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Human and Mouse Macrophages Collaborate with Neutrophils To Kill

Larval Strongyloides stercoralis

Sandra Bonne-Année,? Laura A. Kerepesi,® Jessica A. Hess,> Amy E. O'Connell,® James B. Lok,” Thomas J. Nolan,? David Abraham?®

Department of Microbiology and Immunology, Thomas Jefferson University, Philadelphia, Pennsylvania, USA% Department of Pathobiology, University of Pennsylvania,

School of Veterinary Medicine, Philadelphia, Pennsylvania, USA®

Macrophages are multifunctional cells that are active in T;1- and Ty;2-mediated responses. In this study, we demonstrate that
human and mouse macrophages collaborate with neutrophils and complement to kill the parasite Strongyloides stercoralis in
vitro. Infection of mice with worms resulted in the induction of alternatively activated macrophages (AAMd) within the perito-
neal cavity. These cells killed the worms in vivo and collaborated with neutrophils and complement during the in vitro killing
process. AAM & generated in vitro killed larvae more rapidly than naive macrophages, which killed larvae after a longer time
period. In contrast, classically activated macrophages were unable to kill larvae either in vitro or in vivo. This study adds macro-
phages to the armamentarium of immune components that function in elimination of parasitic helminths and demonstrate a
novel function by which AAMd control large extracellular parasites.

acrophages play an integral part in both pro- and anti-in-
flammatory responses, as well as in maintaining homeosta-
sis. These cells exhibit a multiplicity of functions, including
phagocytosis (1), antigen presentation (2), immune regulation
(3), and pathogen clearance (4, 5). The plasticity of macrophages
is most evident in type 1 helper T cell (Ty;1) responses, where
classically activated macrophages (CAMd) are induced, and type
2 helper T cell (T};2) responses, where alternatively activated mac-
rophages (AAMd) are commonly found. CAM¢ induced by mi-
crobial signals and gamma interferon (IFN-vy) are characterized
by the expression of NOSII, PD-L1 (6), and other proinflamma-
tory cytokines, such as tumor necrosis factor (TNF) and interleu-
kin-6 (IL-6) (7). While these macrophages are highly immuno-
modulatory and antitumorigenic, they also function directly in
the control of bacterial and protozoan pathogens (8, 9). AAMd,
induced by IL-4/IL-13, have become the hallmark of Ty;2-medi-
ated allergy, asthma, and parasite infections. These macrophages
are easily distinguished by their expression of the signature mark-
ers resistin-like molecule a (Relm-a), Arginase-1 (Arg-1), and
YM-1 (10), as well as the more ubiquitous costimulatory molecule
PD-L2 (6). In addition to their tumor-promoting properties (11),
AAM© exhibit several novel functions, such as proliferation (12),
wound healing (13), thermogenesis (14), and metabolic regula-
tion (15). The role of AAM in response to parasitic species varies
from mediating the T(;2 response during helminth infections (10)
to the repair of parasite-inflicted wounds (13). Despite the exis-
tence of AAM¢ in hosts with parasitic infections, the exact role
these cells play during parasite killing has not been elucidated.
Reports on immunity to the parasitic nematode Strongyloides
stercoralis in humans are limited. Although human macrophages
and neutrophils adhere to larvae through a complement-depen-
dent process, these cells were unable to kill the parasite (16). In
mice, several components of protective primary and secondary
immunity to the parasite have been described (17). Molecules
from larval S. stercoralis directly recruit granulocytes to the para-
site microenvironment (18-20), where they kill the parasite in
collaboration with complement component C3 (21), eosinophil
major basic protein, and neutrophil-derived myeloperoxidase
(22, 23). The cellular composition of the parasite microenviron-
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ment in naive mice consists of high numbers of neutrophils, eo-
sinophils, and macrophages (22). However, the role that macro-
phages play during the primary and secondary immune responses
has not been explored.

In this study, we demonstrate that human and mouse macro-
phages collaborate with neutrophils and complement to kill the
parasite in vitro. In mice, S. stercoralis infection resulted in the
induction of AAMd¢ within the peritoneal cavity, which killed
the parasites in vivo and collaborated with neutrophils and com-
plement to kill the worms in vitro. AAMd derived in vitro rapidly
and efficiently killed larvae within 3 days, whereas naive bone
marrow-derived macrophages (BMDM) killed larvae after 7 days.
In contrast, CAM® were unable to kill larvae either in vitro or in
vivo. This study adds macrophages to the armamentarium of im-
mune components required for elimination of parasitic hel-
minths.

MATERIALS AND METHODS

Mice. Wild-type C57BL/6], IL-47'7, Arg]ﬂ‘”‘/ floxand LysMcm mice were
purchased from Jackson Laboratory (Bar Harbor, ME) at 6 to 8 weeks of age.
The Arg1™®1°% and LysM“" mice were crossed to generate Arglf1o¥/fox;
LysMC’e mice (8). Retnla-deficient (Relm-o™/7) mice (11) were gener-
ated at Regeneron Pharmaceuticals using VelociGene technology (24).
IL-4Ra '~ mice were provided by Debroski R. Herbert (University of
California—San Francisco, San Francisco, CA). Secretory IgM-deficient
mice (uS~'~) were provided by Troy D. Randall (University of Rochester
Medical Center, Rochester, NY). IL-4~/~, IL-4Ra™’~, Relm-a™'~,
qu/ ~,Argl flox/flox o nd Argl flox/LysMCre 1ice all were bred at the Thomas
Jefferson University Laboratory Animal Sciences facility (Philadelphia,
PA). Mice were housed in ventilated cages in a specific-pathogen-free
facility. All animal experiments were conducted in compliance with the
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guidelines set forth by the Institutional Animal Care and Use Committee
at Thomas Jefferson University.

S. stercoralis larvae. S. stercoralis larvae (L3) were obtained from
7-day-old charcoal-coprocultures made from the stool of infected labo-
ratory dogs housed at the University of Pennsylvania School of Veterinary
Medicine. The larvae were collected as previously described (25) and
washed five times in a 1:1 mixture of NCTC-135 and Iscove’s modified
Dulbecco’s medium (Sigma) supplemented with 100 U/ml penicillin plus
100 wg/ml streptomycin (Cellgro), 0.1 mg/ml gentamicin (Invitrogen),
and 0.25 mg/ml levofloxacin (Levaquin; Ortho-McNeil).

Diffusion chambers, immunization, and challenge infections. Cell-
impermeable diffusion chambers were constructed as previously de-
scribed (23), using 0.1-pwm-pore-size membranes glued to 14-mm Lucite
rings (Millipore). Mice were immunized with 5,000 larvae by subcutane-
ous injection, followed by a booster immunization on day 14. The mice
were challenged on day 21 by surgically implanting cell-impermeable dif-
fusion chambers containing 50 larvae and cells, as indicated, subcutane-
ously in the dorsal flank of naive and immunized mice. All surgical pro-
cedures were performed on mice anesthetized with isoflurane (Webster
Veterinary). Diffusion chambers were recovered from the mice between 1
and 7 days postchallenge, and larval survival was assessed on the basis of
larval motility and morphology. The cells recovered from diffusion cham-
bers were counted using a hemocytometer, and cellular differentials were
performed by centrifugation onto slides using a Cytospin 3 apparatus
(Shandon) and staining with DiffQuik (Baxter Healthcare).

Human cell isolation. Human neutrophil (PMN) and peripheral
blood mononuclear cells (PBMC) were isolated from the blood of healthy
donors. The blood was layered onto a Lympholyte-poly column (Cedar-
lane), and following centrifugation, the plasma, PBMC, and PMN layers
were individually collected. Contaminating erythrocytes were removed
from the PMN layer using lysis buffer (BD Biosciences). The purity of
PMN preparations was greater than 90%, and PBMC were composed of
65% lymphocytes, 30% monocytes, and 5% PMN. Human macrophages
were generated from CD34-negative stem cell fractions from granulocyte
colony-stimulating factor (G-CSF)-elicited donors (26). Erythrocytes
were lysed from the fractions prior to monocyte adherence for 2 h at 37°C
on tissue culture-treated petri dishes (Corning). Plates were then gently
washed to remove nonadherent cells, and monocytes were allowed to
differentiate for 7 days in RPMI (Cellgro) medium containing human
serum (Cedarlane) and 20 ng/ml of human macrophage-CSF (M-CSF;
eBioscience). Macrophages were harvested for in vitro experiments using
TrypLE (Invitrogen). All human studies were conducted in compliance
with the guidelines set forth by the Institutional Review Board at Thomas
Jefferson University.

Mouse macrophage culture and differentiation. Macrophages were
cultured by isolating bone marrow from the femurs, tibias, and humeri of
naive mice. Erythrocytes were eliminated from the single-cell suspension
by hypotonic lysis, and cells were cultured in Dulbecco’s modified Eagle
medium (DMEM) containing L-glutamine, 25% heat-inactivated fetal
bovine serum (FBS) (Cellgro), 25% L929 cell-conditioned medium as a
source of M-CSF, sodium pyruvate, 100 U/ml penicillin, 100 pg/ml strep-
tomycin, and 50 WM 2-mercaptoethanol (Invitrogen). Macrophages were
harvested for in vitro experiments on day 5. To induce macrophage dif-
ferentiation, macrophage cultures were treated overnight on day 5 with
25 ng/ml of IL-4 (PeproTech) to induce AAMd or with 5 ng/ml IFN-y
(PeproTech) and 50 ng/ml of lipopolysaccharide (LPS) (Sigma) to induce
CAM¢.

Mouse neutrophil isolation. Mouse PMN were isolated as previously
described (23) by harvesting bone marrow from the femurs, tibias, and
humeri of naive C57BL/6] mice. The cells were resuspended in a 45%
Percoll solution and layered onto a Percoll gradient column of 80 and 62%
Percoll. The cell layer at the 80 and 62% Percoll interface was then stained
with anti-B220 and anti-Thyl.2 magnetically activated cell sorting
(MACS) beads (Miltenyi Biotec) prior to negative selection using MACS
LS columns (Miltenyi Biotec). To eliminate monocytes, the cells were
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placed on untreated petri dishes for 1 h at 37°C in RPMI supplemented
with 10% heat-inactivated FBS. Nonadherent cells were removed, and the
percentage of neutrophils was determined. The purity of the neutrophil
preparations was consistently greater than 95%.

PEC isolation. Mice were injected in the subcutaneous tissue of the
neck with either 5,000 larvae or, as a control, culture medium. Peritoneal
exudate cells (PEC) were collected by peritoneal lavage 7 days postinjec-
tion from these mice. The monocyte and macrophage population was
further enriched by resuspending PEC in a 45% Percoll solution and plac-
ing the solution onto a gradient column of 80 and 62% Percoll. The cells at
the 62 and 45% Percoll interface were collected, washed, and used for in
vitro and in vivo assays. The enrichment process increased the purity of the
cells from 80 to 90% monocytes and macrophages.

In vitro larval killing assay. In vitro killing assays were performed by
plating cohorts of 50 larvae into 96-well plates or 96-well Transwell plates
(Millipore) with an insert containing 0.45-pwm-pore-size membranes.
Normal mouse serum collected from naive C57BL/6] mice via exsangui-
nation or cardiac puncture was immediately filter sterilized prior to freez-
ing. Serum was added to plates, as a source of complement, at a concen-
tration of 25% of the total well volume. Macrophages (1 X 10°) and PMN
(4 X 10°) were added to select wells in a final volume of 250 pl with RPMI
(Cellgro), supplemented with 10% heat-inactivated FBS and 100 U/ml
penicillin plus 100 pg/ml streptomycin (Cellgro), and incubated for 22 h.
The contents of the wells were then assessed for larval survival and cell
viability. The concentration and proportion of macrophages and neutro-
phils used in the in vitro larval killing assay were determined after cell
titrations and were consistent with the cell numbers required for larval
killing by neutrophils in cell-impermeable diffusion chambers in vivo
(22).

ELISA. Serum IgM and IgG levels were measured by enzyme-linked
immunosorbent assay (ELISA). Maxisorp 96-well plates (Nunc) were
coated with 2 g of the deoxycholate (DOC) soluble crude larval antigen
(21) overnight at 4°C. Plates were blocked with borate buffer solution
(0.17 M boric acid, 0.12 M NacCl, 0.05% Tween 20, 0.025% bovine serum
albumin, 1 mM EDTA, pH 8.2) at room temperature for 1 h. The samples
were serially diluted in borate buffer solution overnight at 4°C. Plates were
incubated with biotinylated goat anti-mouse IgG or IgM (BD Bioscience)
for 1 h at room temperature. The plates were then incubated with ExtrA-
vidin peroxidase (Sigma) for 30 min at room temperature. The peroxi-
dase substrate ABTS [2,2'-azino-di-(3-ethylbenzthiazoline-6-sulfonate)]
(Kirkegaard & Perry Laboratories) was added, and the optical density
(OD) at 405 nm was read using an iMark microplate absorbance reader
(Bio-Rad).

Flow cytometry. Surface and intracellular staining were performed on
cells blocked with 20% normal mouse serum and 1 pg of TruStain FcX
(93; BioLegend) for 10 min. They were stained for surface expression of
F4/80 (BMS; eBioscience) using an allophycocyanin (APC)-conjugated
antibody or PD-L1 (MIHS5; eBioscience) and PD-L2 (TY25; BD Biosci-
ences) using a phycoerythrin (PE)-conjugated antibody for an additional
20 min. The cells were washed and reconstituted in phosphate-buffered
saline (PBS) supplemented with 1% bovine serum albumin (BSA)
(Sigma). Cells were reconstituted in a final concentration of 2% parafor-
maldehyde for 10 min at room temperature. The cells were then fixed and
permeabilized using a BD Cytofix/Cytoperm kit (BD Biosciences). Intra-
cellular staining using primary antibodies specific to RELM-a (Pepro-
Tech) or NOSII (Polyclonal; BD Biosciences) was performed at 4°C for
45 min. The cells were washed in permeabilization wash buffer and
stained with the secondary antibody anti-rabbit 1gG Alexa Fluor 488-
conjugated antibody (H+L; Invitrogen) for 30 min. Cells were analyzed
on a FACSCalibur (BD Biosciences), and data were analyzed using Flow]Jo
v.7 software (Tree Star).

Statistics. In vivo experiments consisted of at least 5 mice per group
unless otherwise stated, and independent experiments were performed at
least twice, with each experiment having similar outcomes. Data are pre-
sented as means * standard deviations (SD). Statistical analysis was by
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FIG 1 Human macrophages, neutrophils, and complement all are required
for larval killing in vitro. (A) Human peripheral blood mononuclear cells
(PBMC) cultured with neutrophils (PMN) and larvae (L3) in the presence of
normal or heat-inactivated (HI) human serum. (B) Human macrophages
(Md) were cultured with PMN, larvae, and normal human serum. Larval
survival was assessed after 48 h. Data are representative of at least 3 indepen-
dent experiments and are depicted as means + SD. *, P < 0.001 compared to
survival of larvae with serum.

multivariate general linear hypothesis analysis of variance (ANOVA) us-
ing SYSTAT v.11 software (Cranes Software). Fisher’s least significant
difference test was performed for post hoc analysis, and P values of less
than 0.05 were considered significant.

RESULTS

Human macrophages and neutrophils require complement ac-
tivation for larval killing. The capacity of human immune cells to
kill S. stercoralis was investigated by culturing human neutrophils
and PBMC purified from healthy donors with infective-stage lar-
vae and normal human serum. After 48 h, larvae cultured with
neutrophils or PBMC alone had greater than 90% survival. The
combination of neutrophils and PBMC resulted in a 66% reduc-
tion in parasite survival (Fig. 1A). When heat-inactivated serum,
which lacks active complement components, was added to cul-
tures in lieu of normal serum, larval killing by human cells was
greatly inhibited (Fig. 1A). Human neutrophils combined with
macrophages, instead of PBMC, resulted in a 90% reduction in
larval survival after 48 h, suggesting that macrophages are the
critical cell type in PBMC (Fig. 1B).

Mouse macrophages kill larvae in vitro and in vivo. To assess
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the role of macrophages and neutrophils during larval killing in
mice, we examined the functionality of naive mouse BMDM both
in vitro and in vivo. BMDM and neutrophils were cultured with
larvae and normal mouse serum for 24 h. The survival of larvae
cultured with only macrophages or neutrophils was greater than
95% (Fig. 2A). Larval killing was observed when both neutrophils
and macrophages were placed in culture with larvae, resulting in a
71% reduction in parasite survival. With the substitution of heat-
inactivated mouse serum, larval killing was completely ablated,
demonstrating that larval killing by mouse cells also depends on
the presence of active complement components.

Transwell plates with a 0.45-pm-pore-size membrane separat-
ing the top and bottom wells was utilized to determine whether
larval killing in vitro was macrophage or neutrophil mediated. As
with conventional 96-well plates, a 69% reduction in larval sur-
vival occurred in Transwell plates containing macrophages, neu-
trophils, and complement in the bottom wells. Placement of both
cell types in the top wells and larvae in the bottom wells did not
result in larval killing. When neutrophils were in contact with the
larvae in the bottom well and macrophages were in the top well,
larval survival was reduced by 79%. Similarly, a 67% reduction of
larval survival was also observed when neutrophils were in the top
wells and macrophages and larvae were in the bottom wells.
Therefore, both macrophages and neutrophils are capable of kill-
ing the parasite when soluble help is provided by the reciprocal cell
type (Fig. 2B).

The killing capacity of macrophages in vivo was examined by
implanting cell-impermeable diffusion chambers containing
BMDM and larvae into naive C57BL/6] mice for 3, 5, and 7 days.
BMDM killed 42% of the larvae only after 7 days (Fig. 2C). How-
ever, in immunized mice, transferred BMDM killed 60% of the
larvae within 24 h (Fig. 2D). The viability of BMDM recovered
from diffusion chambers was greater than 90% in both naive and
immunized mice. These in vitro and in vivo findings demonstrate
that BMDM are capable of killing larvae during the primary and
secondary immune responses.

IgM is important for macrophage-mediated larval killing in
the secondary immune response. We examined the role of para-
site-specific IgM in macrophage-mediated killing of larvae during the
secondary immune response. Secretory IgM-deficient (uS~'~) and
wild-type C57BL/6] mice were immunized and challenged with cell-
impermeable diffusion chambers containing BMDM from wild-type
mice and larvae. The challenge infection occurred at 1 week after
booster immunization, a time point when IgM, but not IgG, func-
tioned in the protective secondary immune response (27). Serum
from immunized mice revealed elevated parasite-specific IgM in
wild-type mice, with no detectable IgM in immunized uS~/~ mice;
parasite-specific IgG levels were elevated in wild-type and puS™/~
mice (Fig. 3A). Diffusion chambers were recovered 24 h after implan-
tation to assess the secondary immune response. While BMDM
transferred into immunized wild-type mice were capable of larval
killing, larval killing was not observed following transfer of BMDM
into immunized wS~’~ mice (Fig. 3B). Therefore, BMDM utilize
parasite-specific IgM in the larval killing process observed during the
secondary immune response.

AAM¢ and not CAM¢ mediate larval killing. The ability of
macrophage subsets to kill a helminth parasite was assessed by
differentiating BMDM into AAM¢ following overnight stimula-
tion with IL-4 and CAM¢ following stimulation with IFN-y/LPS.
Intracellular staining of macrophages revealed a 53% increase in
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FIG 2 Mouse macrophages kill S. stercoralis larvae during the primary and secondary immune responses. Macrophages (M) and neutrophils (PMN) isolated
from C57BL/6] mice were cultured with larvae (L3) for 22 h in 96-well plates (A) or Transwell plates (B). Heat-inactivated (HI) mouse serum was added where
indicated in place of normal mouse serum, which was added to all wells as a source of complement. (C) Macrophages were placed in cell-impermeable diffusion
chambers containing larvae. The chambers were implanted into naive mice for 3, 5, and 7 days (D) and naive and immunized mice for 24 h. Cell viabilities were
greater than 95% at the conclusion of the experiment. For panels A and B, data are representative of 4 independent experiments and are depicted as means = SD.
*, P < 0.001 compared to survival of larvae with serum. For panels C and D, data represent at least two independent experiments of five mice per group and are
displayed as means * SD. *, P < 0.01 (C) or P < 0.05 (D) compared to the no-cell control.

Relm-a expression following IL-4 stimulation and a 16% increase
in NOSII expression following stimulation with IFN-y/LPS (Fig.
4A). Both macrophage subset markers were absent from un-
treated BMDM. Further analysis of treated macrophages con-
firmed that PD-L1 expression coincides with NOSII and PD-L2
coincides with Relm-a as markers of subset differentiation (Fig.
4A). The macrophage subsets were cultured with neutrophils and
larvae in vitro for 24 h. BMDM, AAM¢, CAMd, and neutrophils
did not result in larval killing when cultured independently with
larvae (Fig. 4B). However, naive BMDM and AAM¢ reduced lar-
val survival by 90% when neutrophils and complement were pres-
ent. In contrast, CAM¢ failed to kill larvae both independently
and when cultured with neutrophils and complement. These find-
ings reveal a novel function for AAMd but not CAM¢ in cooper-
ating with neutrophils during larval killing.

Diffusion chambers containing larvae and either AAMd or
CAMd were implanted into naive mice for 3 days to determine if
the macrophage subsets kill larvae. AAMd displayed efficient and
accelerated killing (89% reduction in larval survival) compared to
that of naive BMDM (11% reduction in larval survival), which
require 7 days to kill larvae in vivo (Fig. 2C). CAM ¢ were unable to
kill larvae when implanted with the parasites in vivo (Fig. 4C). To
determine if the macrophage subsets function during the protec-
tive secondary response, diffusion chambers containing larvae
and cells were implanted into naive and immunized mice for 24 h.
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Naive BMDM and AAM¢ were able to kill the parasites, while
CAM¢ had no effect on larval survival (Fig. 4D).

AAMd that are systemically induced following infection
with S. stercoralis in an IL-4- and IL-4Ra-dependent manner
can kill the parasite. The association of AAM¢ with S. stercoralis
infection in mice was evaluated by injecting larvae subcutaneously
and monitoring the systemic macrophage response in the perito-
neal cavity. PEC from mice infected with larvae were composed of
90% macrophages/monocytes and 10% eosinophils. These cells
were evaluated for the expression of subset-specific molecules,
Relm-a for AAMd and NOSII for CAMd. Analysis of PEC 7 days
after injection of larvae revealed Relm-a expression by F4/80™
macrophages and F4/80' eosinophils, with 22% of the macro-
phages expressing Relm-a (Fig. 5A). Furthermore, 30% of the
PEC expressed Relm-a and were F4/80" during the secondary
immune response (Fig. 5B). Despite equivalent levels of Relm-a
expression in the primary and secondary responses, Relm-a was
unilaterally expressed by F4/80" macrophages during the second-
ary response. The frequency of NOSII-expressing peritoneal mac-
rophages was less than 1% following both primary and secondary
infections. The increase in F4/80 and Relm-a double positive cells
in the peritoneal cavity of mice infected subcutaneously with lar-
vae suggests a systemic induction of AAM¢. The differentiation
and transcription of many AAMd-specific genes depends on IL-
4/IL-13 signaling (45). Therefore, PEC from immunized IL-4~/~
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FIG 3 IgM is important for macrophage-mediated larval killing in the secondary immune response. (A) Serum IgM and IgG levels were measured for
parasite-specific antibody following immunization of C57BL/6] (wild type) and secretory IgM-deficient (1S~ ~) mice. (B) Wild-type macrophages (M) were
placed in cell-impermeable diffusion chambers containing larvae and implanted in naive and immunized wild-type and .S™/~ mice for 24 h. Data from at least
two independent experiments of five mice per group are shown as means = SD, where an asterisk indicates P < 0.05 compared to the naive control.

and IL-4Ra ™'~ mice were analyzed to validate the importance of
this signaling pathway during infection. The expression of Relm-a
by peritoneal macrophages following subcutaneous injection of
larvae was greatly diminished to 8% in IL-4~/~ and further re-
duced to 3% in IL-4Ra /™ mice (Fig. 5C).

The ability of purified peritoneal macrophages isolated from
infected mice to kill larvae was ascertained by performing in vitro
assays. PEC (92% monocytes/macrophages, 7% eosinophils, and
less than 1% basophils) or bone marrow-isolated neutrophils
were unable to kill cocultured larvae independently. However,
when purified peritoneal macrophages were cultured with neutro-
phils and complement, parasite survival was reduced by 72%
within 24 h (Fig. 5D). To confirm the ability of purified peritoneal
macrophages to kill in vivo, 1 or 3 million PEC and larvae were
placed in cell-impermeable diffusion chambers and implanted in
naive mice for 24 h. Purified peritoneal macrophages killed larvae
at both concentrations, resulting in a 65% reduction in parasite
survival (Fig. 5E). The viability of cells after 24 h was greater than
90% both in vitro and in vivo. Therefore, following subcutaneous
infection of mice with larvae, macrophages accumulate in the
peritoneal cavity, acquire an AAMd phenotype, and are capable of
killing larvae in vivo and in conjunction with neutrophils in vitro.

Relm-« and Arg-1 are not required for PEC-mediated lar-
val killing. PEC were isolated from infected Relm-o~’~ and
Arg-110¥/1¥sMEre mice which lack Arg-1 in all macrophage and gran-
ulocyte populations. Cellular differentials revealed that PEC from
wild-type and Relm-a~/~ mice were composed of 90% monocytes/
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macrophages and 10% eosinophils. A similar ratio was observed in
cell differentials taken from Arg-1"°1°% and Arg-11¥/1ysMCre pgC,
Analysis of PEC from infected Relm-a- and Arg-172*MCre_defi-
cient mice using flow cytometry revealed no differences in the expres-
sion of cell type-specific markers compared to that of wild-type con-
trols (data not shown). The PEC from wild-type and Relm-o ™/~
mice consisted primarily of monocytes and macrophages expressing
high levels of CD11b and F4/80. Low levels of Siglec-F (5% positive)
and the absence of Gr-1 expression indicates the presence of a small
population of eosinophils and no neutrophils. PEC from infected
Arg-1"1% and Arg-110¥17"MEre mice revealed a similar composi-
tion of monocytes, macrophages, and eosinophils and an absence of
neutrophils following infection. Furthermore, Relm-a expression by
Arg-110¥10% and Arg-1710/1yMCre PEC was equivalent to that of wild-
type PEC, where 38% of the cells were double positive for F4/80 and
Relm-a. As anticipated, Relm-a expression was undetected in Relm-
o'~ mice (Fig. 6A). Wild-type and Relm-a '~ purified peritoneal
macrophages derived from infected mice killed larvae at comparable
rates after 24 h in vivo (Fig. 6B). Similarly, purified peritoneal macro-
phages from Arg-11o1MCe_ and Arg-1101°% infected mice had
equivalent larval killing capacities (Fig. 6C). These findings demon-
strate that Relm-a or Arg-1 expression by peritoneal macrophages is
not required for killing larval S. stercoralis.

DISCUSSION

The objective of this study was to determine the capacity of human
and mouse macrophages to kill the parasitic nematode S. sterco-
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FIG 4 AAMd, but not CAMd, kill larvae during the primary and secondary immune responses. Bone marrow-derived macrophages (BMDM) were stimulated
overnight with IL-4 (25 ng/ml) to induce alternatively activated macrophages (AAMd) or IFN-y (5 ng/ml) and LPS (100 pg/ml) to induce classically activated
macrophages (CAMd). The phenotypic analysis of in vitro-generated macrophage subsets using flow cytometry was performed prior to in vitro and in vivo assays.
(A) BMDM were stimulated overnight and stained for surface expression of costimulatory molecules PD-L1 and PD-L2 and intracellular marker NOSII or
Relm-a. (B) Differentiated macrophages were cultured in vitro with neutrophils (PMN), normal mouse serum, and larvae (L3), and larval survival was assessed
after 24 h. Macrophage subsets were placed in cell-impermeable diffusion chambers containing larvae and implanted in naive mice for 3 days (C) and in naive
and immunized mice for 24 h (D). The viability of macrophages recovered from in vitro and in vivo assays was greater than 95%. For panels A and B, data are
representative of at least 3 independent experiments of two to three mice per group. For panels C and D, data represent at least 2 independent experiments of five
mice per group and are displayed as means £ SD, where an asterisk indicates P < 0.001 compared to naive BMDM (C) or for naive and immunized mice
compared to naive mice (D).

ralis. Previous studies on the primary human response to infection  consistent with the report that complement component C3b is
with S. stercoralis have shown that human peripheral blood mono-  required for larval killing during the primary and secondary im-
cytes and neutrophils adhere to S. stercoralislarvae following com-  mune responses in mice (21). Two approaches were used to ascer-
plement activation. Adherence of monocytes or neutrophils to  tain if mouse macrophages could kill the larvae or if they were
larvae resulted in decreased motility but did not result in larval ancillary to the function of the neutrophils. In vitro Transwell
killing (16). In the present study, we confirm the observation that  experiments revealed that macrophages killed the larvae if soluble
individually monocytes and neutrophils are insufficient for para-  help was provided by neutrophils. Interestingly, neutrophils could
site killing. However, when human PBMC or macrophages are  also kill the larvae if the macrophages provided soluble factors.
joined with neutrophils in vitro, the cells kill the larvae of S. ster-  Therefore, it appears that macrophages have two roles in killing
coralis. The killing mechanism used by human cells is complement  the larvae: direct killing of the worms and providing soluble fac-
activation dependent, which is analogous to the complement-de-  tors to support neutrophil killing of the larvae. The second ap-
pendent killing observed in mice during the protective innate im-  proach used to determine if macrophages could kill the larvae was
mune response (21). This study presents the first report of pri- to implant BMDM with larvae in cell-impermeable diffusion
mary human macrophages and neutrophils from uninfected chambers in naive and immunized mice. BMDM killed larvae in
donors killing the larval stage of S. stercoralis in vitro. vivo during both the primary and secondary immune responses, as

BMDM from naive mice were used to corroborate the results  has been reported for neutrophils (22). This is in distinction to
obtained using human macrophages and neutrophils. Parasite  eosinophils, which kill the parasite only during the primary im-
killing was only observed when BMDM were cultured in conjunc-  mune response (22). The membrane pore size of cell-imperme-
tion with neutrophils and complement in vitro. The observation  able diffusion chambers allows complement and, potentially, neu-
that complement was required in the in vitro killing mechanismis  trophil soluble factors from outside the diffusion chamber to

September 2013 Volume 81 Number 9 jaiasm.org 3351

IWNILYOSNOD VI Ag £T02 ‘82 1snBny uo /B0 wse tel//:dny woy papeojumoq


http://iai.asm.org
http://iai.asm.org/

Bonne-Année et al.

>

y
Primary Response Secondary Response A% AR
Mock Infected Infected Mock Infected Immune
= 10" {0.341%] 0.931% 0.484% 0.272% = o' 0.202% 0.465% 0.093% 0.500%
[ 3 1 I
§ 1w 0.858% 0.223% 2w |

1 ’ 0.368% 0.468%

30.0%

Relm-a.

241%

D i», E 100
— 100 4 T 80
£ g
Z 20 2 * $
7] @
5 60 s
[J o
2 £ 40
8 404 * 3
e 2
% 20
0 0
L3 L3+PMN  L3+PM¢  L3+PMN+ NoCell  1milionPM¢ 3 million PMé
PM}

FIG 5 S. stercoralis larvae systemically induced AAMd, which are capable of killing the parasite. (A) Primary response. Mice were infected subcutaneously with
5,000 larvae (L3) or mock infected. Peritoneal exudate cells (PEC) were isolated 7 days postinfection and stained for F4/80, classically activated macrophage
(CAM¢) marker NOSII, and alternatively activated macrophage (AAMd¢) marker Relm-a.. (B) Secondary response. Mice were immunized by subcutaneous
injection of 5,000 larvae, followed by a booster injection of 5,000 larvae at day 14, or were mock injected. PEC were isolated at 5 days after booster immunization
and analyzed for macrophage subset-specific markers. (C) PEC from IL-4- and IL-4Ra-deficient mice were analyzed following immunization for F4/80 and
Relm-a coexpression to delineate AAMd. Gates indicate the percentage of F4/80" cells expressing NOSII or Relm-a.. (D) Purified peritoneal macrophages
(PMd) isolated from infected mice were cultured with neutrophils (PMN) and larvae for 24 h in the presence of normal mouse serum in vitro. (E) Purified
peritoneal macrophages (1 or 3 million) were placed in cell-impermeable diffusion chambers containing larvae and implanted in naive mice for 24 h. For panels
A to D, data are representative of two independent experiments. For panels A to C, cellular analysis was performed using two to five mice per group. For panels
D and E, data represent a single analysis of 3 independent experiments of five mice per group, depicted as means = SD, where an asterisk indicates P < 0.002
compared to larvae alone (D) or the no-cell control (E).

freely enter and exit. These soluble factors presumably activate We have previously shown that antibody is required for pro-
macrophages within the diffusion chamber to kill the parasite. tective secondary immunity to S. stercoralis in mice. IgM, but not
Macrophages and neutrophils are professional phagocytes that  IgG, is protective at 1 week after booster immunization (27),
collaborate in the immune responses to several intracellular =~ whereas parasite-specific IgM and IgG both are protective 3 and 5
pathogens through activation by cytokines or granular compo-  weeks after booster immunization (28). Both IgM and IgG require
nents (29, 30). Macrophages activate neutrophils following Myco-  cells to kill the larvae, and neutrophils have been shown to collab-
bacterium avium infection through the release of IL-8 (29). Acti-  orate with IgG and complement in the killing process (28). It was
vated neutrophils secrete myeloperoxidase, which binds and hypothesized in the present study that IgM was the mediator of
activates macrophages to kill pathogens such as M. avium (29) and  larval killing by macrophages in the secondary response. Transfer
Candida albicans (31). Macrophages have also been shown to kill  of wild-type macrophages into immunized wild-type mice at 1
nematode larvae. Rat alveolar macrophages from Nippostrongylus ~ week after booster immunization resulted in parasite killing,
brasiliensis-infected mice utilized complement for cell adherence  whereas transfer of macrophages into secretory IgM-deficient
and killing of larvae. Alveolar macrophages from naive animals  S™'~ mice did not. Parasite-specific IgM has been shown to be
did not kill the worms, suggesting that conditioning or activation  bound to the surface of S. stercoralis larvae recovered from immu-
of the macrophages is required for the larval killing process (4). nized mice (27). IgM-mediated killing of the parasite may require
The mechanism through which human and mouse macrophages interaction between the IgM on the surface of the parasite and its
and neutrophils cooperatively kill S. stercoralis has not been de-  receptors found on macrophages (32) activating the cells to release
fined. Complement-dependent adherence of macrophages and  toxic mediators that kill the parasite. Alternatively, the capacity of
neutrophils to the larval surface may stimulate the release of cyto-  IgM to activate the complement system by cleaving C3 may play a
kines or soluble factors, which then activate the reciprocal cell ~critical role in parasite killing (33). Macrophages may bind to C3
type. Neutrophil-derived myeloperoxidase and eosinophil-de- on the surface of larvae and are then induced to release the toxic
rived major basic protein have both been shown to be required for  molecules.
the cells to kill the larvae (23). Similar toxic molecules are presum- AAM¢ are associated with parasitic helminth infections, where
ably secreted by macrophages upon activation by neutrophils. they function in modulating the T};2 response (34, 35), augment
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FIG 6 AAMd-specific molecules Relm-a and Arg-1 are not required for peritoneal macrophage-mediated larval killing. (A) Purified peritoneal macrophages
(PM¢) from infected wild-type, Relm-a, Arg—lﬂ‘”‘/ flox and Arg—lﬂ""/ LysMCre mice were stained for intracellular expression of Relm-a and NOSII. (B) Cell-
impermeable diffusion chambers containing larvae and purified peritoneal macrophages from infected wild-type or Relm-a™'~ and (C) Arg-17¥/°* or
Arg-110917sMEre mice were implanted in naive mice for 24 h. Data are representative of two independent experiments, displayed as means = SD from four to five
mice per group, where an asterisk indicates P < 0.001 compared to the no-cell control (B and C).

pathology by controlling fibrosis (36), and play an integral role in
wound healing following parasite-mediated tissue destruction
(13, 36). There have been no reports on the role of AAMd in
killing parasitic helminths, although they have been shown to con-
tribute to worm expulsion during Heligmosomoides polygyrus in-
fections (37). AAM¢, but not CAMd¢, generated in vitro from
BMDM were capable of killing S. stercoralis larvae in vivo during
the primary and secondary immune responses. Optimal larval
killing by AAMd during the primary response was observed at day
3 (Fig. 4D), a full 4 days earlier than naive BMDM (Fig. 2B),
demonstrating that AAM¢ kill the parasite in an accelerated man-
ner. Furthermore, we show that macrophage and neutrophil co-
operation is restricted to naive BMDM and AAMd¢ but not
CAM¢, suggesting that CAM ¢ are incapable of cooperating with
neutrophils or that CAMd inhibit parasite killing by neutrophils.

The capacity of mouse macrophages induced following S. ster-
coralis infection to kill larvae was examined by utilizing PEC from
infected mice, which consisted predominately of macrophages
and monocytes. Interestingly, the composition of PEC from in-
fected mice is substantially different from that of naive mice,
which consists primarily of neutrophils (38). Peritoneal macro-
phages from infected mice killed larvae in vivo and in vitro in
conjunction with neutrophils. Phenotypic analysis of these cells
after primary and secondary infections with S. stercoralis revealed

September 2013 Volume 81 Number 9

increased expression of Relm-a by macrophages, a phenotype as-
sociated with AAM¢. Polarization of AAMd in the peritoneal
cavities of infected mice was dependent on IL-4 and IL-4Ra, con-
sistent with the importance of IL-4/IL-13 signaling for the devel-
opment of AAM¢ observed during other parasite infections (39—
42). The presence of AAMd in the peritoneal cavity following a
subcutaneous injection reflects a systemic immune response likely
induced by the highly motile larvae of S. stercoralis (43). This sys-
temic induction of AAM¢ and not CAMd following subcutane-
ous infection with S. stercoralis is consistent with the finding that
AAM¢ are found and maintained in the peritoneal cavity of Bru-
gia malayi-infected mice (44).

Relm-a, Arg-1, and YM-1, while not exclusively expressed by
AAMd, are the signature markers by which AAM¢ are character-
ized in numerous infections (45). To evaluate the effector func-
tion of these molecules, we utilized peritoneal macrophages from
Relm-a-deficient mice and Arg-1-deficient macrophages. Macro-
phage Relm-a does not have an essential role in the S. stercoralis
larval killing process. It may have other functions, as seen with the
highly homologous family member Relm-3, which significantly
inhibits the chemotaxis of S. stercoralis larvae in vitro (46). Arg-1
expression by macrophages is critical in the downregulation of
Ty2-driven pathology, fibrosis, and T cell proliferation during
chronic schistosomiasis (47). However, the expression of Arg-1 by
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macrophages was not required for resistance to Trichuris muris
(48). Likewise, Arg-1 was not required for peritoneal macro-
phage-mediated killing of S. stercoralis larvae. While Relm-« and
Arg-1 are not relevant for direct parasite killing of S. stercoralis,
they may still play a role in modulating the Ty;2 response, as pre-
viously shown with Schistosoma mansoni (35, 47). Microarray and
RNA-Seq studies of helminth-induced AAM¢ demonstrate a
complex gene expression profile distinct from that of BMDM (49,
50). Analysis of the differentially expressed AAMd genes may re-
veal the soluble factors required for collaboration with neutro-
phils and the effector molecules used by AAM¢ during the larval
killing process.

We conclude that human macrophages and neutrophils, like
mouse cells, have the capacity to kill S. stercoralis larvae. The strik-
ing parallels between the primary immune response to S. stercora-
lis in humans and mice are unlike those of other infection models,
where mouse responses differ drastically from those of humans
(51). The multiple killing mechanisms exhibited by mice in the
primary and secondary immune responses to S. stercoralis dem-
onstrate how the immune system has evolved redundant mecha-
nisms for pathogen elimination. The overlapping effector roles of
macrophages, neutrophils, and eosinophils during the primary
immune response are further amplified in the secondary response
by the production of parasite-specific antibodies or through T};2
cell cytokine induction of AAMd, resulting in a robust protective
immune response directed at the larval stage of S. stercoralis.
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