF-
β (19). Thus, we hypothesized that the immune system profile
could be involved in congenital transmission during pregnancy,
and it could be a determinant for the development of clinical
features in the congenitally infected newborns (11, 19). To study
these phenomena, in the present work we analyzed 18 humoral
and cellular immunological markers in 17 infected pregnant
women at risk of vertical transmission and 11 congenitally
infected newborns, using principal components and a common
factor analysis.

The comparison of the immunological components and
common factors showed that the cytokine TNF-α was the only
marker produced in similar levels by the three groups of this
work, but it was concentrated among children with severe disease
when this group was subclassified. Tumor necrosis factor α

is a proinflammatory cytokine that long ago was reported to
play a significant role in stimulating parasite-destructive effector
mechanisms, in synergy with IFN-γ (27).

Our findings also showed that IL-12 was not detected in
any sample challenged with STAg, an observation that has
been previously reported by others in PBMCs from cases of
ocular toxoplasmosis (28) and healthy donors (29). These reports
contrast those about the murine response, probably due to
essential differences in the initial steps of parasite recognition;
while in mice it is mostly attributed to the innate sensors TLR-
11 and TLR-12, triggering production of high levels of IL-12,
recognition of the parasite by a specific receptor has still not
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FIGURE 1 | Immune response to soluble Toxoplasma gondii antigen (STAg) of congenitally infected newborns according to severity clinical manifestations. The

horizontal line indicates the median; each dot represents the result of one individual. The red dashed lines show the cutoffs. Mild vs. moderate/severe clinical groups

were classified according the criteria previously reported (9). Mann-Whitney U test, *p ≤ 0.05; Fisher exact test, ++++p ≤ 0.0001, +++p ≤ 0.001.

been elucidated in humans, who lack the mentioned receptors
(30). Interestingly, Safronova et al. (29) showed that human
PBMCs infected with T. gondii secrete large amounts of CCL-
2, CCL-22, and IL-8 but not IL-12, remarking the differences
between species, as it has also been reported for the response
to bacterial infections, challenging the usual view about the role
of IL-12 in the human immune response (29, 31). In this work,
nontransmitter women showed an increased IL-2 production.

This cytokine has a protective role in murine toxoplasmosis
models, increasing survival of infected animals and reducing the

number of cysts in the brain, by an increased activity of natural
killer and CD8+ cells (32, 33). Our results remarked the idea of
IL-2 as an important cytokine that participates limiting T. gondii
transmission in the nontransmitter women.

Principal components and common factor analysis also
showed characteristic profiles in the studied groups. These

analyses allowed us to identify nine molecular markers in four
factors, as a non–transmission-related profile, being factor 2
(↑IgG3 and ↓IL-8) the factor with the highest commonality.
Interestingly, IgG3 is induced by a proinflammatory, but
regulated, environment due to the presence of IL-10 and
TGF-β (34, 35). In murine models of acquired toxoplasmosis,
there is evidence suggesting that IgG2b (IgG3 in humans) has
a protective role against the parasite (36), by induction of
complement and phagocytosis, reducing in this way the parasite
burden (37). Regarding IL-8, our results suggest that a low
production of this cytokine is related to protection against
congenital parasite transfer; this is the first report of such
relation, because it was found in the serum of pregnant woman
infected with T. gondii, but it was not studied in relation to
transmission or obstetric problems (38). In this context, different
groups have demonstrated that T. gondii has the potential
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FIGURE 2 | In vitro immune response of congenitally infected newborns

according to disease dissemination. The horizontal line indicates the median;

each dot represents the result of one individual. The red dashed lines show the

cutoffs. Mild vs. moderate/sever clinical groups were classified according the

criteria reported previously (9). Mann-Whitney U test, *p ≤ 0.05; Fisher exact

test, ++++p ≤ 0.0001.

to control the production of several cytokines, including IL-
8 in cells of the maternal–fetal interface, promoting parasite
maintenance and proliferation (39, 40). It is well documented
that T. gondii produces a protein called TgMIF, an analog
to host migration inhibitory factor (MIF); both proteins are
potent proinflammatory inducers, which manipulate the host
immune response in favor of parasite invasion and persistence
(41, 42). It is hypothesized that these molecules stimulate ERK
1/2 phosphorylation (anti-apoptotic pathway), inducing IL-8
production, increasing host cell proliferation and differentiation,
and globally favoring parasite proliferation in cells from the fetal–
maternal interface (41, 42). In concordance with our results,
low IL-8 production was an important marker among the
nontransmitter women, whereas high production of this cytokine
was associated with mother to the fetus parasite transmission
during pregnancy.

Factor 4 in nontransmitter woman was positive to CD8+

lymphocytes proliferation and reduced IL-4 production. Long
ago, the critical function of the CD8+ cytotoxic T cells in the
inhibition of parasite replication by killing infected cells and
promoting tachyzoite to bradyzoite conversion was recognized
(43). The activity of these cells in nontransmitter women
might be involved in limiting tachyzoites stage proliferation and
dissemination through blood, the most crucial parasite stage and
pathway associated to congenital infection (5, 14). The relation of
CD8+ cell proliferation to nontransmission is consistent with the
previous work reported by Prigione et al. (44), who showed that
PBMCs from mothers who did not transfer the infection to their
fetuses induced the proliferation of CD8+ active cytotoxic T cells
after stimulation in vitro with T. gondii antigens. Moreover, T.
gondii–specific CD8+ T cells were described as good producers of
IL-2, the immunological marker in nontransmitter women group
mentioned previously (33).

In the group of transmitter women, we identified the
production of IL-8 in commonality with IL-6, the proliferation

of B cells in commonality to total lymphocytes proliferation,
and the independent effect of the proinflammatory cytokines,
TNF-α and IFN-γ. The control of maternal-fetal transmission
of the parasite remains almost unknown, but there is evidence
suggesting a dual role of proinflammatory cytokines such as
TNF-α and IFN-γ (16). In a murine model, Abou-Bacar et al.
showed that if IFN-γ was completely neutralized the parasite
load augmented in the maternal peripheral blood, but vertical
transmission rate decreased, indicating an enhancing effect of
IFN-γ on congenital transmission (16–18). The mechanism
of this parasite-enhanced passage has been related to IFN-γ
induction of MIF, which in turn induces the expression of
intercellular adhesion molecule 1 (ICAM-1) on the surface of
the villous syncytiotrophoblast. ICAM-1 is known for its capacity
to adhere the parasite MIC2, which favors host cell infection
by the parasite (15, 45, 46). On the other hand, there are
reports showing that T. gondii is more frequently transmitted
during the third trimester of pregnancy (4), and it is known
that the immune profile varies along gestation (47); subsequently,
transmission could be related to the immunological environment
dependent on the gestational time. Nevertheless, the transmitter
group of this study was composed by 50% of women in first
and second trimesters of pregnancy (Supplementary Table 1),
which suggests that other factors of the parasite or the
maternal/fetal hosts could also be involved, but more research
is needed to clarify this question. In summary, the present
work and previous findings are consistent with an enhancing
effect of a proinflammatory but nonregulated profile on vertical
transmission (19).

We found that the response of the congenitally infected
newborns shared some PC with the transmitter women, such
as the production of the proinflammatory cytokines IL-6 and
IL-8, the antibody subclass IgG4, and lymphocyte proliferation.
Thus, it seems that immune response profile is similar among
acutely infected individuals, regardless of age and transmission
pathway. But, the immune response of the newborns with
moderate/severe disease presented an increased proliferation of
the lymphocyte population and specifically of the CD8+ and
CD19+ subtypes, in comparison to those with mild disease,
remarking an active immune response against the parasite that
does not necessarily protect them, but on the contrary, that might
induce clinical problems. Data obtained from animal models
support the notion that several fetal and neonatal pathological
findings in humans can be related to both uncontrolled parasite
replication and tissue necrosis, mediated by a robust T cell
response (48–50). Likewise, Roberts et al. (51) reported an
association between the presence of T cells and increased ocular
damage in retinal lesions from congenitally infected human
fetuses and newborns (51), and more recently, a Brazilian group
demonstrated an increased lymphocyte (CD4+ and CD8+)
proliferation, as well as an increased production of the TNF-α
in congenitally infected newborns, and particularly in those with
early and active ocular lesions (52, 53). Despite the previously
mentioned protective effect of cytotoxic cells, it is known that
this obligate intracellular parasite can use several mechanisms
through which it evades not only cellular immunity, but also
redirects the cell-mediated cytotoxicity to its advantage, favoring
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FIGURE 3 | The immune response in congenital transmission, an immune-regulated maternal response limit Toxoplasma gondii congenital transmission. (a)

Toxoplasma gondii may be recognized by pregnant women innate immune cells, such as dendritic cells (DCs); in turn, they can phagocyte, process parasite

antigens, and produce cytokines and chemokines such as interleukin 12 (IL-12), CCL-2, and CCL-22, which activate naive T cells. (b) Once naive T cells are activated

by the recognition of T. gondii antigens, they produce cytokines such as IL-2, interferon γ, and tumor necrosis factor α. (c) The development of such a proinflammatory

environment stimulates other immune cells such as macrophages, which mediate parasite phagocytosis. (d) Several cytokines stimulate the activation of B cells and

induce immunoglobulin class switch. (e) We suggest that transforming growth factor β (TGF- β) may have a pivotal role in controlling T. gondii vertical transmission,

severity, and dissemination of the congenital infection. (f) A reduced production—or absence—of TGF- β relates to an exacerbated proinflammatory profile, which

may be associated to vertical transmission and the development of severe and disseminated disease in the T. gondii–infected newborns. Created with BioRender.com.

its dissemination (6); they can promote rapid egress of T.
gondii parasites from infected cells and tissue necrosis by a
mechanism dependent on death receptor ligation. The released
parasites are able to infect neighboring tissue cells and recruited
leukocytes (54), spreading infection locally and systemically due
to the ability of the latter to migrate throughout blood and
lymphatic vessels (13, 55) and even accessing immune-privileged
sites such as the brain (56); in this way, the immune cells
may contribute to the development of clinical manifestations in
the newborn.

As mentioned before, cytokines can influence the replication
and survival of the parasite (16–19, 41, 42, 57). It has been
documented in animal models that the infection by T. gondii
may trigger a fatal proinflammatory cytokine storm (45); in
this context, its regulation, importantly mediated by IL-10 and
TGF-β, has been implicated in preventing tissue destruction in

several toxoplasmosis models (58–60). Despite this, the role of
immunomodulatory cytokines such as TGF-β is controversial,
suggesting that it inhibits inflammation, in this way diminishing
tissue damage, but allowing the course of chronic infection (25).
Interestingly, in support to our results, it has been demonstrated
that the lack of expression of IL-2 or TGF-β1 in mice limits
lymphocytes Foxp3 expression in periphery, remarking the
central role of these cytokines in the induction and maintenance
of regulatory T cells (Tregs) (61, 62). We found that higher
production of IL-2 and TGF-β in the congenitally infected
newborns was related to a mild disease outcome, probably by
the induction of Tregs dampening the proinflammatory response
against T. gondii, which as mentioned before may contribute to
tissue damage, but further investigation is required. Likewise, we
recently published data suggesting that TGF-β somehow protects
against vertical transmission (19); thus, while a proinflammatory
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response is needed to respond against the parasite and limit
disease in the mother, it should be finely regulated.

In conclusion, the results of this work suggest that a
nonregulated increased inflammatory response is related to
vertical transmission of T. gondii in humans (19), as well as
to severity and dissemination of the parasite in congenitally
infected newborns.
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