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ABSTRACT Interleukin-27 (IL-27) is a heterodimeric cytokine composed of the subunits
IL-27p28 and EBi3, and while the IL-27 heterodimer influences T cell activities, there is
evidence that IL-27p28 can have EBi3-independent activities; however, their relevance to
infection is unclear. Therefore, the studies presented here compared how IL-27p28 trans-
genics and IL-27p28�/� mice responded to the intracellular parasite Toxoplasma gondii.
While the loss of IL-27p28 and its overexpression both result in increased susceptibility
to T. gondii, the basis for this phenotype reveals distinct roles for IL-27p28. As a compo-
nent of IL-27, IL-27p28 is critical to limit infection-induced T cell-mediated pathology,
whereas the ectopic expression of IL-27p28 reduced the effector T cell population and
had a major inhibitory effect on parasite-specific antibody titers and a failure to control
parasite replication in the central nervous system. Indeed, transfer of immune serum to
infected IL-27p28 transgenics resulted in reduced parasite burden and pathology. Thus,
IL-27p28, independent of its role as a component of IL-27, can act as a negative regula-
tor of humoral and cellular responses during toxoplasmosis.
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Several of the interleukin-6/12 (IL-6/12) family members are important for resistance
to Toxoplasma gondii, and this is illustrated by the critical role of IL-12 in the

development of cell-mediated immunity associated with the production of gamma
interferon (IFN-�) (1–3). IL-6 is also required for long-term control of T. gondii, but its
protective function during toxoplasmosis is uncertain (4–6). IL-27 is a heterodimer
composed of IL-27p28 and Epstein-Barr virus-induced gene 3 (EBi3), which is produced
by monocytes, macrophages, and dendritic cells (DCs) in response to a variety of innate
stimuli (7–9). During infection with T. gondii, IL-27 receptor (IL-27R) deficiency results in
increased T cell responses, and these mice develop severe immune pathology associ-
ated with enhanced production of IFN-� and reduced production of IL-10 (10–12).
These suppressive effects of IL-27 are not restricted to toxoplasmosis, and similar
immune hyperactivity is observed in IL-27R-deficient mice infected with a variety of
other viral, bacterial, and parasitic organisms (11–15) or in IL-27p28�/� or EBi3�/� mice
(16–19).

Consistent with its role as a member of the IL-6/12 family of cytokines, IL-27 signals
through a heterodimeric receptor composed of IL-27R� and the common cytokine
receptor subunit gp130, which is also utilized by IL-6 (8, 20). In original models, it was
proposed that IL-27p28 secretion would be dependent on EBi3 (8), but in mice IL-27p28
secretion is intact in the absence of EBi3 (21–23), which indicates that IL-27p28 has
additional biological activities independent of its role as a component of IL-27. Indeed,
IL-27p28 (which, like IL-6, is a 4 alpha helix bundle cytokine) can act as a low-affinity
antagonist of the gp130 receptor and block the ability of IL-6 and IL-27 to signal (11,
23, 24). Alternatively, others have suggested that IL-27p28 alone or in combination with
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the soluble IL-6R can transduce a signal through gp130, although this activity appears
100- to 1,000-fold less efficient than that of the IL-27 heterodimer (25–27).

One approach to understanding the impact of IL-27p28 in the mouse system has
been through the overexpression of individual subunits of this heterodimer to deter-
mine how they affect different disease states. Under normal circumstances, lympho-
cytes are largely negative for the individual IL-27 subunits, and in transgenic mice the
Lck promoter has been utilized to drive expression of IL-27p28 or EBi3 by T and B cells
(28). While these individual transgenic mice develop normally, the double transgenic
mice lack Treg cells and display a scurfy-like disease associated with the ability of IL-27
to suppress IL-2 production (28, 29). The IL-27p28 transgenics have proven useful to
understanding the impact of IL-27p28 on models of liver fibrosis and in experimental
autoimmune encephalitis (EAE) and experimental autoimmune uveitis (EAU) (30–32).
Additional studies on the IL-27p28 transgenics showed that in response to vaccination
they had a major defect in the ability to form germinal center (GC) reactions and
reduced antibody production (23), but whether infection can overcome this defect is
unknown. Indeed, despite numerous reports that IL-27p28 is elevated during infection
(17, 22, 33, 34), little is known about whether IL-27p28 (independent of its role in IL-27)
impacts the immune response to a pathogen. The studies presented here compared
the outcome of infection of the IL-27p28 transgenics with those of IL-27p28�/� mice,
and while the loss of IL-27p28 results in the development of infection-induced pathol-
ogy, its overexpression results in a modest reduction in the magnitude of the parasite-
specific T cell response. However, the IL-27p28 transgenic mice showed increased
susceptibility to chronic toxoplasmosis most closely associated with decreased GC
formation and parasite-specific antibody titers and a reduced ability to control parasite
replication in the central nervous system (CNS). Thus, IL-27p28, independent of its role
as a component of IL-27, can act as a negative regulator of humoral and cellular
responses during toxoplasmosis.

RESULTS
Differential functions of IL-27p28 during toxoplasmosis. In wild-type (WT) mice,

serum levels of IL-27p28 in uninfected mice are low but were elevated at day 30
postinfection, whereas in naive IL-27p28 transgenics, the constitutive levels of IL-27p28
were 10-fold higher than those of WT mice but were not altered after infection (Fig. 1A).
Given the potential role of IL-27p28 as an antagonist of IL-6 and IL-27 signaling, studies
were performed in which Lck-IL-27p28 and Lck-EBi3 transgenic mice (in which T and B
cells overexpress these subunits) (28) were compared with IL-27p28�/� mice infected
with T. gondii. As expected, WT mice survived infection but the IL-27p28�/� mice were
acutely susceptible (Fig. 1B), associated with enhanced liver pathology and production
of IFN-� (see Fig. S1 in the supplemental material). Comparison of the different
transgenic mouse strains revealed that, like the WT mice, the EBi3 transgenics survived
the acute phase of infection and did not show any overt differences in susceptibility to
the chronic phase of infection. In contrast, the IL-27p28 transgenic mice survived the
acute phase of infection but displayed increased susceptibility to the chronic phase of
this infection (Fig. 1B).

To understand the basis for the increased susceptibility of the IL-27p28 transgenic
mice, studies were performed to assess parasite burden. At day 5 postinfection,
fluorescent T. gondii was used to quantify the numbers of parasites in the circulation
and revealed that the parasitemia in WT and IL-27p28 transgenic mice was comparable
(Fig. S2). The use of cytospins of peritoneal exudate cells at day 10 postinfection
demonstrated that parasites were absent from both sets of mice, indicating control at
the site of infection was intact in the transgenic mice. Similarly, histological analysis of
the lungs and liver at this time point did not reveal any overt differences in the parasite
burden or levels of immune pathology in these experimental groups. By day 30, while
these tissues from WT and transgenic mice had reduced inflammation and few para-
sites (data not shown), the CNS of WT mice was characterized by the presence of
parasite cysts, mild encephalitis, and infiltration of inflammatory cells (Fig. 1D). In
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contrast, the IL-27p28 transgenics had increased levels of parasite DNA in the brain (Fig.
1C) and large numbers of cysts were readily apparent, and there were areas of necrosis
associated with extensive areas of parasite replication (Fig. 1D). The ability of IFN-� to
activate macrophage production of inducible nitric oxide synthase (iNOS) is an impor-
tant effector mechanism required to control T. gondii in the CNS (35), and immuno-
histochemistry for iNOS in the brains of infected WT mice revealed discrete areas of
iNOS staining associated with areas of parasite replication (Fig. 1E). In the IL-27p28
transgenics, prominent iNOS staining was also detected, indicating that this arm of the
effector response was not overtly compromised. Thus, while the IL-27p28-deficient
mice infected with T. gondii die of immune-mediated disease (10, 12, 33), the IL-27p28
transgenics are capable of early control of T. gondii, but susceptibility is associated with
elevated levels of parasite replication in the CNS.

Impact of IL-27p28 overexpression on T cell responses to T. gondii. To deter-
mine the basis of the increased susceptibility of the IL-27p28 transgenic mice, the
ability to produce IL-12 and IFN-� and the quality of the T cell response in WT and
transgenic mice were assessed during the acute (day 10) and chronic (day 30) stage of
this infection. At day 10 postinfection, the WT and IL-27p28 transgenic mice had
comparable circulating levels of IL-12p40 (Fig. 2A). However, while infection resulted in
increased serum levels of IFN-�, across five experiments this was decreased by 20 to
50% in the transgenic mice (Fig. 2B and Fig. S3A). However, at day 10 postinfection,
when splenocytes from infected mice were cultured in the presence and absence of
soluble Toxoplasma antigen (STag), the levels of IFN-� produced by these mice were
comparable (Fig. 2B). Similarly, at this time point the stimulation of splenocytes with
phorbol myristate acetate-ionomycin (PMA-Iono) combined with intracellular staining
for IFN-� revealed the percentage of IFN-�� CD4� and CD8� T cell populations were
increased in response to infection and were comparable in WT and transgenic mice.
Without PMA-Iono, the low basal levels of IFN-� produced by T cells from the spleen or
peritoneal cavity were comparable, and these populations expressed high levels of

FIG 1 Impact of IL-27p28 on T. gondii infection. (A) Systemic level of IL-27p28 in naive and infected (day 30)
C57BL/6 (WT) and IL-27p28 transgenic (p28TG) mice (n � 5 to 10, means � standard errors of the means [SEM]).
(B) Survival of B6 WT controls (n � 8 to 10), IL-27p28�/�(n � 7), Ebi3TG (n � 10), and IL-27p28TG (n � 10) mice
infected intraperitoneally with T. gondii. (C) Parasite burden was measured by qPCR for parasite DNA at day 30 p.i.
using brain tissue from WT and TG mice (n � 12 to 13, from 4 experiments, means � SEM). (D) Immunohisto-
chemistry sections of the brain from WT and TG mice on day 30 p.i. had large regions of high cyst burdens (arrows)
in the brain compared to WT mice. Images are representative of 6 independent experiments. (E) iNOS staining (�)
in brain tissue on day 30 p.i. Magnification, �10. An asterisk indicates significant differences between the indicated
groups (P � 0.05).
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T-bet (Fig. S3B and C). At day 30 postinfection, the levels of secretion of IFN-� by
splenocytes stimulated with STag were similar in WT and IL-27p28 transgenic mice, but
in response to PMA-Iono there was a 15 to 20% reduction in the percentage of CD4�

T cells that produced IFN-�, which was also apparent without stimulation (Fig. 2C and
Fig. S3).

To better understand the impact of IL-27p28 on the T cell response, parasite-
specific class I and II restricted tetramers (36) were combined with expression of
CXCR3 and KLRG1 to characterize the relative proportion of the parasite-specific
Tmem, Tint, or effector T cells (37, 38). In spleens, infection of WT and IL-27p28
transgenic mice resulted in a robust induction of parasite-specific CD4� and CD8�

T cells, although the transgenic mice had a reduced total population of these CD4�

T cells (Fig. 2D). The most prominent difference with the CD4� and CD8� T cells
from IL-27p28 transgenic mice was an increased percentage of the Tmem (CXCR3�

KLRG1�) population and a reduction in the CXCR3� KLRG1� effector CD4� and
CD8� T cells (Fig. 2E). However, when T cells from the brains of day 30 infected WT
and IL-27p28 transgenics were assessed, there were no obvious differences in the
phenotype of parasite-specific T cells based on expression of CXCR3 and KLRG1 (Fig.
3A and B), and the majority of the cells produced IFN-� when stimulated with
PMA-Iono and expressed high levels of T-bet (Fig. 3C). While these cells also could
produce low levels of IL-10 and IL-17A (Fig. 3D), these responses were comparable
in WT and IL-27p28 transgenic mice. Together, these results indicate that the
expression of the IL-27p28 transgene does result in an alteration in the T cell
response, but the ability to produce IFN-� appeared largely intact and did not
reduce the magnitude of the parasite-specific effector T cells present in the CNS.

Transgenic expression of IL-27p28 impacts humoral responses to T. gondii. In
murine models, antibodies have an important role in resistance to T. gondii (39, 40), and
while overexpression of IL-27p28 antagonizes antibody production during vaccination
with a T cell-dependent antigen (23), it was unclear if infection would overcome this

FIG 2 Impact of IL-27p28 on T cell and effector cytokine response in toxoplasmosis. (A) Serum IL-12p40 was measured by ELISA at day
10 p.i. (B) Relative IFN-� levels in IL-27p28 transgenic mice were calculated by WT level (day 10, 1 to 	10 ng/ml; day 30, 	1 ng/ml).
(Left) ELISA in serum was performed with means from 3 to 5 experiments. (Right) IFN-� concentration was examined in culture
supernatants of splenocytes stimulated with STag for 72 h. (C) IFN-�� frequency detected by intracellular staining of CD4� and CD8�

T cells of splenocytes stimulated with PMA-ionomycin. (D) Use of tetramers to detect T. gondii-specific CD4� and CD8� T cells in the
spleens of infected WT and IL-27p28 transgenic mice. (E) Expression of CXCR3 and KLRG1 by tetramer� CD4� and CD8� T cells and
the relative percentage of the CXCR3� KLRG1� subset are provided for the indicated groups. Representative and combined data
collected (means � SEM, n � 7 to 9) from 2 to 3 independent experiments are shown. An asterisk indicates significant differences
between the indicated groups (P � 0.05).
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defect. To assess the impact of IL-27p28 on the humoral response to T. gondii, an
analysis of infection-induced Tfh cells (CXCR5� PD1�) and germinal center B cells
(PNA� CD95�) was performed. By day 30 postinfection in the spleen, WT mice had a
marked expansion of CXCR5� PD1� Tfh cells and an increased population of PNA�

CD95� germinal center B cells (Fig. 4A and B). In naive IL-27p28 transgenic mice, there
was a preexisting high basal level of CD4� T cells that were CXCR5� PD1�, but after
infection this number did not significantly increase (Fig. 4A). Infection of WT mice
resulted in an expansion of the PNA� CD95� germinal center B cells, whereas in the
IL-27p28 transgenic mice there was a marked defect in the germinal center B cells at
the chronic phase of infection. Consistent with this observation, in WT mice levels of
total IgG, IgM, and IgA were increased 4- to 5-fold by infection and remained high
during chronic infection. In the IL-27p28 mice these circulating antibodies were 50%
lower before infection, and the levels were decreased 	3-fold in response to infection
(Table S1). Further analysis showed that WT mice generated high titers of toxoplasma-
specific IgM and IgG2c, whereas in the IL-27p28 transgenic mice these levels were
markedly reduced (Fig. 4C).

To determine if the reduced titers of parasite-specific antibodies in the IL-27p28
transgenic mice contributed to the increased parasite burden in the CNS, serum from
uninfected or chronically infected WT mice was transferred into IL-27p28 transgenic
mice starting at day 10 postinfection and every 4 days until day 26. Immunohistochem-
istry for immunoglobulins did allow the detection of IgG-positive cells in the brains of
infected WT mice but was not able to detect extracellular IgG in the infected IL-27p28
transgenics (data not shown). However, the transfer of serum from infected mice led to
a marked increase in the levels of parasite-specific IgG in blood (Fig. 5A) but did not
change the phenotype or the number of the Toxoplasma-specific T cells, the Tfh

FIG 3 Effect of IL-27p28 overexpression on T cell responses in the brain during toxoplasmic encephalitis. (A) Expression of CXCR3 and KLRG1 by LFA1hi CD4�

and CD8� T cells in brains and the relative percentages of the CXCR3� KLRG1� subset are compared between WT and IL-27p28 mice. (B) Class II and class I
tetramers to detect T. gondii-specific CD4� and CD8� T cells in the brains of infected WT and IL-27p28 transgenic mice. (C and D) Expression of IFN-� and T-bet
in LFA1hi CD4� and CD8� T cells (C) and their production of IL-10 and IL-17A (D). Representative flow plots are shown, while histograms represent the means
(�SEM; n � 6 to 8) from 2 independent experiments.

IL-27p28 and Toxoplasma Infection and Immunity

December 2019 Volume 87 Issue 12 e00455-19 iai.asm.org 5

https://iai.asm.org


populations, or the GC B cells (data not shown). Analysis of the pathology revealed that
in the IL-27p28 transgenic mice that received the naive serum, the brains were
characterized by large numbers of tissue cysts and extensive areas of parasite replica-
tion. In the mice that received immune serum, numbers of cysts and the area affected
by replicating parasite were markedly reduced and the areas of extensive necrosis were
absent (Fig. 5B to D). Together, these results demonstrate that during toxoplasmosis,
although the IL-27p28 transgenic mice can generate parasite-specific CD4� T cell
responses that are typically required for IgM and IgG production (41), they have a major
defect in the ability to produce pathogen-specific antibodies associated with a reduced
ability to control T. gondii in the CNS.

DISCUSSION

Although IL-6 and IL-27 both utilize the gp130 receptor, these cytokines have
distinct roles in resistance to T. gondii, and given the reported ability of IL-27p28 to
antagonize their ability to signal through gp130, it was unclear whether overexpression
of IL-27p28 during infection would impact either of these pathways. The studies
presented here show that overexpression of IL-27p28 results in increased susceptibility
to T. gondii and a major defect in the production of parasite-specific IgM and IgG titers
that correlated with increased parasite burden in the CNS. The development of anti-

FIG 4 IL-27p28TG mice have defective humoral responses following infection. (A and B) Kinetics of Tfh
cells (PD1�, CXCR5�) (A) and GC B cells (PNA� FAS� cells) (B) are shown in WT and IL-27p28 transgenic
mice after T. gondii infection. (C) Serum titers of parasite-specific IgM and IgG2c measured by ELISA after
infection. Representative and combined data collected (n � 5 to 10, means � SEM) from 2 to 3
independent experiments are shown. O.D., optical density. An asterisk indicates significant differences
between the indicated groups (P � 0.05).
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body responses during toxoplasmosis is an important process that is required for
long-term resistance to this infection. Thus, the initial IgM response contributes to the
restriction of parasite dissemination (42), while the maintenance of high titers of CD4�

T cell-dependent class-switched IgG is a hallmark of this persistent infection (41, 43–45).
Furthermore, the B cell response is vital to protect the host from the CNS phase of
infection (39, 40), but whether there is also a role for parasite-specific class-switched IgG
that is produced locally within the CNS is unclear. The ability of immune serum to
promote parasite control in these mice supports the idea that the reduced antibody
responses in the IL-27p28 transgenic mice contribute to their increased susceptibility to
toxoplasmic encephalitis. Given reports that IL-27p28 can antagonize gp130-mediated
signaling, this phenotype is consistent with the observation that IL-6 is required to
promote humoral responses required for control of T. gondii (46; J. S. Silver and C. A.
Hunter, unpublished observations). Indeed, in other infectious systems IL-6 is promi-
nently linked to the promotion of Tfh and B cell responses (47–49). Interestingly, the
IL-27p28 transgenic mice had a high basal level of CD4� T cells that express markers
associated with Tfh cells, and the observation that this population did not expand
during infection suggests that high basal levels of IL-27p28 interfere with Tfh homeo-
stasis and thereby limit the ability to generate parasite-specific IgM and IgG titers.

FIG 5 T. gondii-specific antibodies promote parasite control in infected IL-27p28 transgenic mice.
IL-27p28 transgenic mice were treated with serum from uninfected or chronically infected WT mice
starting at day 10 postinfection every 4 days. (A) Serum titers of parasite-specific IgM and IgG2c
measured by ELISA. (B) H&E sections to examine histology and cyst burden (‹) of brains in the indicated
groups at 36 days postinfection. (C) Immunohistochemistry for T. gondii. (D) The quantification and
integration of the area of parasitic replication and cyst number in the brain are described in Materials and
Methods. The data presented are collated (means � SEM, n � 7 to 8) from 2 independent experiments.
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There are multiple examples in diverse experimental settings that highlight the
impact of signaling through gp130 on the magnitude of the T cell response that can be
attributed to the effects of IL-6 or IL-27 (5, 23, 50–52). The lack of overt immune
pathology observed in the IL-27p28 transgenic mice suggests that the ability of IL-27
to limit the inflammatory response is still operational despite the high levels of
IL-27p28. However, while the IL-27p28 transgenics could generate significant numbers
of parasite-specific CD4� and CD8� T cells, which appeared normal in the CNS, there
was a reduced fraction of splenic parasite-specific effectors (CXCR3� KLRG1�), which
suggests that IL-27p28 antagonizes the development of this effector population. There
are systems where IL-27 has an important function in CD8� T cell expansion (51, 53–55),
and in mixed chimera settings during toxoplasmosis, those T cells that lack IL-27R� are
at a competitive disadvantage (56). Thus, while the alterations in parasite load and
absence of antibody responses may have secondary impacts on the magnitude of the
T cell response, the observation that IL-27p28 can antagonize the effects of IL-27 (23,
24, 31) may contribute to these altered T cell responses. However, it should be noted
that reductions of this magnitude to the T cell response typically result in decreased
pathology and increased resistance to toxoplasmic encephalitis (57, 58).

Recent reports have compared the secretion of IL-27p28 and EBi3 in murine systems
and shown that IL-27p28 can be secreted as a monomer independently of EBi3, but
EBi3 requires a partner for secretion (27; Matthias Feige, personal communication). This
observation highlights that there is a major knowledge gap in how to interpret the
relative ratio of IL-27p28 to the IL-27p28-EBi3 heterodimer during infection or inflam-
mation and whether secreted IL-27p28 can partner with other cytokine receptor
subunits or the high levels of soluble gp130, siIL-6R�, and IL-27R� present in the
circulation and tissues (25, 51, 59, 60). Nevertheless, the finding that the overexpression
of IL-27p28 is associated with reduced B cell responses during this infection is in
accordance with the literature, which has implicated IL-27p28 alone as an antagonist of
immune responses in the setting of vaccination (23), liver damage (61), fibrosis (32),
sepsis (62), antitumor responses and graft rejection (24), EAU (30), and EAE (31).
Regardless of whether IL-27p28 is a naturally occurring low-affinity antagonist of
signaling through the gp130 receptor or secreted IL-27p28 can propagate low-level
signals alone or in combination with other cytokine or cytokine receptor subunits (63),
the data presented here support the idea that IL-27p28 can act as a prominent negative
regulator of B cell responses in the setting of infection.

MATERIALS AND METHODS
Mice. Female and male C57BL/6 mice were purchased (	6 weeks old) from Taconic Biosciences and

the Jackson Laboratory. The generation of IL-27p28 and EBi3-transgenic mice has been described
previously (28), and IL-27p28�/� mice were generated by Lexicon Pharmaceuticals, Inc., and provided by
Janssen. Mice were housed and bred in specific-pathogen-free (SPF) facilities in the Department of
Pathobiology at the University of Pennsylvania in accordance with institutional guidelines. Cysts of the
Me49 strain of T. gondii were collected from chronically infected CBA/ca mouse brain tissues. Host mice
then were infected intraperitoneally (i.p.) with 20 cysts.

Cell staining and flow cytometry. Cells from the indicated organs were prepared as described
previously (37, 64) and were stained with LIVE/DEAD fixable aqua dead cell stain (L3457; Thermo Fisher)
and antibodies specific for CD4 (GK1.5; 100447; BioLegend), CD8 (53-6.7; 562283; BD Biosciences), LFA1
(H155-78; 141008; BioLegend), KLRG1 (2F1; 11-583-82; eBiosciences), CXCR3 (CXCR3-173; 126516; Bio-
Legend), CXCR5 (2G8; 551960; BD Biosciences), PNA (FL-1071; Vector Laboratories), CD95 (Jo2; 554258;
BD Biosciences), PD-1 (29F.1A12; 135220; BioLegend), T-bet (4B10; 644810; BioLegend), IL-10 (JES5-16E3;
505022; BioLegend), IL-17A (TC11-18H10.1; 506904; BioLegend), and IFN-� (XMG1.2; 505826; BioLegend).
Major histocompatibility complex (MHC) class I (MHC I)-SVLAFRRL and MHC class II (MHC II)-
AVEIHRPVPGTAPPSFSS tetramers were obtained as a gift from the National Institutes of Health Tetramer
Core Facility.

ELISA for cytokine and immunoglobulins. IL-27p28 was detected using the mouse IL-27p28/IL-30
Quantikine enzyme-linked immunosorbent assay (ELISA) kit (M2728; R&D Systems) according to the
manufacturer’s protocol. For IFN-� and IL-12p40 measurement, splenocytes (3 � 105 cells/well) were
cultured for 72 h with soluble Toxoplasma antigen (STag; 12.5 ng/ml). Serum and supernatant from
STag-stimulated splenocytes were collected, and capturing antibody (AN18 and C17.8) and biotinylated
antibody (R4-6A2 and C15.6) of IFN-� and IL-12p40 were used. Total serum IgG, IgA, or IgM was captured
using unconjugated anti-mouse Ig (H�L; Southern Biotech) and detected using horseradish peroxidase
(HRP)-conjugated goat anti-mouse IgA, IgG, or IgM (Southern Biotech), followed by TMB substrate
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treatment (BD Biosciences). For detection of parasite-specific antibodies, plates were coated with STag
(12.5 ng/ml) and then blocked with 10% fetal bovine serum, and serially diluted serum was incubated
overnight. IgM (SB73a) and IgG2c (polyclonal) then were detected using streptavidin-conjugated anti-
bodies (Southern Biotech).

Reconstitution of parasite-specific antibodies. Previous studies have established that the transfer
of Toxoplasma-specific antibodies to uMT mice restores resistance to this infection (39, 65), and we have
found that serum from infected uMT mice does not provide protection to B cell-deficient mice (Silver and
Hunter, unpublished). Therefore, serum from naive mice or serum from WT mice chronically infected with
the Me49 strain of T. gondii (6 to 8 weeks) was collected, and 0.2 ml of serum per mouse was transferred
to IL-27p28 transgenic hosts at 10, 14, 18, 22, and 26 days postinfection.

Parasite quantification. Brain and liver tissues (	200 mg) were collected, and genomic DNA was
isolated using DNeasy Blood & Tissue kits (Qiagen) according to the manufacturer’s manual. For
measurement of parasite burden, the 35-fold repetitive T. gondii B1 gene (forward primer, 5=-TCCCCTC
TGCTGGCGAAAAGT-3=; reverse primer, 5=-AGCGTTCGTGGTCAACTATCGATTG-3=) was amplified by real-
time PCR with SYBR green PCR master mix (Applied Biosystems, Foster City, CA) in an AB7500 fast
real-time PCR machine (Applied Biosystems, Foster City, CA) using previously published conditions (66).
For the quantification of cyst number and area affected by parasitic replication, brain sections (7 �m)
were scanned and analyzed by Aperio ImageScope (Leica). For cytospin count, single cells from the
peritoneal cavity (1 � 105 cells/slide) were spun at 500 rpm for 5 min on glass slides. Cells were stained
with Hemacolor Rapid Staining (Merck) and mounted with CytoSeal (Edmund Scientifics). Parasite
dissemination in circulation was quantified with flow cytometry as previously reported (42). At day 5
postinfection, whole blood was drawn using a 22-gauge needle from vena cava and collected in 3.8%
sodium citrate buffer. Free parasite was identified by size, and the expression of tdTomato and absolute
numbers were calculated from the ratio to freshly isolated tachyzoites from cell culture.

Histology and immunohistochemistry. Brain tissues were fixed in 10% buffered formalin, and 7-�m
paraffin sections were prepared. Sections were stained with hematoxylin and eosin (H&E) or anti-iNOS
(10 �g/ml) antibody (ab15323; Abcam). A biotinylated goat anti-rabbit antibody was used to visualize the
iNOS expression, followed by Vectastain ABC reagent (Vector Laboratories, Burlingame, CA). As an HRP
substrate that created a brown precipitate, DAB was added and then slides were counterstained by
hematoxylin. Sections were mounted with Biomedia gel/mount (Electron Microscopy Sciences) and were
visualized on an LSM-510 Meta confocal microscope (Zeiss).

Statistics. An unpaired Student’s t test, nonparametric Mann-Whitney U test, and log-rank test were
used to determine the significance of differences; P values of less than 0.05 were considered significant.
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