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Abstract

In endemic regions, it is not uncommon for patients to be co-infected with soil-transmitted
helminthes and malaria. Although both malaria and many helminth species use the lungs as a site
of development, little attention has been paid to the impact that pulmonary immunity induced by
one parasite has on the lung response to the other. To model the consequences of a prior
hookworm exposure on the development of immunity to malaria in the lungs, mice were infected
with Nippostrongylus brasiliensis and two weeks later challenged with Plasmodium berghei. \We
found that a preexisting hookworm-induced Type 2 immune environment had a measurable but
modest impact on the nature of the malaria-driven Type 1 cytokine response in the lungs that was
associated with a transient effect on parasite development and no significant changes in morbidity
and mortality after malaria infection. However, prior hookworm infection did have a lasting effect
on lung macrophages, where the malaria-induced M1-like response was blunted by previous M2
polarization. These results demonstrate that, although helminth parasites confer robust changes to
the immunological status of the pulmonary microenvironment, lung immunity is plastic and
capable of rapidly adapting to consecutive heterologous infections.
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Introduction

The soil-transmitted nematodes Ascaris lumbricoides, Trichuris trichiura, Necator
americanus, and Ancylostoma duodenale are among the most prevalent infections on earth,
affecting ~2 billion of the poorest and most resource-deprived communities of sub-Saharan
Africa, the Americas, and East Asia (1-3). A substantial proportion of helminth-infected
individuals reside in areas that are also endemic for malaria, thus helminth-malaria co-
infection is common (1, 4).
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Although the adult forms of the major helminthes are found in the intestine, the life cycles of
these nematode species includes an obligate lung-stage of larval development marked by a
programmed migration through the pulmonary vasculature and respiratory epithelium (5).
The blood-borne larvae penetrate from the endothelium through the interstitium and into the
alveolar space, causing tissue damage and initiating an inflammatory response. In areas of
high transmission, patients experience extensive pulmonary damage that can result in
respiratory distress (6). The immune response induced by parasitic helminths is
characterized by a systemic and mucosal Th2 polarization typified by increases in IL-4,
IL-13, IgE, eosinophilia, alternatively-activated (M2) macrophages, and Type 2 innate
lymphoid cells (ILC2s) (7, 8). In addition, worm infections induce regulatory responses that
control the level of parasite-induced pathology (9-12) that are sufficiently potent to have
significant bystander effects on immunization, autoimmunity, and responses to other
pathogen challenges (10, 11, 13, 14). Nippostrongylus brasiliensis has been used extensively
as a model for human hookworm infection to study the immunology of the lung stage of
infection. Despite establishing only a transient residence in the lungs (12-48 hours), /.
brasiliensis larvae induce long-lived Th2/M2 skewing and structural changes to the lung
environment (15-17) that can impact downstream immune responses to diverse challenges
including infection and allergen exposure (13, 17-19). The M2-polarized resident
macrophage population, in addition to its role in wound repair, has been shown to be
important in protection against secondary challenge (15).

Malaria also establishes an important association with the lung environment. During the
development of the asexual stage, infected erythrocytes adhere to the pulmonary
microvasculature in large numbers (20-22). This transient sequestration in the lung prevents
Plasmodium-infected cells from being cleared by immune mechanisms in the spleen and has
the added benefit of promoting parasite growth (23, 24). This pulmonary sequestration has
been implicated in the pathogenesis of malaria-associated acute lung injury (ALI) and acute
respiratory distress syndrome (ARDS) in humans and mouse models (22, 25-27). In contrast
to the strong Th2 immunity associated with nematode infections, malaria is characterized by
elevated IL-12 and IFNy and the expansion of CD4* Th1 cells, cytotoxic NK and CD8* T
lymphocytes, and classically activated (M1) macrophages (28, 29). Monocytes and
macrophages have also been shown to be important in clearing infected erythrocytes from
the lung and controlling the level of malaria-induced inflammation(22).

Given the widespread occurrence of helminth-malaria polyparasitism and the highly
divergent and counter-regulatory nature of the immune responses induced by these
pathogens (30), it is of considerable interest to understand how preexisting infection with
one influences the parasitemia and pathogenesis or the other. While a number of
epidemiological and animal model studies have investigated helminth-malaria co-infections
in terms of the impact on malaria systemic immunity, morbidity, and mortality (reviewed in
(12, 31-33)), none have focused on the impact that a pre-existing nematode-induced Th2
polarization has on the parasitological and immunological dynamics of malaria infection in
the lungs.

To address this issue, we infected BALB/cJ mice with N. brasiliensis to establish Th2/M2
polarization in the lungs prior to challenge with Plasmodium berghei ANKA. We found that
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the robust Th2 cellular and cytokine environment established by hookworm infection is
rapidly altered under the influence of the Th1l-polarizing malaria infection. Despite this
malaria-induced dampening of the pre-established pulmonary Th2 response, hookworm
infection did have an impact on the activation phenotype of lung macrophages and on gross
pathology. However, helminth-induced changes to the immunological status and the
architecture of the lungs did not significantly influence the dynamics of malaria
cytoadherence to lung vascular endothelial cells, morbidity, or mortality following £ bergher
infection.

Materials and Methods

Animals

All experiments were performed using 8-10 week-old, male, wild-type BALB/cJ mice
(Jackson Laboratories) under the approval of the Johns Hopkins University Animal Care and
Use Committee. Mice were housed in a specific pathogen-free facility, continually provided
filtered air and water, maintained on a 12-hour light/dark cycle, and fed autoclaved food ad
libitum. All mice were anesthetized with a 450 mg/kg dose of avertin (2,2, 2-tribromoethanol
in tert-amyl alcohol, Sigma-Aldrich) diluted in phosphate-buffered saline (PBS) and
administered via a 700 pL intraperitoneal injection prior to lung harvesting procedures.

Parasites and Infections

Infective-stage filariform (L3) Nippostrongylus brasiliensis larvae were isolated from rat
fecal-charcoal-sphagnum moss cultures suspended over warm PBS in a modified Baermann
apparatus as previously described (34). Larvae were washed three times in PBS and
enumerated in an egg slide chamber (McMaster). Mice were infected subcutaneously in the
scruff of the neck with 500 L3 larvae suspended in 200 uL PBS. All of the N. brasiliensis-
infected animals, which expelled their adult parasites from the intestine at day 9-10 (data
not shown), were subsequently infected with 2 berghef ANKA on day 13.

The Plasmodium berghei ANKA strain MR4-671 was obtained from The Malaria Research
and Reference Reagent Resource Center (MR4). Passaging and experimental infections of
mice were established by a single 200 L intraperitoneal injection containing 1x10° infected
red blood cells diluted in PBS. Frozen MR4-617 stocks (20% v/v glycerol) were maintained
at —80°C. To standardize experimental infections, parasites were flash-thawed in a 37°C
water bath and serially passaged through at least two, but no more than eight, donor mice
prior to experimental use. Blood from the donors was counted on a hemacytometer
(Cambridge Instruments) to determine red blood cell density. Thin blood smears, fixed with
100% methanol and stained with 5% modified Giemsa (Sigma-Aldrich), were used to
determine the percent parasitemia. After infection, parasitemia, core body temperature, and
body weight were monitored daily using thin blood smears, a rectal thermometer probe
(Physitemp), and a digital scale (Ohaus), respectively. Lungs were obtained on days 0, 3, 5,
and 8 following malaria infection for cellular and molecular analyses.
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Bronchoalveolar Lavage (BAL)

The trachea of anesthetized mice was cannulated and flushed three separate times with 1.0
mL of PBS. The recovered BAL fluids from each lavage were pooled and centrifuged to
pellet the cells. After the supernatant was removed, the cells were suspended in 1.0 mL of
PBS, counted on a hemacytometer (Cambridge Instruments), and adhered to a glass slide
with the aid of cytology funnels (Fisher Scientific) and a CytoSpin centrifuge (Shandon).
Cells were fixed and stained utilizing a DiffQuik™ kit (Andwin Scientific) for differential
cell identification. Images of BAL cells were captured on a Nikon E800 microscope using
the Spot Advanced camera and software (Diagnostic Instruments).

Lung Histology

Mice were anesthetized prior to tracheostomy and lungs were inflated at a constant pressure
of 30 cmH-O0 for 5 minutes with zinc-buffered formalin (Z-Fix, Anatech). The trachea was
tied and the intact lungs were excised from the chest cavity and submerged in formalin for at
least 48-hours. After fixation, lungs were randomly cut into 2-3 mm thick blocks, which
were then embedded in paraffin. Five-micron sections were cut and stained with
hematoxylin and eosin (H&E) and imaged on a Nikon E800 upright microscope using the
Spot Advanced camera and software (Diagnostic Instruments).

Isolation of RNA and DNA from Whole Lung Homogenates

Mice were anesthetized prior to severing the abdominal aorta and perfusion of the lungs with
10 mL of PBS injected into the right ventricle of the heart. Lung tissues were homogenized
in Trizol (Invitrogen), RNA was extracted with chloroform and purified with the PureLink™
RNA Mini Kit (Ambion), and DNA was precipitated from the remaining interphase/organic
phase with 100% ethanol. The resulting DNA pellets were washed three times with 0.1 M
sodium citrate in 10% ethanol, once with 75% ethanol, air-dried, and reconstituted in 8 mM
NaOH adjusted to pH 8.4 with 1 M HEPES (Invitrogen).

Isolation of RNA and DNA from CD11c* Cells

Perfused lungs were removed, minced into fine pieces, and digested for 30 minutesina
mL solution containing 1 mg/mL collagenase Type Il (Invitrogen), 30 ug/mL DNase |
(Roche Applied Science), and RPMI 1640 medium (Invitrogen). Tissues were ground
through a 100 um cell strainer (BD Biosciences) to form a single-cell suspension, washed,
and suspended in ACK buffer (Invitrogen) to lyse red blood cells. The remaining leukocytes
were passed through a 70 pum cell strainer (BD Biosciences), washed, and suspended in PBS
containing 2% fetal calf serum (HyClone) and Fc Block™ (BD Biosciences) prior to surface
staining with a CD11c-APC antibody (Miltenyi Biotec). Stained cells were washed and
suspended in 50 L of anti-APC-conjugated magnetic particles (IMag, BD Biosciences) for
30 minutes. After the addition of 1.0 mL of 0.5% bovine serum albumin (Sigma-Aldrich)
and 2 mM EDTA (Invitrogen) in PBS, CD11c-APC™ cells were purified by a cell separation
magnet (BD Biosciences) following manufacturer’s protocols. RNA was purified from
isolated CD11c™ cells with the use of a RiboPure Blood Kit (Ambion) and DNA was
isolated utilizing the FlexiGene DNA kit (Qiagen) following manufacturer’s instructions.
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Real-Time PCR

Purified RNA and DNA concentrations were measured on a NanoDrop 1000 (Thermo
Scientific). Either 500 ng of total RNA from CD11c* cells or 1.0 pg of total RNA from
whole lung homogenates was reverse-transcribed with SuperScript 11 (Invitrogen) using
Oligo-DT primer (Invitrogen) following manufacturer’s protocols. The resulting cDNA was
RNase H-treated (Invitrogen) prior to amplification following manufacturer’s
recommendations (Applied Biosystems). The following Assays-On-Demand primer-probe
sets (Applied Biosystems) were used in this study: ADD PP SETSReactions were performed
with the following thermal profile: 50°C for 2 minutes, 95°C for 10 minutes, and then 40
cycles of 95° C for 15 seconds followed by 60°C for 1 minute. Standard curves for each
gene were constructed from the relative expression levels in 2-fold serial dilutions of pooled
cDNAs from known positive samples. All samples were normalized to the housekeeping
gene GAPDH. A similar protocol was followed for quantification of parasite DNA isolated
from whole lungs or CD11c* cells using primers and probes specific to the Plasmodium 18s
rRNA gene as previously described (35).

Statistical Analyses

Results

The real-time RT-PCR results of changes to the expression levels of selected cytokine genes
in the whole lungs were plotted as fold change over the average relative values obtained for
naive Day 0 animals after GAPDH normalization. Changes to the expression levels of
selected cytokine genes determined by real-time RT-PCR analysis of CD11c* lung cells
were plotted as relative values obtained from comparison to a standard curve for each gene
after GAPDH normalization for all experimental days. The amount of Plasmodium berghei
DNA detected in both whole lungs and CD11c* cells by real-time PCR was converted to
number of parasites by assuming 0.02 pg is equivalent to a single parasite genome (36). All
of the above data were converted to mean values + standard error measurement (SEM) and
analyzed in Prism (GraphPad) by two-way ANOVA with Bonferroni post-tests to compare
all groups at each sample time. Comparisons of Kaplan-Meier survival curves between
groups were analyzed by log-rank test using Prism software.

Prior N. brasiliensis Infection has Only a Modest Impact on the Parasitemia, Morbidity and
Mortality of Malaria Infection

It is well established that N. brasiliensis infection induces Th2 polarization of the lung
characterized by a sustained increase in macrophages, a majority of which are M2 activated
(17, 37). To test the hypothesis that this strong pre-existing Th2 environment alters the
general course of a subsequent malaria infection, we compared the parasitological and
physiological responses of age-matched BALB/cJ mice challenged with 2 berghei alone
(Pb) or with 2. berghei 13 days following infection with N. brasiliensis (Nb/Pb). Although
the rates of increase in parasitemia were comparable overall for the Pb and Nb/Pb groups,
the Pb group had a somewhat higher percentage of infected erythrocytes at days 5 and 6
(Fig. 1A). While the Pb and Nb/Pb groups had a similar course of weight loss (Fig. 1B), the
drop in body temperature of the Nb/Pb mice was more pronounced at days 7 and 8 (Fig. 1D)
and this drop was associated with a trend toward an accelerated mortality (Fig. 1D). As
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demonstrated previously (22), despite the continued rise in parasitemia, the burden of 2
berghei in perfused lungs as measured by 18S rRNA, which was first detectable at day 3,
peaked at day 5 of infection (Fig. 1E).

Histologically, as noted previously (22, 38), lungs from the Pb group showed modest
pulmonary inflammation at day 5 characterized by an increase in cellular infiltration, focal
edema and a marked alveolar septal thickening (Fig. 1F). This histological profile was
maintained through day 8 (data not shown). The Nb/Pb group displayed the focal cellular
infiltrates, emphysema-like loss of alveolar structure, and bronchiolar epithelial hyperplasia
that is characteristic of the lungs during the post-expulsion phase of an Nb infection (16, 39,
40). While the Nb-associated histopathological changes were comparable in extent and
intensity to that observed in the lungs from A. brasiliensis-only controls (Nb; Fig. 1F), the
Nb/Pb lungs also had focal edema and thickened alveolar septa similar to the lungs from the
Pb animals. Since the nature and extent of the histological changes in the Nb/Pb lungs
appeared to simply reflect the additive contribution from the two parasites, we conclude that,
over this narrow time window, sequential challenge with Nb and Pb does not result in a
demonstrable change or acceleration in the overall nature or course of lung injury.

Nb-Induced Th2 Immunity Influences the Course of the Thl Response to a Subsequent
Malaria Infection

In addition to the strong systemic Th1 immune responses induced by Pb (41), Pb also
induces a robust Th1-biased response in the lungs (42). To determine the impact that the Nb-
induced Th2 skewing has on the lung-associated immune response to Pb, we monitored
changes in the expression of genes involved in the induction and maintenance of Type 1
immune responses. Of the Thl-associated immune genes measured, only //6 was modestly
differentially expressed at day 0 of Pb infection (Fig. 2). While we found no significant
differences in the expression dynamics of //18, i/12p35, and il12p40, a prior Nb infection
resulted in significantly lower 7fng and reduced 7/1b expression on days 5 and 8 after Pb
infection, respectively (Fig. 2). Although not statistically significant, we observed a similar
trend for reduced expression of fnfand nos2. These data indicate that while the elements of
the strong systemic Th1 response established by malaria (43) are detected in the Nb/Pb
group, the magnitude of the Th1 response is somewhat blunted in the lung when it is Th2-
skewed prior to malaria infection.

We also assessed the impact that malaria infection had on the established Nb-induced Th2
response in the lungs. Mice receiving Pb alone showed little change in the expression of
/133, il4, and /13, as well as the markers for alternatively-activated (M2) macrophages argl
(Arginase 1), chil3 (Chitinase 3-Like 3, YM1), and retn/a (Resistin-Like Molecule Alpha,
Relm-a., Fizz1) (Fig. 3). Of note is a transient increase in //4and 7/13expression in the Pb
group at day 5 of infection. The lungs of mice that received Nb 13 days prior showed
evidence of strong Th2 polarization with significantly elevated levels of all the Th2-
associated genes (Fig. 3). As demonstrated previously (40, 44), the intensity of the
expression of Th2-associated genes wanes as the cellular response to the acute lung damage
caused by the Nb larvae resolves (Fig. 3). With initiation of malaria infection, the Nb/Pb
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group also rapidly reduced the expression Th2-associated genes in the lungs with a kinetics
that mirrored the Nb-only group (Fig. 3).

Tregs that produce IL-10 are crucial for establishing immune tolerance during a variety of
challenges including helminth and malaria infections (45-47). In addition, IL-27, in concert
with IL-21, has been shown to be required for regulating Th1-mediated inflammation
through processes that involve both FoxP3* Treg and FoxP3~ Tr1 cells in other organs (48).
The differences in the levels of inflammatory markers between the Pb and Nb/Pb groups
suggested that immunoregulatory cytokines might be differentially expressed. We found that
both the Pb and Nb/Pb groups had comparable changes in the expression levels of fgfb, i/10,
(127, il21 and foxp3 (Fig. 4). Our data indicate that while these mechanisms are likely
involved in the regulation of inflammatory responses to malaria in the lungs, they are not
significantly altered by a prior hookworm infection.

Hookworm Infection Alters the Number, Gross Phenotype, and Activation Status of Lung
Macrophages During A Subsequent Malaria Infection

Resident lung macrophages and recruited monocytes play key roles in controlling parasite
numbers and homeostatic repair in both malaria and N. brasiliensis infections (15, 22, 37,
44). Therefore, we focused on identifying changes to the number and activation state of lung
macrophage populations over the course of infection in the Pb, Nb and Nb/Pb lungs. As a
consequence of Nb infection, the numbers of macrophages that were significantly elevated
in the BALF from the Nb/Pb and Nb groups at day 0/13 dropped over the ensuing three days
as the Nb-induced inflammation resolved (Fig. 5A). In contrast to the BALF-derived
macrophages isolated at day 5 from the Pb group that had a morphological appearance
similar to the cell lavaged from naive animals (Fig. 5D), BAL-derived macrophages isolated
from Nb/Pb animals appeared to be activated with a number of the cells containing dense
granules similar to cells isolated from post-Nb lungs at a comparable time point (Fig. 5D).

Further, we characterized the dynamics and activation of the CD11c* alveolar and interstitial
macrophage populations from the whole lung. Similar to dynamics in the BALF (Fig. 5A),
the number of CD117 cells was significantly elevated on Day 0 in the lung from the Nb/Pb
group and declined following Pb infection (Fig. 5B). Interestingly, in the Nb/Pb group, and
to an even greater extent in the Pb alone group, the number of CD11c™" cells increased
substantially between Days 5 and 8 following malaria infection. The mean number of
CD11c* macrophages at day 21 from the lungs of Nb group animals was 6.4 x 108 (data not
shown). Utilizing a real-time PCR-based assay for detection of the 2. berghei 18s rRNA
gene, macrophages isolated from Nb/Pb lungs contained more than twice as many P. berghei
genome equivalents on Day 5 compared to cells derived from the Pb lungs (Fig. 5C). This
difference was no longer present on Day 8, when macrophages from the Pb lungs showed a
substantial increase in phagocytic activity (Fig. 5C). We conclude that a previous hookworm
infection primes lung-associated macrophages to affect a more rapid clearance of malaria-
infected erythrocytes from the lungs compared to the cells from a malaria-only infection, but
later in malaria infection this difference in phagocytic capacity is no longer evident.

To determine if this difference in the dynamics of parasite uptake was reflected in the
activation status of the cells, bead-purified CD11c+ cells from Pb or Nb/Pb lungs were
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analyzed for the expression of genes associated with classically-activated (M1),
alternatively-activated (M2), and regulatory macrophages. It is important to note that
whereas CD11c is a reliable surface marker for lung-resident macrophages, especially
alveolar macrophages, other immune cells also express CD11c. The bead-based isolation
protocol used in naive animals resulted in cell preparations that were consistently ~95%
lung-resident macrophages (data not shown). Previous and ongoing inflammation resulted in
CD11c™ cell preparations that, while still overwhelming dominated by resident and
monocyte-derived macrophages, contained an increased and variable (from 8% to 17%)
presence of recruited CD11c* DCs, NK cells, T cells, and B cells (data not shown).

On day 3 in the Pb group, CD11c™ cells first increased expression of /18, a marker of
inflammasome activation that has been shown to result from the uptake of Plasmodium-
derived hemozoin, and #g7b, a regulatory cytokine important for controlling pulmonary
inflammation (Fig. 6) (49, 50). Expression of these cytokine genes was then accompanied by
increases in the levels of inf, il1b, il6, 1il27, nosZ, and //100on days 5 and 8 post-malaria
infection. In contrast, despite carrying a heavier burden of Pb antigen on a per cell basis
(Fig. 5C), phagocytic cells isolated from Nb/Pb lungs at day 5 of malaria infection had a
significantly attenuated malaria-typic inflammatory signature and a marked increase in
expression of the canonical M2-associated genes argl, chil3, and retn/amore consistent with
that of an Nb-only infection (Fig. 6). Although 3 days later the malaria-typic response
remained attenuated, the expression of M2 marker genes was significantly reduced. These
data reveal that, in contrast to dominant Th1/M1 expression signature exhibited by the
CD11c* cells isolated from the lungs of animals exposed to only Pb, cells isolated from
lungs that had experienced a prior Nb infection maintain their M2 activation phenotype and
dampen the malaria-induced Th1/M1 expression profile.

Discussion

The lungs are repetitively exposed to a diverse and complex amalgam of antigens and
microbes inhaled from the environment as well as from the microbiome. This constant
exposure necessitates a finely tuned immune response capable of identifying danger and
balancing the intensity and duration of inflammation required to respond to a challenge with
the appropriate levels of immune regulation, repair and remodeling to recover and maintain
respiratory function. Infection history has an underappreciated impact on this complex
process. Epidemiological and experimental evidence indicates that the innate and adaptive
response to prior or concurrent pulmonary pathogens influences the immunological outcome
to a subsequent challenge through alterations in the activation status of epithelial cells, cells
of the innate and adaptive immune response, and the cytokine milieu of the lungs (10, 13,
18, 51).

Despite the relatively abundant information available on the general topic of nematode-
malaria co-infections in humans and in animal models (reviewed in (14)), limited attention
has been paid to the impact that co-infections have on pulmonary immunity. Hoeve and
colleagues simultaneously infected BALB/c mice with N. brasiliensis and non-lethal A2
chabaudi chabaudi and monitored the impact that the malaria-induced Th1 response had on
the nature and intensity of a hookworm-induced Th2 response in the lungs (52). In this
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experimental design, the effects of co-infection on nematode-induced immunity in the lungs
were associated with an attenuated peak expression of Th2 cyokines and markers of M2
activation. This synchronized co-infection had no impact on malaria-induced /FNg
expression in the lungs. In a second study, where infection with the filarial nematode
Litomosoides sigmodontis was initiated simultaneously with P chabaudior P, yoelii
infection, co-infection had a modulating effect on the intensity of malaria-induced kidney
pathology, but no discernable effect on the intensity of malaria-mediated lung damage (53).

In the work presented here, sequential hookworm-malaria infection had a complex influence
on the parasitological and morbidity/mortality outcomes of 2. berghei infection. The
presence of the worm-induced Th2 immune environment prior to malaria infection resulted
in a modest lag in parasitemia at days 5 and 6 that was accompanied by a paradoxical
acceleration in weight loss and trends toward increased mortality and parasite burden in the
lungs (Fig. 1A). Previous studies have also reported transient, small, but significant
decrements in parasitemia in co-infected animals that could be attributed to in part by the
anemia associated with hookworm infection (52, 54). While the trend for an increase in the
malaria burden in the lungs in co-infected animals despite a lower parasitemia (Fig. 1A, 1E)
could be due to Th2-associated alterations that resulted in increased cytoadherence, it is
more likely that inefficient perfusion caused by the N. brasiliensis-induced emphysema-like
alterations to the lung parenchyma (Fig. 1F) (16, 39) lead to retention of blood in the lungs
and the appearance of enhanced sequestration.

Macrophages and monocytes have been shown to play a key role in the innate and adaptive
immune response to both hookworm and malaria (15, 22, 37, 44). Previous studies
employing the P. berghei ANKA-C57BL/6 model of malaria-associated lung injury,
demonstrated that cytoadherence of infected erythrocytes to pulmonary post-capillary
endothelial surfaces resulted in a robust recruitment of CCR2*CD11b*Ly6C" monocytes to
the lungs starting by day 5 of infection (22). Upon activation in the pulmonary environment,
the recruited monocytes were shown to be instrumental in the phagocytic clearance of
adherent malaria-infected cells thereby controlling the level of parasite-induced pulmonary
inflammation. In notable contrast to the recruited monocytes, lung-resident alveolar
macrophages showed no evidence of proliferation or clearance of malaria-infected
erythrocytes. This lack of response to malaria challenge by alveolar macrophages is in stark
contrast to the ILC2-dependent proliferation and M2 activation induced by the migration of
hookworm larvae through the lungs (15, 37, 40, 55).

Consistent with previous reports (15, 37, 40, 55), N. brasiliensis infection resulted in an
initial increase in the number of macrophages in the alveolar compartment (Fig. 5A) and in
the whole lung (Fig. 5B) that later declined leaving behind a population of activated alveolar
macrophages (Fig 5D). These activated alveolar macrophages, which were also evident in
the BALF from the Nb/Pb group, is emblematic of an altered immune environment that
impacted the nature of the innate immune response to malaria in the lung. Starting on day 5
of infection, the levels of M1-like cytokine expression in the lung’s macrophage
compartment were diminished in Nb/Pb animals compared to the Pb group. Notably, the
cells from the Nb/Pb lungs maintained the capacity to respond in an M2-like fashion even in
the face of strong M1 polarizing conditions resulting from malaria. This relative lack of
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plasticity of lung-associated macrophages is in contrast to the recent findings that
Heligmosomoides polygyrus-induced IL-4-producing Th2 cells retain functional plasticity
and can be induced by a subsequent P chabaudi infection to up-regulate IFNy production
(56). However, dampening the M1 response in the Nb/Pb animals did not have a significant
impact on the overall course of the infection.

Of particular note was a significant spike in the transcription of the signature M2 genes
Chil3 and Retnla in the CD11c+ cells isolated from the Nb/Pb lungs at day 5. Given the
temporally synced expression of these same genes in the Nb group, presumably this increase
in M2 gene expression reflects events associated with repair and remodeling mechanisms
initiated days earlier in response to the damage and inflammation caused by trafficking of
the nematode larvae through the lungs. Indeed, this is a time point where there is a
demonstrable progression in the emphysema-like lung destruction that is associated with Nb
infection (Fig. 1F) (16, 39, 40).

Though CD11c is a reliable surface marker in mice for lung-resident macrophages,
especially alveolar macrophages, it is appreciated that during inflammation additional
CD11c* cells such DCs, activated NK cells, T cells, and B lymphocytes (57) are recruited to
the lungs. Our isolation protocol yielded only a small fraction (<5%) of lymphocytic cell
types from naive lungs, but following malaria infection, although macrophages/monocytes
remained the dominate cell type, the percentage of DC, NK cells, T cells, and B cells
increased in a variable fashion in the Pb and Nb/Pb lungs (data not shown). While the
expression analysis focused on a suite of genes that encode proteins that are produced by
activated macrophages (Fig, 6), we cannot preclude contributions from lymphocytes in these
measurements. Additional work will be required to define the relative contributions of
different CD11c+ cells to the cytokine response in the lung at days 5 and 8 of malaria
infection.

In summary, this work shows for the first time that a recent antecedent helminth infection
alters certain aspects of pulmonary immunity to an ensuing malaria infection and
underscores that, for the most part, the force exerted on the lung immune response by
malaria can rapidly override a pre-existing robust Th2 environment.
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Figure 1.

Nb 18/Pb 5
e

Impact of prior N. brasiliensis exposure on parasitemia, morbidity and parasite sequestration
in the lungs during £ berghei infection. (A) Peripheral blood parasitemia, (B) change in
weight, (C) change in temperature, and (D) survival in mice infected with £ bergheialone
(Pb) or with malaria 13 days following infection with . brasiliensis (Nb/Pb) at 0, 3, 5, and
8 days after the initiation of malaria infection. (E) The number of 2 berghei genomes in
perfused lung tissue as measured by real-time PCR for Pb 18s rRNA expression. (F)
Representative H&E-stained lung sections (10x magnification) 5 days from Pb or Nb/Pb
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groups. Data points show mean + SEM derived from 10 Pb-infected BALB/cJ mice or 7
Nb/Pb-infected BALB/cJ mice. ** = p <0.01, *** = p <0.001 by two-way ANOVA (A-C) or
log-rank test (D) comparing Nb/Pb to Pb.
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Impact of prior N. brasiliensis exposure on the expression of Thl-associated cytokine genes
in the lungs during AP berghei infection. Real-time RT-PCR analysis of mRNA levels of /fng,
inf, i112p35, il12p40, il18, nos2, il1b, and //6in the lungs isolated from mice infected with 2
berghei alone (Pb), N. brasiliensis alone (Nb), or with hookworm 13 days prior to malaria
(Nb/Pb) at 0, 3, 5, and 8 days after the initiation of malaria infection. Data points are mean
fold change in transcription over that of naive Day 0 mice normalized to GAPDH + SEM, N
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=5 wild-type BALB/cJ male mice. ** = p <0.01 by two-way ANOVA comparing Nb/Pb to
Pb.
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Impact of a £ berghei infection on the Th2-associated cytokine gene expression induced by
a prior N. brasiliensis infection. Real-time RT-PCR analysis of MRNA levels of //33, arg1,
il4, retnla, il13, and chil3in the lungs isolated from mice infected with 2 berghei alone (Pb),
N. brasiliensis alone (Nb), or with hookworm 13 days prior to malaria (Nb/Pb) at 0, 3, 5, and
8 days after the initiation of malaria infection. Data points show mean fold change over
naive Day 0 mice normalized to GAPDH + SEM derived from 5 wild-type BALB/cJ mice. *
=p <0.05, ** = p <0.01, *** = p <0.001 by two-way ANOVA comparing Nb/Pb to Pb.
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Figure 4.
Hookworm infection does not significantly impact the expression of Treg-associated

cytokine genes in the lungs during a subsequent malaria infection. Real-time RT-PCR
analysis of mMRNA levels of 1g7b, il10, il27, foxp3, and /21 in the lungs isolated from mice
infected with P, bergheialone (Pb), N. brasiliensis alone (Nb), or with hookworm 13 days
prior to malaria (Nb/Pb) at 0, 3, 5, and 8 days after the initiation of malaria infection. Data
points show mean fold change over naive Day 0 mice normalized to GAPDH + SEM derived
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from 5 wild-type BALB/cJ mice. Nb/Pb compared to Pb not significantly different by two-
way ANOVA.
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Figure5.
Impact of prior N. brasiliensis exposure on lung macrophage dynamics and appearance in

the lungs during P, berghei infection. The number of macrophages in recovered
bronchoalveolar lavage fluid (BALF) (A) or from whole lungs (B) from mice infected with
P, berghei alone (Pb), N. brasiliensis alone (Nb), or with hookworm 13 days prior to malaria
(Nb/Pb) at 0, 3, 5, and 8 days after the initiation of malaria infection. (C) The number of P,
berghei genomes per isolated CD11c* cell as measured by real-time PCR for Pb 18s rRNA
expression. Data points show mean + SEM derived from 3 wild-type BALB/cJ mice. * = p
<0.05, *** = p <0.001 by two-way ANOVA comparing Nb/Pb to Pb. (D) Representative
Diff-Quik-stained BAL samples 5 days after infection with Pb or Nb/Pb compared to a naive
Day 0 sample (60x magnification).
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Figure 6.

Impact of prior N. brasiliensis exposure on cytokine expression the CD11C+ cell subset in
the lungs during P, berghei infection. Real-time RT-PCR analysis of mMRNA levels for the
genes encoding TNF-a, IL-1B, IL-6, IL-27, IL-18, NOS2, IL-10, TGF-B, Argl, Ym1, and
Fizz1 in lung CD11c+ cells isolated at Days 0, 3, 5, and 8 after infection with P berghei
alone (Pb), N. brasiliensis alone (Nb), or with malaria 13 days after infection with A.
brasiliensis (Nb/Pb). Bars show mean relative expression normalized to GAPDH + SEM
derived from 5 BALB/cJ mice/group. * = p <0.05, ** = p <0.01, *** = p <0.001 by two-way

ANOVA comparing Nb/Pb to Pb.
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