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Abstract

Infection with the cestode Echinococcus multilocularis (E. multilocularis) causes alveolar
echinococcosis (AE), a tumor-like disease predominantly affecting the liver but able to
spread to any organ. T cells develop functional defects during chronic E. multilocularis infec-
tion, mostly due to upregulation of inhibitory receptors such as T-cell immunoreceptor with
immunoglobulin and immunoreceptor tyrosine-based inhibitory motif domains (TIGIT) and
programmed death-1 (PD-1). However, the role of lymphocyte activation gene-3 (LAG3), an
inhibitory receptor, in AE infection remains to be determined. Here, we discovered that high
expression of LAG3 was mainly found in CD4* T cells and induced regulatory T cells
(iTregs) in close liver tissue (CLT) from AE patients. In a mouse model of E. multilocularis
infection, LAG3 expression was predominantly found in T helper 2 (Th2) and Treg subsets,
which secreted significantly more IL-4 and IL-10, resulting in host immune tolerance and dis-
ease progression at a late stage. Furthermore, LAG3 deficiency was found to drive the
development of effector memory CD4* T cells and enhance the type 1 CD4* T-cellimmune
response, thus inhibiting metacestode growth in vivo. In addition, CD4* T cells from LAG3-
deficient mice produced more IFN-y and less IL-4 when stimulated by E. multilocularis proto-
scoleces (EmP) antigen in vitro. Finally, adoptive transfer experiments showed that LAG3-
knockout (KO) CD4* T cells were more likely to develop into Th1 cells and less likely to
develop into Tregs in recipient mice. Our work reveals that high expression of LAG3 acceler-
ates AE disease progression by modulating the immune imbalance of CD4™ T-cell subsets.
These findings may provide a novel immunotherapeutic strategy against E. multilocularis
infection.
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Author summary

Alveolar echinococcosis (AE) is a parasitic disease with high mortality caused by E. multi-
locularis infection. Our previous studies confirmed that T-cell-mediated cellular immu-
nity, especially that mediated by CD4" T cells, plays a key role in limiting metacestode
growth. Here, we report that high LAG3 expression in liver-infiltrating CD4" T cells is
associated with their immune imbalance in AE patients and a mouse model of later-stage
disease. High expression of LAG3 promotes the formation of Th2 cells and Tregs, and
LAG3 deficiency induces a shift in the immune response to the Th1 type to delay the
growth of metacestodes in chronic E. multilocularis infection. These findings suggest that
LAGS3 blockade may be an effective immune strategy for the treatment of AE patients.

Introduction

Alveolar echinococcosis (AE) is a serious zoonotic parasitic disease caused by the cestode
(metacestode) Echinococcus multilocularis (E. multilocularis) that mimics slow-growing liver
cancer. This disease is usually fatal in some regions or countries with poor sanitation condi-
tions because the mortality rate of patients without adequate treatment is more than 90%
within 10-15 years [1]. The main factor affecting E. multilocularis parasitism is the immune
status of the host, and host immunosuppression affects the development of E. multilocularis
infection in patients with AE and in an experimental model. Therefore, understanding the
pathogenic mechanisms of E. multilocularis infection may provide a basis for its elimination or
the invention of intervention measures.

T lymphocytes are essential for immune responses against E. multilocularis [2]. An
increased risk of E. multilocularis infection was observed in immunologically hyporesponsive
populations, especially in HIV-positive individuals, which indicates that CD4™ T cells seem to
be crucial [3,4]. However, obtaining an understanding of how CD4" T lymphocytes regulate
the disease process is proving to be a daunting challenge. In the case of AE, hepatic histopatho-
logical and granulomatous responses are critically regulated by T helper 1 (Th1)/Th2 responses
[2,5,6]. During the acute phase of E. multilocularis infection, the liver has a high Th1 response
to parasite antigens, but subsequently, the antigens induce a sustained Th2 response that medi-
ates granuloma formation and fibrosis [2,7]. Meanwhile, regulatory T cells (Tregs) are
recruited to the liver and exert a stronger immunosuppressive effect to limit the formation of
inflammatory granulomas and fibrosis [5,8]. This persistent effect induces an immune imbal-
ance of CD4" T cells in the liver. Moreover, previous studies have demonstrated that immune
inhibitory receptors [e.g., programmed cell death protein-1 (PD-1), T-cell immunoreceptor
with immunoglobulin (Ig) and immunoreceptor tyrosine-based inhibitory motif (ITIM)
domains (TIGIT)] participate in the dysfunction and imbalance of T-cell subsets during
chronic E. multilocularis or hepatitis B virus (HBV) infection to maintain immune tolerance,
thus accelerating disease progression [6,9-12]. Consequently, the role of coinhibitory receptors
in AE has attracted much attention.

As a member of the immune inhibitory receptor family, lymphocyte activation gene-3
(LAG3 or CD223) is mainly expressed in activated T cells and inhibits T-cell proliferation and
effector function by recognizing conformationally stable peptides and MHC class IT (pMHCII)
complexes rather than fibrinogen-like protein 1 (FGL-1) [13-15]. LAG3 can also move to the
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immunological synapse and bind to the T-cell receptor (TCR)-CD3 complex, reduce the
potential of hydrogen (pH) of the immune synapse and drive the dissociation of the tyrosine
kinase lymphocyte cell kinase (Lck) from its coreceptor, thereby limiting T-cell activation [16].
Functionally, LAG3 signaling restricts the proliferation and effector of conventional T (T,py)
cells and promotes the differentiation and inhibitory function of CD4"CD25"Foxp3™ Tregs
[17]. When LAG3 is not present, there is decreased proliferation and inhibition of Foxp3*
Tregs, resulting in increased CD4" T-cell expansion and differentiation into Th1 cells [17,18].
However, one study found the opposite result, suggesting that LAG3 may still intrinsically
limit Treg proliferation and function [19]. This contradictory result complicates the assess-
ment of the role of LAG3 in Tregs. Indeed, in our previous studies, we demonstrated high
LAGS3 expression levels in exhausted CD4" T cells during chronic E. multilocularis infection
[2]. Accordingly, it is critical to define whether LAG3 expression in T,y cells or Tregs affects
the progression of AE. However, definitive evidence that LAG3 mediates chronic E. multilocu-
laris parasitism by affecting CD4" T-cell subsets is limited.

In this study, we analyzed the LAG3 expression profile in intrahepatic and peripheral T cells
in AE patients. We confirmed that LAG3 is mainly distributed on CD4" T cells and Tregs. In a
mouse model of E. multilocularis infection, LAG3 expression was predominantly found in Th2
and Treg subsets that induce host immune tolerance, which significantly promoted disease pro-
gression at a late stage. In addition, LAG3 deficiency promoted the Th1-type immune response
of CD4" T cells in vivo and in vitro and thus inhibited metacestode growth. Nonetheless, LAG3
deficiency did not significantly delay disease progression at a middle stage of E. multilocularis
infection. Subsequently, we found that CD4" T cells from LAG3-knockout (KO) donors
secreted more IFN-y and less IL-4 in E. multilocularis infection by two modeled adoptive trans-
fer protocols. Moreover, LAG3 deficiency inhibited the differentiation of naive CD4" T cells
into Tregs while promoting Th1 differentiation. Our study demonstrates that LAG3 accelerates
AE disease progression by modulating the immune imbalance of CD4" T-cell subsets, and the
effect of LAG3 on disease remission is predominantly mediated by Th1 cells.

Results

High LAG3 expression in liver-infiltrating CD4" T cells and Tregs of AE
patients

We first analyzed mRNA arrays of paired liver tissues [close liver tissue (CLT) versus distant
liver tissue (DLT)] from six patients with chronic AE (accession no. GSE124362[6]). The array
data showed that the elevated expression of genes was associated with T-cell function. Interest-
ingly, several of the enriched genes encoded inhibitory receptors (LAG3, CTLA4 and TIGIT),
cell factors (IL-10, and IFN-y) and transcription factors (Foxp3), and the results were displayed
in a heatmap (Fig 1A). Immunohistochemical staining was used on a higher number of samples
to investigate LAG3 protein expression in liver tissues from AE patients. There were higher
numbers of LAG3" cells in the periparasitic area of CLT specimens than in that of DLT speci-
mens (Fig 1B and 1C). Next, we used flow cytometric analysis to examine LAG3 in T cells. The
percentage of LAG3"CD4" T cells, but not of LAG3"CD8" T cells, was significantly higher in
CLT than DLT in paired analysis (Fig 1D). LAG3 expression colocalized with CD4" T cells in
CLT according to multicolor fluorescent staining of snap-frozen tissue sections (Fig 1E).

To further characterize CD4™ T cells, we analyzed a 10x 5’ single-cell sequencing dataset of
CD45" immune cells from paired liver tissue and peripheral blood (PB) mononuclear cells
from 4 patients with AE (accession no. HRA000553; https://figshare.com/s/
f2a4578be27¢2cb767f9 [20]). We identified an induced Treg (iTreg) cluster expressing high
levels of CD38, HAVCR2, MIR4435-1HG, CTLA4, CXCR6, LAG3 and MTI1E in CLT, DLT and
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Fig 1. LAG3 expression is up-regulated in infiltrating CD4" T cells and Treg cells from liver tissue of AE patients. (A) Heat
map presentation of differentially expressed genes related to T cell function, and selected up-regulated genes including negative
and positive regulation of T cell activation. (B) Representative immunohistochemical staining of LAG3 (left panel 100x, enlarged
400x on the right panel) in the liver tissue sections from patients with AE. (C) The percentage of positive staining area was
calculated to evaluate the expression of LAG3 (n = 19). (D) The percentage of liver CD4" or CD8" T cells expressing LAG3 in
paired CLT versus DLT from AE patients by flow cytometry (n = 8). (E) Representative images from immunofluorescence co-
staining of DAPI (blue), CD4 (green), LAG3 (red) and merged image on the liver tissue sections from patients with AE (n = 8).
Boxed areas show x 200 magnification of histological images. Arrows indicate CD4"LAG3" T cells. Lesion is delimited with a
white line. (F) Heatmap representing relative expression of selected marker genes in each cluster in CLT, DLT and PB from AE
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patients (n = 4, accession no. HRA000553). CLT, “close” liver tissue; DLT, “distant” liver tissue; PB, peripheral blood. Data were
analyzed using paired Student’s t tests or one-way ANOVA test. All data are presented as mean + SD. *P < 0.05, **P <0.01, n.s.,

https://doi.org/10.1371/journal.ppat.1011396.g001

PB (Fig 1F). Uniform manifold approximation and projection (UMAP) plot and violin plot
analyses also revealed that LAG3 was mainly expressed by iTregs and natural killer T (NKT)
cells (CD4"CD8" T cells) (S1 Fig). Taken together with the results of the scRNA-seq analysis,
these findings indicate that LAG3 expression was upregulated in infiltrating CD4" T cells and
iTregs from the liver tissue of AE patients.

Upregulation of LAG3 expression in both Th2 and Tregs in a mouse model
of E. multilocularis infection at a late stage

We previously reported that LAG3 expression was mainly distributed in hepatic and splenic
CD4" T cells in a mouse model of E. multilocularis infection [21]. Subsequently, we investi-
gated LAG3 expression on CD4" T-cell subsets in the liver and spleen of mice after 24 weeks of
infection. LAG3"CD4" T cells expressed significantly more IL-4 and IL-10 than their LAG3”
counterparts, whereas there was no significant change in TGF-B1 production in the liver and
spleen (Figs 2A and S2A). Moreover, LAG3*CD4" T cells expressed significantly higher
GATA-3 levels than LAG3"CD4" T cells, showing enhanced Th2 response (Figs 2B and S2B).
In addition, the percentage of liver- and spleen-infiltrating Tregs in LAG37CD4" T cells was
significantly increased (Figs 2C and S2C). We also analyzed the proliferation of CD4" T cells
based on the expression of Ki67 and found that LAG3"CD4" T cells proliferated more than
LAG3 CD4" T cells after 24 weeks of infection (Figs 2D and S2D). Collectively, the above
results indicated that LAG3 expression was enriched in Th2 and Treg subsets from liver- and
spleen-infiltrating CD4" T cells in mice with E. multilocularis infection.

LAGS3 deficiency delays metacestode growth by enhancing the Thl immune
response in a mouse model of E. multilocularis infection at a late stage

To further prove the role of LAG3 in CD4" T cells during E. multilocularis infection, we inves-
tigated wild-type (WT) and LAG3-KO mice infected for 24 weeks. We found that LAG3 defi-
ciency inhibited liver metacestode growth. Lesion weight was significantly decreased in
LAG3-deficient mice compared to WT mice (Fig 3A-3C). There were no significant differ-
ences in the percentages or absolute numbers of liver- and spleen-infiltrating CD4" T cells (Fig
3D). However, there was a significant increase in the percentages of liver- and spleen-infiltrat-
ing effector memory CD4" T (Tem) cells (Figs 3E and S3B). Furthermore, significantly
increased levels of IFN-y and TNF-a were produced by liver- and spleen-infiltrating CD4" T
cells from LAG3-deficient mice compared to those form WT mice; in addition, lower levels of
IL-4 and IL-10 were observed in liver CD4" T cells from LAG3-deficient mice (Figs 3F, 3G,
S3C and S3D). Treg infiltration in the liver and spleen of LAG3-deficient mice was also
decreased compared to that of WT mice (Figs 3H, 31, S3E and S3F). The liver Ki67 MFI of
LAG3" Tregs was greater than that of their LAG3™ counterparts and was lower in LAG3-KO
mice than in WT mice after 24 weeks (S4A and S4C Fig). However, there was no significant
difference in the spleen (S4B and $4D Fig). Collectively, these results indicated that LAG3 defi-
ciency can enhance antiparasitic immunity by limiting Th2 and Treg responses while promot-
ing the Th1 response at a late stage after 24 weeks of infection.

Moreover, we also assessed WT or LAG3-KO mice at 12 weeks of infection. We found that
hepatic metacestode growth was mildly inhibited in LAG3-KO mice, but lesion weight was not
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Fig 2. LAG3 is mainly expressed on Th2 and Treg cells in liver of E. multilocularis-infected mice after weeks 24 of infection. (A)
Representative flow cytometry plot and percentage of IL-4, IL-10 and TGF-B1 production by CD4" T cells in liver from mice after 24 weeks of
infection (5-6 mice per group). (B) MFI of GATA3 expression by LAG3" or LAG3 CD4" T cells in liver from mice after 24 weeks of infection (5
mice per group). (C) Representative flow cytometry plot and percentage of Treg cells (CD4"CD25 Foxp3") by LAG3" or LAG3” CD4" T cells in
the liver from mice after 24 weeks of infection (6 mice per group). (D) MFI of Ki67 expression by LAG3" or LAG3” CD4" T cells in liver from
mice after 24 weeks of infection (5 mice per group). All data are presented as mean + SD. *P < 0.05, **P < 0.01, ***P < 0.001, n.s., P > 0.05.

https://doi.org/10.1371/journal.ppat.1011396.9002

significantly different from that in WT mice (S5A and S5B Fig). LAG3 deficiency did not affect
the infiltration of CD4" T cells and Tregs or the phenotype of CD4" Tem cells in the liver and
spleen (S5C, S5D, S5G, S5H, S6A, S6B, S6E and S6F Figs). However, there were significant
increases in the percentages of CD4" T cells and CD4" Tem cells in spleens from LAG3-KO
mice after 12 weeks of infection (S6C and S6D Fig). Furthermore, the numbers of CD4" T cells
expressing IFN-y and TNF-a in the liver and spleen were significantly higher in LAG3-defi-
cient mice than in WT mice (S5E, S5F, S6C and S6D Figs). In contrast, significantly decreased
levels of IL-4 were produced by liver and splenic CD4" T cells from LAG3-deficient mice (S5E,
S5F, S6C and S6D Figs). Interestingly, significantly increased levels of IL-10 were produced by
liver and splenic CD4" T cells from LAG3-deficient mice after 12 weeks of infection (S5E, S5F,
S6C and S6D Figs). These data showed that unlimited metacestode growth may be related to
the high level of IL-10 secretion by CD4" T cells in LAG3-KO mice after a moderate length of
infection (12 weeks).

To determine whether LAG3 deficiency affects the polarization of CD4" T helper cells, we
stimulated liver-isolated lymphocytes with E. multilocularis protoscoleces (EmP) antigen in
vitro. The level of IFN-y in CD4" T cells of LAG3-deficient mice was significantly upregulated
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LAG3-KO mice after 24 weeks of infection (5 mice per group). (E) Percentage of Tn and Tem in CD4" T cells in the liver from WT and LAG3-KO mice
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**P < 0.01, ***P < 0.001, n.s., P > 0.05.

https://doi.org/10.1371/journal.ppat.1011396.9003

compared with that of WT mice, whereas the level of IL-4 was significantly decreased in CD4"
T cells of LAG3-deficient mice (Fig 4A and 4B). In addition, there was no significant difference
in the level of IL-10 or the percentage of Tregs (Fig 4A-4D). These results highlighted that
EmP enhanced Thl-related IFN-y production in liver-derived LAG3-deficient lymphocytes,
mimicking E. multilocularis infection.

LAG3-deficient CD4" T cells develop into Thl1 cells upon adoptive transfer
into E. multilocularis-infected mice

To better define whether there is a requirement for LAG3 either during the maintenance
phase or at the time of priming for E. multilocularis infection-induced CD4" T helper cell

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1011396 May 12, 2023 7120


https://doi.org/10.1371/journal.ppat.1011396.g003
https://doi.org/10.1371/journal.ppat.1011396

PLOS PATHOGENS

LAGS3 expression promotes Th2 and Treg function in alveolar echinococcosis

B Cc
107 —= ot o KO
‘="' 8 Ww: 10'1.
&_8 | 10 1.45 104§ 1.64
e ]
+ i
RO o g i1 48
2 o ”.»“" °3 “
= 0- = B D S—— .
WT KO 0 10 10 10 0 10 10 10
CD25 >
*

w
]

o]
g
g
g
o 3
' o]
g
g
g
%IL-4*
in CD4+*T cells
E L
= =
n X
- o]
% of Treg cells
Treg cells (x102)

=]

N
;
=
4
=
()

2 w1 " WT KO WT KO
0 4 104 A ®
1.30 | 220 o2
0 4 10:1 ol
i J%
(3 % =8
.. S =
70k 100k 130k 160K 70k 100k 130k 160K g 0
FSC > WT KO

Fig 4. Increased Th1 cytokine production by LAG3-deficient CD4" T cell following E. multilocularis protoscoleces
antigen stimulation in vitro. (A, B) Representative flow cytometry plot and percentage of IFN-v, IL-4 and IL-10 production
by liver CD4" T cells from WT and LAG3-KO mice with E. multilocularis protoscoleces antigen stimulation in vitro. (C, D)
Representative flow cytometry plot, percentage and absolute numbers of liver Treg (CD4*CD25 "Foxp3*) cells from WT and
LAG3-KO mice with E. multilocularis protoscoleces antigen stimulation in vitro. KO, knockout. All data are presented as
mean + SD. *P < 0.05, **P < 0.01, n.s., P > 0.05.

https://doi.org/10.1371/journal.ppat.1011396.9004

polarization, we modified our adoptive transfer protocol to establish infection in either
CD4" T-cell LAG3-KO mice or WT CD45.1 recipients that had been infected 30 days or
one day before E. multilocularis infection (Figs 5A and 6A). Both the proportions and abso-
lute numbers of CD4" T cells and CD4" Tem cells in the liver and spleen were higher in
LAG3-KO donor cells than WT donor cells, although the absolute numbers were not signif-
icantly different (Fig 5B and 5C). The level of IFN-y in CD4" T cells from LAG3-KO donors
was significantly upregulated compared with that of WT donors, whereas the level of IL-4
was significantly decreased in CD4" T cells of LAG3-KO donors (Fig 5D and 5E). However,
CD4" T cells of LAG3-KO donors had similar expression of TNF-o and IL-10 as WT donors
(Fig 5D and 5E). In addition, CD4" T cells in the liver and spleen of LAG3-KO donors
expressed significantly higher levels of T-bet but lower levels of GATA-3 than those of WT
donors (Fig 5F and 5G). The proportion of Tregs in liver and spleen cells from LAG3-KO
donor cells was lower than that from WT donor cells, although the difference was not statis-
tically significant (Fig 5H).

Furthermore, we evaluated the role of LAG3 in modulating naive CD4" T-cell polarization
in vivo by adoptively transferring cells 1 day prior to E. multilocularis infection. We observed
that the proportion of CD4" Tem cells in the liver and spleen of LAG3-KO donor cells was sig-
nificantly increased compared with of WT donor cells (Figs 6B and S7A). The percentage of
IFN-y- and IL-10-producing CD4" T cells was greatly increased in the liver and spleen of
LAG3-KO donor cells, whereas IL-4 expression was decreased in the liver, although the
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Fig 5. LAG3-deficient CD4" T cell develop into Th1 cells upon adoptive transfer into E. multilocularis infected CD4 KO mice. (A)
Establishment of adoptive transfer mouse model. Splenocytes were isolated from WT (CD45.1) and LAG3-KO (CD45.2) mice, mixed,
and then transferred to E. multilocularis-infected CD4-KO recipient mice. (B, C) Percentage and absolute number of transferred CD4"*
T cells, CD4" Tn and CD4"* Tem in liver and spleen of E. multilocularis-infected CD4-KO mice that received adoptive transfer. (D, E)
Representative flow cytometry plot and percentage of IFN-y, TNF-a, IL-4, IL-10 production by transferred CD4" T cells in liver and
spleen from E. multilocularis-infected CD4-KO mice. (F, G) Representative flow cytometry plot and MFI of T-bet and GATA-3
expression by transfered CD4" T cells in the liver and spleen from E. multilocularis-infected CD4-KO mice. (H) Percentage of Treg
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https://doi.org/10.1371/journal.ppat.1011396.9005
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Fig 6. LAG3 deficiency enhance Th1 cells and decrease Treg upon adoptive transfer into wild-type mice followed by E.
multilocularis infection. (A) Establishment of adoptive transfer mouse model. CD4" Tn cells were isolated from spleen of
LAG3-KO (CD45.2) mice and transferred to WT (CD45.1) recipient mice one day before E. multilocularis infection. (B)
Percentage of CD4" Tn and CD4" Tem in the liver from E. multilocularis-infected WT recipient mice (CD45.1) with
transferred by LAG3-KO (CD45.2) cells. (C, D) Representative flow cytometry plot and percentage of IFN-y, IL-4 and IL-10
production by CD4" T cells in the liver from E. multilocularis-infected WT recipient mice (CD45.1) with transferred by
LAG3-KO (CD45.2) cells. (E, F) Representative flow cytometry plot and percentage of Treg cells (CD4"CD25"Foxp3™) in
the liver from E. multilocularis-infected WT recipient mice (CD45.1) with transferred by LAG3-KO (CD45.2) cells. KO,
knockout; WT, wild type; Tn, naive T cells. All data are presented as mean + SD. *P < 0.05, ***P < 0.001, n.s., P > 0.05.

https://doi.org/10.1371/journal.ppat.1011396.9006

difference was not statistically significant (Figs 6C, 6D, S7B and S7C). We found that the per-
centage of Tregs in the liver and spleen was significantly reduced in LAG3-KO mice compared
with WT mice (Figs 6E, 6F, S7D and S7E). Collectively, the above results demonstrated that
LAGS3 deficiency inhibited Treg differentiation but promoted Th1 differentiation and IFN-y
expression in response to E. multilocularis infection.

Discussion

In general, the liver is the preferred site for many tumors to metastasize and viruses and para-
sites to colonize, indicating that it has a unique immune environment [22-25]. Inhibitory
receptors play a pivotal role in modulating the immune response in liver disease and are medi-
ators of T-cell dysfunction and/or exhaustion in chronic viral and parasitic infections [26,27].
E. multilocularis infections in humans are located almost exclusively (98%) in the liver [28].
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Our recent research showed that T cell factors, especially CD4" T-cell dysfunction or defi-
ciency, accelerated lesion growth in the liver in chronic E. multilocularis or Echinococcus gran-
ulosus infection, demonstrating their importance in defense against tapeworm invasion [6].
However, how to modulate T-cell responsiveness as a treatment for AE remains a challenge.
Here, we demonstrate that LAG3 affects CD4" T cells to participate in the immune tolerance
induced by E. multilocularis infection and plays a critical role in long-term infection; LAG3
deficiency affects CD4" T-cell skewing, promoting a Th1 phenotype and inhibiting Th2 and
Treg induction, which strongly suggests that blocking LAG3 could be a strategy used in future
clinical treatment of patients with AE.

Accumulating evidence indicates that high expression of inhibitory receptors (PD-1,
CTLA-4, and LAG3) on CD4" T cells is related to decreased secretion of cytokines and prolif-
eration capacity of T cells, such as IFN-y" Th1, IL-4* Th2, and IL-17A" Th17 cells and IL-10"
Tregs [2,29,30]. LAG3, as a CD4-related activation-inducing cell surface molecule, can nega-
tively regulate mitochondrial biogenesis and metabolism in naive CD4" T cells, thereby con-
trolling their phenotypic changes [31]. In addition, LAG3 has previously been described on
different CD4" T-cell subsets, including Th1 cells, Tregs, and Tr1 cells [2,17,32,33]. In previous
studies, we have shown that at different stages of infection after E. multilocularis challenge,
hepatic CD4" T cells express significant amounts of LAG3; LAG3"CD4" T cells secrete less
IFN-y [2]. Furthermore, our data has shown LAG3 to be unchanged on other immune cells
(e.g. NK, NKT, B cells, dendritic cells, eosinophil, neutrophil, monocyte) during chronic E.
multilocularis infection. Early studies suggested that LAG3 could be present on many different
immune cells, in which having more LAG3 is associated with certain aspects of worse disease
[34-36]. This study showed that LAG3 deficiency leads to a relative skewing of naive CD4 T
cells toward a Th1 phenotype, characterized by IFN-vy secretion to control metacestode
growth, in mice with chronic infection and in adoptively transferred recipient mice; thus,
LAG3 participates in AE disease remission, predominantly mediated by Th1 subset. Some
studies have shown that LAG3-deficient T cells display increased proliferation and IFN-y pro-
duction in acute and chronic infections, and LAG3 blockade induces similar effects, further
underlining the role of LAG3 as a negative regulator of the immune system [37,38].

Interestingly, we also observed that LAG3 deficiency significantly inhibited IL-4 production
in hepatic and splenic CD4" T cells at a late stage, suggesting that LAG3 may play a critical role
in regulating Th2 differentiation in chronic E. multilocularis infection [39]. A number of stud-
ies have demonstrated that Th2 immune responses are associated with a progressive form of
AE in humans and that Th1 immune responses are associated with resistance [40-42]. A previ-
ous report showed that upon stimulation, newly differentiated Th2 cells, as well as memory
Th2 cells, expressed high levels of the inhibitory receptor TIGIT, and TIGIT blockade inhib-
ited Th2 polarization and dampened Th2 responses in vitro and in vivo [43]. In addition,
LAG3 expression was found at similar frequencies on all subsets of T helper cells, including
Th1, Th17, Th1/Th17, and Tho/2 cells, and on memory T cells in patients with ulcerative coli-
tis [44]. Our results also showed that LAG3 deficiency resulted in an increased percentage of
CD4" Tem cells. Moreover, naive CD4" T cells developed rapidly into CD4" Tem cells after
adoptive transfer into mice and E. multilocularis challenge. Compared with CD4" Tem cells
that had previously formed or not been exposed to pathogens, these subsequently differenti-
ated CD4" Tem cells are considered to have a highly specific immune response against patho-
gens [45,46]. These results suggest that LAG3 is expressed on the Th2 subset involved in
inflammation that contributes to the progression of infection, while LAG3 deficiency drives
naive CD4" T cells to express T-bet and develop into Th1 cells and the development of effector
memory T cells following chronic E. multilocularis infection.
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Furthermore, Tregs with increased expression of inhibitory receptors displayed strong
immunosuppressive functions and promoted IL-10 and TGF-B1 secretion. Some studies have
demonstrated that LAGS3 itself is required to maintain Tregs and that LAG3 deficiency causes
Tregs to exhibit reduced regulatory activity [17,18,47]. In this work, we found that LAG3
expression was predominantly found in the adaptive Treg (iTreg) lineage of AE patients, sug-
gesting that LAG3 is primarily expressed on iTregs differentiated from peripheral naive CD4"
T cells rather than on natural Tregs (nTregs) generated by high-avidity interaction-based
selection in the thymus [48]. Despite observations that LAG3 deficiency delays lesion growth
by inhibiting Foxp3™ Treg and Th2 cell differentiation and promoting Th1 cell formation in
the late stage of E. multilocularis infection, our data revealed a different outcome in the middle
stage of infection. LAG3 deficiency increased IFN-y and decreased IL-4 secretion by T cells,
but we did not observe significant alterations in Foxp3™ Treg differentiation and function,
which led to failure to inhibit the growth of metacestodes in the middle stage of infection.
Therefore, Foxp3™ Treg differentiation may also be mediated by molecules other than LAG3,
particularly during the middle stage of infection.

As a major cytokine secreted by Tregs, IL-10 plays a key role in limiting Th1-type responses
and mediating immune tolerance [49,50]. Interestingly, our data showed that IL-10 expression
by CD4" T cells was significantly upregulated with LAG3 deficiency. Strikingly, we also found
that adoptive transfer of naive CD4" T cells from LAG3-KO donor mice to recipient mice sig-
nificantly increased the IL-10 production of donor cells. In line with our findings, a previous
study showed that LAG3-KO CD4" T cells secrete significantly more IFN-y and IL-10 than WT
CDA4" T cells in murine graft-versus-host disease [51]. Additionally, LAG3 expression is
increased in LAG3-KO mice compared with WT controls after prion infection but does not
modify disease progression [52]. Furthermore, a study on schistosomiasis revealed that PD-1
deficiency increased IFN-y secretion in T cells but also promoted Treg cell function, which did
not result in a significant reduction in pathogen burden after schistosomiasis infection in PD-
1-deficient mice [53]. These results suggest that IL-10 may play an immune-suppressive role
independent of Foxp3™ Tregs in the middle stage of E. multilocularis infection in LAG3-KO
mice. Moreover, LAG3 may enhance Treg function when the inflammatory and/or worm anti-
genic burden is high at a late stage of infection but not in less demanding environments and/or
with the liver metacestode loads that exist in the early and middle stages of E. multilocularis
infection. Earlier studies have reported similar results [34]. Further analysis is expected to reveal
the actual role of LAG3 and IL-10 in the regulation of T-cell function in patients with AE.

In conclusion, our study confirms that the increased expression of LAG3 in AE patients
and E. multilocularis-infected mice is associated with disease progression and CD4" T-cell
immune imbalance. LAG3 deficiency can restore the Th1 immune response of CD4" T cells
and effectively defend against parasitic infections at a late stage. Identification of the mecha-
nism that regulates CD4" T-cell responses during AE provides important information regard-
ing protection against E. multilocularis infection and may provide a novel immunotherapeutic
strategy to prevent it.

Materials and methods
Ethics statement

The study is approved by the ethics committee of First Affiliated Hospital of Xinjiang Medical
University (520130418-3) and all patients signed informed consent. All the procedures and
experiments were approved by the Ethics Committee of the First Affiliated Hospital of Xin-
jiang Medical University (No: 20170809-01).
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Human subjects

A total of 27 AE patients undergoing liver resection were enrolled in this study. All AE diagno-
sis was confirmed by computed tomography and liver biopsy in the First Affiliated Hospital of
Xinjiang Medical University, Urumgi, China. Patients with immunesuppression-associated
conditions, as described in Chauchet et al., were excluded [54]. One specimen was collected
close to the parasitic lesion, including the metacestode (close liver tissue [CLT], about 0.5 cm
from lesion), and/or one was taken in the macroscopically normal liver distant from the lesion
(distant liver tissue [DLT], at least 2 cm distant from lesion), as reported by our previous stud-
ies [6]. The number of liver tissue samples, types of measurements, and purpose of compari-
sons are included in Table 1. Information about AE patients in this study is listed in S1 Table.

Mice, parasite, and infection

Age-matched female C57BL/6 wild-type (WT) were purchased from Beijing Vital River Exper-
imental Animal Technology Co. Ltd. C57BL/6 LAG3-knockout (KO) mice were obtained
from Shanghai Model Organisms Center, Inc. C57BL/6 CD4 knockout (KO) mice and CD45.1
mice were kindly provided by Dr. ZheXiong Lian (Guangdong Academy of Medical Sciences,
Guangzhou, China). The mice were raised in the pathogen-free environment of the animal
experimental center of Xinjiang Medical University.

E. multilocularis protoscoleces (PSCs) was prepared in advance and isolated from the
abdominal cavity of infected gerbils in a sterile environment. Mice were inoculated through
the hepatic portal vein with live PSCs in saline as described, whereas control mice were
injected with isotonic saline [2].

Flow cytometry

Single-cell suspension was incubated in PBS buffer (PBS containing 0.2% BSA and 0.1%
sodium azide) in the presence of neutralizing monoclonal antibodies against CD16:CD32 (Fc
Block) for 30 min at 4°C prior to staining. Then, the cells were stained on the surface, intracel-
lular cytokines and nucleus according to the methods in previous study [6,24]. Flow cytometer
were performed, and data were analyzed. Information about the antibodies used in this study
was listed in S2 Table.

E. multilocularis antigen preparation and in vitro stimulation

The E. multilocularis PSCs antigen (EmP) was obtained by the previously defined method [6].
Liver lymphocytes isolated from wild type and LAG3-KO mice, were stimulated with 5 pg/ml
EmP in 96 well plates at 37°C for 5 days, respectively. After stimulation, cells were removed
from the plates and stained for cell surface (NK1.1, CD3, CD4, CD25), intracecellular cyto-
kines (IFN-y, IL-4 and IL-10) and nucleus (Foxp3), and then analyzed using Flow cytometry.

Purification of naive CD4" T cells from spleen of mice

Naive CD4" T cells from spleen of LAG3-KO (CD45.2) mice, were purified by negative mag-
netic selection using the naive CD4" T cell Isolation Kit, and subsequently separated by LS
Column and separator according to the manufacturer’s protocol.

Adoptive transfer

Splenocytes were isolated from wild type (CD45.1) and LAG3-KO (CD45.2) mice and mixed
at equal ratio, and then 2x107 total cells were co-transferred i.v. into E. multilocularis infected
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Table 1. Liver samples from AE patients used for immunological studies.

Patients with AE
Experiment CLT, Number of Samples | DLT, Number of Samples | Paired CLT and DLT, Number of Sample Pairs | Comparison Between Groups
Liver IHC | LAG3 19 19 19 CLT vs. DLT
IF CD4 8 8 8 CLT vs. DLT
CD8 8 8 8 CLT vs. DLT
LAG3 8 8 8 CLT vs. DLT
FC |LAG3 8 8 8 CLT vs. DLT

Abbreviations: IHC, immunohisto chemistry; IF, immunofluorescence; FC, flow cytometry; CLT, close liver tissue; DLT, distant liver tissue; vs, versus.

https://doi.org/10.1371/journal.ppat.1011396.t001

CD4-KO recipient mice. Recipients were sacrificed and CD4" T cells from liver and spleen
were analyzed one month post-transfer.

Naive CD4"T cells from spleen of LAG3-KO (CD45.2) mice were isolated and 1x10° cells
were transferred i.v. into wild type (CD45.1) recipient mice 24 hrs before E. multilocularis
infection. Recipients were sacrificed and CD4" T cells from liver and spleen were analyzed one
month post-transfer.

Statistical analysis

Statistical analysis was performed using the SPSS Statistics 25 and the results were expressed as
mean + standard deviation. Independent sample t-test was used to compare the two groups.
Independent paired Student’s t tests or one-way ANOVA test was used to compare the intra
group data. For all experimental results, P < 0.05 was considered to be significant. (p-values
were expressed as follows: *p values < 0.05; **p values < 0.01; ***p values < 0.001).

Supporting information

S1 Data. Excel spreadsheet containing, in separate sheets, the raw data for Figure panels 1,
2,3,4,5,6,S2, S3, $4, S5, $6, and S7.
(XLSX)

S1 File. Includes: S1 to S7 Figs. S1 and S2 Tables.
(DOCX)

S1 Fig. Single-cell RNA-sequence defines LAG3 expression predominantly in iTreg clusters
from AE patients. (A) UMAP clustering plot of CD4" T cells derived from CLT, DLT and PB
of AE patients (n = 4). (B) Violin plots showing the expression of LAG3 among CD4" T cells
clusters in CLT, DLT and PB of AE patients (n = 4). iTreg, induced-Treg cells. UMAP, uni-
form manifold approximation and projection. CLT, “close” liver tissue; DLT, “distant” liver
tissue; PB, peripheral blood.

(TIF)

$2 Fig. LAG3 is mainly expressed on Th2 and Treg cells in spleen of E. multilocularis-
infected mice after week 24 infection. (A) Representative flow cytometry plot and percentage
of IL-4, IL-10 and TGF-B1 production by CD4" T cells in the spleen from mice after 24 weeks
of infection (5-6 mice per group). (B) MFI of GATA3 expression by LAG3" and LAG3”
CD4™T cells in the spleen from mice after 24 weeks of infection (5-6 mice per group). (C) Rep-
resentative flow cytometry plot and percentage of Treg cells (CD4"CD25"Foxp3™*) by LAG3"
and LAG3™ CD4"T cells in the spleen from mice after 24 weeks of infection (6 mice per group).
(D) MFI of Ki67 expression by LAG3" and LAG3™ CD4'T cells in the spleen from mice after
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24 weeks of infection (5 mice per group). All data are presented as mean + SD. **P < 0.01,
***P < 0.001, n.s., P > 0.05.
(TIF)

S3 Fig. LAG3 deficiency delays disease progression by promoting Th1 cell differention in
spleen of E. multilocularis-infected mice after week 24 infection. (A) Percentage and abso-
lute numbers of CD4'T cells in the spleen from E. multilocularis-infected WT and LAG3-KO
mice (5 mice per group). (B) Percentage of Tn and Tem in CD4" T cells in the spleen from E.
multilocularis-infected WT and LAG3-KO mice (5 mice per group). (C, D) Representative
flow cytometry plot and percentage of IFN-y, TNF-a, IL-4 and IL-10 production by CD4" T
cells in the spleen from E. multilocularis-infected WT and LAG3-KO mice (5-6 mice per
group). (E, F) Representative flow cytometry plot and percentage of Treg cells
(CD4"CD25"Foxp3™) in the spleen from E. multilocularis-infected WT and LAG3-KO mice
(5-6 mice per group). KO, knockout; WT, wild type; Tn, naive T cells (CD44 CD62L"); Tem,
effector T cells (CD44"CD62L"). All data are presented as mean + SD. *P < 0.05, **P < 0.01,
n.s., P> 0.05.

(TIF)

S4 Fig. LAG3 deficiency limits Treg cell proliferation in a mouse model of E. multilocularis
infection after week 24 infection. (A, B) MFI of Ki67 expresssion by LAG3" and LAG3™ Treg
cells (CD4*CD25"Foxp3*) in the liver and spleen from mice after 24 weeks of infection,
respectively (5 mice per group). (C, D) MFI of Ki67 expression by Treg cells
(CD4"CD25Foxp3") in the liver and spleen from WT and LAG3-KO mice after 24 weeks of
infection, respectively (5-6 mice per group). KO, knockout; WT, wild type. All data are pre-
sented as mean + SD. *P < 0.05, n.s., P > 0.05.

(TIF)

S5 Fig. LAG3 deficiency does not delay disease progression in liver of E. multilocularis-
infected mice after week 12 infection. (A) Representative images of metacestode tissue in
liver from WT and LAG3-KO mice after 12 weeks of infection. Metacestode tissues are circled
by the yellow line. (B) Lesion weight in liver from WT and LAG3-KO mice after 12 weeks of
infection (10 mice per group). (C) Percentage and absolute numbers of CD4 T cells in the
liver from WT and LAG3-KO mice after 12 weeks of infection (5-6 mice per group). (D) Per-
centage of Tn and Tem in CD4" T cells in the liver from WT and LAG3-KO mice after 12
weeks of infection (5-6 mice per group). (E, F) Representative flow cytometry plot and per-
centage of IFN-y, TNF-q, IL-4 and IL-10 production by CD4" T cells in the liver from WT and
LAG3-KO mice after 12 weeks of infection (5-6 mice per group). (G, H) Representative flow
cytometry plot and percentage of Treg cells (CD4"CD25"Foxp3™) in the liver from WT and
LAG3-KO mice after 12 weeks of infection (5-6 mice per group). KO, knockout; WT, wild
type; Tn, naive T cells (CD44 CD62L"); Tem, effector T cells (CD44*CD62L"). All data are pre-
sented as mean + SD. **P < 0.01, n.s., P > 0.05.

(TIF)

S6 Fig. LAG3 deficiency does not delay disease progression in spleen of E. multilocularis-
infected mice after week 12 infection. (A) Percentage and absolute numbers of CD4"T cells
in the spleen from WT and LAG3-KO mice after 12 weeks of infection (5-6 mice per group).
(B) Percentage of Tn and Tem in CD4" T cells in the spleen from WT and LAG3-KO mice
after 12 weeks of infection (5-6 mice per group). (C, D) Representative flow cytometry plot
and percentage of IFN-y, TNF-o, IL-4 and IL-10 production by CD4" T cells in the spleen
from WT and LAG3-KO mice after 12 weeks of infection (5-6 mice per group). (E, F) Repre-
sentative flow cytometry plot and percentage of Treg (CD4"CD25 Foxp3™) cells in the spleen

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1011396 May 12, 2023 15/20


http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1011396.s005
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1011396.s006
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1011396.s007
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1011396.s008
https://doi.org/10.1371/journal.ppat.1011396

PLOS PATHOGENS

LAGS3 expression promotes Th2 and Treg function in alveolar echinococcosis

from WT and LAG3-KO mice after 12 weeks of infection (5-6 mice per group). KO, knockout;
WT, wild type. All data are presented as mean + SD. *P < 0.05, **P < 0.01, n.s., P > 0.05.
(TIF)

S7 Fig. LAG3 deficiency enhances Th1 cells and decrease Treg upon adoptive transfer into
wild-type mice followed by E. multilocularis infection. (A) Percentage of CD4" Tn and Tem
in autocells in the spleen from E. multilocularis-infected WT recipient mice (CD45.1) with
transferred by LAG3-KO (CD45.2) cells. (B, C) Representative flow cytometry plot and per-
centage of IFN-y, IL-4 and IL-10 production by CD4" T cells in the spleen from E. multilocu-
laris-infected WT recipient mice (CD45.1) with transferred by LAG3-KO (CD45.2) cells. (D,
E) Representative flow cytometry plot and percentage of Treg cells(CD4"CD25"Foxp3™) in the
spleen from E. multilocularis-infected WT recipient mice (CD45.1) with transferred by
LAG3-KO (CD45.2) cells. KO, knockout; WT, wild type; Tn, naive T cells. All data are pre-
sented as mean + SD. **P < 0.01, ***P < 0.001, n.s., P > 0.05.

(TIF)

S1 Table. Baseline clinical characteristics of AE patients studied.
(DOCX)

$2 Table. Antibodies for flow cytometry.
(DOCX)

Acknowledgments

We thank all members of our laboratory for support and helpful discussions; ZheXiong Lian
laboratory at Guangzhou for providing C57BL/6 CD4 knockout mice and CD45.1 mice;
Jianming Zeng from university of Macau, and all the members of his bioinformatics team, bio-
trainee, for generously sharing their experience and codes.

Author Contributions

Conceptualization: Dewei Li, Jing Li, Chuanshan Zhang.

Data curation: Abidan Ainiwaer, Xuran Zheng, Yang Shi, Xinling Hou, Chuanshan Zhang.
Formal analysis: Dewei Li, Hui Wang, Chuanshan Zhang.

Funding acquisition: Jing Li, Chuanshan Zhang.

Investigation: Dewei Li, Hui Wang, Chuanshan Zhang.

Methodology: Dewei Li, Maolin Wang, Zibigu Rousu, Xuejiao Kang, Muesier Maimaiti.
Project administration: Jing Li, Chuanshan Zhang.

Resources: Maolin Wang, Zibigu Rousu, Xuejiao Kang.

Supervision: Hui Wang, Chuanshan Zhang.

Writing - original draft: Dewei Li, Jing Li, Chuanshan Zhang.

Writing - review & editing: Hui Wang, Chuanshan Zhang.

References

1. McManus DP, Gray DJ, Zhang W, Yang Y. Diagnosis, treatment, and management of echinococcosis.
Bmj. 2012; 344:e3866. Epub 2012/06/13. https://doi.org/10.1136/bm|.e3866 PMID: 22689886.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1011396 May 12, 2023 16/20


http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1011396.s009
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1011396.s010
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1011396.s011
https://doi.org/10.1136/bmj.e3866
http://www.ncbi.nlm.nih.gov/pubmed/22689886
https://doi.org/10.1371/journal.ppat.1011396

PLOS PATHOGENS

LAGS3 expression promotes Th2 and Treg function in alveolar echinococcosis

10.

11.

12

13.

14.

15.

16.

Zhang C, Shao Y, Yang S, Bi X, Li L, Wang H, et al. T-cell tolerance and exhaustion in the clearance of
Echinococcus multilocularis: role of inoculum size in a quantitative hepatic experimental model. Sci
Rep. 2017; 7(1):11153. Epub 2017/09/13. https://doi.org/10.1038/s41598-017-11703-1 PMID:
28894272; PubMed Central PMCID: PMC5593833.

Ghasemirad H, Bazargan N, Shahesmaeili A, Harandi MF. Echinococcosis in immunocompromised
patients: A systematic review. Acta Trop. 2022; 232:106490. Epub 2022/05/02. https://doi.org/10.1016/
j.actatropica.2022.106490 PMID: 35490729.

LiuZ, Guo X, Guo A, Zhang S, Zou Y, Wang Y, et al. HIV protease inhibitor nelfinavir is a potent drug
candidate against echinococcosis by targeting Ddi1-like protein. EBioMedicine. 2022; 82:104177. Epub
2022/07/18. https://doi.org/10.1016/j.ebiom.2022.104177 PMID: 35843171; PubMed Central PMCID:
PMC9294487.

Wang J, Milller S, Lin R, Siffert M, Vuitton DA, Wen H, et al. Depletion of FoxP3(+) Tregs improves con-
trol of larval Echinococcus multilocularis infection by promoting co-stimulation and Th1/17 immunity.
Immun Inflamm Dis. 2017; 5(4):435—-47. Epub 2017/06/18. https://doi.org/10.1002/iid3.181 PMID:
28621034; PubMed Central PMCID: PMC5691311.

Zhang C, Lin R, Li Z, Yang S, Bi X, Wang H, et al. Inmune Exhaustion of T Cells in Alveolar Echinococ-
cosis Patients and Its Reversal by Blocking Checkpoint Receptor TIGIT in a Murine Model. Hepatology.
2020; 71(4):1297-315. https://doi.org/10.1002/hep.30896 PMID: 31410870.

Hubner MP, Manfras BJ, Margos MC, Eiffler D, Hoffmann WH, Schulz-Key H, et al. Echinococcus multi-
locularis metacestodes modulate cellular cytokine and chemokine release by peripheral blood mononu-
clear cells in alveolar echinococcosis patients. Clin Exp Immunol. 2006; 145(2):243-51. Epub 2006/08/
02. https://doi.org/10.1111/j.1365-2249.2006.03142.x PMID: 16879243; PubMed Central PMCID:
PMC1809686.

Wang J, Cardoso R, Marreros N, Milller N, Lundstrom-Stadelmann B, Siffert M, et al. Foxp3(+) T Regu-
latory Cells as a Potential Target for Immunotherapy against Primary Infection with Echinococcus multi-
locularis Eggs. Infect Immun. 2018; 86(10). Epub 2018/07/25. https://doi.org/10.1128/IA1.00542-18
PMID: 30037796; PubMed Central PMCID: PMC6204723.

Jebbawi F, Bellanger AP, Lunstrom-Stadelmann B, Rufener R, Dosch M, Goepfert C, et al. Innate and
adaptive immune responses following PD-L1 blockade in treating chronic murine alveolar echinococco-
sis. Parasite Immunol. 2021; 43(8):e12834. Epub 2021/03/24. https://doi.org/10.1111/pim.12834
PMID: 33754355.

Wang J, Jebbawi F, Bellanger AP, Beldi G, Millon L, Gottstein B. Imnmunotherapy of alveolar echinococ-
cosis via PD-1/PD-L1 immune checkpoint blockade in mice. Parasite Immunol. 2018; 40(12):e12596.
Epub 2018/10/14. https://doi.org/10.1111/pim.12596 PMID: 30315719; PubMed Central PMCID:
PMC6587932.

Vatankhah A, Halasz J, Piurko V, Barbai T, Raso E, Timar J. Characterization of the inflammatory cell
infiltrate and expression of costimulatory molecules in chronic echinococcus granulosus infection of the
human liver. BMC infectious diseases. 2015; 15:530. https://doi.org/10.1186/s12879-015-1252-x
PMID: 26578348; PubMed Central PMCID: PMC4647452.

Cui D, Jiang D, Yan C, Liu X, Lv Y, Xie J, et al. Inmune Checkpoint Molecules Expressed on CD4(+) T
Cell Subsets in Chronic Asymptomatic Hepatitis B Virus Carriers With Hepatitis B e Antigen-Negative.
Front Microbiol. 2022; 13:887408. Epub 2022/05/17. https://doi.org/10.3389/fmicb.2022.887408 PMID:
35572697; PubMed Central PMCID: PMC9093708.

Triebel F, Jitsukawa S, Baixeras E, Roman-Roman S, Genevee C, Viegas-Pequignot E, et al. LAG-3, a
novel lymphocyte activation gene closely related to CD4. J Exp Med. 1990; 171(5):1393-405. Epub
1990/05/01. https://doi.org/10.1084/jem.171.5.1393 PMID: 1692078; PubMed Central PMCID:
PMC2187904.

Maruhashi T, Okazaki IM, Sugiura D, Takahashi S, Maeda TK, Shimizu K, et al. LAG-3 inhibits the acti-
vation of CD4(+) T cells that recognize stable pMHCII through its conformation-dependent recognition
of pMHCII. Nat Immunol. 2018; 19(12):1415—-26. Epub 2018/10/24. https://doi.org/10.1038/s41590-
018-0217-9 PMID: 30349037.

Maruhashi T, Sugiura D, Okazaki IM, Shimizu K, Maeda TK, lkubo J, et al. Binding of LAG-3 to stable
peptide-MHC class Il limits T cell function and suppresses autoimmunity and anti-cancer immunity.
Immunity. 2022; 55(5):912—24.e8. Epub 2022/04/13. https://doi.org/10.1016/j.immuni.2022.03.013
PMID: 35413245.

Guy C, Mitrea DM, Chou PC, Temirov J, Vignali KM, Liu X, et al. LAG3 associates with TCR-CD3 com-
plexes and suppresses signaling by driving co-receptor-Lck dissociation. Nat Immunol. 2022; 23
(5):757—67. Epub 2022/04/20. https://doi.org/10.1038/s41590-022-01176-4 PMID: 35437325; PubMed
Central PMCID: PMC9106921.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1011396 May 12, 2023 17/20


https://doi.org/10.1038/s41598-017-11703-1
http://www.ncbi.nlm.nih.gov/pubmed/28894272
https://doi.org/10.1016/j.actatropica.2022.106490
https://doi.org/10.1016/j.actatropica.2022.106490
http://www.ncbi.nlm.nih.gov/pubmed/35490729
https://doi.org/10.1016/j.ebiom.2022.104177
http://www.ncbi.nlm.nih.gov/pubmed/35843171
https://doi.org/10.1002/iid3.181
http://www.ncbi.nlm.nih.gov/pubmed/28621034
https://doi.org/10.1002/hep.30896
http://www.ncbi.nlm.nih.gov/pubmed/31410870
https://doi.org/10.1111/j.1365-2249.2006.03142.x
http://www.ncbi.nlm.nih.gov/pubmed/16879243
https://doi.org/10.1128/IAI.00542-18
http://www.ncbi.nlm.nih.gov/pubmed/30037796
https://doi.org/10.1111/pim.12834
http://www.ncbi.nlm.nih.gov/pubmed/33754355
https://doi.org/10.1111/pim.12596
http://www.ncbi.nlm.nih.gov/pubmed/30315719
https://doi.org/10.1186/s12879-015-1252-x
http://www.ncbi.nlm.nih.gov/pubmed/26578348
https://doi.org/10.3389/fmicb.2022.887408
http://www.ncbi.nlm.nih.gov/pubmed/35572697
https://doi.org/10.1084/jem.171.5.1393
http://www.ncbi.nlm.nih.gov/pubmed/1692078
https://doi.org/10.1038/s41590-018-0217-9
https://doi.org/10.1038/s41590-018-0217-9
http://www.ncbi.nlm.nih.gov/pubmed/30349037
https://doi.org/10.1016/j.immuni.2022.03.013
http://www.ncbi.nlm.nih.gov/pubmed/35413245
https://doi.org/10.1038/s41590-022-01176-4
http://www.ncbi.nlm.nih.gov/pubmed/35437325
https://doi.org/10.1371/journal.ppat.1011396

PLOS PATHOGENS

LAGS3 expression promotes Th2 and Treg function in alveolar echinococcosis

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

Huang CT, Workman CJ, Flies D, Pan X, Marson AL, Zhou G, et al. Role of LAG-3 in regulatory T cells.
Immunity. 2004; 21(4):503—-13. Epub 2004/10/16. https://doi.org/10.1016/j.immuni.2004.08.010 PMID:
15485628.

Durham NM, Nirschl CJ, Jackson CM, Elias J, Kochel CM, Anders RA, et al. Lymphocyte Activation
Gene 3 (LAG-3) modulates the ability of CD4 T-cells to be suppressed in vivo. PLoS One. 2014; 9(11):
e€109080. Epub 2014/11/06. https://doi.org/10.1371/journal.pone.0109080 PMID: 25372844; PubMed
Central PMCID: PMC4220939 Squibb, Compugen and Roche/Genentech. CGD is a co-inventor on a
patent entitled: “Manipulation of Regulatory T Cells Using LAG-3 Antibodies, Genes, Agonists and
Antagonists”, filing case number: C04255. This patent is currently un-licensed. This does not alter the
authors’ adherence to PLOS ONE policies on sharing data and materials.

Zhang Q, Chikina M, Szymczak-Workman AL, Horne W, Kolls JK, Vignali KM, et al. LAG3 limits regula-
tory T cell proliferation and function in autoimmune diabetes. Sci Immunol. 2017; 2(9). Epub 2017/08/
08. https://doi.org/10.1126/sciimmunol.aah4569 PMID: 28783703; PubMed Central PMCID:
PMC5609824.

Jiang T, Sun W, Aji T, Shao Y, Guo C, Zhang C, et al. Single-Cell Heterogeneity of the Liver-Infiltrating
Lymphocytes in Individuals with Chronic Echinococcus multilocularis Infection. Infection and immunity.
2022; 90(11):e0017722. https://doi.org/10.1128/iai.00177-22 PMID: 36317875; PubMed Central
PMCID: PMC9670881.

Zhang C, ShaoY, Yang S, Bi X, Li L, Wang H, et al. T-cell tolerance and exhaustion in the clearance of

Echinococcus multilocularis: role of inoculum size in a quantitative hepatic experimental model. Scien-

tific reports. 2017; 7(1):11153. https://doi.org/10.1038/s41598-017-11703-1 PMID: 28894272; PubMed
Central PMCID: PMC5593833.

Williamson T, Sultanpuram N, Sendi H. The role of liver microenvironment in hepatic metastasis. Clin
Transl Med. 2019; 8(1):21. Epub 2019/07/08. https://doi.org/10.1186/s40169-019-0237-6 PMID:
31263976; PubMed Central PMCID: PMC6603103.

Warren KS. Hepatosplenic schistosomiasis: a great neglected disease of the liver. Gut. 1978; 19
(6):572—7. Epub 1978/06/01. https://doi.org/10.1136/gut.19.6.572 PubMed Central PMCID:
PMC1412035. PMID: 355069

Zhang C, Wang H, LiJ, Hou X, Li L, Wang W, et al. Involvement of TIGIT in Natural Killer Cell Exhaus-
tion and Immune Escape in Patients and Mouse Model With Liver Echinococcus multilocularis Infection.
Hepatology. 2021; 74(6):3376-93. Epub 2021/07/01. https://doi.org/10.1002/hep.32035 PMID:
34192365.

Hou X, Shi 'Y, Kang X, Rousu Z, Li D, Wang M, et al. Echinococcus granulosus: The establishment of
the metacestode in the liver is associated with control of the CD4(+) T-cell-mediated immune response
in patients with cystic echinococcosis and a mouse model. Front Cell Infect Microbiol. 2022; 12:983119.
Epub 2022/09/02. https://doi.org/10.3389/fcimb.2022.983119 PMID: 36046744; PubMed Central
PMCID: PMC9422084.

Tiegs G, Lohse AW. Immune tolerance: what is unique about the liver. J Autoimmun. 2010; 34(1):1-6.
Epub 2009/09/01. https://doi.org/10.1016/j.jaut.2009.08.008 PMID: 19717280.

Carambia A, Herkel J. CD4 T cells in hepatic immune tolerance. J Autoimmun. 2010; 34(1):23-8. Epub
2009/09/02. https://doi.org/10.1016/j.jaut.2009.08.006 PMID: 19720498.

Schmid M, Samonigg H, Stoger H, Auer H, Sternthal MH, Wilders-Truschnig M, et al. Use of interferon
gamma and mebendazole to stop the progression of alveolar hydatid disease: case report. Clinical
infectious diseases: an official publication of the Infectious Diseases Society of America. 1995; 20
(6):1543-6. https://doi.org/10.1093/clinids/20.6.1543 PMID: 7548507.

Zheng R, Xie S, Zhang Q, Cao L, Niyazi S, Lu X, et al. Circulating Th1, Th2, Th17, Treg, and PD-1 Lev-
els in Patients with Brucellosis. J Immunol Res. 2019; 2019:3783209. Epub 2019/08/31. https://doi.org/
10.1155/2019/3783209 PMID: 31467933; PubMed Central PMCID: PMC6701318 research, author-
ship, and/or publication of this article.

Lee J, Lozano-Ruiz B, Yang FM, Fan DD, Shen L, Gonzalez-Navajas JM. The Multifaceted Role of
Th1, Th9, and Th17 Cells in Immune Checkpoint Inhibition Therapy. Front Immunol. 2021; 12:625667.
Epub 2021/03/30. https://doi.org/10.3389/fimmu.2021.625667 PMID: 33777008; PubMed Central
PMCID: PMC7994325.

Previte DM, Martins CP, O’Connor EC, Marre ML, Coudriet GM, Beck NW, et al. Lymphocyte Activation
Gene-3 Maintains Mitochondrial and Metabolic Quiescence in Naive CD4(+) T Cells. Cell Rep. 2019; 27
(1):129-41.e4. Epub 2019/04/04. https://doi.org/10.1016/j.celrep.2019.03.004 PMID: 30943396.

Vignali DA, Collison LW, Workman CJ. How regulatory T cells work. Nat Rev Immunol. 2008; 8(7):523—
32. Epub 2008/06/21. https://doi.org/10.1038/nri2343 PMID: 18566595; PubMed Central PMCID:
PMC2665249.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1011396 May 12, 2023 18/20


https://doi.org/10.1016/j.immuni.2004.08.010
http://www.ncbi.nlm.nih.gov/pubmed/15485628
https://doi.org/10.1371/journal.pone.0109080
http://www.ncbi.nlm.nih.gov/pubmed/25372844
https://doi.org/10.1126/sciimmunol.aah4569
http://www.ncbi.nlm.nih.gov/pubmed/28783703
https://doi.org/10.1128/iai.00177-22
http://www.ncbi.nlm.nih.gov/pubmed/36317875
https://doi.org/10.1038/s41598-017-11703-1
http://www.ncbi.nlm.nih.gov/pubmed/28894272
https://doi.org/10.1186/s40169-019-0237-6
http://www.ncbi.nlm.nih.gov/pubmed/31263976
https://doi.org/10.1136/gut.19.6.572
http://www.ncbi.nlm.nih.gov/pubmed/355069
https://doi.org/10.1002/hep.32035
http://www.ncbi.nlm.nih.gov/pubmed/34192365
https://doi.org/10.3389/fcimb.2022.983119
http://www.ncbi.nlm.nih.gov/pubmed/36046744
https://doi.org/10.1016/j.jaut.2009.08.008
http://www.ncbi.nlm.nih.gov/pubmed/19717280
https://doi.org/10.1016/j.jaut.2009.08.006
http://www.ncbi.nlm.nih.gov/pubmed/19720498
https://doi.org/10.1093/clinids/20.6.1543
http://www.ncbi.nlm.nih.gov/pubmed/7548507
https://doi.org/10.1155/2019/3783209
https://doi.org/10.1155/2019/3783209
http://www.ncbi.nlm.nih.gov/pubmed/31467933
https://doi.org/10.3389/fimmu.2021.625667
http://www.ncbi.nlm.nih.gov/pubmed/33777008
https://doi.org/10.1016/j.celrep.2019.03.004
http://www.ncbi.nlm.nih.gov/pubmed/30943396
https://doi.org/10.1038/nri2343
http://www.ncbi.nlm.nih.gov/pubmed/18566595
https://doi.org/10.1371/journal.ppat.1011396

PLOS PATHOGENS

LAGS3 expression promotes Th2 and Treg function in alveolar echinococcosis

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

49.

Gagliani N, Magnani CF, Huber S, Gianolini ME, Pala M, Licona-Limon P, et al. Coexpression of CD49b
and LAG-3 identifies human and mouse T regulatory type 1 cells. Nat Med. 2013; 19(6):739-46. Epub
2013/04/30. https://doi.org/10.1038/nm.3179 PMID: 23624599.

Graydon CG, Balasko AL, Fowke KR. Roles, function and relevance of LAG3 in HIV infection. PLoS
pathogens. 2019; 15(1):e1007429. https://doi.org/10.1371/journal.ppat.1007429 PMID: 30653605;
PubMed Central PMCID: PMC6336228.

Garcia Cruz D, Giri RR, Gamiotea Turro D, Balsbaugh JL, Adler AJ, Rodriguez A. Lymphocyte Activa-
tion Gene-3 Regulates Dendritic Cell Metabolic Programing and T Cell Priming Function. Journal of
immunology. 2021; 207(9):2374-84. https://doi.org/10.4049/jimmunol.2001188 PMID: 34588222;
PubMed Central PMCID: PMC8525871.

Lino AC, Dang VD, Lampropoulou V, Welle A, Joedicke J, Pohar J, et al. LAG-3 Inhibitory Receptor
Expression Identifies Immunosuppressive Natural Regulatory Plasma Cells. Immunity. 2018; 49
(1):120-33 €9. https://doi.org/10.1016/j.immuni.2018.06.007 PMID: 30005826; PubMed Central
PMCID: PMC6057275.

Ruffo E, Wu RC, Bruno TC, Workman CJ, Vignali DAA. Lymphocyte-activation gene 3 (LAG3): The
next immune checkpoint receptor. Semin Immunol. 2019; 42:101305. Epub 2019/10/13. https://doi.org/
10.1016/j.smim.2019.101305 PMID: 31604537; PubMed Central PMCID: PMC6920665.

Workman CJ, Cauley LS, Kim IJ, Blackman MA, Woodland DL, Vignali DA. Lymphocyte activation
gene-3 (CD223) regulates the size of the expanding T cell population following antigen activation in
vivo. J Immunol. 2004; 172(9):5450-5. Epub 2004/04/22. https://doi.org/10.4049/jimmunol.172.9.5450
PMID: 15100286.

Scala E, Carbonari M, Del Porto P, Cibati M, Tedesco T, Mazzone AM, et al. Lymphocyte activation
gene-3 (LAG-3) expression and IFN-gamma production are variably coregulated in different human T
lymphocyte subpopulations. J Immunol. 1998; 161(1):489-93. Epub 1998/07/01. PubMed PMID:
PMID: 9647260.

Sturm D, Menzel J, Gottstein B, Kern P. Interleukin-5 is the predominant cytokine produced by periph-
eral blood mononuclear cells in alveolar echinococcosis. Infect Immun. 1995; 63(5):1688—-97. Epub
1995/05/01. https://doi.org/10.1128/iai.63.5.1688-1697.1995 PMID: 7729873; PubMed Central PMCID:
PMC173211.

Godot V, Harraga S, Deschaseaux M, Bresson-Hadni S, Gottstein B, Emilie D, et al. Increased basal
production of interleukin-10 by peripheral blood mononuclear cells in human alveolar echinococcosis.
Eur Cytokine Netw. 1997; 8(4):401-8. Epub 1998/02/12. PubMed PMID: PMID: 9459621.

Emery |, Liance M, Deriaud E, Vuitton DA, Houin R, Leclerc C. Characterization of T-cell immune
responses of Echinococcus multilocularis-infected C57BL/6J mice. Parasite Immunol. 1996; 18
(9):463-72. Epub 1996/09/01. https://doi.org/10.1111/j.1365-3024.1996.tb01030.x PMID: 9226682.

Kourepini E, Paschalidis N, Simoes DC, Aggelakopoulou M, Grogan JL, Panoutsakopoulou V. TIGIT
Enhances Antigen-Specific Th2 Recall Responses and Allergic Disease. Journal of immunology. 2016;
196(9):3570-80. https://doi.org/10.4049/jimmunol. 1501591 PMID: 27016609.

Slevin SM, Garner LC, Lahiff C, Tan M, Wang LM, Ferry H, et al. Lymphocyte Activation Gene (LAG)-3
Is Associated With Mucosal Inflammation and Disease Activity in Ulcerative Colitis. J Crohns Colitis.
2020; 14(10):1446—61. Epub 2020/03/18. https://doi.org/10.1093/ecco-jcc/jjaa054 PMID: 32179884,
PubMed Central PMCID: PMC7533903.

Stephens R, Langhorne J. Effector memory Th1 CD4 T cells are maintained in a mouse model of
chronic malaria. PLoS Pathog. 2010; 6(11):e1001208. Epub 2010/12/03. https://doi.org/10.1371/
journal.ppat.1001208 PMID: 21124875; PubMed Central PMCID: PMC2991260.

Saggau C, Martini GR, Rosati E, Meise S, Messner B, Kamps AK, et al. The pre-exposure SARS-CoV-
2-specific T cell repertoire determines the quality of the immune response to vaccination. Immunity.
2022; 55(10):1924—39.e5. Epub 2022/08/20. https://doi.org/10.1016/j.immuni.2022.08.003 PMID:
35985324; PubMed Central PMCID: PMC9372089.

Do JS, Visperas A, Sanogo YO, Bechtel JJ, Dvorina N, Kim S, et al. An IL-27/Lag3 axis enhances
Foxp3+ regulatory T cell-suppressive function and therapeutic efficacy. Mucosal Immunol. 2016; 9
(1):137-45. Epub 2015/05/28. https://doi.org/10.1038/mi.2015.45 PMID: 26013006; PubMed Central
PMCID: PMC4662649.

Curotto de Lafaille MA, Lafaille JJ. Natural and adaptive foxp3+ regulatory T cells: more of the same or
a division of labor? Immunity. 2009; 30(5):626—35. Epub 2009/05/26. https://doi.org/10.1016/j.immuni.
2009.05.002 PMID: 19464985.

Rubtsov YP, Rasmussen JP, Chi EY, Fontenot J, Castelli L, Ye X, et al. Regulatory T cell-derived inter-
leukin-10 limits inflammation at environmental interfaces. Immunity. 2008; 28(4):546-58. Epub 2008/
04/05. https://doi.org/10.1016/j.immuni.2008.02.017 PMID: 18387831.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1011396 May 12, 2023 19/20


https://doi.org/10.1038/nm.3179
http://www.ncbi.nlm.nih.gov/pubmed/23624599
https://doi.org/10.1371/journal.ppat.1007429
http://www.ncbi.nlm.nih.gov/pubmed/30653605
https://doi.org/10.4049/jimmunol.2001188
http://www.ncbi.nlm.nih.gov/pubmed/34588222
https://doi.org/10.1016/j.immuni.2018.06.007
http://www.ncbi.nlm.nih.gov/pubmed/30005826
https://doi.org/10.1016/j.smim.2019.101305
https://doi.org/10.1016/j.smim.2019.101305
http://www.ncbi.nlm.nih.gov/pubmed/31604537
https://doi.org/10.4049/jimmunol.172.9.5450
http://www.ncbi.nlm.nih.gov/pubmed/15100286
http://www.ncbi.nlm.nih.gov/pubmed/9647260
https://doi.org/10.1128/iai.63.5.1688-1697.1995
http://www.ncbi.nlm.nih.gov/pubmed/7729873
http://www.ncbi.nlm.nih.gov/pubmed/9459621
https://doi.org/10.1111/j.1365-3024.1996.tb01030.x
http://www.ncbi.nlm.nih.gov/pubmed/9226682
https://doi.org/10.4049/jimmunol.1501591
http://www.ncbi.nlm.nih.gov/pubmed/27016609
https://doi.org/10.1093/ecco-jcc/jjaa054
http://www.ncbi.nlm.nih.gov/pubmed/32179884
https://doi.org/10.1371/journal.ppat.1001208
https://doi.org/10.1371/journal.ppat.1001208
http://www.ncbi.nlm.nih.gov/pubmed/21124875
https://doi.org/10.1016/j.immuni.2022.08.003
http://www.ncbi.nlm.nih.gov/pubmed/35985324
https://doi.org/10.1038/mi.2015.45
http://www.ncbi.nlm.nih.gov/pubmed/26013006
https://doi.org/10.1016/j.immuni.2009.05.002
https://doi.org/10.1016/j.immuni.2009.05.002
http://www.ncbi.nlm.nih.gov/pubmed/19464985
https://doi.org/10.1016/j.immuni.2008.02.017
http://www.ncbi.nlm.nih.gov/pubmed/18387831
https://doi.org/10.1371/journal.ppat.1011396

PLOS PATHOGENS

LAGS3 expression promotes Th2 and Treg function in alveolar echinococcosis

50.

51.

52.

53.

54.

Sabat R, Gritz G, Warszawska K, Kirsch S, Witte E, Wolk K, et al. Biology of interleukin-10. Cytokine
Growth Factor Rev. 2010; 21(5):331—44. Epub 2010/12/01. https://doi.org/10.1016/j.cytogfr.2010.09.
002 PMID: 21115385.

Sega El, Leveson-Gower DB, Florek M, Schneidawind D, Luong RH, Negrin RS. Role of lymphocyte
activation gene-3 (Lag-3) in conventional and regulatory T cell function in allogeneic transplantation.
PLoS One. 2014; 9(1):e86551. Epub 2014/01/30. https://doi.org/10.1371/journal.pone.0086551 PMID:
24475140; PubMed Central PMCID: PMC3903521.

LiuY, Sorce S, Nuvolone M, Domange J, Aguzzi A. Lymphocyte activation gene 3 (Lag3) expression is
increased in prion infections but does not modify disease progression. Sci Rep. 2018; 8(1):14600. Epub
2018/10/04. https://doi.org/10.1038/s41598-018-32712-8 PMID: 30279468; PubMed Central PMCID:
PMC6168446.

Lul, LiT, Feng X, Liu Z, Liu Y, Chao T, et al. Excessive immunosuppression by regulatory T cells
antagonizes T cell response to schistosome infection in PD-1-deficient mice. PLoS Pathog. 2022; 18
(6):21010596. Epub 2022/06/07. https://doi.org/10.1371/journal.ppat.1010596 PMID: 35666747
PubMed Central PMCID: PMC9203022.

Chauchet A, Grenouillet F, Knapp J, Richou C, Delabrousse E, Dentan C, et al. Increased incidence
and characteristics of alveolar echinococcosis in patients with immunosuppression-associated condi-
tions. Clinical infectious diseases: an official publication of the Infectious Diseases Society of America.
2014; 59(8):1095-104. https://doi.org/10.1093/cid/ciu520 PMID: 25034426.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1011396 May 12, 2023 20/20


https://doi.org/10.1016/j.cytogfr.2010.09.002
https://doi.org/10.1016/j.cytogfr.2010.09.002
http://www.ncbi.nlm.nih.gov/pubmed/21115385
https://doi.org/10.1371/journal.pone.0086551
http://www.ncbi.nlm.nih.gov/pubmed/24475140
https://doi.org/10.1038/s41598-018-32712-8
http://www.ncbi.nlm.nih.gov/pubmed/30279468
https://doi.org/10.1371/journal.ppat.1010596
http://www.ncbi.nlm.nih.gov/pubmed/35666747
https://doi.org/10.1093/cid/ciu520
http://www.ncbi.nlm.nih.gov/pubmed/25034426
https://doi.org/10.1371/journal.ppat.1011396

