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asthma. Finally, we show that AIP-2 suppresses expression of costimu-
latory markers on human DCs and suppresses HDM-specific prolifer-
ation of peripheral blood mononuclear cells (PBMCs) from allergic
asthma patients, highlighting the potential efficacy of helminth-derived
molecules for treating a range of human inflammatory diseases.

RESULTS

Hookworm ES products and a recombinant TIMP-like ES
protein protect against ovalbumin-induced

airway inflammation

The anti-inflammatory properties of hookworm ES products have
mostly been addressed using mouse models of colitis (36-38) and ex-
hibit a pro-Ty2 phenotype characterized by eosinophilia, IL-4 produc-
tion, induction of M2 macrophages, and CD4" T cells secreting both
IL-4 and IL-10 (37). To investigate whether purified hookworm ES
products could suppress inflammatory responses generated in asthma,
we sensitized mice to ovalbumin (OVA)/aluminum hydroxide (alum),
treated with a daily intraperitoneal injection of ES products (AcES,
1.0 mg/kg) or vehicle for 5 days, and challenged with OV A or phosphate-
buffered saline (PBS) (Fig. 1A). Mice treated with AcES displayed reduced
peribronchial and perivascular cellular infiltration of the lungs and mucus
hypersecretion (Fig. 1B). A differential cell count of bronchoalveolar
lavage fluid (BALF) showed a significant decrease in eosinophil and
lymphocyte infiltrates in these mice (Mann-Whitney, P = 0.0044;
Fig. 1C). OV A-specific serum IgE levels were significantly reduced
after AcES treatment (P = 0.0286, Fig. 1D). Quantities of both lung
Ty2 cytokines IL-5 and IL-13, as well as proinflammatory cytokines
IL-6 and IL-17A, were significantly decreased in AcES-treated mice
(Mann-Whitney, P < 0.0001, P = 0.0009, P = 0.0013, and P = 0.0007,
respectively; fig. S1). Although these results indicate that AcES treatment
is efficient at suppressing allergic responses, it presents substantial dis-
advantages as a therapeutic, given the requirement to reproducibly
culture live parasites in a sterile environment. We therefore sought to
identify the specific components of AcES that were responsible for pro-
tection against inflammatory airway disease.

We previously showed that protective moieties of AcES in a mouse
model of colitis were proteins (36, 37). Characterization of the AcES
proteome revealed that AIP-2 [formerly known as Ac-TMP-2; see
(39)] was an abundant protein (40). To determine whether recombinant
AIP-2 could protect against experimental asthma, mice were sensitized
to OV A/alum as previously described, treated with recombinant AIP-2
expressed in Pichia pastoris or purified, heat/protease-denatured AIP-2
(dAIP-2), or vehicle, and challenged with aerosolized OVA or PBS (Fig.
1A and fig. S2). Mice treated with AIP-2 displayed reduced peribron-
chial and perivascular cellular infiltration of the lungs, mucus hyper-
secretion, and collagen deposition compared to those treated with
vehicle (Fig. 1, B and G). Similarly, BALF differential cell count showed
a significant decrease in eosinophil and lymphocyte infiltrates upon
AIP-2 treatment (P < 0.0001, P < 0.0001, and P = 0.079, respectively;
Fig. 1C and fig. S2B), as were OV A-specific IgE serum titers compared
to controls (P < 0.0001, Fig. 1D). Lung resistance and compliance were
significantly improved by AIP-2 treatment [two-way analysis of variance
(ANOVA), Pgs = 0.0128, 0.011, and 0.0018 and P, = 0.0024, 0.0022,
and 0.0024 for the 6, 12, and 25 mg/ml doses of methacholine, respective-
ly; Fig. 1E and fig. S2A]. However, mice treated with dAIP-2 were not
protected against airway inflammation (fig. S1, A and B), and cytokine
levels were significantly lower in the AIP-2—treated group compared to
vehicle and dAIP-2 control groups (Mann-Whitney, P < 0.0001, P <
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0.0001, P = 0.0034, and P < 0.0001, respectively, Fig. 1F; P = 0.0076
and 0.0079, respectively, fig. S2C).

Recombinant AIP-2 is N-glycosylated by P. pastoris at Asn*® of the
mature protein. To demonstrate that the N-glycans decorating AIP-2
were not responsible for its anti-inflammatory properties, we made a
site-directed mutant of the protein where Asn*® was mutated to Gln
and termed the protein AIP-2q,g. AIP-2q45 conferred equivalent pro-
tection against OVA-induced asthma to glycosylated AIP-2 in terms of
preventing cellular recruitment and cytokine production in the lungs
(fig. S3). To understand the cellular mechanisms that govern AIP-2-
mediated protection, we sought to identify whether Toll-like receptor
(TLR) signaling was involved. MyD88™"/Trif ™™ mice were sensitized
to OVA and subsequently treated with AIP-2 or vehicle alongside
wild-type (WT) mice. BALF differential cell count and lung IL-5 and
IL-13 concentrations were not significantly different between WT
and MyD88 ™/Trif ™" mice treated with AIP-2 or vehicle before chal-
lenge, indicating that TLR signaling was not involved in AIP-2-
mediated protection against allergic inflammation (fig. $4).

Intraperitoneal injection of AcES leads to peritoneal eosinophilia
(37). To investigate whether AIP-2 induces a similar effect, peritoneal
lavages from mice treated with AIP-2 were collected and found to con-
tain the same numbers of eosinophils, lymphocytes, neutrophils, and
macrophages as controls (fig. S5), suggesting that, unlike AcES, AIP-2
is nonimmunogenic. Furthermore, we investigated whether a course of
treatment with AIP-2 induced specific antibody and T cell responses
(fig. S6). Mice were treated daily with either vehicle, AIP-2, or OVA
for 5 days and compared with control mice that were immunized with
two intraperitoneal injections of AIP-2 formulated with alum administered
1 week apart. Anti-AIP-2 antibody levels of mice treated with either AIP-2
or OVA were negligible compared to control mice that were immunized
with adjuvanted AIP-2 (fig. S6A). In addition, there was no induction of
proliferation of T cells stimulated with AIP-2 in the groups treated with
either AIP-2 or OVA (fig. S6B).

On the basis of various epidemiological, clinical, and experimental
studies, there is no concrete evidence that hookworms induce global
immunosuppression that impairs the host’s ability to fight bacterial
or viral infections (17, 41). However, because of the potent suppression
of inflammation observed with AIP-2 in our model, we sought to verify
whether AIP-2 had general immunosuppressive abilities by treating
mice with AIP-2 or vehicle, as previously described, and then injecting
them with OVA formulated with Freund’s complete and incomplete
adjuvants in the hocks. Popliteal lymph nodes were collected, and cells
were counted and restimulated in vitro with OVA (fig. S7A). Cellularity
and levels of interferon-y (IFN-y), IL-6, and tumor necrosis factor-o,
were similar in both AIP-2-treated and vehicle control mice, suggesting
that AIP-2 had no effect on Tyl-mediated vaccination-like responses
(fig. S7, B and C). Together, these results suggest that AIP-2 is highly
efficient at suppressing OVA-induced inflammatory responses and that
the protein integrity is essential for the induction of protective processes.

Preventative or therapeutic mucosal delivery of AIP-2
protects against airway inflammation

Administration of human biologics is typically via the parenteral route,
but less invasive delivery systems are desirable (42). To determine
whether AIP-2 could prevent airway inflammation when delivered di-
rectly to the mucosa, we administered it intranasally as a bolus into the
lungs (Fig. 2A), whereupon it induced significant protection against eo-
sinophil recruitment to and Ty2 cytokine production in the lungs
(Mann-Whitney, Pgos = 0.0022, Prymphos = 0.0022, Pyy 5 = 0.0004,

2 of 14

9T0Z ‘02 SqwanoN uo /B1o"Bewisous 10s'Wwis//:dny Wolj papeo jumog


http://stm.sciencemag.org/

SCIENCE TRANSLATIONAL MEDICINE | RESEARCH ARTICLE

and Py ;3 = 0.0002; Fig. 2, B and C), as well as significant reductions in
OV A-specific serum IgE titers (P < 0.0001, Fig. 2D). Moreover, to de-
termine whether AIP-2 could suppress OVA-induced airway inflam-
mation at the time of onset, mice were injected with AIP-2 daily for
4 days, commencing 2 days after the first OV A aerosol administration
(Fig. 2A). Therapeutic delivery of AIP-2 during aerosol challenges in-
duced significant protection against eosinophil recruitment to and
Tw2 cytokine production in the lungs and OV A-specific serum IgE

(Mann-Whitney, Pros = 0.0152, Prymphos = 0.0022, Pyy_5 = 0.0023,
Py 13=0.001, and Pygg; < 0.0001; Fig. 2, B to D). To address the efficacy
of a single AIP-2 treatment followed by two distinct phases of aerosol
challenge (3 weeks apart), mice were sensitized to OVA, treated with
AIP-2 or vehicle from days 12 to 16, and challenged with OVA aero-
sols from days 14 to 18. Mice were then left to rest for 3 weeks and were
challenged a second time from days 36 to 40 without a repeat of treatment
with AIP-2. We observed a twofold decrease in airway eosinophilia and
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Fig. 1. Ancylostoma caninum ES products and AIP-2 recombinant protein suppress OVA-induced airway hyperresponsiveness, lung inflammation, mucus production,
and collagen deposition. (A) Experimental procedure. Mice were sensitized with two intraperitoneal injections of OVA in alum and treated with intraperitoneal injection of
ACES, AIP-2, or PBS (1 mg/kg) daily for 5 days. Mice were challenged with OVA aerosols from day 14 onward for 5 days. Mice were analyzed 2 days after the last aerosol. (B) Lung
sections were stained with hematoxylin and eosin (H&E) or periodic acid-Schiff reagent (PAS). Micrographs depict representative tissues under 10-fold magnification. (C) Broncho-
alveolar lavage cells were analyzed by flow cytometry. Data show the number of eosinophils (E) and lymphocytes (L) in the indicated groups. (D) Levels of OVA-specific serum IgE
were assessed by enzyme-linked immunosorbent assay (ELISA). (E) Lung function was assessed by invasive plethysmography measuring resistance and compliance in response to
increasing doses of methacholine. Results show the mean + SEM from a representative experiment of three, with n = 5.*P < 0.05; **P < 0.01, ANOVA. (F) Concentrations of IL-5, IL-6,
IL-13, and IL-17A in the lungs as assessed by cytometric bead array. (G) Lung sections were stained with Masson’s trichrome. Micrographs depict representative tissues under
10-fold magnification. Results represent individual mice or the mean + SEM from either two (AcES) or five (AIP-2) independent experiments, each with n =6 to 10. *P < 0.05; **P < 0.01;
**P < 0.001; ****P < 0.0001, Mann-Whitney.
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Fig. 2. Therapeutic or preventative mucosal delivery of Ac-AIP-2 protects against allergic airway inflammation in
mice. (A) Experimental procedure. Mice were sensitized with two intraperitoneal injections of OVA in alum. Mice were
treated with 30 ul of intranasal administration of AIP-2 (1 mg/kg) or PBS 5 days after sensitization (preventative group,
PAIP-2) or 3 days after the beginning of OVA challenges (therapeutic group, thAIP-2). Analyses were performed 24 hours
after the last aerosol. (B) Bronchoalveolar lavage cells were analyzed by flow cytometry. (C) Concentrations of IL-5 and IL-13
in the lungs were analyzed by cytometric bead array. (D) Levels of OVA-specific serum IgE were analyzed by ELISA. Data
represent the mean + SEM from two independent experiments, each with n = 6 to 8. (E and F) Mice were sensitized to OVA,
treated with AIP-2 (1 mg/kg) or PBS from days 12 to 16 as described previously, and challenged with OVA aerosols from days
14 to 18. Mice were rested for 21 days after the last aerosol and challenged again from days 36 to 40. Analyses were per-
formed 24 hours after the last aerosol. (E) Numbers of eosinophils (E) and lymphocytes (L) in the BALF were assessed by flow
cytometry. Vcl, vehicle. (F) Concentrations of IL-5 and IL-13 in the lungs were analyzed by cytometric bead array. *P <

0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001, Mann-Whitney.

a significant decrease in IL-5 and IL-13 production (Mann-Whitney,
PEos =0.0317, PLymphos = 0.0286, PIL—S = 0.0159, and PIL—13 = 0.0079;
Fig. 2, E and F).

AIP-2 specifically expands mesenteric CD11¢"CD11b"CD103"
DCs that are important for mediating protection against
OVA-induced inflammation

To further explore AIP-2-induced anti-inflammatory mechanisms, we
sought to identify the specific tissue targeted by the treatment when
administered systemically. Naive mice were injected daily for 5 days
with AIP-2 or vehicle. Multiple tissues were collected, and cells were
enumerated, revealing that mesenteric lymph node (MLN) cells were
significantly expanded in relative comparison to the brachial, popliteal,
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Vel AlP-2 DC was specific to Ac-AIP-2, naive mice
were injected in parallel with endotoxin-
free OVA, as described above (Fig. 3, D
and E). The expansion of MLN CD103"
DC observed with AIP-2 administration
was not detected with OVA or vehicle,
suggesting that the effects of AIP-2 were
specific (Fig. 3D, right). Aldehyde de-
hydrogenase (ALDH1A2) activity, which
is responsible for the conversion of reti-
nol to retinoic acid, was also significantly
enhanced in these cells upon AIP-2 ad-
ministration when compared with OVA
or vehicle (Mann-Whitney, P = 0.0027;
Fig. 3E). CD103" DCs have been widely described for their highly
specific tolerogenic function in the mesenteries (44-48). Therefore,
to understand their role in mediating AIP-2-induced protection
against airway inflammation, CD11c.DTR mice were sensitized
and treated with AIP-2 in the presence or absence of diphtheria toxin
(DT) to selectively deplete all CD11c-expressing cells (Fig. 3, F to H).
Administration of DT during AIP-2 treatment abolished the sup-
pression of airway infiltration of eosinophils and lymphocytes
(Fig. 3G) and inhibition of IL-5 and IL-13 production in the lungs
(Fig. 3H). Together, these data suggest that DCs are critical for the
mediation of AIP-2-induced protection against airway inflamma-
tion and, more specifically, that AIP-2 expands MLN CD103" DCs
and enhances ALDH1A2 activity.
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AIP-2 induces T,.4 that accumulate in the mucosa and are  treatment on CD4"Foxp3™ T,., populations. We observed a twofold
critical for protection against OVA-induced inflammation increase in T, in the airway and intestinal mucosa expressing the
Both MLN CD103" DCs and parasitic helminths are noted for their ~ gut-homing chemokine receptor CCR9 upon AIP-2 treatment in compar-
abilities to induce and maintain tolerance via induction of regulatory ison to vehicle (Fig. 4, A and B, table S1, and fig. S9). The coculture of
immune cells (41, 44, 45). Therefore, we examined the impact of AIP-2  purified MLN CD103" DCs from AIP-2~treated mice with CD4" T cells

Fig. 3. AIP-2 treatment induces selective expansion of CD11c*CD11b"CD103* DCs in the mesenteric lymph nodes that are essential for protection against airway
inflammation. Mice were treated with intraperitoneal injections of AF647-labeled Ac-AIP-2 or PBS for 5 days. (A) Indicated tissues (PLN, peripheral lymph nodes; SPL, spleen; PP,
Peyer’s patch; IEC, intestinal epithelial cells; siLP, small intestine lamina propria) were collected, and cell suspensions were prepared and counted (left). MLN cells were stained with
major hematopoietic markers and analyzed by flow cytometry (right). Data are expressed as mean + SEM from four independent experiments, each with n = 6 to 8. (B) MLN cells
were stained with indicated surface markers and analyzed for the expression of AIP-2-AF647. Frequencies are expressed as mean + SEM from three independent experiments, n =
5 to 8. (C) Mean fluorescence intensity (MFI) of MHC Il expression on DC subtypes. Results represent the mean of three independent experiments, each with n = 5 to 8. (D) Mice
were treated with Ac-AIP-2, OVA, or vehicle intraperitoneally for 5 days. MLNs were collected 24 hours after the last injection, and cells were analyzed by flow cytometry. Flow
cytometric frequencies are expressed as individual mice with mean + SEM from three independent experiments, each with n =5 to 10. pDC, tolerogenic plasmacytoid DC. (E) MLN
cells were incubated with Aldefluor. Representative histograms of ALDH1A2 activity assessed by Aldefluor staining of CD11¢*CD11b"CD103" cells from mice treated with vehicle,
OVA, or AIP-2 (left). Data represent the mean + SEM for each group from two experiments, each with n =5 (right). (F to H) CD11c.DTR mice were sensitized to OVA/alum and
treated with DT or mock injection every third day during treatment with vehicle or AIP-2. Mice were then challenged with OVA or PBS, and inflammation was assessed 24 hours
after the last aerosol. (F) Schematic representation of the experimental procedure. (G) Numbers of eosinophils (E) and lymphocytes (L) in the BALF were assessed by flow cytometry.
(H) Concentrations of IL-5 and IL-13 in the lungs were assessed by ELISA. Results represent individual mice from a representative experiment or the mean + SEM from two
independent experiments, each with n = 5. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001, Mann-Whitney.
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