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Abstract

Innate recognition of invading intracellular pathogens is essential for regulating robust and
rapid CD4+ T cell effector function, which is critical for host-mediated immunity. The intracel-
lular apicomplexan parasite, Toxoplasma gondii, is capable of infecting almost any nucle-
ated cell of warm-blooded animals, including humans, and establishing tissue cysts that
persist throughout the lifetime of the host. Recognition of T. gondiiby TLRs is essential for
robust IL-12 and IFN-y production, two major cytokines involved in host resistance to the
parasite. In the murine model of infection, robust IL-12 and IFN-y production have been
largely attributed to T. gondii profilin recognition by the TLR11 and TLR12 heterodimer com-
plex, resulting in Myd88-dependent IL-12 production. However, TLR11 or TLR12 deficiency
failed to recapitulate the acute susceptibility to T. gondiiinfection seen in Myd88” mice. T.
gondiitriggers inflammasome activation in a caspase-1-dependent manner resulting in cyto-
kine release; however, it remains undetermined if parasite-mediated inflammasome activa-
tion impacts IFN-y production and host resistance to the parasite. Using mice which lack
different inflammasome components, we observed that the inflammasome played a limited
role in host resistance when TLR11 remained functional. Strikingly, in the absence of
TLR11, caspase-1 and -11 played a significant role for robust CD4+ Ty1-derived IFN-y
responses and host survival. Moreover, we demonstrated that in the absence of TLR11, pro-
duction of the caspase-1-dependent cytokine IL-18 was sufficient and necessary for CD4+
T cell-derived IFN-y responses. Mechanistically, we established that T. gondii-mediated
activation of the inflammasome and IL-18 were critical to maintain robust CD4+ T1 IFN-y
responses during parasite infection in the absence of TLR11.

Author summary

It is currently estimated that one third of the world’s population is seropositive for the
parasite Toxoplasma gondii and this parasite can lead to serious illness and death in
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immunocompromised patients, and is one of the leading causes of foodborne-related
deaths in the United States. Host immunity against the parasite has largely been attrib-
uted to recognition of the parasite-derived protein, profilin, by the innate Toll-like
receptors (TLRs), TLR11 and TLR12. T. gondii also triggers inflammasome activation
in a caspase-1-dependent manner resulting in cytokine release. However, how these
innate recognition systems regulate Tyy1 immunity and host resistance remains largely
unknown. Therefore, using genetically modified mice, we investigated TLR11-depen-
dent and -independent host immunity against the parasite. Our research establishes
that in the absence of TLR11, inflammasome activation and subsequent production of
the inflammasome-dependent molecule, IL-18 are critical for host immunity to the par-
asite. These data provide novel mechanistic insight into how TLR and inflammasomes
cooperate in regulation of Tyl immunity and host protection.

Introduction

Toxoplasma gondii is an obligate intracellular apicomplexan parasite capable of infecting most
nucleated cells of warm-blooded animals, including humans, resulting in persistent cysts resid-
ing within the skeletal muscle, cardiac tissue, and brain [1-3]. Notably, in the United States
toxoplasmosis is a leading cause of foodborne-related deaths [4, 5]. A detailed understanding
of the cellular and molecular mechanisms responsible for host resistance against T. gondii has
been well-established in murine infection models [6]. Parasite recognition by TLRs is critical
for IL-12 production by dendritic cells (DCs), which is critical for a rapid and robust CD4+ T
helper 1 (Ty1) response leading to production of IFN-y [7-10].

During T. gondii infection both IL-12 and IFN-y cytokines are essential for host resistance
to T. gondii. The cytokine IFN-v is critical for macrophage activation and induction of IFN-vy-
inducible genes including p47 immunity related GTPases (IRGs) and p65 guanylate-binding
proteins (GBPs), which are required for intracellular parasite clearance [11-15]. Robust IL-12
production during mouse infection is largely attributed to direct recognition of T. gondii profi-
lin by TLR11 which forms a heterodimer complex with TLR12 and leads to the activation of
Myd88-dependent signaling pathways [16-21]. Unlike in mice, humans lack both these innate
parasite ligand receptors; however, in most cases, humans that become infected with T. gondii
are relatively resistant to this pathogen, unless patients become immunocompromised in
CD4+ T cell effector functions [22, 23]. At present, TLR11-independent mechanisms of T. gon-
dii recognition required for establishing T cell immunity are largely unknown; however, sev-
eral recent studies including our own have suggested that CCL2-mediated recruitment of
monocytes and the inflammasome-dependent release of mature IL-1f and IL-18 represent the
initial steps in driving a TLR11-independent protective immunity to the parasite [24-28].

Activation of inflammasome sensors results in recruitment of the adaptor molecule apopto-
sis-associated speck-like protein containing a CARD (ASC) that is essential for activating cas-
pase-1 and for processing IL-1B and IL-18 into biologically active forms [29-31]. Data from
several groups have identified that both the NLRP1 and NLRP3 inflammasomes play a role in
caspase-1-dependent release of IL-1P in response to T. gondii invasion in vitro [26, 28, 32].
Additional studies have shown that NLRP3, ASC, and IL-18 play a role in host resistance
against T. gondii in vivo [32]; however, the precise T. gondii-derived stimuli that can initiate
inflammasome activation remain undetermined.

In this report, we set out to determine the mechanisms of TLR11-dependent and indepen-
dent regulation of CD4+ Ty response during T. gondii infection. Our data revealed that mice
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with individual deficiencies in TLR11, NLRP3, ASC, or caspase-1 and -11 (Casp1/11) did not
increase host mortality and had a minimal impact on CD4+ T cell-derived IFN-y production.
Strikingly, combined deficiency in TLR11 and Casp1/11 resulted in rapid susceptibility to par-
asitic infection caused by impaired T cell-derived IFN-y responses during infection.
Mechanistically, we revealed that that in the absence of TLR11, inflammasome activation
and IL-18-mediate CD4+ Ty1-derived IFN-y responses to T. gondii. Correspondingly, in the
absence of Casp1/11, TLR11-dependent IL-12 production is sufficient to generate robust Ty1
responses in vivo. These results provided an explanation for the high susceptibility of Myd88-
deficient mice, which is not observed in T. gondii infected TLR11- or Casp1/11-deficient mice.
TLR11-dependent activation of Myd88 was sufficient for establishing Ti;1 immunity to the
parasite due to large amounts of IL-12 necessary for Ty1 polarization without inflammasome-
dependent release of IL-18. Similarly, IL-18 and possibly other Casp1/11-dependent mediators
were capable of driving Tyy1 immunity and provided a partial protection against the parasite.

Results
Inflammasome plays a limited role for host resistance against T. gondii

Inflammasome activation plays a major role in host defense against intracellular pathogens,
including T. gondii, in part via inflammasome-dependent release of IL-1pB and IL-18 [26, 32,
33]. Despite recent reports establishing that parasite infected cells can lead to the rapid activa-
tion of both the NLRP1 and NLRP3 inflammasomes [26, 28, 32, 34, 35], the precise molecular
and cellular events responsible for this activation in vivo remains undefined.

To examine the role of the inflammasome in controlling host resistance to T. gondii in vivo,
we assessed the susceptibility of mice lacking NLRP3 (NIrp3™), ASC (Asc”"), or Casp1/11°™".
We observed that upon intraperitoneal (i.p.) infection with cysts of the ME49 strain of T. gon-
dii, mice deficient in the examined inflammasome components were relatively resistant to the
acute stage of the infection (Fig 1A). Moreover, analysis of parasite burden on day 30 post-
infection revealed that the examined inflammasome activation was not essential for the control
of T. gondii during the persistent chronic stage of infection, as measured by cyst burden in the
brains of infected mice (S1A Fig).

Inflammasomes play an important role during the initial encounter between host cells and
invading pathogens; therefore, we examined if the inflammasome was required for local para-
site restriction at the site of infection. Our results revealed that while NLRP3-deficiency had
no effects on the parasite burden, mice lacking either ASC or Casp1/11 exhibited elevated local
parasite loads compared to WT and Nlrp3” mice (Fig 1B). As a consequence, the absence of
ASC or Caspl/11, but not NLRP3, also resulted in elevated T. gondii dissemination during the
acute stage of infection, as indicated by an increased pathogen burden in the liver and spleen
of the infected mice (Fig 1B). These data revealed that, while the examined inflammasome
components played a limited role in host survival during the acute stage of infection, both
ASC and Casp1/11 participated in restriction of T. gondii tachyzoites during the acute stage of
the infection. Nevertheless, the control of the parasite burden during the chronic stage of the
infection in the brain did not require NLRP3, ASC, or Casp1/11.

ASC, caspases-1 and -11 play a limited role for IFN-y induction during T.
gondii infection
The cytokine IFN-v is essential for parasite clearance and host resistance [8], yet whether the

inflammasome contributes to an IFN-y response during parasite infection remains unclear.
We first examined if IL-12, a key innate cytokine that drives IFN-y production in NK, ILC1,
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Fig 1. The inflammasome plays a limited role in host resistance against T. gondii. (A) Survival of WT, Nlrp3”", Asc”", and Casp1/
117" mice that were i.p. infected with 20 cysts of the ME49 strain of T. gondii. (B) Analysis of T. gondii parasite loads by gPCR in WT
and inflammasome-deficient mice from PECs, livers, and spleens on day 8 of infection. Results are representative of three-independent
experiments involving at least 3 mice per group. Statistical analyses of survival curve was done using Log-Rank (Mantel Cox) Test. All

other statistical analyses were performed using one-way ANOVA with a Tukey’s multiple comparison test, *P<0.05, **P<0.01,
***P<0.001. Error bars, standard error mean.

https://doi.org/10.1371/journal.ppat.1007872.9001

and Tyl cells, was augmented by the inflammasome components NLRP3, ASC, or Casp1/11
in T. gondii-infected mice. We observed that deficiency in NLRP3, ASC, or Casp1/11 resulted
in partially reduced circulating levels of IL-12 in the infected mice (S1B Fig). Similarly, T. gon-
dii infected Nlrp3™, Asc”", and Casp1/11”" mice demonstrated modest reductions of IFN-y
within the sera on day 8 post-infection (S1C Fig). In agreement with the ELISA data, IFN-y
transcripts in the spleen were reduced in the absence of ASC and Casp1/11, further confirming
a role for these inflammasome components in the regulation of immunity to T. gondii (S1D
Fig). Next, we examined if local IFN-y induction was also compromised. Unexpectedly, IFN-y
transcript levels locally at the site of infection in the peritoneum were not reduced in any of the
infected inflammasome-deficient mice, and the elevated IEN-y transcript levels in Asc”” mice
was most likely caused by the increased pathogen burdens observed in those animals (S1D Fig
and Fig 1B).

The cytokine IFN-y plays a critical role in host defense by initiating a series of genes essen-
tial for parasite elimination and cell recruitment. Therefore, we examined if the absence of the
inflammasome disrupted IFN-y-mediated gene expression during T. gondii infection. In
agreement with the largely unimpaired IFN-y production at the site of infection, we observed
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robust induction of IFN-y-inducible genes in both WT and inflammasome-deficient mice
(SIE Fig). Similarly, lower levels of splenic IFN-y transcripts in the absence of the inflamma-
some resulted in a reduction of splenic Irgm3 and Cxcl10 transcripts (S1F Fig). Thus, our data
revealed a partial and limited role for ASC and Casp1/11 in the regulation of systemic IFN-y
responses during T. gondii infection. Unexpectedly, the examined inflammasome components
were dispensable for the regulation of IFN-y production and the expression of IFN-y-induced
genes at the site of infection.

The inflammasome plays a limited role in parasite-mediated CD4
+ Ty1-derived IFN-y responses

A potent Ty response is a hallmark of T. gondii infection. It has been previously established
that TLR-dependent production of IL-12 plays a major role in Ty1 polarization, whereas IL-18
and IL-1 are able to enhance the robust IFN-y production by CD4+ T cells [36-38]. However,
it remains undetermined how the inflammasome impacts parasite-mediated Ty1 effector
function. Therefore, we assessed the contribution of the inflammasome in mediating the CD4
+ Tyl response during T. gondii infection. We observed no reduction in the frequency or
absolute cell numbers of peritoneal CD4+IFN-y+ T cells in the absence of NLRP3, ASC, or
Casp1/11 by day 8 post-infection (Fig 2A-2C). However, Asc and Caspl1/11 deficiency resulted
in a reduction in the amount of IFN-y produced by peritoneal CD4+ Ty1 cells (Fig 2D). Simi-
larly, we established that the examined inflammasome components NLRP3, ASC, and Casp1/
11 played no discernible role in the induction of the systemic Ty1 response analyzed in spleens
of the infected mice (Fig 2E-2H); however, deficiency in NLRP3 resulted in exacerbated fre-
quency and total cell numbers of splenic CD4+IFN-y+ T cells, and the amounts of IFN-y pro-
duced by splenic CD4+ Th1s as measured by intracellular staining for this cytokine compared
to Asc’” and Caspl/l]’/’ mice (Fig 2F-2H).

In addition to CD4+ T cells, several other cell types contribute to IFN-y production in
response to T. gondii infection, including CD8+ T cells, NK cells, and neutrophils. Our data
reveals that the examined inflammasome components played no significant role in the regula-
tion of IFN-y responses by CD8+ T cells, NK1.1+ NK cells, or Ly6G+ neutrophils locally or in
the spleen of the infected mice compared to WT controls (S2 Fig).

TLR11-independent host resistance against T. gondii requires
inflammasome activation

Direct innate recognition of T. gondii profilin by the TLR11/12 heterodimer complex, regu-
lates a major Myd88-dependent mechanism of IL-12 mediated immunity against T. gondii [6].
Therefore, we hypothesized that an intact TLR11 signaling pathway masks a role for inflamma-
somes in regulating Ty 1 immunity towards T. gondii and host resistance to the parasite due to
its dominant effect on the activation of innate immune cells [39]. To test this hypothesis, we
examined a role for Casp1/11 in the absence of TLR11. Our results revealed that while neither
TLR11 nor Caspl/11 alone were absolutely essential for host survival during acute toxoplas-
mosis, a combined deficiency in TLR11 and Casp1/11 (TLR11xCasp1/117") resulted in rapid
acute mortality, comparable to that seen in Myd88™™ mice (Fig 3A). Analysis of the parasite
burden revealed that while TLR11 was the primary mediator of parasite control at the site of
infection, Casp1/11 plays an important role in cooperation with TLR11 in providing systemic
Myd88-dependent immunity towards this intracellular pathogen (Fig 3B).

The rapid susceptibility of TLRI1xCasp1/11”" mice suggests that Casp1/11 is required for
strong induction of IFN-y in the absence of TLR11 during parasite infection. This was evident
from the analysis of IFN-y expression in peritoneal cavity and spleen of the infected
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Fig 2. The inflammasome has a limited role in stimulating T. gondii-mediated CD4+ Ty1 derived IFN-y responses. (A, E) WT, Nlrp3™", Asc”", and
Casp1/11"" mice were i.p. infected with 20 cysts of T. gondii. PECs (A) and spleens (E) were harvested and IFN-y production by CD4+ T cells was
analyzed by flow cytometry. (B, C, F, G) Average frequencies (B, F) and absolute quantification (C, G) of CD4+IFN-y+ cells in the PECs and spleens
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were analyzed on day 8 following infection. (D, H) Mean fluorescent intensity (MFI) of CD4+ T cell IFN-y in the PECs (D) and spleens (H) was
analyzed on day 8 post-infection. Results are representative of three-independent experiments involving at least 3 mice per group. Statistical analyses
were done using one-way ANOVA with a Tukey’s multiple comparison test, *P<0.05, **P<0.01. Error bars, standard error mean.

https://doi.org/10.1371/journal.ppat.1007872.9002

TLR11xCasp1/11”" mice (Fig 3C). While both TLR11 and Casp1/11 cooperate in host resis-
tance to T. gondii, these signaling pathways play distinct roles in programming host defense.
We observed that TLR11, but not Casp1/11 played a role in the regulation of systemic IL-12
responses. This was evident from the analysis of IL-12/23p40 detected in the sera of infected
TLR11"" and TLR11xCasp1/11”" mice (Fig 3D). Consistent with a role for Casp1/11 in the reg-
ulation of the circulating IFN-vy, we also observed a significant reduction in serum IFN-v levels
detected in TLR11xCasp1/11"" mice compared to TLR11-deficienct animals (Fig 3D). These
data strongly suggest that in the absence of TLR11, the Caspl/11-dependent inflammasome
pathway significantly contributes to controlling T. gondii and systemic IFN-y production dur-
ing infection.

We then examined if the Casp1/11-dependent cytokines, IL-18 and IL-1B, were playing a
compensatory role in the absence of TLR11-mediated IL-12 during T. gondii infection. We
observed on day 5 of parasite infection circulating IL-18 was significantly elevated in TLR11""
mice compared to both WT and TLR1IxCasp1/11"" mice (S3A Fig). Moreover, TLR11"" mice
sustained these elevated levels of IL-18 compared to TLR1IxCasp1/11”" mice by day 8 post-
infection (S3A Fig). Contrariwise, we were unable to detect any circulating IL-1 on days 5
and 8 of T. gondii infection in WT, TLR11"", TLR11xCasp1/11”" mice (S3B Fig). Overall, our
results revealed a pivotal role for Casp1/11 in controlling T. gondii and systemic IFN-y produc-
tion in the absence of TLR11.

TLR11 and the inflammasome are essential for a robust parasite-mediated
CD4+ Tyl derived IFN-y response

Among the several classes of innate immune receptors, TLRs are known to play a central role
in the regulation of Ty1 effector choices. At the same time, both IL-1 and IL-18 are known to
be required for the sustained IFN-y production by CD4+ T cells and the combined deficiency
in TLR and IL-1R signaling contributes to a compromised Ty;1 immunity seen in Myd88-defi-
cient mice infected with the intracellular pathogens [10].

We next investigated the relative contribution of TLR11 and Casp1/11 in the regulation of
Tyl immunity to T. gondii. Infection of TLRI11”~ mice unexpectedly revealed TLR11-defi-
ciency played no obvious role in the initiation of a CD4+ Ty1 response towards T. gondii. This
was in sharp contrast to TLR11xCasp1/11-deficient mice that demonstrated a profound reduc-
tion in both frequency and absolute numbers of CD4+IFN-v+ T cells at the site of infection
(Fig 4A-4C). Furthermore, Casp1/11-deficiency in the absence of TLR11 resulted in a signifi-
cant reduction of IFN-y production among peritoneal CD4+ T cells as measured by intracellu-
lar staining for this cytokine (Fig 4D). Both the frequencies of CD4+IFN-y+ and the amounts
of IFN-y produced by CD4+ T cells were similar in TLR11xCasp1/11”~ and Myd88™" mice (Fig
4B and 4D), strongly suggesting that both of these signaling pathways cooperate in a Myd88--
dependent manner that is essential for Ty1 effector function during T. gondii infection.

Analogous to our results from the peritoneum, our data showed both frequency and total
cell number of splenic CD4+IFN-y+ T cells, and the amounts of IFN-y produced by CD4+ T
cells were not compromised by a single TLR11- or Casp1/11-deficiency (Figs 2E-2H and 4E-
4H). Instead, deficiency in both TLR11 and Casp1/11 resulted in the reduced frequencies and
total Ty 1 cells, and the amounts of IFN-y produced by CD4+ T cells (Fig 4E-4H, S4 Fig).
Additionally, in TLR11xCasp1/11”" mice we observed a reduction in the absolute numbers of
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Fig 3. The inflammasome is required for host resistance against T. gondii in the absence of TLR11. (A) Survival of
WT, Casp1/117", TLR11"", TLR11xCasp1/117", and Myd88”~ (V) mice that were infected i.p. with 20 cysts of ME49.
(B) Analysis of T. gondii parasite loads by qPCR in WT, TLR11"", TLR11xCasp1/11"", and Myd88”" mice from PECs
and spleens on day 8 of infection. (C) qRT-PCR analysis of relative IFN-y expression measured in the PECs and
spleens of mice infected with 20 cysts of T. gondii on day 8 post-infection. (D) Analysis by ELISA of serum IL-12/
23p40 and IFN-y in WT, TLR11™", TLR11xCasp1/11™"", and Myd88”" mice infected with T. gondii was performed on
day 8 of infection. Survival curve is a combination of two-independent experiments involving at least 3 mice per group.
Statistical analyses of survival curve was done using Log-Rank (Mantel Cox) Test. All other results are representative of
three-independent experiments involving at least 5 mice per group. Statistical analyses were done using one-way
ANOVA with a Tukey’s multiple comparison test, “P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. Error bars,
standard error mean.

https://doi.org/10.1371/journal.ppat.1007872.9003

IFN-y producing peritoneal CD8+ T cells and NK cells, similar to Myd88”~ animals (S5A Fig).
However, a reduction in the absolute numbers of IFN-y producing splenic CD8+ T cells and
NK cells was only observed in Myd88”™ mice (S5B Fig).

Opverall, the analysis of TLR11- and Casp1/11-deficient mice allowed us to reveal that
inflammasome activation plays a major role in the regulation of Tyy1 immunity when
TLR11-dependent recognition is compromised. Our results also demonstrated that T. gondii
activation by the inflammasome Casp1/11-dependent pathway is sufficient for Myd88-depen-
dent activation of Tyy1 immunity. This provided an explanation for largely unimpaired activa-
tion of CD4+ T cells observed in TLR11-deficient mice infected with the parasite.

IL-18 is sufficient and necessary for robust CD4+ Ty1-derived IFN-y
during T. gondii infection in the absence of TLR11

Inflammasome recognition of intracellular pathogens is essential for the release of mature
forms of IL-1P and IL-18. The cytokine IL-18 is critical for the production and secretion of
IFN-y by immune cells [36, 38, 40]. Therefore, we hypothesized in the absence of TLR11, IL-
18 is required for robust CD4+ Ty1-derived IFN-y responses during parasite infection. To
determine if the compromised CD4+ T cell-derived IFN-y response of TLR11xCasp1/117""
mice is a result of IL-18 deficiency, we neutralized either IL-1B or IL-18 in TLR11”" mice dur-
ing T. gondii infection. Our results revealed IL-1p does not significantly contribute to the
amounts of IFN-y produced by Ty1s in TLR11-deficient mice (S6 Fig). Simultaneously, anti-
body-mediated blocking of IL-18 in TLR11”" mice resulted in a dramatic reduction in the
amounts of IFN-y produced by both peritoneal and splenic CD4+ T cells, similar to
TLR11xCasp1/11"" mice (S6 Fig). To confirm IL-18 is critical to augment CD4+ T cell-derived
IFN-v production in the absence of TLR11, we administered IL-18 to TLRI1xCaspl/1 17" mice
during T. gondii infection and examined their CD4+ Ty1 responses. Our results revealed
administering IL-18 to TLR11xCasp1/11”" mice during parasite infection dramatically aug-
mented the frequency and absolute numbers of CD4+IFN-y+ T cells both locally in the perito-
neum and in the spleen, compared to non-treated controls (Fig 5, S7 Fig). Our data also
demonstrate that TLR11xCasp1/11"" mice given IL-18 during infection augments the absolute
numbers of peritoneal and splenic CD8+IFN-y+ T cells, IFN-y+ NK cells, and IFN-y+ neutro-
phils (S8A and S8B Fig). Finally, our results demonstrate that IL-18 does contribute in reduc-
ing parasite burden both at the site of infection and in peripheral tissue (S8C Fig), but failed to
rescue the survival of TLR11xCasp1/11”" mice infected with the parasite (S8D Fig). Our data
revealed that in the absence of TLR11, inflammasome activation and IL-18 is sufficient and
necessary in augmenting peritoneal and splenic IFN-y production by CD4+ and CD8+ T cells
along with NK cells during T. gondii infection and limiting pathogen burden. Nevertheless,
other Caspl/11-dependent cytokines are required for host survival during T. gondii infection.
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Fig 4. In the absence of TLR11, inflammasome activation is required for robust Ty1 responses during T. gondii infection. (A, E) WT, TLR11™",
TLR1IxCaspl/1 17, and Myd88'/ " mice were infected i.p. with 20 cysts of T. gondii. PECs (A) and spleens (E) were harvested and IFN-y production by
CD4+ T cells was analyzed by flow cytometry. (B, C, F, G) Average frequencies (B, F) and absolute quantification (C, G) of CD4+IFN-y+ cells in the
PECs and spleens were analyzed on day 8 following infection. (D, H) MFI of CD4+ T cell IFN-y was analyzed on day 8 post-infection. Results are
representative of three-independent experiments involving at least 3 mice per group. Statistical analyses were done using one-way ANOVA with a
Tukey’s multiple comparison test, “P<0.05, “*P<0.01, ***P<0.001, **** P<0.0001. Error bars, standard error mean.
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Fig 5. IL-18 is sufficient to augment Ty 1-derived IFN-y responses in the absence of TLR11. (A, C) WT and TLR11xCasp1/11”" mice were infected with 20 cysts of T.
gondii. TLR11xCasp1/11"~ mice were administered 200 ngs of IL-18 i.p. on days 0, 1, 2, and 3. PECs (A) and spleens (C) were harvested and IFN-y production by CD4

+ T cells was analyzed by flow cytometry. (B, D) Absolute quantification of CD4+IFN-y+ cells in the PECs (B) and spleens (D) were analyzed on day 8 following
infection. Results are representative of three-independent experiments involving at least 3 mice per group. Statistical analyses were done using one-way ANOVA with a

Tukey’s multiple comparison test, “P<0.05. Error bars, standard error mean.
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Discussion

Activation of inflammasomes by pathogen stimuli recognition results in the oligomerization
and recruitment of the adaptor molecule ASC, caspase-1 activation, release of the active forms
of IL-1B and IL-18, and induction of the cell-mediated death pathway, pyroptosis. Accord-
ingly, pathogen ligand recognition by inflammasomes is considered an essential host innate
immune pathway to identify invading microbes. Recent reports have demonstrated that T.
gondii is recognized by the NLRP1 and NLRP3 inflammasomes resulting in IL-1§ and IL-18
production both in vitro and in vivo [26, 32]. It has also been established that TLR recognition
of the parasite by DCs is required for IL-12 production [16, 18, 20]. The T. gondii-driven IL-12
production is essential for generating a robust CD4+ Ty1-derived IFN-y response, resulting in
the induction of IFN-y-mediated genes required for parasite clearance [11, 12, 41-43]. Addi-
tionally, previous reports have shown that the inflammasome-dependent cytokine IL-18 can
work in synergy with IL-12 during T. gondii infection, augmenting IFN-y responses and con-
tributing to parasite restriction [32, 37, 38]. Hence, we hypothesized that a deficiency in
NLRP3, ASC, or Caspl/11 would significantly abrogate CD4+ T cell-derived IFN-y responses,
resulting in rapid host mortality. Unexpectedly, our results did not support the original
hypothesis, instead revealing that inflammasome-deficient mice do not have increased mortal-
ity rates during parasite infection and only have a modest reduction of IL-12 and IFN-y. Addi-
tionally, we observed no change in the frequency or absolute cell numbers of peritoneal or
splenic CD4+ Tyl cells. Thus, our data demonstrates that the inflammasome plays a limited
role in parasite restriction and is dispensable for murine host resistance against T. gondii when
TLR11-mediated immunity remains intact.

Two previous studies have reported contradicting results as to the role of the inflammasome
in host immunity towards T. gondii. The data reported by Hitziger and colleagues are consis-
tent with our own results, indicating inflammasome deficiency alone does not play a major
role in parasite restriction [44]. However, Gorfu and colleagues’ data indicate that the absence
of either the NLRP1 or NLRP3 inflammasome results in increased parasite burden and host
mortality [32]. While additional work is required to resolve these inconsistencies, a largely dis-
pensable role for caspase-1 and -11 in the survival of T. gondii infected mice strongly suggest a
limited role for inflammasomes alone in host resistance to the parasite when TLR11-sensing
remains intact.

Innate recognition of T. gondii by TLRs is critical for robust IL-12 production and host
defense. Consequently, it has been shown that TLR11 and TLR12, the only known innate
receptors to uniquely recognize T. gondii profilin and who significantly contribute to IL-12
production, are not absolutely required for host resistance or for Ty1 effector function [16, 18,
20]. Nevertheless, it is important to note that we observed a higher susceptibility of TLR11"
mice than previously reported [16], as on average half of the infected mice succumb to T. gon-
dii during an acute stage of the infection. Considering that the same ME49 parasites were used
in both studies, the difference in susceptibility to T. gondii may in part be caused by distinct
microbiota that regulate immunity to the parasite and other pathogens [45, 46].

Analysis of UNC93B1-deficient mice, which lack all endosomal TLR signaling, including
TLR11 and TLR12, resulted in diminished IL-12 responses and a delayed T. gondii-mediated
IFN-y response. Yet, this delayed TLR-independent parasite-driven IFN-y response is insuffi-
cient for host protection [18, 20]. Host immunity in these TLR or UNC93B1 knockouts can be
rescued by administering exogenous IL-12 [18, 20]. Paradoxically, Myd88-deficient mice, are
not only highly susceptible to parasite infection, but cannot be rescued with exogenous admin-
istration of IL-12, strongly suggesting that signaling from both IL-12 and the inflammasome-
mediated cytokines IL-1f and IL-18 are required for host resistance against T. gondii [10].
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Furthermore, it has been reported that both IL-1f and IL-18 play a role in augmenting IFN-y
production during T. gondii infection [37, 47]. Hence, we hypothesized that in the absence of
TLR recognition, inflammasome activation is required for host resistance against T. gondii.
The results from TLR11xCasp1/11”" mice demonstrated that in the absence of both robust IL-
12 and IL-18 production, CD4+ T cell-derived IFN-y responses were compromised and insuf-
ficient for host protection resulting in uncontrolled parasite replication. Therefore, since
TLR11xCasp1/11”" mice have intact IL-18R signaling, we examined if exogenous IL-18 admin-
istered to TLR11xCasp1/11"" mice during parasite infection would be sufficient to restore CD4
+ Tyl-derived IFN-y responses. Our results demonstrated that in the absence of TLR11, IL-18
is sufficient and necessary for robust CD4+ T cell-derived IFN-y responses. Hence, our data
establishes two significant attributes of inflammasome activation during parasite infection: 1)
in the absence of TLR11 recognition, the inflammasome and IL-18 is critical for robust Ty1
effector function; and 2) they provide pivotal evidence as to why IL-12 alone is insufficient to
rescue Myd88™™ mice during T. gondii infection.

Our findings illustrate the mechanism by which triggering inflammasome activation in the
absence of TLR11 enables host resistance against T. gondii infection. Dissimilar to murine
innate recognition of T. gondii, humans lack a functional TLR11, and TLR12 is absent from
the human genome [48]; however, parasite infection in immunocompetent individuals is gen-
erally asymptomatic, indicating TLR11- and TLR12-independent innate recognition of T. gon-
dii is sufficient for human immunity against the parasite. Both CCL2-dependent recruitment
of human monocytes and NLRP1, NLRP3, ASC, and caspase-1-dependent release of IL-1 and
IL-18 by these cells suggest that T. gondii-triggered activation of the inflammasome is required
for resistance against the parasite when TLR11-dependent immunity is absent [24, 28, 49].

Unlike for TLR11 and TLR12, the precise T. gondii ligand that is recognized by inflamma-
somes remains unknown. However, reports have demonstrated that heat killed T. gondii or
mycalolide B-treated parasites are unable to trigger IL-1p release, indicating that active parasite
invasion is required for inflammasome-mediated cytokine release [24, 32]. Intriguingly, while
it has been demonstrated that T. gondii induces both pyroptosis and IL-1f secretion in rat
macrophages, mouse macrophages do not undergo pyroptosis during parasite invasion in
vitro [27, 50]. Additionally, reports have indicated that predominantly type II strains of the
parasite, such as ME49, which was used in this current study, promote substantial cytokine
release compared to the majority of other identified T. gondii strains [24, 32]. It has also been
shown that the dense granule protein, GRA15, from type II strains of the parasite plays an
important role for IL-1f release in both human monocytes and mouse bone marrow-derived
macrophages [24, 32]. It has yet to be determined if GRA15 is directly recognized by inflam-
masome sensors resulting in caspase-1 activation and IL-1f release; or if GRA15, a known
inducer of NF-«kB activation, leads to the induction of immature IL-1f and a second T. gondii-
dependent stimulus triggers caspase-1-dependent cytokine release [51]. Furthermore, recent
reports show that T. gondii-mediated potassium efflux can trigger the rapid release of IL-1B in
infected monocytes [28]. While the precise T. gondii stimuli that triggers inflammasome acti-
vation remains unknown, our results established that inflammasome activation and IL-18 are
required for host protection and robust CD4+ T cell-derived IFN-y responses in the absence
of TLRI1.

Materials and methods
Animals

C57BL/6, Nlrp3™"", and Casp1/11”" mice were obtained from Jackson Laboratory (Bar Harbor,
ME). Asc”’", TLR11"" and Myd88’/ “mice have been previously described [16, 52, 53]. TLR1 1"
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mice were crossed with Casp1/11”" mice to generate TLR11xCasp1/117". All control and
experimental mice were age- and sex-matched within all individual experiments. This study
included both male and female mice, and the data derived from male and female mice identi-
fied no sex-specific differences in the performed experiments. All mice were maintained at in
the pathogen-free American Association of Laboratory Animal Care-accredited animal facility
at the University of Rochester Medical Center, Rochester, NY. All animal experimentation was
conducted in accordance with the guidelines of the University of Rochester’s University Com-
mittee on Animal Resources (UCAR), the Institutional Animal Care and Use Committee
(IACUC).

Toxoplasma gondii infection and RT-PCR

All mice were i.p. infected with an average of 20 T. gondii cysts of the ME49 strain. At day 8
post-infection, the animals were necropsied. In some experiments, mice were injected i.p. with
200 ng of IL-18 (R&D) on days 0, 1, 2, and 3, or mice were injected with 200 pgs of anti-IL-1f3
or anti-IL-18 (BioXCell) on days 0, 2, 4, and 6. Total RNA was isolated from the peritoneal
exudate cells and the spleens of naive or T. gondii infected mice using Trizol. cDNA was pre-
pared using iScript cDNA Synthesis Kit (Bio-Ras, Hercules, CA). Optimized primers targeting
each gene were designed using Primer3 Software [54]. These primers included the following:
IFN-y (5-ACTGGCAAAAGGATGGTGAC-3’, 3>-TGAGCTCATTGAATGCTTGG-5), Irgm3
(5-CTGGAGGCAGCTGTCAGCTCCGAG-3’, 3-GTCCTTTAGAGCTTTCCTCAGGGAG
GTCTTG-5), Cxcl10 (5-GACGGTCCGCTGCAACTG-3’, 3’-GCTTCCCTATGGCCCTCA
TT-5"), and HPRT (5’-gcccttgactataatgagtacttcagg-3’, 5 -ttcaacttgegcteatcttagg-3’) [55]. cDNA
was amplified using SSOFast Eva Green Supermix (BioRad). A MyiQ Real-Time PCR Detec-
tion System (BioRad) was used to obtain Ct values. The relative expression of samples was
determined after normalization to HPRT using ddCt method [56].

To determine T. gondii pathogen loads, total genomic DNA from animal tissue was isolated
by using the DNeasy Blood and Tissue Kit (Qiagen) according to manufacturer’s instructions.
PCR were performed by using SSOFast Eva Green Supermix (BioRad). Samples were mea-
sured by qPCR using a MyiQ Real-Time PCR Detection System (BioRad), and data from geno-
mic DNA was compared with a defined copy number standard of the T. gondii gene B1.

ELISA Analysis

The IFN-y (ThermoFisher), IL-12/23p40 (ThermoFisher), IL-1B (ThermoFisher), and IL-18
(R&D) concentration in the sera or cell supernatant was analyzed by standard sandwich
ELISA kit according to manufacturer’s instructions.

Measurements of CD4+ T cell responses

To assay the responses of mice infected with T. gondii the PECs and spleens were harvested
from C57BL/6, Nlrp3'/', Asc”, Caspl/11 7 TLRI11"", TLRI IxCaspl/11 7 and Myd88'/' mice
and on day 8 post-infection. Single-cell suspension of PECs and spleens were restimulated
with PMA (20ng/mL) and ionomycin (1pg/mL) (Sigma-Aldrich) for 4 hours in the presence
of GolgiPlug (Brefeldin A, BD Biosciences). Alternatively, bone marrow-derived DCs
(BMDCs) were generated in the presence of GM-CSF (Invitrogen) and plated at 2.5x10° cells/
well in a 96-well plate and pulsed with frozen ME49 tachyzoite antigen for 18 hours and then
2.5x10° splenic T cells were added for 6 hours in the presence of GolgiPlug. After isolation or
in vitro restimulation, the cells were washed once in phosphate-buffered saline + 1% fetal
bovine serum and stained with fluorochrome-conjugated antibodies. Cell fluorescence was
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measured using an LSRII flow cytometer, and data were analyzed using Flow]Jo Software (Tree
Star).

Statistical analysis

All data were analyzed with Prism (Version 7; GraphPad) These data were considered statisti-
cally significant when P-values were <0.05.

Supporting information

S1 Fig. Inflammasome activation is dispensable to control T. gondii cysts. WT, Nlrp3™”",
Asc”", Casp1/11"", TLR11™" mice were i.p. infected with 20 cysts of T. gondii. Cysts count in
the brain determined at 30 days post-infection. (B, C) Analysis by ELISA of serum IL-12/
23p40 and IFN-y in WT, Nlrp3™, Asc”", and Casp1/11”" mice infected with T. gondii was per-
formed on day 8 post-infection. (D-F) qRT-PCR analysis of relative IEN-y (D), Irgm3, and
Cxcl10 expression measured in the PECs (E) and spleens (F) of mice infected with 20 cysts of
ME49 on day 8 post-infection. Results are representative of three-independent experiments
involving at least 3 mice per group. Statistical analyses were done using one-way ANOVA with
a Tukey’s multiple comparison test, “P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. Error
bars, standard error mean.

(TIF)

S2 Fig. T. gondii-mediated IFN-y responses from CD8+ T cells, NK cells, and neutrophils
are inflammasome-independent. WT, Nlrp3”", Asc”", and Casp1/11”" mice were i.p. infected
with 20 cysts of T. gondii. Absolute quantification of CD8+IFN-y+, NK1.1+IFN-y+, and Ly6G
+IFN-y+ cells in the PECs (A) and spleens (B) were analyzed on day 8 following infection.
Results are representative of three-independent experiments involving at least 3 mice per
group. Statistical analyses were done using one-way ANOVA with a Tukey’s multiple compari-
son test, “P<0.05. Error bars, standard error mean.

(TIF)

S3 Fig. The absence of TLR11 and Casp1/11 results in reduced IL-18 production during T.
gondii infection. Analysis by ELISA of serum IL-18 and IL-1B in WT, TLR11™", and
TLR11xCasp1/11”" mice infected with T. gondii was performed on days 5 and 8 of infection.
Results are representative of two-independent experiments. Results are representative of three-
independent experiments involving at least 3 mice per group. Statistical analyses were done
using one-way ANOVA with a Tukey’s multiple comparison test, **P<0.01. Error bars, stan-
dard error mean.

(TIF)

$4 Fig. TLR11xCasp1/11-deficiency reduces CD4+ Ty1-derived IFN-y production to
restimulation with T. gondii antigen. WT, TLR11”", and TLR11xCasp1/11"" mice were i.p.
infected with 20 cysts of ME49 T. gondii. Splenic T cells were harvested, added to BMDCs
pulsed overnight with frozen ME49 antigen, and IFN-y production by CD4+ T cells was ana-
lyzed by flow cytometry. Absolute quantification of splenic CD4+IFN-y+ cells were analyzed
on day 8 following infection. Results are representative of three-independent experiments
involving at least 3 mice per group. Statistical analyses were done using one-way ANOVA with
a Tukey’s multiple comparison test, “P<0.05. Error bars, standard error mean.

(TIF)

S5 Fig. IFN-y responses from peritoneal CD8+ T cells and NK cells, are reduced in
TLR11xCasp1/11"" mice. WT, TLR11”", TLR11xCasp1/11"", and Myd88"" mice were infected
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i.p. with 20 cysts of T. gondii. Absolute quantification of CD8+IFN-y+, NK1.1+IFN-y+, and
Ly6G+IFN-y+ cells in the PECs (A) and spleens (B) were analyzed on day 8 following infec-
tion. Results are representative of three-independent experiments involving at least 3 mice per
group. Statistical analyses were done using one-way ANOVA with a Tukey’s multiple compari-
son test, “P<0.05. Error bars, standard error mean.

(TIF)

S6 Fig. During acute T. gondii infection IL-1p is dispensable, but IL-18 plays an important
role in contributing to CD4+ T cell-derived IFN-y in the absence of TLR11. WT, TLRI1™", and
TLR11xCasp1/11"" mice were infected i.p. with 20 cysts of T. gondii. TLR11"" mice were adminis-
tered 200 pgs of either anti-IL-1p or anti-IL-18 i.p. on days 0, 2, 4, and 6. PECs (A) and spleens
(B) were harvested and IFN-y production by CD4+ T cells was analyzed by flow cytometry. MFI
of CD4+ T cell IFN-y was analyzed on day 8 post-infection. Results are representative of three-
independent experiments involving at least 3 mice per group. Statistical analyses were done using
one-way ANOVA with a Tukey’s multiple comparison test. Error bars, standard error mean.
(TIF)

S7 Fig. IL-18 augments the production of IFN-y by CD4+ T cells in TLR11- and Casp1/
11-deficient hosts. (A, B) WT and TLR11xCasp1/11”" mice were infected with 20 cysts of T.
gondii. TLR11xCasp1/11”~ mice were administered 200 ngs of IL-18 i.p. on days 0, 1, 2, and 3.
PECs (A) and spleens (B) were harvested and IFN-y production by CD4+ T cells was analyzed
by flow cytometry. Average frequencies of CD4+IFN-y+ cells in the PECs (A) and spleens (B)
were analyzed on day 8 following infection. (A, B) MFI of CD4+ T cell IFN-y was analyzed on
day 8 post-infection. Results are representative of three-independent experiments involving at
least 3 mice per group. Statistical analyses were done using one-way ANOVA with a Tukey’s
multiple comparison test, “P<0.05, **P<0.01. Error bars, standard error mean.

(TIF)

S8 Fig. IL-18 augments IFN-vy responses from peritoneal CD8+ T cells, NK cells, and neu-
trophils in TLR11xCasp1/11”" mice. WT, TLR11xCasp1/11"", mice were infected i.p. with 20
cysts of T. gondii. TLR11xCasp1/11”" mice were administered 200 ngs of IL-18 i.p. on days 0,
1, 2, and 3. Absolute quantification of CD8+IFN-y+, NK1.1+IFN-v+, and Ly6G+IFN-v+ cells
in the PECs (A) and spleens (B) were analyzed on day 8 following infection. (C) Analysis of

T. gondii parasite loads by qPCR from PECs and spleens on day 8 of infection. Results are
representative of three-independent experiments involving at least 3 mice per group. (D) Sta-
tistical analyses were done using one-way ANOVA with a Tukey’s multiple comparison test,
*P<0.05, **P<0.01. Error bars, standard error mean. Survival of WT, Caspl/1 1, TLR117,
TLR11xCaspl/11"", and TLR11xCasp1/11”" mice treated with 200 ngs of IL-18 i.p. on days 0,
1, 2, and 3 post infection. All mice were i.p. infected with 20 cysts of the ME49 strain of T. gon-
dii. Survival curve is representative of three-independent experiments involving at least 5 mice
per group. Statistical analyses of survival curve was done using Log-Rank (Mantel Cox) Test,
*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.

(TTF)

Author Contributions
Conceptualization: Américo H. Lopez-Yglesias, Felix Yarovinsky.
Data curation: Ellie Camanzo, Andrew T. Martin.

Formal analysis: Américo H. Lopez-Yglesias, Felix Yarovinsky.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1007872  June 13,2019 16/20


http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1007872.s006
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1007872.s007
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1007872.s008
https://doi.org/10.1371/journal.ppat.1007872

@'PLOS ‘ PATHOGENS

TLR11-independent IL-18 drives TH1 responses and host resistance to T. gondii

Funding acquisition: Américo H. Lopez-Yglesias, Felix Yarovinsky.

Investigation: Américo H. Lopez-Yglesias, Felix Yarovinsky.

Methodology: Américo H. Lopez-Yglesias, Ellie Camanzo, Andrew T. Martin, Alessandra M.

Araujo.

Supervision: Felix Yarovinsky.

Validation: Américo H. Lopez-Yglesias, Felix Yarovinsky.

Writing - original draft: Américo H. Lopez-Yglesias, Felix Yarovinsky.

Writing - review & editing: Felix Yarovinsky.

References

1.

10.

11.

12.

13.

Dubey JP, Lindsay DS, Speer CA. Structures of Toxoplasma gondii tachyzoites, bradyzoites, and spo-
rozoites and biology and development of tissue cysts. Clinical microbiology reviews. 1998; 11(2):267—
99. Epub 1998/06/20. PMID: 9564564; PubMed Central PMCID: PMC106833.

Harker KS, Ueno N, Lodoen MB. Toxoplasma gondii dissemination: a parasite’s journey through the
infected host. Parasite immunology. 2015; 37(3):141-9. Epub 2014/11/20. https://doi.org/10.1111/pim.
12163 PMID: 25408224.

Hunter CA, Sibley LD. Modulation of innate immunity by Toxoplasma gondii virulence effectors. Nat
Rev Microbiol. 2012; 10(11):766—78. Epub 2012/10/17. https://doi.org/10.1038/nrmicro2858 PMID:
23070557; PubMed Central PMCID: PMC3689224.

Jones JL, Parise ME, Fiore AE. Neglected parasitic infections in the United States: toxoplasmosis. The
American journal of tropical medicine and hygiene. 2014; 90(5):794—9. Epub 2014/05/09. https://doi.
org/10.4269/ajtmh.13-0722 PMID: 24808246; PubMed Central PMCID: PMC4015566.

Lykins J, Wang K, Wheeler K, Clouser F, Dixon A, El Bissati K, et al. Understanding Toxoplasmosis in
the United States Through "Large Data" Analyses. Clin Infect Dis. 2016; 63(4):468—75. Epub 2016/06/
30. https://doi.org/10.1093/cid/ciw356 PMID: 27353665; PubMed Central PMCID: PMC4967610.

Yarovinsky F. Innate immunity to Toxoplasma gondii infection. Nat Rev Immunol. 2014; 14(2):109-21.
Epub 2014/01/25. https://doi.org/10.1038/nri3598 PMID: 24457485.

Gazzinelli RT, Hakim FT, Hieny S, Shearer GM, Sher A. Synergistic role of CD4+ and CD8+ T lympho-
cytes in IFN-gamma production and protective immunity induced by an attenuated Toxoplasma gondii
vaccine. Journal of immunology. 1991; 146(1):286-92. Epub 1991/01/01. PMID: 1670604.

Suzuki Y, Orellana MA, Schreiber RD, Remington JS. Interferon-gamma: the major mediator of resis-
tance against Toxoplasma gondii. Science. 1988; 240(4851):516—8. Epub 1988/04/22. PMID: 3128869.

Scanga CA, Aliberti J, Jankovic D, Tilloy F, Bennouna S, Denkers EY, et al. Cutting edge: MyD88 is
required for resistance to Toxoplasma gondii infection and regulates parasite-induced IL-12 production
by dendritic cells. Journal of immunology. 2002; 168(12):5997—6001. Epub 2002/06/11. https://doi.org/
10.4049/jimmunol.168.12.5997 PMID: 12055206.

Hou B, Benson A, Kuzmich L, DeFranco AL, Yarovinsky F. Critical coordination of innate immune
defense against Toxoplasma gondii by dendritic cells responding via their Toll-like receptors. Proceed-
ings of the National Academy of Sciences of the United States of America. 2011; 108(1):278-83. Epub
2010/12/22. https://doi.org/10.1073/pnas.1011549108 PMID: 21173242; PubMed Central PMCID:
PMC3017180.

Collazo CM, Yap GS, Sempowski GD, Lusby KC, Tessarollo L, Vande Woude GF, et al. Inactivation of
LRG-47 and IRG-47 reveals a family of interferon gamma-inducible genes with essential, pathogen-
specific roles in resistance to infection. The Journal of experimental medicine. 2001; 194(2):181-8.
Epub 2001/07/18. https://doi.org/10.1084/jem.194.2.181 PMID: 11457893; PubMed Central PMCID:
PMC2193451.

Yamamoto M, Okuyama M, Ma JS, Kimura T, Kamiyama N, Saiga H, et al. A cluster of interferon-
gamma-inducible p65 GTPases plays a critical role in host defense against Toxoplasma gondii. Immu-
nity. 2012; 37(2):302—13. Epub 2012/07/17. https://doi.org/10.1016/j.immuni.2012.06.009 PMID:
22795875.

Degrandi D, Kravets E, Konermann C, Beuter-Gunia C, Klumpers V, Lahme S, et al. Murine guanylate
binding protein 2 (MGBP2) controls Toxoplasma gondii replication. Proc Natl Acad Sci U S A. 2013; 110
(1):294-9. Epub 2012/12/19. https://doi.org/10.1073/pnas.1205635110 PMID: 23248289; PubMed
Central PMCID: PMC3538222.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1007872  June 13,2019 17/20


http://www.ncbi.nlm.nih.gov/pubmed/9564564
https://doi.org/10.1111/pim.12163
https://doi.org/10.1111/pim.12163
http://www.ncbi.nlm.nih.gov/pubmed/25408224
https://doi.org/10.1038/nrmicro2858
http://www.ncbi.nlm.nih.gov/pubmed/23070557
https://doi.org/10.4269/ajtmh.13-0722
https://doi.org/10.4269/ajtmh.13-0722
http://www.ncbi.nlm.nih.gov/pubmed/24808246
https://doi.org/10.1093/cid/ciw356
http://www.ncbi.nlm.nih.gov/pubmed/27353665
https://doi.org/10.1038/nri3598
http://www.ncbi.nlm.nih.gov/pubmed/24457485
http://www.ncbi.nlm.nih.gov/pubmed/1670604
http://www.ncbi.nlm.nih.gov/pubmed/3128869
https://doi.org/10.4049/jimmunol.168.12.5997
https://doi.org/10.4049/jimmunol.168.12.5997
http://www.ncbi.nlm.nih.gov/pubmed/12055206
https://doi.org/10.1073/pnas.1011549108
http://www.ncbi.nlm.nih.gov/pubmed/21173242
https://doi.org/10.1084/jem.194.2.181
http://www.ncbi.nlm.nih.gov/pubmed/11457893
https://doi.org/10.1016/j.immuni.2012.06.009
http://www.ncbi.nlm.nih.gov/pubmed/22795875
https://doi.org/10.1073/pnas.1205635110
http://www.ncbi.nlm.nih.gov/pubmed/23248289
https://doi.org/10.1371/journal.ppat.1007872

@'PLOS ‘ PATHOGENS

TLR11-independent IL-18 drives TH1 responses and host resistance to T. gondii

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

Foltz C, Napolitano A, Khan R, Clough B, Hirst EM, Frickel EM. TRIM21 is critical for survival of Toxo-
plasma gondii infection and localises to GBP-positive parasite vacuoles. Sci Rep. 2017; 7(1):5209.
Epub 2017/07/14. https://doi.org/10.1038/s41598-017-05487-7 PMID: 28701773; PubMed Central
PMCID: PMC5507857.

Hassan MA, Jensen KD, Butty V, Hu K, Boedec E, Prins P, et al. Transcriptional and Linkage Analyses
Identify Loci that Mediate the Differential Macrophage Response to Inflammatory Stimuli and Infection.
PLoS Genet. 2015; 11(10):e1005619. Epub 2015/10/29. https://doi.org/10.1371/journal.pgen.1005619
PMID: 265101583; PubMed Central PMCID: PMC4625001.

Yarovinsky F, Zhang D, Andersen JF, Bannenberg GL, Serhan CN, Hayden MS, et al. TLR11 activation
of dendritic cells by a protozoan profilin-like protein. Science. 2005; 308(5728):1626—9. Epub 2005/04/
30. https://doi.org/10.1126/science.1109893 PMID: 15860593.

Raetz M, Kibardin A, Sturge CR, Pifer R, Li H, Burstein E, et al. Cooperation of TLR12 and TLR11 in the
IRF8-dependent IL-12 response to Toxoplasma gondii profilin. Journal of immunology. 2013; 191
(9):4818-27. Epub 2013/10/01. hitps://doi.org/10.4049/jimmunol. 1301301 PMID: 24078692; PubMed
Central PMCID: PMC3805684.

Andrade WA, Souza Mdo C, Ramos-Martinez E, Nagpal K, Dutra MS, Melo MB, et al. Combined action
of nucleic acid-sensing Toll-like receptors and TLR11/TLR12 heterodimers imparts resistance to Toxo-
plasma gondii in mice. Cell host & microbe. 2013; 13(1):42-53. Epub 2013/01/08. https://doi.org/10.
1016/j.chom.2012.12.003 PMID: 23290966; PubMed Central PMCID: PMC3552114.

Neal LM, Knoll LJ. Toxoplasma gondii profilin promotes recruitment of Ly6Chi CCR2+ inflammatory mono-
cytes that can confer resistance to bacterial infection. PLoS Pathog. 2014; 10(6):1004203. Epub 2014/06/
20. https://doi.org/10.1371/journal.ppat.1004203 PMID: 24945711; PubMed Central PMCID: PMC4055779.

Pifer R, Benson A, Sturge CR, Yarovinsky F. UNC93B1 is essential for TLR11 activation and IL-12-
dependent host resistance to Toxoplasma gondii. The Journal of biological chemistry. 2011; 286
(5):3307—14. Epub 2010/11/26. https://doi.org/10.1074/jbc.M110.171025 PMID: 21097503; PubMed
Central PMCID: PMC3030336.

Plattner F, Yarovinsky F, Romero S, Didry D, Carlier MF, Sher A, et al. Toxoplasma profilin is essential
for host cell invasion and TLR11-dependent induction of an interleukin-12 response. Cell Host Microbe.
2008; 3(2):77-87. Epub 2008/03/04. https://doi.org/10.1016/j.chom.2008.01.001 PMID: 18312842.

Hill DE, Chirukandoth S, Dubey JP. Biology and epidemiology of Toxoplasma gondii in man and ani-
mals. Animal health research reviews. 2005; 6(1):41-61. Epub 2005/09/17. PMID: 16164008.

Wing EJ. Editorial Commentary: Toxoplasmosis: Cats Have It, Humans Get It, but How Much Disease
Does It Cause? Clinical infectious diseases: an official publication of the Infectious Diseases Society of
America. 2016; 63(4):476—7. Epub 2016/06/30. https://doi.org/10.1093/cid/ciw358 PMID: 27353664.

Gov L, Karimzadeh A, Ueno N, Lodoen MB. Human innate immunity to Toxoplasma gondii is mediated
by host caspase-1 and ASC and parasite GRA15. mBio. 2013; 4(4). Epub 2013/07/11. https://doi.org/
10.1128/mBi0.00255-13 PMID: 23839215; PubMed Central PMCID: PMC3705447.

Cavalilles P, Flori P, Papapietro O, Bisanz C, Lagrange D, Pilloux L, et al. A highly conserved Toxo1
haplotype directs resistance to toxoplasmosis and its associated caspase-1 dependent killing of para-
site and host macrophage. PLoS pathogens. 2014; 10(4):e1004005. Epub 2014/04/05. https://doi.org/
10.1371/journal.ppat.1004005 PMID: 24699513; PubMed Central PMCID: PMC3974857.

Ewald SE, Chavarria-Smith J, Boothroyd JC. NLRP1 is an inflammasome sensor for Toxoplasma gon-
dii. Infect Immun. 2014; 82(1):460-8. Epub 2013/11/13. https://doi.org/10.1128/IA1.01170-13 PMID:
24218483; PubMed Central PMCID: PMC3911858.

Cirelli KM, Gorfu G, Hassan MA, Printz M, Crown D, Leppla SH, et al. Inflammasome sensor NLRP1
controls rat macrophage susceptibility to Toxoplasma gondii. PLoS pathogens. 2014; 10(3):e1003927.
Epub 2014/03/15. https://doi.org/10.1371/journal.ppat.1003927 PMID: 24626226; PubMed Central
PMCID: PMC3953412.

Gov L, Schneider CA, Lima TS, Pandori W, Lodoen MB. NLRP3 and Potassium Efflux Drive Rapid IL-
1beta Release from Primary Human Monocytes during Toxoplasma gondii Infection. J Immunol. 2017;
199(8):2855—-64. Epub 2017/09/15. https://doi.org/10.4049/jimmunol.1700245 PMID: 28904126;
PubMed Central PMCID: PMC5648586.

He WT, Wan H, Hu L, Chen P, Wang X, Huang Z, et al. Gasdermin D is an executor of pyroptosis and
required for interleukin-1beta secretion. Cell research. 2015; 25(12):1285-98. Epub 2015/11/28.
https://doi.org/10.1038/cr.2015.139 PMID: 26611636; PubMed Central PMCID: PMC4670995.

Liu X, Zhang Z, Ruan J, Pan Y, Magupalli VG, Wu H, et al. Inflammasome-activated gasdermin D
causes pyroptosis by forming membrane pores. Nature. 2016; 535(7610):153-8. https://doi.org/10.
1038/nature18629 PMID: 27383986.

Franchi L, Eigenbrod T, Munoz-Planillo R, Nunez G. The inflammasome: a caspase-1-activation plat-
form that regulates immune responses and disease pathogenesis. Nature immunology. 2009; 10

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1007872  June 13,2019 18/20


https://doi.org/10.1038/s41598-017-05487-7
http://www.ncbi.nlm.nih.gov/pubmed/28701773
https://doi.org/10.1371/journal.pgen.1005619
http://www.ncbi.nlm.nih.gov/pubmed/26510153
https://doi.org/10.1126/science.1109893
http://www.ncbi.nlm.nih.gov/pubmed/15860593
https://doi.org/10.4049/jimmunol.1301301
http://www.ncbi.nlm.nih.gov/pubmed/24078692
https://doi.org/10.1016/j.chom.2012.12.003
https://doi.org/10.1016/j.chom.2012.12.003
http://www.ncbi.nlm.nih.gov/pubmed/23290966
https://doi.org/10.1371/journal.ppat.1004203
http://www.ncbi.nlm.nih.gov/pubmed/24945711
https://doi.org/10.1074/jbc.M110.171025
http://www.ncbi.nlm.nih.gov/pubmed/21097503
https://doi.org/10.1016/j.chom.2008.01.001
http://www.ncbi.nlm.nih.gov/pubmed/18312842
http://www.ncbi.nlm.nih.gov/pubmed/16164008
https://doi.org/10.1093/cid/ciw358
http://www.ncbi.nlm.nih.gov/pubmed/27353664
https://doi.org/10.1128/mBio.00255-13
https://doi.org/10.1128/mBio.00255-13
http://www.ncbi.nlm.nih.gov/pubmed/23839215
https://doi.org/10.1371/journal.ppat.1004005
https://doi.org/10.1371/journal.ppat.1004005
http://www.ncbi.nlm.nih.gov/pubmed/24699513
https://doi.org/10.1128/IAI.01170-13
http://www.ncbi.nlm.nih.gov/pubmed/24218483
https://doi.org/10.1371/journal.ppat.1003927
http://www.ncbi.nlm.nih.gov/pubmed/24626226
https://doi.org/10.4049/jimmunol.1700245
http://www.ncbi.nlm.nih.gov/pubmed/28904126
https://doi.org/10.1038/cr.2015.139
http://www.ncbi.nlm.nih.gov/pubmed/26611636
https://doi.org/10.1038/nature18629
https://doi.org/10.1038/nature18629
http://www.ncbi.nlm.nih.gov/pubmed/27383986
https://doi.org/10.1371/journal.ppat.1007872

@'PLOS ‘ PATHOGENS

TLR11-independent IL-18 drives TH1 responses and host resistance to T. gondii

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

(3):241-7. Epub 2009/02/18. https://doi.org/10.1038/ni.1703 PMID: 19221555; PubMed Central
PMCID: PMC2820724.

Gorfu G, Cirelli KM, Melo MB, Mayer-Barber K, Crown D, Koller BH, et al. Dual role for inflammasome
sensors NLRP1 and NLRP3 in murine resistance to Toxoplasma gondii. mBio. 2014; 5(1). Epub 2014/
02/20. https://doi.org/10.1128/mBio.01117-13 PMID: 24549849; PubMed Central PMCID:
PMC3944820.

Struck D, Frank I, Enders S, Steinhoff U, Schmidt C, Stallmach A, et al. Treatment with interleukin-18
binding protein ameliorates Toxoplasma gondii-induced small intestinal pathology that is induced by
bone marrow cell-derived interleukin-18. European journal of microbiology & immunology. 2012; 2
(3):249-57. Epub 2012/09/01. https://doi.org/10.1556/EudMI.2.2012.3.11 PMID: 24688772; PubMed
Central PMCID: PMC3962761.

Lima TS, Gov L, Lodoen MB. Evasion of Human Neutrophil-Mediated Host Defense during Toxoplasma
gondii Infection. mBio. 2018; 9(1). Epub 2018/02/15. https://doi.org/10.1128/mBio.02027-17 PMID:
29440572; PubMed Central PMCID: PMC5821086.

Clay GM, Sutterwala FS, Wilson ME. NLR proteins and parasitic disease. Immunol Res. 2014; 59(1—
3):142-52. Epub 2014/07/06. https://doi.org/10.1007/s12026-014-8544-x PMID: 24989828; PubMed
Central PMCID: PMC5106291.

Hunter CA, Timans J, Pisacane P, Menon S, Cai G, Walker W, et al. Comparison of the effects of inter-
leukin-1 alpha, interleukin-1 beta and interferon-gamma-inducing factor on the production of interferon-
gamma by natural killer. European journal of immunology. 1997; 27(11):2787-92. Epub 1997/12/12.
https://doi.org/10.1002/eji.1830271107 PMID: 9394800.

Cai G, Kastelein R, Hunter CA. Interleukin-18 (IL-18) enhances innate IL-12-mediated resistance to
Toxoplasma gondii. Infection and immunity. 2000; 68(12):6932—-8. Epub 2000/11/18. https://doi.org/10.
1128/iai.68.12.6932-6938.2000 PMID: 11083816; PubMed Central PMCID: PMC97801.

Yap GS, Ortmann R, Shevach E, Sher A. A heritable defect in IL-12 signaling in B10.Q/J mice. Il. Effect
on acute resistance to Toxoplasma gondii and rescue by IL-18 treatment. J Immunol. 2001; 166
(9):5720-5. Epub 2001/04/21. https://doi.org/10.4049/jimmunol.166.9.5720 PMID: 11313414.

Vossenkamper A, Struck D, Alvarado-Esquivel C, Went T, Takeda K, Akira S, et al. Both IL-12 and IL-
18 contribute to small intestinal Th1-type immunopathology following oral infection with Toxoplasma
gondii, but IL-12 is dominant over IL-18 in parasite control. European journal of immunology. 2004; 34
(11):3197-207. Epub 2004/09/16. https://doi.org/10.1002/eji.200424993 PMID: 15368276.

Okamura H, Tsutsi H, Komatsu T, Yutsudo M, Hakura A, Tanimoto T, et al. Cloning of a new cytokine
that induces IFN-gamma production by T cells. Nature. 1995; 378(6552):88-91. Epub 1995/11/02.
https://doi.org/10.1038/378088a0 PMID: 7477296.

Taylor GA, Collazo CM, Yap GS, Nguyen K, Gregorio TA, Taylor LS, et al. Pathogen-specific loss of
host resistance in mice lacking the IFN-gamma-inducible gene IGTP. Proceedings of the National Acad-
emy of Sciences of the United States of America. 2000; 97(2):751-5. Epub 2000/01/19. https://doi.org/
10.1073/pnas.97.2.751 PMID: 10639151; PubMed Central PMCID: PMC15402.

Zhao YO, Khaminets A, Hunn JP, Howard JC. Disruption of the Toxoplasma gondii parasitophorous
vacuole by IFNgamma-inducible immunity-related GTPases (IRG proteins) triggers necrotic cell death.
PLoS pathogens. 2009; 5(2):e1000288. Epub 2009/02/07. https://doi.org/10.1371/journal.ppat.
1000288 PMID: 19197351; PubMed Central PMCID: PMC2629126.

Khaminets A, Hunn JP, Konen-Waisman S, Zhao YO, Preukschat D, Coers J, et al. Coordinated load-
ing of IRG resistance GTPases on to the Toxoplasma gondii parasitophorous vacuole. Cellular microbi-
ology. 2010; 12(7):939-61. Epub 2010/01/30. https://doi.org/10.1111/j.1462-5822.2010.01443.x PMID:
20109161; PubMed Central PMCID: PMC2901525.

Hitziger N, Dellacasa |, Albiger B, Barragan A. Dissemination of Toxoplasma gondii to immunoprivi-
leged organs and role of Toll/interleukin-1 receptor signalling for host resistance assessed by in vivo
bioluminescence imaging. Cellular microbiology. 2005; 7(6):837—48. Epub 2005/05/13. https://doi.org/
10.1111/j.1462-5822.2005.00517.x PMID: 15888086.

Benson A, Pifer R, Behrendt CL, Hooper LV, Yarovinsky F. Gut commensal bacteria direct a protective
immune response against Toxoplasma gondii. Cell Host Microbe. 2009; 6(2):187-96. Epub 2009/08/
18. https://doi.org/10.1016/j.chom.2009.06.005 PMID: 19683684; PubMed Central PMCID:
PMC2746820.

Velazquez EM, Nguyen H, Heasley KT, Saechao CH, Gil LM, Rogers AWL, et al. Endogenous Entero-
bacteriaceae underlie variation in susceptibility to Salmonella infection. Nat Microbiol. 2019. Epub 2019/
03/27. https://doi.org/10.1038/s41564-019-0407-8 PMID: 30911125.

Hunter CA, Chizzonite R, Remington JS. IL-1 beta is required for IL-12 to induce production of IFN-
gamma by NK cells. A role for IL-1 beta in the T cell-independent mechanism of resistance against intra-
cellular pathogens. J Immunol. 1995; 155(9):4347-54. Epub 1995/11/01. PMID: 7594594.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1007872  June 13,2019 19/20


https://doi.org/10.1038/ni.1703
http://www.ncbi.nlm.nih.gov/pubmed/19221555
https://doi.org/10.1128/mBio.01117-13
http://www.ncbi.nlm.nih.gov/pubmed/24549849
https://doi.org/10.1556/EuJMI.2.2012.3.11
http://www.ncbi.nlm.nih.gov/pubmed/24688772
https://doi.org/10.1128/mBio.02027-17
http://www.ncbi.nlm.nih.gov/pubmed/29440572
https://doi.org/10.1007/s12026-014-8544-x
http://www.ncbi.nlm.nih.gov/pubmed/24989828
https://doi.org/10.1002/eji.1830271107
http://www.ncbi.nlm.nih.gov/pubmed/9394800
https://doi.org/10.1128/iai.68.12.6932-6938.2000
https://doi.org/10.1128/iai.68.12.6932-6938.2000
http://www.ncbi.nlm.nih.gov/pubmed/11083816
https://doi.org/10.4049/jimmunol.166.9.5720
http://www.ncbi.nlm.nih.gov/pubmed/11313414
https://doi.org/10.1002/eji.200424993
http://www.ncbi.nlm.nih.gov/pubmed/15368276
https://doi.org/10.1038/378088a0
http://www.ncbi.nlm.nih.gov/pubmed/7477296
https://doi.org/10.1073/pnas.97.2.751
https://doi.org/10.1073/pnas.97.2.751
http://www.ncbi.nlm.nih.gov/pubmed/10639151
https://doi.org/10.1371/journal.ppat.1000288
https://doi.org/10.1371/journal.ppat.1000288
http://www.ncbi.nlm.nih.gov/pubmed/19197351
https://doi.org/10.1111/j.1462-5822.2010.01443.x
http://www.ncbi.nlm.nih.gov/pubmed/20109161
https://doi.org/10.1111/j.1462-5822.2005.00517.x
https://doi.org/10.1111/j.1462-5822.2005.00517.x
http://www.ncbi.nlm.nih.gov/pubmed/15888086
https://doi.org/10.1016/j.chom.2009.06.005
http://www.ncbi.nlm.nih.gov/pubmed/19683684
https://doi.org/10.1038/s41564-019-0407-8
http://www.ncbi.nlm.nih.gov/pubmed/30911125
http://www.ncbi.nlm.nih.gov/pubmed/7594594
https://doi.org/10.1371/journal.ppat.1007872

@'PLOS ‘ PATHOGENS

TLR11-independent IL-18 drives TH1 responses and host resistance to T. gondii

48.

49.

50.

51.

52.

53.

54.

55.

56.

Roach JC, Glusman G, Rowen L, Kaur A, Purcell MK, Smith KD, et al. The evolution of vertebrate Toll-
like receptors. Proceedings of the National Academy of Sciences of the United States of America. 2005;
102(27):9577-82. Epub 2005/06/25. https://doi.org/10.1073/pnas.0502272102 PMID: 15976025;
PubMed Central PMCID: PMC1172252.

Witola WH, Mui E, Hargrave A, Liu S, Hypolite M, Montpetit A, et al. NALP1 influences susceptibility to
human congenital toxoplasmosis, proinflammatory cytokine response, and fate of Toxoplasma gondii-
infected monocytic cells. Infection and immunity. 2011; 79(2):756—-66. Epub 2010/11/26. https://doi.org/
10.1128/IA1.00898-10 PMID: 21098108; PubMed Central PMCID: PMC3028851.

Cavalilles P, Sergent V, Bisanz C, Papapietro O, Colacios C, Mas M, et al. The rat Toxo1 locus directs
toxoplasmosis outcome and controls parasite proliferation and spreading by macrophage-dependent
mechanisms. Proceedings of the National Academy of Sciences of the United States of America. 2006;
103(3):744—-9. Epub 2006/01/13. hitps://doi.org/10.1073/pnas.0506643103 PMID: 16407112; PubMed
Central PMCID: PMC1334643.

Rosowski EE, Lu D, Julien L, Rodda L, Gaiser RA, Jensen KD, et al. Strain-specific activation of the NF-
kappaB pathway by GRA15, a novel Toxoplasma gondii dense granule protein. The Journal of experi-
mental medicine. 2011; 208(1):195-212. Epub 2011/01/05. https://doi.org/10.1084/jem.20100717
PMID: 21199955; PubMed Central PMCID: PMC3023140.

Sturge CR, Benson A, Raetz M, Wilhelm CL, Mirpuri J, Vitetta ES, et al. TLR-independent neutrophil-
derived IFN-gamma is important for host resistance to intracellular pathogens. Proc Natl Acad Sci U S
A.2013; 110(26):10711-6. Epub 2013/06/12. https://doi.org/10.1073/pnas.1307868110 PMID:
23754402; PubMed Central PMCID: PMC3696766.

Mariathasan S, Newton K, Monack DM, Vucic D, French DM, Lee WP, et al. Differential activation of the
inflammasome by caspase-1 adaptors ASC and Ipaf. Nature. 2004; 430(6996):213—-8. Epub 2004/06/
11. https://doi.org/10.1038/nature02664 PMID: 15190255.

Lépez-Yglesias AH, Burger E, Araujo A, Martin AT, Yarovinsky F. T-bet-independent Th1 response
induces intestinal immunopathology during Toxoplasma gondii infection. Mucosal immunology. 2018.
https://doi.org/10.1038/mi.2017.102 PMID: 29297501

Burger E, Araujo A, Lopez-Yglesias A, Rajala MW, Geng L, Levine B, et al. Loss of Paneth Cell Autop-
hagy Causes Acute Susceptibility to Toxoplasma gondii-Mediated Inflammation. Cell host & microbe.
2018; 23(2):177-90.e4. Epub 2018/01/24. https://doi.org/10.1016/j.chom.2018.01.001 PMID:
29358083; PubMed Central PMCID: PMC6179445.

Livak KJ, Schmittgen TD. Analysis of relative gene expression data using real-time quantitative PCR
and the 2(-Delta Delta C(T)) Method. Methods (San Diego, Calif). 2001; 25(4):402—8. Epub 2002/02/16.
https://doi.org/10.1006/meth.2001.1262 PMID: 11846609.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1007872  June 13,2019 20/20


https://doi.org/10.1073/pnas.0502272102
http://www.ncbi.nlm.nih.gov/pubmed/15976025
https://doi.org/10.1128/IAI.00898-10
https://doi.org/10.1128/IAI.00898-10
http://www.ncbi.nlm.nih.gov/pubmed/21098108
https://doi.org/10.1073/pnas.0506643103
http://www.ncbi.nlm.nih.gov/pubmed/16407112
https://doi.org/10.1084/jem.20100717
http://www.ncbi.nlm.nih.gov/pubmed/21199955
https://doi.org/10.1073/pnas.1307868110
http://www.ncbi.nlm.nih.gov/pubmed/23754402
https://doi.org/10.1038/nature02664
http://www.ncbi.nlm.nih.gov/pubmed/15190255
https://doi.org/10.1038/mi.2017.102
http://www.ncbi.nlm.nih.gov/pubmed/29297501
https://doi.org/10.1016/j.chom.2018.01.001
http://www.ncbi.nlm.nih.gov/pubmed/29358083
https://doi.org/10.1006/meth.2001.1262
http://www.ncbi.nlm.nih.gov/pubmed/11846609
https://doi.org/10.1371/journal.ppat.1007872

