:\' frontiers

In Immunology

ORIGINAL RESEARCH
published: 18 November 2021
doi: 10.3389/fimmu.2021.777860

OPEN ACCESS

Edited by:
Jason Paul Gigley,
University of Wyoming, United States

Reviewed by:

Alisa Gruden-Movsesijan,

Institute for the Application of Nuclear
Energy (INEP), Serbia

Dominik Ruckerl,

The University of Manchester,

United Kingdom

*Correspondence:
Manuel Ritter
Manuel.ritter@ukbonn.de

TThese authors have contributed
equally to this work and share
first authorship

Specialty section:

This article was submitted to
Parasite Immunology,

a section of the journal
Frontiers in Immunology

Received: 15 September 2021
Accepted: 25 October 2021
Published: 18 November 2021

Citation:

Wiszniewsky A, Layland LE, Arndts K,
Wadephul LM, Tamadaho RSE,
Borrero-Wolff D, Chunda VC, Kien CA,
Hoerauf A, Wanji S and Ritter M (2021)
Adoptive Transfer of Inmune Cells Into
RAG2IL-2Ry-Deficient Mice During
Litomosoides sigmodontis Infection:
A Novel Approach to Investigate
Filarial-Specific Inmune Responses.
Front. Immunol. 12:777860.

doi: 10.3389/fimmu.2021.777860

Check for
updates

Adoptive Transfer of Immune
Cells Into RAG2IL-2Ry-Deficient
Mice During Litomosoides
sigmodontis Infection: A Novel
Approach to Investigate Filarial-
Specific Immune Responses

Anna Wiszniewsky '?, Laura E. Layland ™", Kathrin Arndts’, Lisa M. Wadephul’,
Ruth S. E. Tamadaho ', Dennis Borrero-Wolff?, Valerine C. Chunda®?, Chi Anizette Kien®?,
Achim Hoerauf"?®, Samuel Wanji** and Manuel Ritter"*

7 Institute for Medlical Microbiology, Immunology and Parasitology (IMMIP), University Hospital Bonn (UKB), Bonn, Germany,
2 German Centre for Infection Research (DZIF), Partner Site Bonn-Cologne, Bonn, Germany, 3 Parasite and Vector Biology
Research Unit, Department of Microbiology and Parasitology, Faculty of Science, University of Buea, Buea, Cameroon,

4 Research Foundation for Tropical Diseases and the Environment (REFOTDE), Buea, Cameroon, ® German-West African
Centre for Global Health and Pandemic Prevention (G-WAC), Partner Site Bonn, Bonn, Germany

Despite long-term mass drug administration programmes, approximately 220 million
people are still infected with filariae in endemic regions. Several research studies have
characterized host immune responses but a major obstacle for research on human filariae
has been the inability to obtain adult worms which in turn has hindered analysis on
infection kinetics and immune signalling. Although the Litomosoides sigmodontis filarial
mouse model is well-established, the complex immunological mechanisms associated
with filarial control and disease progression remain unclear and translation to human
infections is difficult, especially since human filarial infections in rodents are limited. To
overcome these obstacles, we performed adoptive immune cell transfer experiments
into RAG2IL-2Ry-deficient C57BL/6 mice. These mice lack T, B and natural killer cells
and are susceptible to infection with the human filaria Loa loa. In this study, we revealed
a long-term release of L. sigmodontis offspring (microfilariae) in RAG2IL-2Ry-deficient
C57BL/6 mice, which contrasts to C57BL/6 mice which normally eliminate the parasites
before patency. We further showed that CD4* T cells isolated from acute L. sigmodontis-
infected C57BL/6 donor mice or mice that already cleared the infection were able to
eliminate the parasite and prevent inflammation at the site of infection. In addition, the
clearance of the parasites was associated with Th17 polarization of the CD4* T cells.
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Consequently, adoptive transfer of immune cell subsets into RAG2IL-2Ry-deficient C57BL/6
mice will provide an optimal platform to decipher characteristics of distinct immune cells that
are crucial for the immunity against rodent and human filarial infections and moreover, might
be useful for preclinical research, especially about the efficacy of macrofilaricidal drugs.

Keywords: Filariae, Litomosoides sigmodontis, CD4* and CD8* T cells, adoptive transfer, anti-filarial immunity,

Th17 polarization

INTRODUCTION

Almost 4 decades ago, vector control and mass drug
administration (MDA) programmes against lymphatic filariasis
(LF) and onchocerciasis have been initiated to eliminate these
diseases (1, 2). These programmes achieved a prevention of
approximately 96 million new LF cases accompanied with a
reduction from 120 to 68 million LF infections (3) and an
interruption of O. volvulus transmission in Cuba, Ecuador,
Mexico and Guatemala (4) and elimination in Mali and
Senegal (5). However, worldwide elimination with the
microfilaricidal and temporally embryostatic drug ivermectin
that is currently used for MDA programmes will be
impossible. Moreover, ivermectin cannot be applied in Loa loa
endemic regions due to severe adverse events (6) and is
insufficient against Mansonella perstans (7, 8), a filaria that is
estimated to infect approximately 120 million people (9). Thus,
research about anti-filarial immunity is urgently needed for the
development of novel treatment strategies to fulfil the United
Nations Sustainable Development Goals (SDG) 3.3. and end the
epidemic of neglected tropical diseases (NTDs) by 2030.
Indeed, several studies have characterized host immunity
during filarial infections and revealed that filarial infections
dampen and modulate host immune responses via the
induction of regulatory B and T cell subsets, Th2 cell
populations and distinct patterns of cytokines, chemokines and
immunoglobulins accompanied with the suppression of Th1 and
pro-inflammatory cell subsets (10-18). This immunomodulation
leads in most infected people to an asymptomatic clinical picture
which is essential for long-term survival of the parasites (19, 20),
but is also suggested to influence disease outcome of concomitant
infections as well as vaccination efficacy (21-23). However,
human studies are hindered especially due to the inability to
obtain adult worms and the insufficient possibility to analyse
infection kinetics and immune signalling. Although, in vitro
culture models for human filariae have been developed (24-
30), so far, it is impossible to obtain all life stages and mimic
filarial life cycle, especially parasitic reproduction in vitro. Thus,
several studies aimed to establish human filarial infections in
rodent models (31-35), but so far, no complete life cycle could be
established in vivo. Thus, the well-established murine model of
filariasis Litomosoides sigmodontis is widely used to decipher
filarial biology and filarial-driven immune modulation (36, 37).
Interestingly, L. sigmodontis infection in BALB/c mice leads to
patency including the release of microfilariae (MF) into the
periphery, whereas C57BL/6 mice progressively eliminates
adult worms before the onset of MF release (38-40). Studies

using BALB/c mice revealed critical roles of CD4" T cells (41), Bl
cells (42), Thl (43) and Th2 immune responses (44-47),
eosinophils (48, 49) and neutrophils (50) for immunity against
adult worms and MF. On the other hand, C57BL/6 mice are
more characterized by a Th1/Th2 immune response (51) and
research with this mouse strain mainly focused on earlier
infection time-points. In brief, it has been shown that
neutrophils (52, 53), Th17 signalling (54) and the secretion of
IL-4 (44) influence worm development and the migration and
survival of invading infective L3 larvae. However, information
about the role of adaptive immune cells for anti-filarial immunity
in C57BL/6 mice is missing. Interestingly, RAG2IL-2Ry-deficient
C57BL/6 mice, which lack T, B and natural killer cells (55),
harbour high worm numbers and develop a 100% patency on day
72 p.. (56), a time-point when wildtype C57BL/6 mice already
cleared the infection. These findings suggest an important role of
adaptive immune cells during L. sigmodontis infection in C57BL/
6 mice. Thus, in this study we analysed the role of adaptive
immunity in more detail and established adoptive T cell transfers
into RAG2IL-2Ry-deficient C57BL/6 mice to assess the influence
of T cell subsets on parasitological, immunological and
pathological aspects during a patent L. sigmodontis infection.
Since RAG-deficient mice have been successfully infected with
the human filaria Loa loa (34, 35) the implementation of the
RAG2IL-2Ry-deficient C57BL/6 mouse model in combination
with adoptive transfer experiments might be a useful platform to
investigate immunity during human filarial infections.

METHODS

Mice

B6-Rag2"™ ™ 112rg™ "1 (RAG2IL-2Ry”") mice were purchased
from Taconic Biosciences Inc (Cologne, Germany). Wildtype
C57BL/6], C57BL/6-114"""N"/] (IL-4”~ C57BL/6) and B6.129P2-
1110"™1°€")) (IL-107" C57BL/6) mice were purchased from
Jackson Laboratories (Bar Harbor, USA). DEREG (Depletion
of regulatory T cell) C57BL/6 mice were bred in house at the
Institute for Medical Microbiology, Immunology and
Parasitology (IMMIP), University Hospital Bonn (UKB), Bonn,
Germany. Mice were kept under SPF conditions in accordance
with German animal protection laws and EU guidelines 2010/63/
E4 and had access to food and water ad libitum. All protocols and
experiments were approved by the Landesamt fiir Natur, Umwelt
und Verbraucherschutz Nordrhein-Westfalen, Recklinghausen,
Germany (84.02.04.2017.A122).
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Experimental Setup of Litomosoides
sigmodontis Infections and Adoptive

T Cell Transfers

Natural infections with L. sigmodontis were performed through a
bite of infected Ornithonyssus bacoti mites as previously
described (57). Infected mice were analysed 28 or 72 days p.i.
to isolate splenocytes for adoptive T cell transfer and to assess
parasitological, immunological and pathological parameters. For
the adoptive transfers, 1-3x10° CD4" or CD8" T cells from naive
or 28- or 72-days L. sigmodontis-infected wildtype, IL-4"" or IL-
107°C57BL/6 donor mice were injected intravenously (i.v.) into
the tail vein of RAG2IL-2Ry-deficient C57BL/6 mice one day
prior to L. sigmodontis infection (Supplementary Figure 1A) or
28 or 49 days p.i. (Supplementary Figure 1B). In addition,
adoptive transfer of T cells from DEREG (Depletion of
regulatory T cell) C57BL/6 donor mice allows the depletion of
regulatory T cells (Tregs) using diphtheria toxin (DTX) (58).
Thus, 1pg DTX (Merck KGaA, Darmstadt, Germany) were
intraperitoneal (i.p.) injected into adoptively transferred and L.
sigmodontis-infected RAG2IL-2Ry-deficient C57BL/6 mice on
day 29 and 30 and day 49 and 50 p.i. (Supplementary
Figure 1C), which corresponds to L4 moulting into adult
worms and onset of MF, respectively (56).

Isolation of CD4* and CD8" T Cells for
Adoptive Transfer Experiments

To perform adoptive transfer experiment, spleens from naive or
L. sigmodontis-infected donor mice (day 28 or 72 p.i.) were
isolated and mashed in sterile PBS (Thermo Fisher Scientific,
Schwerte, Germany) using a sterile plunger (BD Bioscience,
Heidelberg, Germany). Red blood cells in the cell suspension
were lysed using ACT buffer (8.99g ammonium chloride + 2.06g
Tris in 11 distilled water) for 6 minutes at room temperature (RT)
with constant shaking. Afterwards, cells were passed through a
gauze and washed with PBS (Thermo Fisher Scientific). To
isolate T cells from the splenocyte suspension, magnetic cell
separation (MACS) technique was applied using the mouse
MHC class II MicroBeads Kit (Miltenyi Biotec B.V. & Co. KG,
Bergisch Gladbach, Germany) according to manufacturer’s
description. In brief, 1x10” splenocytes were incubated with
10pl anti-mouse MHC class II beads for 15 minutes at 4°C.
Upon washing of the bead-labelled cell suspension with auto
MACS buffer (Miltenyi Biotec B.V. & Co. KG), cell suspension
was applied on LS MACS columns (Miltenyi Biotec B.V. & Co.
KG) and placed in the magnetic field of a MACS separator
(Miltenyi Biotec B.V. & Co. KG). MHC class II negative cells
were then flushed through the column using auto MACS buffer
for further flow cytometry-based cell sorting. For flow
cytometry-based CD4" and CD8" T cells sorting, Fc-receptors
of the MHC class II negative cells were blocked with CD16/CD32
monoclonal antibody (Thermo Fisher Scientific) for 15 minutes
and then labelled with APC- or FITC-conjugated anti-mouse
CD4 (clone RM4-5; Biolegend, California, USA) or
PerCP.Cy5.5-conjugated anti-mouse CD8 antibodies (clone 53-
6.7; Biolegend). CD4" and CD8" T cells were then sorted using
the BD FACS Aria IIT Cell Sorter (BD Bioscience) in the Flow

Cytometry Core Facility at the University Hospital Bonn (UKB),
Bonn, Germany to obtain a purity of CD4" and CD8" T cells
of >96%.

Assessment of Worm and Microfilarial
Burden

L. sigmodontis-infected mice were sacrificed by inhaling Forene®
(Piramal Critical Care, West Drayton, UK) on day 30 or 72 p.i.
Using sterile scissors and tweezers the mice were opened from
the abdomen to the sternum without damaging the diaphragm.
Then, a small orifice was made in the middle point of the upper
border of the diaphragm and by using sterile plastic Pasteur
pipettes (Ratiolab, Dreieich, Germany) filled with sterile PBS
(Thermo Fisher Scientific), the thoracic cavity (TC) was washed
several times. The collected fluid was passed through gauze to
collect the L. sigmodontis worms and were immediately analysed
for gender, developmental stage and length. For the later, we
determined individual worm length and average of worm lengths
per mouse (worm length per individual mouse). In addition,
approximately 5 female worms/mouse were snap frozen in liquid
nitrogen and then stored at -20°C for analysis of embryonic
stages. To analyse MF counts, 25ul TC fluid were transferred into
300pl Hinkelmann solution (Merck KGaA, Darmstadt,
Germany) and incubated for 10 minutes at RT. Upon
centrifugation for 5 minutes at 1300rpm using the Eppendorf
5415 R centrifuge (Eppendorf AG, Hamburg, Germany), the
sediment was microscopically assessed for the present of MF
using the Leica DM IL microscope (Leica Microsystems GmbH,
Wetzlar, Germany). In addition, 25ul peripheral blood was also
taken from the cheek vein of L. sigmodontis-infected mice on day
50, 56, 63 and 72 p.i. to assess MF counts in the periphery using
the above explained Hinkelmann staining protocol.

Embryogram of Female Adult Worms

To analyse the embryonic stages, single female worms were
squeezed in 80ul PBS (Thermo Fisher Scientific) and incubated
with 20pl Hinkelmann solution (Merck KGaA). Then, 10ul of
solution was microscopically analysed using the Leica DM IL
microscope (Leica Microsystems GmbH) to assess presence and
numbers of eggs, morulae, pretzel and stretched MF
(Supplementary Figure 2).

Assessment of Immune Cell Infiltration
Between Lung and Diaphragm

To assess immune cell infiltration and resulting pathology
between the lung and diaphragm, close to the site of infection,
the thoracic cavity (46), organs from L. sigmodontis-infected
RAG2IL-2Ry-deficient C57BL/6 mice on day 72 p.i, were
embedded in paraffin to prepare 3um sections using the Rotary
3005E semi- electronic rotary microtome (PFM Medical,
Cologne, Germany). Sections were then stained with
hematoxylin and eosin (HE) as previously described (59) and
microscopically examined to assess the inflammation score on a
scale from 0-4 (0 = no cell infiltration; 1 = one to two cell layers;
2 = three to four cell layers; 3 = five to six cell layers; 4 = more
than six cell layers; infiltrated cells widespread over the whole
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tissue) by the degree of visual thickness and infiltration of
immune cells towards the outside of the lung and
diaphragm (46).

Assessment of Immune Cell Composition
in the Thoracic Cavity (TC)

To determine the immune cell composition in the TC, fluid was
centrifuged at 1200 rpm for 5 minutes using the Multifuge 4KR
(Heraeus, Hanau, Germany). Then supernatant was discarded
and cell pellet resuspended in Iml PBS (Thermo Fisher
Scientific) to determine cell counts using trypan blue. 5x10*
TC cells were then pulse centrifuged on glass slides using the
Cytospin® technique as previously described (46). Dried
cytospin slides were stained using the Diff-Quik staining set
(Medion Diagnostics, Miami, USA) according to the
manufacturer’s instructions. To determine immune cell
composition at least 100 cells were microscopically
differentiated into lymphocytes, macrophages, neutrophils and
eosinophils using the Leica DM IL microscope (Leica
Microsystems GmbH).

Flow Cytometry

For detailed analysis of the adoptively transferred CD4" T cells,
red blood cells from TC were eliminated by using ACT buffer for
6 minutes at RT with constant shaking. Upon washing in PBS
(Thermo Fisher Scientific), remaining cells were fixed and
permeabilized using eBioscience'" fixation/permeabilization
concentrate and permeabilization buffer (Thermo Fisher
Scientific) according to the manufacture’s description. After
block of the Fc receptors, TC cells were stained with
combinations of fluorophore (APC, FITC, PE, PE-Cy7,
PerCp.Cy5.5)-conjugated anti-mouse CD4 (clone RM4-5),
IEN-y (clone XMG1.2), IL-4 (clone 11B11), IL-10 (clone Jes5-
16E3) and IL-22 (clone Poly5164) monoclonal antibodies from
Biolegend and IL-5 (clone TRFKS5) and IL-17A (clone eBio17B7)
monoclonal antibodies from Thermo Fisher Scientific. Samples
were acquired using the FACS Canto I (BD Bioscience) or the
CytoFlex S cytometer (Beckman Coulter, Krefeld, Germany) and
compensation was performed using BD™ CompBead particles
(BD Biosciences) or the VersaComp antibody capture kit
(Beckman Coulter). In addition, fluorescence minus one
(FMO) controls were acquired to discriminate populations.
Finally, antibody expression levels were analysed using the
FlowJo v10 software (FlowJo, Portland, USA). Supplementary
Figure 3 shows the applied gating strategy.

Analysis of Cytokine and Chemokine
Levels in TC

On analysis days, the first 500pl of the TC fluid was collected
during the flushing of L. sigmodontis worms. To measure
cytokines and chemokines the Cytokine & Chemokine 36-Plex
Mouse ProcartaPlex' " Panel 1A Luminex kit (Thermo Fisher
Scientific) was applied according to manufacturer’s descriptions.
The limits (upper limit of quantification/lower limit of
quantification) of the cytokines and chemokines in pg/ml were
as follows: CCL2 (9,850/9.62), CCL3 (613/0.60), CCL4 (863/
0.84), CCL5 (2,600/2.54), CCL7 (1,000/0.24), CCL11 (738/0.72),

CXCLI (2,550/2.49), CXCL2 (1,038/1.01), CXCL5 (27,600/6.74),
CXCL10 (750/0.73), G-CSF (1,375/1.34), GM-CSF (3,275/3.20),
IFN-a (3,600/3.52), IFN-y (8,950/2.19), IL-10. (13,400/3.27), IL-
1P (5,900/1.44), IL-2 (1,913/1.87), IL-3 (1,550/0.38), IL-4 (5,600/
1.37), IL-5 (8,950/2.19), IL-6 (22,600/5.62), IL-9 (21,850/21), IL-
10 (8,350/2.04), IL-12p70 (600/2.34), IL-13 (2,925/2.86), IL-15
(8,150/1.99), IL-17A (2,500/2.44), IL-18 (145,700/36), IL-22
(53,200/13), IL-23 (47,600/12), IL-27 (10,800/2.64), IL-28
(130,400/32), IL-31 (10,325/10), LIF (6,800/1.66), M-CSF (750/
0.18) and TNF-a. (3,750/3.66). Samples were acquired using the
MAGPIX Luminex system (Luminex Cooperation, Austin, USA)
and analysed with ProcartaPlex Analyst software 1.0 (Thermo
Fisher Scientific).

Statistical Analysis

Statistical analyses were performed using the PRISM 7
programme (GraphPad Software, Inc., La Jolla, USA). Before
testing for statistical significances between the groups, we
performed a D’Agostino-Person omnibus normality test to test
the distribution of the values. Since variables were non-
parametrical distributed, Kruskal-Wallis-tests were performed
to compare more than two groups. If a Kruskal-Wallis-test was
significant a Dunn’s multiple comparison test was performed for
a further comparison of the groups. P-values of 0.05 or less were
considered significant.

RESULTS

Investigation of L. sigmodontis Immunity
Using Adoptive Immune Cell Transfers

Into RAG2IL2Ry-Deficient Mice

Our previous study showed that L. sigmodontis infections in
RAG2IL-2Ry-deficient C57BL/6 mice led to high worm burden
and that all infected mice release MF at the site of infection and
periphery 72 days p.i. (56), a time-point when wildtype C57BL/6
mice have already cleared the infection. Moreover, MF secretion
in the periphery peaks between day 70-120 p.i. and MF persist for
up to 300 days p.i. in the periphery (Supplementary Figure 4).
These results show that L. sigmodontis worms can survive and
produce MF in RAG2IL-2Ry-deficient C57BL/6 mice for a
longer period of time in contrast to other mouse systems
(38) and are comparable to infections in Mastomoys coucha
(60). Since RAG2IL-2Ry-deficient C57BL/6 mice lack T, B
and natural killer cells (55), we suggested that adoptive cell
transfer experiments might reveal crucial immune cell subsets
and immune mechanisms that are important for immunity
against filariae. Previous research revealed a crucial role for T
cells for host immunity in BALB/c mice (41) but information is
lacking for C57BL/6 mice. Therefore, we adoptively transferred
CD4" and CD8" T cells from naive C57BL/6 donor mice
into RAG2IL-2Ry-deficient C57BL/6 mice one day prior
L. sigmodontis infection and analysed worm burden at 72 days
p-i. (Supplementary Figure 1A), a time-point when RAG2IL-
2Ry-deficient C57BL/6 mice have MF in the periphery
(Supplementary Figure 4). Despite a slight reduction in
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female worm numbers in mice that received naive CD4" T cells,
parasite burden as well as worms that are surrounded by immune
cells (encapsulated worms) and finally become granulomatous
nodules remain comparable between the groups (Figures 1A-E).
In addition, infiltration of immune cells and inflammation
between lung and diaphragm, close to the thoracic cavity (TC),
the site of infection, was only slightly reduced especially around
lung tissue upon adoptive transfer of naive CD4" T cells
(Figure 1F), suggesting that naive CD4" or CD8" T cell transfer
is not sufficient to significantly reduce worm burden and
inflammation in the TC.

Reduced Worm Length and MF Secretion
Accompanied With Impaired
Embryogenesis in RAG2IL2Ry-Deficient
Mice Upon Adoptive Transfer of CD4* T
Cells From Naive C57BL/6 Donor Mice
Although parasite burden and inflammation score at the site of
infection were not significantly altered upon adoptive T cell
transfer from naive donor mice, we further analysed the

morphology of the worms and indicate that adoptive transfer
of naive CD4" but not CD8" T cells led to significantly shorter
worms (Figure 2A). Detailed analysis of individual worm lengths
(Figures 2B, C) and the average worm length per individual
mouse (Figures 2D, E) showed a significant length reduction
only upon CD4" T cell transfer. Furthermore, we determined
that adoptive transfer of naive CD4" but not CD8" T cells
significantly reduced MF count at the site of infection
(Figure 3A) and in the periphery (Figure 3B) on day 72 p.i.
The significant reduction of MF on the analysis day was reflected
during the course of infection and already at the onset of MF
secretion in the periphery from day 56 p.i. (Figure 3C). Since MF
numbers in the TC and periphery were significantly reduced
upon CD4" T cell transfer, we analysed female worms to assess
embryonic stages and revealed also significantly reduced
numbers of eggs, morulae, pretzels and stretched microfilariae
(Supplementary Figure 2) in female worms from RAG2IL2RY-
deficient mice that were adoptively transferred with naive CD4"
T cells (Figure 3D). Collectively, these results indicate that
despite the fact that adult worm numbers remain comparable,
adoptive CD4" T cell, but not CD8" T cell transfer from naive
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FIGURE 2 | Adoptive transfer of naive CD4" T cells impair worm growth. On day 72 p.i., RAG2IL-2Ry-deficient C57BL/6 mice that were adoptively transferred with
CD4* or CD8" T cell from naive C57BL/6 donor mice were analysed for (A) worm length to assess individual (B) female and (C) male worm length and (D) female
and (E) male worm length per mouse. (B-E) Graphs show dot blots with median and interquartile ranges and are pooled from four independent experiments
including no adoptive transfer (PBS; n=25) and adoptive transfer of CD4* (n=21) and CD8" T cell (n=17) into RAG2IL-2Ry-deficient C57BL/6 mice. Significant
differences between the groups were determined by Kruskal-Wallis-test followed by a Dunn’s multiple comparison test.

C57BL/6 donor mice induce immunity against L. sigmodontis
leading to reduced worm length and MF numbers accompanied
with impaired embryogenesis.

Role of IL-4, IL-10 and Regulatory T Cells
During Adoptive Transfer of CD4* T Cells
From Naive C57BL/6 Donor Mice

As shown in Figures 2, 3, adoptive transfer of CD4" T cells from
naive C57BL/6 donor mice impairs the growth and MF
production of adult worms. Previous studies showed that IL-4
(44) and IL-10 (61) influence L. sigmodontis worm development
in C57BL/6 mice. Thus, we adoptively transferred CD4" T cells
from IL-4- and IL-10 -deficient C57BL/6 donor mice to assess
the role of these cytokines (Supplementary Figure 1A).
Interestingly, despite significantly smaller female (Supplementary
Figure 5F) or male worms (Supplementary Figure 6G) in
RAG2IL-2Ry-deficient C57BL/6 mice that were adoptively
transferred with IL-47" or IL-107" CD4" T cells respectively,
comparable worm and MF numbers as well as worm lengths
were determined between adoptive transfer of naive wildtype and
IL-4”" (Supplementary Figure 5) or IL-10"" CD4" T cells
(Supplementary Figure 6). In addition, IL-10 is an important
cytokine of regulatory T cells (Tregs) that has been shown to play a
crucial role during filarial-specific immune responses (62). To
investigate the role of Tregs, we adoptively transferred naive
CD4" T cell from DEREG C57BL/6 donor mice and specifically

depleted Tregs on day 29 and 30 (L4 moulting into adult worms)
and day 49 and 50 (onset of MF) via the injection of diphtheria
toxin (Supplementary Figure 1C). However, Treg depletion did
not alter the results, since comparable worm and MF burden
and also length of adult worms were revealed between CD4" and
Treg-depleted CD4" T cell transferred mice (Supplementary
Figure 7). In summary, these results suggest that the ability
of naive CD4" T cells to reduce worm length and MF numbers
is independent of IL-4 and IL-10 signalling or the involvement
of Tregs.

Adoptive Transfer of CD4" T Cells From

L. sigmodontis-Infected C57BL/6 Donor
Mice Effectively Clears the Infection and
Reduces Inflammation at the Site of
Infection

Since adoptive transfer of naive T cells did not significantly
reduce worm burden, we adoptively transferred CD4" or CD8" T
cells from C57BL/6 donor mice that were infected with
L. sigmodontis for 28 days, a time point when adult worms
reside in the TC (38). Interestingly, adoptive transfer of CD4"
but not CD8" T cells from L. sigmodontis-infected C57BL/6
donor mice led to a significant reduction of worm numbers in the
TC of L. sigmodontis-infected RAG2IL2RY-deficient mice at day
72 p.. in comparison to no (PBS) and CD8" T cell transferred
mice (Figures 4A-C). Moreover, transfer of CD4" T cells from
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FIGURE 3 | Adoptive transfer of naive CD4* T cells impair embryogenic stage development accompanied with reduce microfilariae release. Microfilaria (MF) counts
from RAG2IL-2Ry-deficient C57BL/6 mice that were adoptively transferred with CD4* or CD8* T cell from naive C57BL/6 donor mice were determined in the
(A) thoracic cavity (TC) and (B) peripheral blood (PB) on day 72 p.i. and (C) during the course of infection in PB upon 50 days p.i. Moreover, female adult worms
were analysed to determine (D) embryonic stages. Graphs show dot blots with median and interquartile ranges. (A-C) Results are pooled from four independent
experiments including no adoptive transfer (PBS; n=25) and adoptive transfer of CD4* (n=21) and CD8" T cell (h=17) into RAG2IL-2Ry-deficient C57BL/6 mice.
(D) Results are from one experiment including n=9, n=6 and n=11 individual worms from no adoptive transferred (PBS; n=5) and CD4* (n=6) and CD8" T cell (n=6)
adoptive transferred RAG2IL-2Ry-deficient C57BL/6 mice, respectively. Significant differences between the groups were determined by Kruskal-Wallis-test followed
by a Dunn’s multiple comparison test.

L. sigmodontis-infected donor mice provoke worm encapsulation
and nodule formation (Figures 4D, E), which ultimately leads to
the clearance of adult worms accompanied with reduce
inflammation score around the lung and diaphragm tissue
(Figure 4F). Despite the fact that adult worms were only rarely
isolated (8 out of 21 mice harbour adult worms) from
RAG2IL2Ry-deficient mice that received CD4" T cells from
L. sigmodontis-infected C57BL/6 donor mice, individual worm
length as well as worm length per individual mouse was reduced
compared to PBS- or CD8" T cell-injected mice (Figures 5A-D).
The clearance of the adult worms also results in a complete loss
of MF at the site of infection and periphery (Figures 5E, F).
Interestingly, adoptive transfer of CD4" T cells from
L. sigmodontis-infected donor mice even prevented the onset
of MF release in RAG2IL2RY-deficient mice, since no MF could
be determined upon day 50 p.i. compared to increased MF loads
in peripheral blood from PBS- and CD8" T cell-injected mice
(Figure 5G). Consequently, almost no embryonic stages could
be observed in the rarely recovered female worms (Figure 5H),
showing that transfer of CD4" T cells from C57BL/6 donor

mice that have an ongoing L. sigmodontis infection drives
anti-filarial immune responses that clear and harm the
majority of adult worms preventing mating and fertilisation of
female worms.

Based on those results, we aim to decipher if the time point
of adoptive transfer and the infection status of the adoptively
transferred cells influence parasite clearance. Therefore, first
we adoptively transferred CD4" T cells from naive and
L. sigmodontis-infected (day 28 p.i.) C57BL/6 donor mice into
L. sigmodontis-infected RAG2IL-2Ry-deficient C57BL/6 mice on
day 28 p.i. (L4 become adult and reside in the TC) and day 49 p.i.
(onset of MF; Supplementary Figure 1B). Interestingly, only
individual worm lengths were significantly reduced upon
adoptive transfer of CD4" T cells from L. sigmodontis-infected
donor mice independently on the time point of adoptive cell
transfer, whereas worm and MF counts were comparable in all
groups indicating that CD4" T cells cannot clear an established
L. sigmdontis infection (Supplementary Figure 8). Secondly, we
decipher if CD4" T cells from donor mice that already cleared the
L. sigmodontis infection can efficiently clear parasite burden.
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Thus, we adoptively transferred CD4" T cells from donor mice
that were L. sigmodontis-infected for 72 days, a time point when
C57BL/6 mice already cleared the infection, into RAG2IL-2Ry-
deficient C57BL/6 mice one day prior L. sigmodontis infection
(Supplementary Figure 1A). Interestingly, CD4" T cells from
day 72 L. sigmodontis-infected donor mice efficiently reduced the
worm burden and MF loads comparable to CD4" T cells from
day 28 L. sigmodontis-infected C57BL/6 donor mice (Figure 6),
suggesting that an ongoing L. sigmodontis infection primes CD4"
T cells leading to a long-term memory against this filaria.
However, there was a tendency that CD4" T cells from donor
mice that already cleared the L. sigmodontis infection (day 72
p.i.) were not able to reduce efficiently the length of the
remaining male worms (Figures 6G, H).

In summary, these results demonstrate that adoptive transfer
of CD4" T cells from C57BL/6 donor mice with an ongoing (day
28 p.i.) or cleared (day 72 p.i.) L. sigmodontis infection effectively
reduces worm and MF burden in L. sigmodontis-infected
RAG2IL-2Ry-deficient C57BL/6 mice. However, this partial
protection strongly depends on the time point of adoptive
transfer, since CD4" T cell transfer could not reduce parasite
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FIGURE 4 | Reduced worm counts and thoracic cavity pathology in L. sigmodontis-infected RAG2IL—2Ry'/ “ mice upon adoptive transfer of CD4* T cell from
L. sigmodontis-infected C57BL/6 donor mice. CD4* or CD8* T cells from C57BL/6 donor mice that were infected with L. sigmodontis for 28 days were injected
intravenously (i.v.) into the tail vein of RAG2IL-2Ry-deficient C57BL/6 mice one day prior to L. sigmodontis infection. On day 72 p.i. mice were analysed to assess
(A) total, (B) female, (C) male and (D) encapsulated worm counts as well as (E) nodule counts in the thoracic cavity. In addition, H&E-stained lung and diaphragm
sections were microscopically analysed to assess the (F) inflammation score. Graphs show dot blots with median and interquartile ranges from individual mice
from (A-E) three independent experiments including no adoptive transfer (PBS; n=23) and adoptive transfer of CD4" (n=21) and CD8" T cells (n=25) and (F) two
independent experiments including PBS (n=10) and adoptive transfer of CD4" (n=15) and CD8" T cells (n=16) into RAG2IL-2Ry-deficient C57BL/6 mice. Significant
differences between the groups were determined by Kruskal-Wallis-test followed by a Dunn’s multiple comparison test.

numbers when L. sigmodontis worms are already reside in
the TC.

Immune Profile of the Adoptively
Transferred CD4" T Cells and Host
Responses in L. sigmodontis-Infected
RAG2IL-2Ry-Deficient Mice

Since CD4" T cells from L. sigmodontis-infected C57BL/6 donor
mice showed a higher efficacy to reduce worm and MF burden
compared to CD4" T cells from naive donor mice, we
characterised cytokine patterns of the adoptively transferred
CD4" T cells from RAG2IL-2Ry-deficient C57BL/6 mice on day
72 p.i. at the site of infection (TC). In detail, TC cells were isolated
and frequencies of IFN-y+ (Thl), IL-4+, IL-5+ and IL-10+ (Th2/
regulatory) and IL-17A+ and IL-22+ (Th17) CD4" T cells assessed
using flow cytometry. Although, CD4" T cell frequencies were
comparable in the TC of RAG2IL-2Ry-deficient mice that received
CD4" T cells from naive or L. sigmodontis-infected C57BL/6
donor mice, CD4" T cells that were adoptively transferred from
day 28 or day 72 L. sigmodontis-infected C57BL/6 donor mice
revealed increased Th17 immune responses compared to CD4" T
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FIGURE 5 | Adoptive transfer of CD4* T cells from L. sigmodontis-infected C57BL/6 mice impair worm growth and blocks microfilaria release and development of
embryogenic stages. On day 72 p.i., RAG2IL-2Ry-deficient C57BL/6 mice that were adoptively transferred with CD4* or CD8" T cells isolated from L. sigmodontis-
infected C57BL/6 mice 28 days p.i. were analysed for individual (A) female and (B) male worm length and (C) female and (D) male worm length per mouse. In
addition, microfilaria (MF) counts were determined in the (E) thoracic cavity (TC) and (F) peripheral blood (PB) and (G) during the course of infection in PB upon 50
days p.i. Moreover, female adult worms were analysed to determine (H) embryonic stages. Graphs show dot blots with median and interquartile ranges from
individual mice from (A=G) three independent experiments including no adoptive transfer (PBS; n=23) and adoptive transfer of CD4" (n=21) and CD8" T cells (n=25)
into RAG2IL-2Ry-deficient C57BL/6 mice. (H) Results are from one experiment including n=20, n=4 and n=20 individual worms from no adoptive transferred (PBS;
n=7) and CD4" (n=2) and CD8"* T cell (n=8) adoptive transferred RAG2IL-2Ry-deficient C57BL/6 mice, respectively. Significant differences between the groups were
determined by Kruskal-Wallis-test followed by a Dunn’s multiple comparison test.
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FIGURE 6 | Comparable efficacy of CD4* T cells isolated from day 28 or 72 L. sigmodontis-infected C57BL/6 donor mice. CD4* T cells from C57BL/6 donor mice
that were either naive or infected with L. sigmodontis for 28 or 72 days were injected intravenously (i.v.) into the tail vein of RAG2IL-2Ry-deficient C57BL/6 mice one
day prior to L. sigmodontis infection. On day 72 p.i. mice were analysed to assess (A) total, (B) female, (C) male and (D) encapsulated worm counts as well as
(E) nodule counts in the thoracic cavity (TC). Moreover, individual (F) female and (G) male worm length and (H) female and (I) male worm length per mouse were
measured. Finally, microfilaria (MF) counts were determined in the (J) TC and (K) peripheral blood (PB) and (L) during the course of infection upon 50 days p.i. in PB.
(A-L) Graphs show dot blots with median and interquartile ranges from individual mice from two independent experiment including no adoptive transfer (PBS; n=11)
and adoptive transfer of CD4* T cell from naive donor mice (n=12) or donor mice that were infected with L. sigmodontis for 28 days (n=12) or 72 days (n=14) into
RAG2IL-2Ry-deficient C57BL/6 mice. Significant differences between the groups were determined by Kruskal-Wallis-test followed by a Dunn’s multiple comparison
test. AT, adoptive transfer.

cells that were obtained from naive C57BL/6 donor mice
(Figure 7A). Moreover, detailed comparison of the cytokine
secretion patterns showed that RAG2IL-2Ry-deficient C57BL/6
mice that were adoptively transferred with CD4" T cells from day
28 and day 72 L. sigmodontis-infected C57BL/6 donor mice had
higher frequencies of CD4'IL-17A"T cells. In addition, CD4" T
cells that were derived from day 72 L. sigmodontis-infected donor
mice and adoptively transferred into RAG2IL-2Ry-deficient
C57BL/6 mice showed increased expression of IL-22 and IL-4
compared to adoptively transferred CD4" T cells from naive or
day 28 L. sigimodontis-infected C57BL/6 donor mice, respectively
(Figure 7A). These results suggest that the efficient clearance of
parasite burden depends on the polarization of donor CD4" T cells

into a Th17 phenotype upon transfer into recipients. However,
since adoptively transferred CD4" T cells showed distinct cytokine
patterns in RAG2IL-2Ry-deficient mice upon 72 days p.i.
(Figure 7A), we next analysed the overall cytokines and
chemokines levels in the TC using a 36 cytokine and chemokine
luminex kit. From the 36 analytes, 10 (IL-1f, IL-10, IL-13, IL-15,
IL-17A, IL-22, IL-27, G-SCF, GM-CSF and LIF) were below the
detection limit. However, IFN-y, IL-12p70, IL-6 and TNF-o. were
significantly reduced in RAG2IL-2Ry-deficient mice that received
CD4" T cell, especially from L. sigmodontis-infected donors
(Figure 7B). Interestingly, only the Th2 associated cytokines IL-
4 and IL-5 were increased in CD4" T cells transferred into
RAG2IL-2Ry-deficient recipients on day 72 p.i. and (Figure 7B),
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FIGURE 7 | Immune profile of transferred CD4" T cells in L. sigmodontis-infected RAGQIL—ZRy'/' mice. On day 72 p.i.,, CD4™ T cells and immune responses in the
thoracic (TC) were analysed from L. sigmodontis-infected RAG2IL-2Ry-deficient C57BL/6 mice. Therefore, CD4* T cells that were either adoptively transferred from
naive, or L. sigmodontis-infected (day28 or day 72 p.i.) C57BL/6 donor mice (day28 or day 72 p.i.) were isolated and analysed for cytokine secretion patterns in the
(A) TC using flow cytometry. Moreover, (B) cytokine and (C, D) chemokine levels were also analysed in the TC. Finally, (E) total TC cell counts and (F) frequencies of
lymphocytes, macrophages, neutrophils and eosinophils were analysed using cytospin technique. Graphs show (A) pie charts, (A-D) box and whiskers and (E, F)
dot blots with median and interquartile ranges. Graphs show (A) four independent experiments including adoptive transfer of CD4* T cells from naive donor mice (n=
24) or donor mice that were infected with L. sigmodontis for 28 days (n=21) or 72 days (n=13), (B-D) 6 independent experiments including no adoptive transfer
(PBS; n=25) and adoptive transfer of CD4" T cells from naive donor mice (n= 22) or donor mice that were infected with L. sigmodontis for 28 days (n=21) or 72 days
and (E, F) 2 independent experiments including PBS (n=11) and adoptive transfer of CD4* T cells from naive donor mice (n= 12) or donor mice that were infected
with L. sigmodontis for 28 days (n=12) or 72 days (n=14) into RAG2IL-2Ry-deficient C57BL/6 mice. Significant differences between the groups were determined by
Kruskal-Wallis-test followed by a Dunn’s multiple comparison test. AT, adoptive transfer.

suggesting that Th2 associated cytokines play a crucial role for
parasite clearance despite the fact that transferred CD4" T cells did
not show a prominent Th2 phenotype (Figure 7A). However,
chemokines like CCL2, CCL3, CCL4, CCL5, CCL7 and CCL11
(Figure 7C) and CXCL1, CXCL2, CXCL5 and CXCLI10
(Figure 7D) were again reduced in RAG2IL-2Ry-deficient mice
that received CD4" T cells, especially from L. sigmodontis-infected
donors. The overall reduction of cytokines and chemokines in the
TC especially in mice that received CD4" T cells from L.
sigmodontis-infected donors confirms the previous findings that
adult worms were eliminated in the TC of the RAG2IL-2Ry-
deficient mice (Figures 5, 6) leading also to reduced infiltration
and accumulation of immune cells at the site of infection on day
72 p.i. Indeed, the overall cell numbers in the TC were reduced in
RAG2IL-2Ry-deficient mice that were transferred with CD4" T
cells derived from L. sigmodontis-infected C57BL/6 donor mice
(Figure 7E). Finally, we assessed the composition of immune cells
in the TC using the cytospin technique and revealed as expected
that no lymphocytes were present at the site of infection in mice
that did not receive adoptive transfer of CD4" T cells (PBS

control), whereas CD4" T cell transferred mice showed
significantly increased numbers of lymphocytes (Figure 7F).
Interestingly, the lack of lymphocytes in the PBS control group
was compensated by increased macrophage frequencies compared
to CD4" T cell transferred mice, whereas neutrophil and
eosinophil frequencies were comparable between the groups
(Figure 7F). In general, no differences in cell frequencies within
the CD4" T cell transferred mice groups could be observed,
suggesting that the clearance of parasite burden depends on
infectious status and function (Th17 polarization) of the CD4"
T cells rather than cell number and presence of innate immune
cells highlighting the central role of CD4" T cells for immunity
against L. sigmodontis.

DISCUSSION

The worldwide distribution and high infection rates in tropical
areas highlights the successful survival strategy and adaptability
of filarial nematodes. Filariae developed complex life cycles in

Frontiers in Immunology | www.frontiersin.org

November 2021 | Volume 12 | Article 777860


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Wiszniewsky et al.

Adoptive Transfer Into RAG2IL-2Ry”” Mice

which insects (vectors) and humans are used as host for
transmission and reproduction, respectively. Although millions
of humans are infected and suffer from severe pathology,
knowledge about parasite evasion and survival tactics are not
fully understood. Over the last decades, several studies showed
that filariae modulate immunity in humans through the
induction of Th2 and regulatory T and B cell populations
accompanied with the suppression of pro-inflammatory and
Thl immune responses to guarantee long-term survival and
reproduction of the parasite (10-19, 63). Nevertheless, it is
impossible to investigate the complexity of the filarial-driven
modulation and survival tactics solely in humans due to limited
access to parasitic life stages, unknown infection time point,
possible re- and co-infections and most importantly ethical
concerns. Although in vitro culture models of human filariae
are promising (25-30) and experimental infections in monkeys
have been established (64, 65), these approaches do not reflect
the complexity of the human host and thus cannot be used to
study filarial-driven modulation of host immunity and are
difficult to perform accompanied with ethical concerns,
respectively. Therefore, the rodent model of filariasis, namely
L. sigmodontis, is used for filarial research and expanded the
knowledge about filarial-driven immune regulation and is also a
suitable platform for anti-filarial drug testing (36, 37). Mice
strains on BALB/c background are susceptible to L.
sigmodontis whereas others clear the infections before worms
get fertile and produce the offspring (38-40). Thus, researchers
used knockout BALB/c strains to perform human filarial
infections but until know the complete life cycle could not be
obtained in rodents (31-35). However, these studies showed that
the knockout of the RAG2 gene in BALB/c mice, which result in
an impaired maturation of T and B cells, might be a suitable
model for human filarial infections. Indeed, this knockout strain
was recently used to obtain Loa loa larvae stages and adult worms
(34, 35) that were used to investigate Loa loa-specific immune
responses (66). In addition, we showed that the combined
knockout of the RAG2 gene and IL-2Ry chain, which leads to
a complete loss of T, B and natural killer cells (55), in semi-
susceptible C57BL/6 mice results into 100% patency, higher
worm numbers (60) and long-lasting secretion of MF, in
contrast to susceptible knockout BALB/c mice (46, 47).

To elucidate the potential of the RAG2IL-2Ry-deficient
mouse model, we here established adoptive transfer
experiments which can be used for in-depth analysis of
immunity against filariae. We revealed that adoptive transfer of
CD4", but not CD8" T cells obtained from L. sigmodontis-
infected C57BL/6 donor mice one day prior to L. sigmodontis
infection of RAG2IL-2Ry-deficient mice significantly reduces
parasite burden. Interestingly, adoptive transfer during an
established L. sigmodontis infection, when adult worms are
present (day 28 p.i.) or shortly before the onset of MF release
(day 49 p..), did not reduce parasite burden, suggesting that
CD4" T cells play a crucial role especially for the protection
against filarial infection and impair the development of larval
stages. Until now the role of CD4" T cells during L. sigmodontis
infection was only elucidated in BALB/c mice (41) and thus this

study showed to our knowledge the first time the crucial role of
CD4" T cells for anti-filarial immunity in C57BL/6 mice. Since
information about the role of adaptive immune cells for anti-
filarial immunity in C57BL/6 mice is missing, further
experiments should elucidate also the role of B cells by using
the established adoptive cell transfer model in RAG2IL-2Ry-
deficient mice, especially since B cells have been shown to be
important for the immunity in BALB/c strains (42) and distinct
immunoglobulin patterns have been shown to be induced during
human filarial infection that are crucial for the regulation of host
immunity (11, 67-69).

In addition, the findings from the CD4" T cells transfers also
revealed that a previous L. sigmodontis infection influences an
efficient anti-filarial response, since CD4" T cells from naive
C57BL/6 donor mice did reduced MF numbers and worm length
but not adult worm burden, whereas CD4" T cells isolated from
L. sigmodontis-infected C57BL/6 donor mice, which harbour
adult worms in the TC (day 28 p.i.) led to drastically reduced
worm and MF burden as well as worm length accompanied with
significantly reduced inflammation around lung and diaphragm
tissue. Interestingly, similar results were also obtained by CD4" T
cells that were isolated from C57BL/6 donor mice that already
naturally cleared the infection (day 72 p.i.). These findings
highlight that CD4" T cells can develop a memory towards L.
sigmodontis that enables efficient clearance of the parasites.
Indeed, it have been shown that during chronic lymphatic
filariasis (70) and Brugia pahangi infection (71) T cell memory
is initiated and that primed T cells are able to clear the infection
efficiently. Further adoptive transfer experiments should
concentrate on distinct T cells subsets like effector, memory or
effector memory CD4" T cells in combination with B cells to
elucidate distinct mechanisms of the anti-filarial immunity.
Furthermore, although lack of IL-4 and IL-10 by transferred T
cells did not seem to influence the ability of naive CD4" T cells to
reduce worm length and MF numbers, the role of those cytokines
should be investigated further via the adoptive transfer of CD4"
T cells from L. sigmodontis-infected IL-4, IL-10 or IL-5-deficient
mice, since Th2 and regulatory cytokines were shown to
influence anti-filarial immunity in C57BL/6 and BALB/c mice
(44-47) as well as during human filarial infections (10, 12, 13, 16,
17, 19, 63, 72). Moreover, on day 72 p.i., IL-4 and IL-5 were the
only cytokines which were increased in the TC of recipient mice
following a transfer of CD4" T cells, whereas the majority of the
cytokines and chemokines were actually reduced at the site of
infection. The increased Th2 cytokines might stem from innate
immune cells like antigen-presenting cells or granulocytes
because the adoptively transferred CD4" T cells from naive
and L. sigmodontis-infected donor mice are mainly
characterized by a Thl and Th17 profile, respectively. Since,
CD4" T cells from L. sigmodontis-infected donor mice clear
efficiently worm burden and showed increased Th17 immune
responses compared to CD4" T cells that were obtained from
naive C57BL/6 donor mice, we can conclude that Thl7
polarization may play an essential role for anti-filarial
immunity. Indeed, the important role of Th17 immune
responses during anti-filarial immunity has been previously
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reported in mice and humans (14, 54, 73). Nevertheless, further
experiments, including adoptive transfers of IL-17-deficient
CD4" T cells and analysis of earlier time points, such as day 28
p.i. (development of adult worms) and day 49 p.i. (the onset of
MF), should be performed to decipher the functional role of
Th17 cells and the development of host immune responses
against different life stages in vivo, respectively. In addition, to
investigate possible reasons why and how CD4" T cells derived
from L. sigmodontis-infected donor mice efficiently clear
parasite burden compared to cells from naive donor mice,
immune profiling of splenic CD4" T cells prior to adoptive
transfer needs to be performed. However, detection of cytokine
expression levels by splenic CD4" T cells was inconclusive due to
low cytokine expression levels. Therefore, in vitro re-stimulation
experiments with filarial antigens need to be performed in future
studies to assess the immune profile of splenic CD4" T cell prior
adoptive transfer.

In conclusion, this study suggests for the first time that CD4"
T cells are central for the immunity against L. sigimodontis in
C57BL/6 mice and that clearance of the parasite depends on
infectious status and Th17 polarization of the CD4" T cells. In
general, adoptive transfer experiments using RAG2IL-2Ry-
deficient C57BL/6 mice provide an optimal platform to
decipher cell subsets and their corresponding immune
responses that are crucial for anti-filarial immunity. Since our
recent studies already showed that RAG2IL-2Ry-deficient
C57BL/6 mice are susceptible to the human filaria Loa loa (35,
66, 74), this platform is not restricted to rodent filariae but will
also be a suitable tool for in-depth research on human filariae
and preclinical research, especially might allow the identification
of essential immunological component(s) and accurate
predictions of the efficacy of macrofilaricidal drugs, like
flubendazole (75), oxfendazole (76) or emodepside (77).

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material. Further inquiries can be
directed to the corresponding author.

ETHICS STATEMENT

The animal study was reviewed and approved by German animal
protection laws and EU guidelines 2010/63/E4 Landesamt fiir

REFERENCES

1. World Health Organization. Global Programme to Eliminate Lymphatic
Filariasis: Progress Report, 2019. Wkly Epidemiol Rec (2020) 95:509-24.

2. World Health Organization. Progress Report on the Elimination of Human
Onchocerciasis, 2019-2020. Wkly Epidemiol Rec (2020) 95:545-54.

3. Ramaiah KD, Ottesen EA. Progress and Impact of 13 Years of the Global
Programme to Eliminate Lymphatic Filariasis on Reducing the Burden of
Filarial Disease. PLoS Negl Trop Dis (2014) 8:23319. doi: 10.1371/journal.
pntd.0003319

Natur, Umwelt und Verbraucherschutz Nordrhein-Westfalen,
Recklinghausen, Germany (84.02.04.2017.A122).

AUTHOR CONTRIBUTIONS

MR, SW, and LEL conceived and designed the study. MR, AW,
KA, LMW, RSET, DB-W, VCC, and CAK performed and
analysed the experiments. MR drafted the manuscript while
AW, KA, LMW, RSET, AH, and SW critically revised the
article and controlled the intellectual content. All authors
contributed to the article and approved the submitted version.

FUNDING

This work was supported by the German Research Foundation
(DFG) within the German-African Projects in Infectiology
(MARAG project) [RI 3036/1-1 to MR, LEL and SW] and in
addition, MR is financially supported by the German Federal
Ministry of Education and Research (BMBF) and the Ministry of
Culture and Science of the State of North Rhine-Westphalia
(MKW) within the framework of the Excellence Strategy of the
Federal and State Governments. RSET received a scholarship
awarded by the German Academic Exchange Committee
(DAAD) and her current position is funded by the DFG
[LA2746/5]. Furthermore, AH and SW are also supported by
the BMBF [01KA1611 and 01KA2027] and AH is additionally
funded by the Deutsche Forschungsgemeinschaft (DFG, German
Research Foundation) under Germany’s Excellence Strategy -
EXC2151 - 390873048 and as a member of the German Centre
of Infectious Disease (DZIF).

ACKNOWLEDGMENTS

We thank Mrs. Ozlem Mutluer for excellent technical assistance during
the adoptive transfer experiments and L. sigmodontis infections.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fimmu.2021.777860/
full#supplementary-material

4. Sauerbrey M, Rakers LJ, Richards FO. Progress Toward Elimination of
Onchocerciasis in the Americas. Int Health (2017) 10(suppl_1):i71-8. doi:
10.1093/inthealth/ihx039

5. Traore MO, Sarr MD, Badji A, Bissan Y, Diawara L, Doumbia K, et al.
Proof-Of-Principle of Onchocerciasis Elimination With Ivermectin
Treatment in Endemic Foci in Africa: Final Results of a Study in Mali and
Senegal. PLoS Negl Trop Dis (2012) 6:e1825. doi: 10.1371/journal.pntd.
0001825

6. Padgett JJ, Jacobsen KH. Loiasis: African Eye Worm. Trans R Soc Trop Med
Hyg (2008) 102:983-9. doi: 10.1016/j.trstmh.2008.03.022

Frontiers in Immunology | www.frontiersin.org

November 2021 | Volume 12 | Article 777860


https://www.frontiersin.org/articles/10.3389/fimmu.2021.777860/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2021.777860/full#supplementary-material
https://doi.org/10.1371/journal.pntd.0003319
https://doi.org/10.1371/journal.pntd.0003319
https://doi.org/10.1093/inthealth/ihx039
https://doi.org/10.1371/journal.pntd.0001825
https://doi.org/10.1371/journal.pntd.0001825
https://doi.org/10.1016/j.trstmh.2008.03.022
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Wiszniewsky et al.

Adoptive Transfer Into RAG2IL-2Ry”" Mice

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

. Asio SM, Simonsen PE, Onapa AW. Mansonella Perstans: Safety and Efficacy

of Ivermectin Alone, Albendazole Alone and the Two Drugs in Combination.
Ann Trop Med Parasitol (2009) 103:31-7. doi: 10.1179/136485909X384929

. Wanji S, Tayong DB, Layland LE, Datchoua Poutcheu FR, Ndongmo WP,

Kengne-Ouafo JA, et al. Update on the Distribution of Mansonella Perstans in
the Southern Part of Cameroon: Influence of Ecological Factors and Mass
Drug Administration With Ivermectin. Parasitol Vectors (2016) 9:311. doi:
10.1186/s13071-016-1595-1

. Simonsen PE, Ambrose WO, Asio SM. Mansonella Perstans Filariasis in

Africa. Acta Trop (2011) 120 Suppl 1:5109-20. doi: 10.1016/j.actatropica.
2010.01.014

Baize S, Wahl G, Soboslay PT, Egwang TG, Georges AJ. T Helper
Responsiveness in Human Loa Loa Infection; Defective Specific
Proliferation and Cytokine Production by CD4+ T Cells From
Microfilaraemic Subjects Compared With Amicrofilaraemics. Clin Exp
Immunol (1997) 108:272-8. doi: 10.1046/j.1365-2249.1997.d01-1010.x
Adjobimey T, Hoerauf A. Induction of Immunoglobulin G4 in Human
Filariasis: An Indicator of Immunoregulation. Ann Trop Med Parasitol
(2010) 104:455-64. doi: 10.1179/136485910X12786389891407

Babu S, Nutman TB. Immunology of Lymphatic Filariasis. Parasite Immunol
(2014) 36:338-46. doi: 10.1111/pim.12081

Arndts K, Specht S, Debrah AY, Tamarozzi F, Klarmann-Schulz U, Mand S,
et al. Immunoepidemiological Profiling of Onchocerciasis Patients Reveals
Associations With Microfilaria Loads and Ivermectin Intake on Both
Individual and Community Levels. PloS Negl Trop Dis (2014) 8:¢2679. doi:
10.1371/journal.pntd.0002679

Katawa G, Layland LE, Debrah AY, von Horn C, Batsa L, Kwarteng A, et al.
Hyperreactive Onchocerciasis Is Characterized by a Combination of Th17-
Th2 Immune Responses and Reduced Regulatory T Cells. PLoS Negl Trop Dis
(2015) 9:e3414. doi: 10.1371/journal.pntd.0003414

Chatterjee S, Clark CE, Lugli E, Roederer M, Nutman TB. Filarial Infection
Modulates the Immune Response to Mycobacterium Tuberculosis Through
Expansion of CD4+ IL-4 Memory T Cells. ] Immunol (2015) 194:2706-14.
doi: 10.4049/jimmunol.1402718

Ritter M, Ndongmo WPC, Njouendou AJ, Nghochuzie NN, Nchang LC,
Tayong DB, et al. Mansonella Perstans Microfilaremic Individuals Are
Characterised by Enhanced Type 2 Helper T and Regulatory T and B Cell
Subsets and Dampened Systemic Innate and Adaptive Immune Responses.
PLoS Negl Trop Dis (2018) 12:e0006184. doi: 10.1371/journal.pntd.0006184
Ritter M, Osei-Mensah J, Debrah LB, Kwarteng A, Mubarik Y, Debrah AY,
et al. Wuchereria Bancrofti-Infected Individuals Harbor Distinct IL-10-
Producing Regulatory B and T Cell Subsets Which Are Affected by Anti-
Filarial Treatment. PloS Negl Trop Dis (2019) 13:€0007436. doi: 10.1371/
journal.pntd.0007436

Wangala B, Gantin RG, Vofiberg PS, Vovor A, Poutouli WP, Komlan K, et al.
Inflammatory and Regulatory CCL and CXCL Chemokine and Cytokine
Cellular Responses in Patients With Patent Mansonella Perstans Filariasis.
Clin Exp Immunol (2019) 196:111-22. doi: 10.1111/cei.13251

Hoerauf A, Satoguina ], Saeftel M, Specht S. Immunomodulation by Filarial
Nematodes. Parasite Immunol (2005) 27:417-29. doi: 10.1111/j.1365-
3024.2005.00792.x

Rajamanickam A, Babu S. Immunomodulation by Filarial Parasites. Int
Trends Immun (2013) 1:12-20.

Santiago HC, Nutman TB. Human Helminths and Allergic Disease: The
Hygiene Hypothesis and Beyond. Am ] Trop Med Hyg (2016) 95:746-53. doi:
10.4269/ajtmh.16-0348

Cooper PJ, Espinel I, Paredes W, Guderian RH, Nutman TB. Impaired
Tetanus-Specific Cellular and Humoral Responses Following Tetanus
Vaccination in Human Onchocerciasis: A Possible Role for Interleukin-10.
J Infect Dis (1998) 178:1133-8. doi: 10.1086/515661

Kabagenyi J, Natukunda A, Nassuuna J, Sanya RE, Nampijja M, Webb EL,
et al. Urban-Rural Differences in Immune Responses to Mycobacterial and
Tetanus Vaccine Antigens in a Tropical Setting: A Role for Helminths?
Parasitol Int (2020) 78:102132. doi: 10.1016/j.parint.2020.102132
Tippawangkosol P, Choochote W, Riyong D, Jitpakdi A, Pitasawat B. A
Simple Technique for the In Vitro Cultivation of Nocturnally Subperiodic
Brugia Malayi Infective Larvae. Southeast. Asian. ] Trop Med Public Health
(2002) 33 Suppl 3:16-22.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

. Falcone FH, Zahner H, Schlaak M, Haas H. In Vitro Cultivation of Third-

Stage Larvae of Brugia Malayi to the Young Adult Stage. Trop Med Parasitol
(1995) 46:230-4.

Gandjui NVT, Njouendou AJ, Gemeg EN, Fombad FF, Ritter M, Kien CA,
et al. Establishment of an In Vitro Culture System to Study the Developmental
Biology of Onchocerca Volvulus With Implications for Anti-Onchocerca
Drug Discovery and Screening. PLoS Negl Trop Dis (2021) 15:e0008513.
doi: 10.1371/journal.pntd.0008513

Njouendou AJ, Ritter M, Ndongmo WPC, Kien CA, Narcisse GTV, Fombad
FF, et al. Successful Long-Term Maintenance of Mansonella Perstans in an In
Vitro Culture System. Parasitol Vectors (2017) 10:563. doi: 10.1186/s13071-
017-2515-8

Njouendou AJ, Kien CA, Esum ME, Ritter M, Chounna Ndongmo WP,
Fombad FF, et al. In Vitro Maintenance of Mansonella Perstans Microfilariae
and Its Relevance for Drug Screening. Exp Parasitol (2019) 206:107769. doi:
10.1016/j.exppara.2019.107769

Malkmus C, Jawahar S, Tricoche N, Lustigman S, Hansmann J. Preliminary
Evaluations of 3-Dimensional Human Skin Models for Their Ability to
Facilitate In Vitro the Long-Term Development of the Debilitating
Obligatory Human Parasite Onchocerca Volvulus. PLoS Negl Trop Dis
(2020) 14:e0008503. doi: 10.1371/journal.pntd.0008503

Zofou D, Fombad FF, Gandjui NVT, Njouendou AJ, Kengne-Ouafo AJ,
Chounna Ndongmo PW, et al. Evaluation of In Vitro Culture Systems for
the Maintenance of Microfilariae and Infective Larvae of Loa Loa. Parasitol
Vectors (2018) 11:275. doi: 10.1186/s13071-018-2852-2

Lawrence RA, Allen JE, Osborne ], Maizels RM. Adult and Microfilarial Stages
of the Filarial Parasite Brugia Malayi Stimulate Contrasting Cytokine and Ig
Isotype Responses in BALB/c Mice. ] Immunol (1994) 153:1216-24.

Patton JB, Bennuru S, Eberhard ML, Hess JA, Torigian A, Lustigman S, et al.
Development of Onchocerca Volvulus in Humanized NSG Mice and
Detection of Parasite Biomarkers in Urine and Serum. PLoS Negl Trop Dis
(2018) 12:e0006977. doi: 10.1371/journal.pntd.0006977

Halliday A, Guimaraes AF, Tyrer HE, Metuge HM, Patrick CN, Arnaud KO,
et al. A Murine Macrofilaricide Pre-Clinical Screening Model for
Onchocerciasis and Lymphatic Filariasis. Parasitol Vectors (2014) 7:472. doi:
10.1186/513071-014-0472-z

Fombad FF, Njouendou AJ, Ndongmo PC, Ritter M, Chunda VC, Metuge
HM, et al. Effect of Flubendazole on Developing Stages of Loa Loa In Vitro and
In Vivo: A New Approach for Screening Filaricidal Agents. Parasitol Vectors
(2019) 12:14. doi: 10.1186/s13071-018-3282-x

Pionnier NP, Sjoberg H, Chunda VC, Fombad FF, Chounna PW, Njouendou
AJ, et al. Mouse Models of Loa Loa. Nat Commun (2019) 10:1429. doi:
10.1038/541467-019-09442-0

Finlay CM, Allen JE. The Immune Response of Inbred Laboratory Mice to
Litomosoides Sigmodontis: A Route to Discovery in Myeloid Cell Biology.
Parasite Immunol (2020) 42:e12708. doi: 10.1111/pim.12708

Risch F, Ritter M, Hoerauf A, Hitbner MP. Human Filariasis—Contributions
of the Litomosoides Sigmodontis and Acanthocheilonema Viteae Animal
Model. Parasitol Res (2021). doi: 10.1007/s00436-020-07026-2

Petit G, Diagne M, Marechal P, Owen D, Taylor D, Bain O. Maturation of the
Filaria Litomosoides Sigmodontis in BALB/c Mice; Comparative
Susceptibility of Nine Other Inbred Strains. Ann Parasitol Hum Comp
(1992) 67:144-50. doi: 10.1051/parasite/1992675144

Hoffmann W, Petit G, Schulz-Key H, Taylor D, Bain O, Le Goff L.
Litomosoides Sigmodontis in Mice: Reappraisal of an Old Model for Filarial
Research. Parasitol Today (2000) 16:387-9. doi: 10.1016/S0169-4758(00)
01738-5

Attout T, Martin C, Babayan SA, Kozek W], Bazzocchi C, Oudet F,
et al. Pleural Cellular Reaction to the Filarial Infection Litomosoides
Sigmodontis Is Determined by the Moulting Process, the Worm Alteration,
and the Host Strain. Parasitol Int (2008) 57:201-11. doi: 10.1016/j.parint.
2008.01.001

Al-Qaoud KM, Taubert A, Zahner H, Fleischer B, Hoerauf A. Infection of
BALB/c Mice With the Filarial Nematode Litomosoides Sigmodontis: Role of
CD4+ T Cells in Controlling Larval Development. Infect Immun (1997)
65:2457-61. doi: 10.1128/iai.65.6.2457-2461.1997

Al-Qaoud KM, Fleischer B, Hoerauf A. The Xid Defect Imparts Susceptibility
to Experimental Murine Filariosis-Association With a Lack of Antibody and

Frontiers in Immunology | www.frontiersin.org

November 2021 | Volume 12 | Article 777860


https://doi.org/10.1179/136485909X384929
https://doi.org/10.1186/s13071-016-1595-1
https://doi.org/10.1016/j.actatropica.2010.01.014
https://doi.org/10.1016/j.actatropica.2010.01.014
https://doi.org/10.1046/j.1365-2249.1997.d01-1010.x
https://doi.org/10.1179/136485910X12786389891407
https://doi.org/10.1111/pim.12081
https://doi.org/10.1371/journal.pntd.0002679
https://doi.org/10.1371/journal.pntd.0003414
https://doi.org/10.4049/jimmunol.1402718
https://doi.org/10.1371/journal.pntd.0006184
https://doi.org/10.1371/journal.pntd.0007436
https://doi.org/10.1371/journal.pntd.0007436
https://doi.org/10.1111/cei.13251
https://doi.org/10.1111/j.1365-3024.2005.00792.x
https://doi.org/10.1111/j.1365-3024.2005.00792.x
https://doi.org/10.4269/ajtmh.16-0348
https://doi.org/10.1086/515661
https://doi.org/10.1016/j.parint.2020.102132
https://doi.org/10.1371/journal.pntd.0008513
https://doi.org/10.1186/s13071-017-2515-8
https://doi.org/10.1186/s13071-017-2515-8
https://doi.org/10.1016/j.exppara.2019.107769
https://doi.org/10.1371/journal.pntd.0008503
https://doi.org/10.1186/s13071-018-2852-2
https://doi.org/10.1371/journal.pntd.0006977
https://doi.org/10.1186/s13071-014-0472-z
https://doi.org/10.1186/s13071-018-3282-x
https://doi.org/10.1038/s41467-019-09442-0
https://doi.org/10.1111/pim.12708
https://doi.org/10.1007/s00436-020-07026-2
https://doi.org/10.1051/parasite/1992675144
https://doi.org/10.1016/S0169-4758(00)01738-5
https://doi.org/10.1016/S0169-4758(00)01738-5
https://doi.org/10.1016/j.parint.2008.01.001
https://doi.org/10.1016/j.parint.2008.01.001
https://doi.org/10.1128/iai.65.6.2457-2461.1997
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Wiszniewsky et al.

Adoptive Transfer Into RAG2IL-2Ry”" Mice

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

IL-10 Production by B Cells in Response to Phosphorylcholine. Int Immunol
(1998) 10:17-25. doi: 10.1093/intimm/10.1.17

Saeftel M, Arndt M, Specht S, Volkmann L, Hoerauf A. Synergism of Gamma
Interferon and Interleukin-5 in the Control of Murine Filariasis. Infect Immun
(2003) 71:6978-85. doi: 10.1128/IAL.71.12.6978-6985.2003

Le Goff L, Lamb TJ, Graham AL, Harcus Y, Allen JE. IL-4 Is Required to
Prevent Filarial Nematode Development in Resistant But Not Susceptible
Strains of Mice. Int ] Parasitol (2002) 32:1277-84. doi: 10.1016/S0020-7519
(02)00125-X

Volkmann L, Bain O, Saeftel M, Specht S, Fischer K, Brombacher F, et al.
Murine Filariasis: Interleukin 4 and Interleukin 5 Lead to Containment of
Different Worm Developmental Stages. Med Microbiol Immunol (2003)
192:23-31. doi: 10.1007/s00430-002-0155-9

Ritter M, Tamadaho RS, Feid ], Vogel W, Wiszniewsky K, Perner S, et al. IL-4/
5 Signalling Plays an Important Role During Litomosoides Sigmodontis
Infection, Influencing Both Immune System Regulation and Tissue
Pathology in the Thoracic Cavity. Int J Parasitol (2017) 47:951-60. doi:
10.1016/j.ijpara.2017.06.009

Frohberger SJ, Ajendra J, Surendar J, Stamminger W, Ehrens A, Buerfent BC,
et al. Susceptibility to L. Sigmodontis Infection Is Highest in Animals Lacking
IL-4r/IL-5 Com-Pared to Single Knockouts of IL-4r, IL-5 or Eosinophils.
Parasitol Vectors (2019) 12:248. doi: 10.1186/s13071-019-3502-z

Gentil K, Lentz CS, Rai R, Muhsin M, Kamath AD, Mutluer O, et al. Eotaxin-1
is Involved in Parasite Clearance During Chronic Filarial Infection. Parasite
Immunol (2014) 36:60-77. doi: 10.1111/pim.12079

Ehrens A, Lenz B, Neumann AL, Giarrizzo S, Reichwald JJ, Frohberger SJ,
et al. Microfilariae Trigger Eosinophil Extracellular DNA Traps in a Dectin-
1-Dependent Manner. Cell Rep (2021) 34:108621. doi: 10.1016/j.celrep.
2020.108621

Al-Qaoud KM, Pearlman E, Hartung T, Klukowski J, Fleischer B, Hoerauf A.
A New Mechanism for IL-5-Dependent Helminth Control: Neutrophil
Accumulation and Neutrophil-Mediated Worm Encapsulation in Murine
Filariasis Are Abolished in the Absence of IL-5. Int Immunol (2000)
12:899-908. doi: 10.1093/intimm/12.6.899

Babayan S, Ungeheuer MN, Martin C, Attout T, Belnoue E, Snounou G, et al.
Resistance and Susceptibility to Filarial Infection With Litomosoides
Sigmodontis Are Associated With Early Differences in Parasite
Development and in Localized Immune Reactions. Infect Immun (2003)
71:6820-9. doi: 10.1128/IAL.71.12.6820-6829.2003

Frohberger SJ, Fercoq F, Neumann AL, Surendar J, Stamminger W, Ehrens A,
et al. SI00A8/S100A9 Deficiency Increases Neutrophil Activation and
Protective Immune Responses Against Invading Infective L3 Larvae of the
Filarial Nematode Litomosoides Sigmodontis. PLoS Negl Trop Dis (2020) 14:
€0008119. doi: 10.1371/journal.pntd.0008119

Ajendra ], Specht S, Ziewer S, Schiefer A, Pfarr K, Parc¢ina M, et al. NOD2
Dependent Neutrophil Recruitment Is Required for Early Protective Immune
Responses Against Infectious Litomosoides Sigmodontis L3 Larvae. Sci Rep
(2016) 6:39648. doi: 10.1038/srep39648

Ritter M, Krupp V, Wiszniewsky K, Wiszniewsky A, Katawa G, Tamadaho
RSE, et al. Absence of IL-17A in Litomosoides Sigmodontis-Infected
Mice Influences Worm Development and Drives Elevated Filarial-Specific
IFN-Gamma. Parasitol Res (2018) 117:2665-75. doi: 10.1007/s00436-018-
5959-7

Shinkai Y, Rathbun G, Lam KP, Oltz EM, Stewart V, Mendelsohn M, et al.
RAG-2-Deficient Mice Lack Mature Lymphocytes Owing to Inability to
Initiate V(D)J Rearrangement. Cell (1992) 6:855-67. doi: 10.1016/0092-8674
(92)90029-C

Layland LE, Ajendra J, Ritter M, Wiszniewsky A, Hoerauf A, Hiibner MP.
Development of Patent Litomosoides Sigmodontis Infections in Semi-
Susceptible C57BL/6 Mice in the Absence of Adaptive Immune Responses.
Parasitol Vectors (2015) 8:396. doi: 10.1186/s13071-015-1011-2

Hiibner MP, Torrero MN, McCall JW, Mitre E. Litomosoides Sigmodontis: A
Simple Method to Infectmice With L3 Larvae Obtained From the Pleural
Space of Recently Infected Jirds (Meriones Unguiculatus). Exp Parasitol
(2009) 123:95-8. doi: 10.1016/j.exppara.2009.05.009

Lahl K, Loddenkemper C, Drouin C, Freyer J, Arnason J, Eberl G, et al.
Selective Depletion of Foxp3+ Regulatory T Cells Induces a Scurfy-Like
Disease. ] Exp Med (2007) 204:57-63. doi: 10.1084/jem.20061852

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Ritter M, Straubinger K, Schmidt S, Busch DH, Hagner S, Garn H, et al.
Functional Relevance of NLRP3 Inflammasome-Mediated Interleukin (IL)-1b
During Acute Allergic Airway Inflammation. Clin Exp Immunol (2014)
178:212-23. doi: 10.1111/cei.12400

Zahner H, Limmler G, Schiitze HR. Litomosoides Carinii Infection of
Mastomys Natalensis: Relationship Between Microfilaraemia and Adult
Worm Population. Z Parasitenkd (1974) 43:115-21. doi: 10.1007/BF00329166
Specht S, Volkmann L, Wynn T, Hoerauf A. Interleukin-10 (IL-10)
Counterregulates IL-4-Dependent Effector Mechanisms in Murine Filariasis.
Infect Immun (2004) 72:6287-93. doi: 10.1128/IA1.72.11.6287-6293.2004
Hartmann W, Haben I, Fleischer B, Breloer M. Pathogenic Nematodes
Suppress Humoral Responses to Third-Party Antigens In Vivo by IL-10-
Mediated Interference With Th Cell Function. J Immunol (2011) 187:4088-
99. doi: 10.4049/jimmunol.1004136

Hoerauf A, Brattig N. Resistance and Susceptibility in Human
Onchocerciasis-Beyond Th1 vs. Th2 Trends Parasitol (2002) 18:25-31. doi:
10.1016/S1471-4922(01)02173-0

Orihel TC, Moore PJ. Loa Loa: Experimental Infection in Two Species of
African Primates. Am ] Trop Med Hyg (1975) 24:606-9. doi: 10.4269/
ajtmh.1975.24.606

Duke BOL. Studies on Loiasis in Monkeys. III. The Pathology of the Spleen in
Drills (Mandrillus Leucophaeus) Infected With Loa. Ann Trop Med Parasitol
(1960) 54:141-6. doi: 10.1080/00034983.1960.11685969

Chunda VG, Ritter M, Bate A, Gandjui NVT, Esum ME, Fombad FF, et al.
Comparison of Immune Responses to Loa Loa Stage-Specific Antigen Extracts
in Loa Loa-Exposed BALB/c Mice Upon Clearance of Infection. Parasitol
Vectors (2020) 13:51. doi: 10.1186/s13071-020-3921-x

Prodjinotho UF, von Horn C, Debrah AY, Batsa Debrah L, Albers A, Layland
LE, et al. Pathological Manifestations in Lymphatic Filariasis Correlate With
Lack of Inhibitory Properties of IgG4 Antibodies on IgE-Activated
Granulocytes. PLoS Negl Trop Dis (2017) 11:¢0005777. doi: 10.1371/
journal.pntd.0005777

Prodjinotho UF, Hoerauf A, Adjobimey T. IgG4 Antibodies From Patients
With Asymptomatic Bancroftian Filariasis Inhibit the Binding of IgG1 and
IgG2 to Clq in a Fc-Fc-Dependent Mechanism. Parasitol Res (2019)
118:2957-68. doi: 10.1007/s00436-019-06451-2

Satoguina JS, Adjobimey T, Arndts K, Hoch J, Oldenburg J, Layland LE, et al.
Trl and Naturally Occurring Regulatory T Cells Induce IgG4 in B Cells
Through GITR/GITR-L Interaction, IL-10 and TGF-Beta. Eur ] Immunol
(2008) 38:3101-13. doi: 10.1002/¢ji.200838193

Steel C, Nutman TB. Altered T Cell Memory and Effector Cell Development in
Chronic Lymphatic Filarial Infection That Is Independent of Persistent
Parasite Antigen. PLoS One (2011) 6:¢19197. doi: 10.1371/journal.pone.
0019197

Dash Y, Ramesh M, Greiner D, Shultz LD, Klei TR, Rajan TV. Determinants
of Memory in Experimental Filarial Infections in Mice. Parasite Immunol
(2007) 29:567-74. doi: 10.1111/j.1365-3024.2007.00977.x

Arndts K, Deininger S, Specht S, Klarmann U, Mand S, Adjobimey T, et al.
Elevated Adaptive Immune Responses Are Associated With Latent Infections
of Wuchereria Bancrofti. PLoS Negl Trop Dis (2012) 6:el6. doi: 10.1371/
journal.pntd.0001611

Pathak M, Sharma P, Sharma A, Verma M, Srivastava M, Misra-Bhattacharya
S. Regulatory T-Cell Neutralization in Mice During Filariasis Helps in
Parasite Clearance by Enhancing T Helper Type 17-Mediated Pro-
Inflammatory Response. Immunology (2016) 147:190-203. doi: 10.1111/
imm.12550

Ndzeshang LB, Fombad FF, Njouendou AJ, Chunda VC, Gandjui NVT,
Akumtoh DN, et al. Generation of Loa Loa Infective Larvae by Experimental
Infection of the Vector, Chrysops Silacea. PLoS Negl Trop Dis (2020) 14:
€0008415. doi: 10.1371/journal.pntd.0008415

Geary TG, Mackenzie CD, Silber SA. Flubendazole as a Macrofilaricide:
History and Background. PLoS Negl Trop Dis (2019) 13:e0006436. doi:
10.1371/journal.pntd.0006436

Hiibner MP, Martin C, Specht S, Koschel M, Dubben B, Frohberger ], et al.
Oxfendazole Mediates Macrofilaricidal Efficacy Against the Filarial Nematode
Litomosoides Sigmodontis I Vivo and Inhibits Onchocerca Spec. Motility In
Vitro. PLoS Negl Trop Dis (2020) 14:e0008427. doi: 10.1371/journal.
pntd.0008427

Frontiers in Immunology | www.frontiersin.org

November 2021 | Volume 12 | Article 777860


https://doi.org/10.1093/intimm/10.1.17
https://doi.org/10.1128/IAI.71.12.6978-6985.2003
https://doi.org/10.1016/S0020-7519(02)00125-X
https://doi.org/10.1016/S0020-7519(02)00125-X
https://doi.org/10.1007/s00430-002-0155-9
https://doi.org/10.1016/j.ijpara.2017.06.009
https://doi.org/10.1186/s13071-019-3502-z
https://doi.org/10.1111/pim.12079
https://doi.org/10.1016/j.celrep.2020.108621
https://doi.org/10.1016/j.celrep.2020.108621
https://doi.org/10.1093/intimm/12.6.899
https://doi.org/10.1128/IAI.71.12.6820-6829.2003
https://doi.org/10.1371/journal.pntd.0008119
https://doi.org/10.1038/srep39648
https://doi.org/10.1007/s00436-018-5959-7
https://doi.org/10.1007/s00436-018-5959-7
https://doi.org/10.1016/0092-8674(92)90029-C
https://doi.org/10.1016/0092-8674(92)90029-C
https://doi.org/10.1186/s13071-015-1011-2
https://doi.org/10.1016/j.exppara.2009.05.009
https://doi.org/10.1084/jem.20061852
https://doi.org/10.1111/cei.12400
https://doi.org/10.1007/BF00329166
https://doi.org/10.1128/IAI.72.11.6287-6293.2004
https://doi.org/10.4049/jimmunol.1004136
https://doi.org/10.1016/S1471-4922(01)02173-0
https://doi.org/10.4269/ajtmh.1975.24.606
https://doi.org/10.4269/ajtmh.1975.24.606
https://doi.org/10.1080/00034983.1960.11685969
https://doi.org/10.1186/s13071-020-3921-x
https://doi.org/10.1371/journal.pntd.0005777
https://doi.org/10.1371/journal.pntd.0005777
https://doi.org/10.1007/s00436-019-06451-2
https://doi.org/10.1002/eji.200838193
https://doi.org/10.1371/journal.pone.0019197
https://doi.org/10.1371/journal.pone.0019197
https://doi.org/10.1111/j.1365-3024.2007.00977.x
https://doi.org/10.1371/journal.pntd.0001611
https://doi.org/10.1371/journal.pntd.0001611
https://doi.org/10.1111/imm.12550
https://doi.org/10.1111/imm.12550
https://doi.org/10.1371/journal.pntd.0008415
https://doi.org/10.1371/journal.pntd.0006436
https://doi.org/10.1371/journal.pntd.0008427
https://doi.org/10.1371/journal.pntd.0008427
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Wiszniewsky et al.

Adoptive Transfer Into RAG2IL-2Ry”" Mice

77. Kricken J, Holden-Dye L, Keiser J, Prichard RK, Townson S, Makepeace BL,
et al. Development of Emodepside as a Possible Adulticidal Treatment for
Human Onchocerciasis-The Fruit of a Successful Industrial-Academic
Collaboration. PloS Pathog (2021) 17:e1009682. doi: 10.1371/journal.
ppat.1009682

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of

the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Wiszniewsky, Layland, Arndts, Wadephul, Tamadaho, Borrero-
Wolf, Chunda, Kien, Hoerauf, Wanji and Ritter. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Immunology | www.frontiersin.org

November 2021 | Volume 12 | Article 777860


https://doi.org/10.1371/journal.ppat.1009682
https://doi.org/10.1371/journal.ppat.1009682
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	Adoptive Transfer of Immune Cells Into RAG2IL-2R&gamma;-Deficient Mice During Litomosoides sigmodontis Infection: A Novel Approach to Investigate Filarial-Specific Immune Responses
	Introduction
	Methods
	Mice
	Experimental Setup of Litomosoides sigmodontis Infections and Adoptive T Cell Transfers
	Isolation of CD4+ and CD8+ T Cells for Adoptive Transfer Experiments
	Assessment of Worm and Microfilarial Burden
	Embryogram of Female Adult Worms
	Assessment of Immune Cell Infiltration Between Lung and Diaphragm
	Assessment of Immune Cell Composition in the Thoracic Cavity (TC)
	Flow Cytometry
	Analysis of Cytokine and Chemokine Levels in TC
	Statistical Analysis

	Results
	Investigation of L. sigmodontis Immunity Using Adoptive Immune Cell Transfers Into RAG2IL2R&gamma;-Deficient Mice
	Reduced Worm Length and MF Secretion Accompanied With Impaired Embryogenesis in RAG2IL2R&gamma;-Deficient Mice Upon Adoptive Transfer of CD4+ T Cells From Na&iuml;ve C57BL/6 Donor Mice
	Role of IL-4, IL-10 and Regulatory T Cells During Adoptive Transfer of CD4+ T Cells From Na&iuml;ve C57BL/6 Donor Mice
	Adoptive Transfer of CD4+ T Cells From L. sigmodontis-Infected C57BL/6 Donor Mice Effectively Clears the Infection and Reduces Inflammation at the Site of Infection
	Immune Profile of the Adoptively Transferred CD4+ T Cells and Host Responses in L. sigmodontis-Infected RAG2IL-2R&gamma;-Deficient Mice

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages false
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages false
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


