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Abstract

Papain, a cysteine protease allergen with inherent adjuvant activity, induces potent IL4 expression

by T cells in the popliteal lymph nodes (PLN) of mice following footpad immunization. Here we

identify a novel, non-BCR mediated capacity for B cells to rapidly bind and internalize papain. B

cells subsequently regulate the adaptive immune response by enhancing Inducible T cell

Costimulator (ICOS) expression on CD4+ T cells and amplifying Th2 and T follicular helper

induction. Antibody blockade of ICOS ligand, expressed by PLN B cells but not DC at the peak of

the response, inhibits IL-4 responses in WT but not B cell-deficient mice. Thus, B cells play a

critical role in amplifying adjuvant-dependent Th2 polarization following non-canonical

acquisition and internalization of the cysteine protease papain.

Introduction

Allergens are a broad class of otherwise innocuous Ags capable of inducing vigorous Th2

responses. Allergens commonly provide adjuvant signals that direct innate and adaptive

immune responses against associated proteins. Several common allergens, including grass

pollen and house dust mite Ag, contain cysteine protease elements (1, 2), and these elements

provide adjuvant effects (3). Infection with parasitic helminths also induces a host Th2

response that assists in parasite clearance (4), and helminth-secreted cysteine proteases play

important roles in helminthic life cycles (5). The cysteine protease papain shares structural

similarity with proteases found in both helminths (6) and allergens (7) and when injected

into the mouse footpad induces a potent Th2 response in the popliteal lymph nodes (PLN)

(8). Although an initial study failed to show a role for dendritic cells (DC) in Th2

polarization following papain immunization (9), subsequent studies established a central DC

role in directing this response (10–13). However, the seminal finding that Th2 polarization is

impaired in mice with MHC-II expression restricted to CD11c+ cells (9) remains unresolved,

indicating the need for a MHC-II expressing cell other than the DC to maximize IL-4

responses. This ancillary role was initially attributed to the basophil (Ba) (9, 14, 15), as mAb
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depletion of Ba greatly inhibits Th2 polarization, but subsequent studies using Ba-deficient

mice have called this finding into question (12).

In the interest of identifying a second MHC-II+ cell involved in the local response to papain,

we injected C57BL/6 mice in the footpad with fluorescently labeled papain and followed

papain uptake in the PLN by flow cytometry. We found an unexpectedly rapid and strong

uptake of papain by B cells that also occurred in transgenic MD4 mice, in which 98% of B

cells express a BCR specific for hen egg lysozyme (HEL). This uptake by polyclonal B cells

occurred within minutes after injection and B cells subsequently internalized papain into

endosomes. These findings suggested that papain acquisition by B cells involved an innate B

cell response to cysteine protease activity rather than cognate-specific uptake by the

clonotypic BCR.

This prompted a study of papain immunization in B cell-deficient μMT mice (16), which

showed normal PLN T cell expansion but significantly impaired peak IL-4 induction in both

conventional Th2 cells and follicular helper T cells (Tfh) at d 5–6. Reconstitution of the B

cell compartment in μMT mice restored papain-induced development of the Tfh and Th2

compartments. Mechanistic studies pointed to the inducible T cell costimulator (ICOS)/

ICOS-Ligand (ICOS-L) pathway as central to this amplification. T cells strongly

upregulated ICOS following papain immunization, peaking at d 5 post-immunization, and

ICOS-L was expressed on B cells but not by DCs at this time point. T cell ICOS

upregulation was partially dependent on B cells, as μMT mice showed normal increases in

ICOS expression at d 3 but impaired upregulation on d 4–5 post-immunization. ICOS-L

blockade with neutralizing mAb inhibited IL-4 induction in wild type (WT) mice but did not

further reduce the already diminished IL-4 induction in μMT mice. Our findings reveal

innate uptake of papain by B cells and suggest that the B cell is the essential MHC-II+

auxiliary cell needed for a full primary Th2 response to cysteine protease immunization. The

B cell acts at least partially through ICOS-L costimulation, which significantly augments

DC-dependent Th2 and IL-4+ Tfh induction in response to cysteine protease immunization.

Materials and Methods

Mice

7 to 12 wk old C57BL/6J, μMT (B6.129S2-Igh-6tm1Cgn/J, STAT6−/− (B6.129S2(C)-

Stat6tm1Gru/J), IL4−/− (B6.129P2-Il4tm1Cgn/J), and MD4 (C57BL/6-Tg(IghelMD4)4Ccg/J)

mice were obtained from The Jackson Laboratory (Bar Harbor, ME, stock #000664, 002288,

005977, 002253, and 002595, respectively), and maintained in-house at the Dana Farber

Cancer Institute. CD21-cre (B6.Cg-Tg(Cr2-cre)3Cgn/J) and tdTomato (B6.Cg-

Gt(ROSA)26Sortm14(CAG-tdTomato)Hze/J) mice were obtained from The Jackson Laboratory

(stock #006368 and 007914, respectively) and housed at Harvard Medical School. CR2−/−

mice were housed at Harvard Medical School as previously reported (17). All mice were

housed under specific pathogen free conditions, and the use of all mice for these studies was

in accordance with institutional guidelines with review and approval by the Animal Care and

Use Committee of the Dana Farber Cancer Institute.
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Papain administration

Fifty μl of papain diluted to a concentration of 1 mg/ml (Sigma-Aldrich, St. Louis, MO) in

HBSS were injected subcutaneously into the bilateral footpads on d 0, and the mice were

sacrificed for harvest of the PLN at d 5 unless otherwise noted. For fluorescently labeled

papain experiments, papain was labeled with either an AF647 or AF488 labeling kit (Life

Technologies, San Diego, CA) according to the manufacturer's protocols and the labeling

reaction was stopped using the optional hydroxylamine hydrochloride (Sigma-Aldrich)

stopping step. Following labeling, samples were dialyzed for 18 h in 4 changes of HBSS in a

Slide-A-Lyzer Dialysis Cassette (Thermo Scientific, Rockford, IL). Prior to injection, any

remaining unreacted dye was removed using a Micro Bio-Spin 30 chromatography column

(Bio-Rad, Hercules, CA). This process yielded a degree of labeling of approximately 5

moles fluorophores per mole papain. As a control, OVA (Sigma-Aldrich, St Louis, MO))

was labeled in parallel to a similar degree of labeling. For intravital microscopy, mice were

injected with 10 μl papain at a concentration of 10 mg/ml.

Flow Cytometric analysis

Fluorescently conjugated mAb directed against the following epitopes (clone) were used for

flow cytometric analysis: CD3 (17A2), CD4 (RM4–5), CD19 (6D5), MHC-II

(M5/114.15.2), CD11c (N418), CD11b (M1/70), IL-4 (11B11), IFN-γ (XMG1.2), FcεR1α

(MAR1), CD49b (DX5), ICOS (7E.17G9), ICOS-ligand (HK5.3), CD80 (16-10A1), CD86

(GL-1), PD-1(RMP1-30), CXCR-5(L138D7). Staining with each mAb was compared to an

isotype-matched control using fluorescence minus one. All mAb were purchased from

Biolegend.

Single-cell suspensions of spleen and LN were obtained by grinding tissues through 70-mm

cell strainers (BD Biosciences, San Diego, CA) into HBSS supplemented with 2% heat-

inactivated FBS. Nonspecific mAb binding was blocked with anti-CD16/32 (2.4G2) (BD

Biosciences) for 10 min, and appropriate mAb were added for 30 min. Cells were analyzed

on a FACSCanto II flow cytometer (BD Biosciences) using FACSDiva acquisition software.

FlowJo software (Tree Star, Ashland, OR) was used for data analysis.

To assess intracellular cytokine production by CD4+ T cells, LN cells were resuspended in

culture medium supplemented with 10% FBS, L-glutamine, penicillin, streptomycin,

gentamicin, HEPES buffer, sodium pyruvate, and 2-mercaptoethanol (Sigma-Aldrich). PMA

and Ionomycin (Fisher Scientific) were added for 2 h, after which 1 μg/mL Brefeldin-A (BD

Biosciences) was added for an additional 2 h. At this point, cells were harvested, spun down,

stained for extracellular markers, fixed and permeabilized using a BD Cytofix/Cytoperm kit

according to the manufacturer's protocol, and stained intracellularly for cytokine production.

Gating to determine positive cytokine expression was set using samples stained with an

isotype control antibody such that 0.1% of isotype control stained events fell in the positive

gate.

Sublethal irradiation and bone marrow (BM) reconstitution

μMT mice were irradiated with a sublethal dose of 400 rad and injected i.v. with 106 WT

BM cells after resting for 24 h. These reconstituted mice, along with non-irradiated μMT
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littermates and age-matched WT mice, were rested in the Dana Farber animal facility for 8

wks, after which they were immunized in the footpad with papain and their responses

analyzed after 5 d.

Confocal Microscopy

PLN from mice immunized with AF647-labeled papain were isolated after 24 h and fixed in

4% paraformaldehyde for 4 h. Fixed PLNs were soaked in 30% sucrose overnight and then

embedded in optimal cutting temperature compound for cryostat sectioning. To assess

internalization of papain by follicular B cells in the PLN and ensure that only B cells were

being analyzed, image sections were chosen based on the presence of B cells and the

absence of immunofluorescent staining for macrophages or follicular DC. Colocalization of

AF647-labeled papain with the B cell surface marker IgD and the endosomal marker EEA-1

was assessed for each captured image. PLN sections were stained with the indicated mAb

and imaged using standard confocal microscopy on an Olympus Fluoview FV1000 confocal

microscope. Data was acquired by Olympus Fluoview 1000 software, and basic post-capture

processing (brightness/threshold adjustment) was performed in Volocity. Fluorochromes

used include Pacific Blue, DyLight405, AF488, FITC, AF568, PE, AF633, and APC. Lenses

– Olympus 10x NA: 0.45; 20x NA: 0.7; 60x/W NA: 1.2.

Intravital Multiphoton Microscopy

C57BL/6 mice were given 5×106 naïve B cells isolated from CD21-cre_tdTomato reporter

mice by intravenous injection 24 h prior to imaging. Recipient mice were anesthetized with

2% isofluorane, and prepared on a surgical board for PLN live imaging. Exposed PLNs were

monitored for physiological temperature maintenance, and imaged using a Zeiss-BioRad

Radiance 2100 Multiphoton microscope. Data was acquired by LaserSharp 2000 software.

All live imaging data was collected at 34 degrees C as assessed by a temperature probe at

the exposed LN site. AF488-labeled papain was injected in the footpad at time point 0, and

serial 150 micrometer (μm) depth captures (3 μm steps) were taken every 2 min for at least

60 min following papain injection. 4 dimensional data reconstruction was done using

Volocity image analysis software, and subsequent 2-dimensional quantitation was processed

using CellProfiler (http://www.cellprofiler.org/citations.shtml). Fluorochromes include

Pacific Blue, AF488, and tdTomato. Lenses – Olympus XLUMPlanFl 20x/W NA: 0.95;

Leica HC PL Fluotar 10x NA: 0.3.

mAb-mediated blockade

For inhibition of the ICOS/ICOS-L pathway, mice were injected on d 0 with 250 μg of anti-

ICOS-L or the appropriate isotype control mAb (BioLegend, San Diego, CA). Mice were

then injected in the footpad with papain, and cytokine production in the PLN was assessed

after 5 d.

Statistical analysis

Data are expressed as the mean ± SD when derived from 3 or more values. Significance was

determined with a two-tailed Student t test where 3 or more values were available for

analysis. ANOVA was used to determine statistical significance for intravital microscopy
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experiments and MFI changes over time. The Pearson product-moment correlation

coefficient was used to analyze association of papain with IgD or EEA-1 and statistical

significance was determined using a paired Student's t-test. A p value of < 0.05% was

considered to be significant.

Results

The majority of papain-binding cells in the PLN within the first 24 h following footpad
injection are CD19+ B cells, which subsequently internalize papain

To determine which MHC-II+ cells were interacting with papain following immunization,

papain was labeled with the fluorophore AlexaFluor (AF) 647 and injected bilaterally into

the hind footpads of mice. After 24 h, the mice were sacrificed and the draining PLN

analyzed via flow cytometry. Analysis of all MHC-II+ cells showed that slightly over 1%

were positive for papain and, strikingly, the majority of these papain+ MHC-II+ cells were

CD19+ B cells (Fig. 1A). The remaining papain+, MHC-II+ cells consisted of a mixture of

CD11c+ and CD11c+, CD11b+ DC and CD11b+ macrophages (data not shown). Although

Ba (CD49b+, FcεR1α+) have been previously reported to act as APC in the papain model

(9), at no point were we able to detect AF647-labeled papain being taken up by Ba in PLN

(data not shown).

As this uptake of papain by B cells was both substantial and unexpected, we compared

papain uptake to that of labeled OVA, using unlabeled papain as a control. A significant

percentage of B cells, 1.48%, were positive for labeled papain at 24 h, while only 0.19% of

B cells were positive for OVA, a non-significant increase over unlabeled controls (Fig. 1B,

C). This B cell acquisition of papain could be observed as early as 1 h post-immunization, at

which point B cells made up the vast majority of papain+ cells in the PLN (Fig. 1D).

The B cell preference for papain uptake over OVA suggested that papain acquisition

occurred in a manner not mediated by the specificity of the BCR. To confirm this, papain

uptake by B cells from WT mice was compared to that of B cells from transgenic MD4

mice, of which 98% carry a BCR specific for HEL (18). MD4 mice also readily acquired

papain 1 h after immunization (Fig. 1E), and no significant difference in papain uptake was

observed between WT and MD4 mice (Fig. 1F). There was also no difference in papain

uptake between B cells from WT mice and B cells from mice lacking complement receptor 2

(CR2), another mechanism through which B cells have been reported to acquire Ag (19) (not

shown).

We next confirmed B cell acquisition of papain with confocal microscopy. AF647-labeled

papain was readily observable in the B cell follicle, colocalizing with B cells in a punctate

pattern suggesting the Ag might be in vesicles (Fig. 2A). To assess whether this pattern

indicated internalization of papain by follicular B cells, C57BL/6 mice were injected with

AF647-labeled papain in the footpad and the PLNs were harvested and fixed for imaging 24

h following injection. Initial experiments showed that AF647-labeled papain appeared to co-

localize with the early endosomal marker endosomal Ag-1 (EEA-1) (20) (Fig. 2B). This was

confirmed by measuring the correlation of the papain signal with EEA-1 versus a general

correlation with the B cell membrane, identified using anti-IgD. This revealed a significantly
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higher correlation with the endosomal marker, indicating that papain in these regions was

internalized into endosomes by resident B cells (Fig. 2C). As papain uptake was not

dependent on either CR2 or BCR Ag specificity, this uptake and internalization of a cysteine

protease represents a novel innate mechanism of B cell uptake of an allergenic Ag.

Intravital microscopy reveals B cell uptake of papain within minutes following footpad
injection

We next used multiphoton intravital microscopy to observe the in situ uptake of labeled

papain by B cells. To mark the B cells in vivo, fluorescently labeled B cells from CD21-

cre_tdTomato reporter mice were adoptively transferred into C57BL/6 mice, and 24 h later

the mice were injected in the right footpad with AF488-labeled papain. The uptake of papain

by tdTomato+ B cells in the PLN was monitored every 2 min for 60 min following injection

(Fig. 2D). The assayed PLN region was bathed in papain within minutes following footpad

injection, suggesting Ag entry into the PLN via the conduit network. Overall papain

intensity within the PLN increased over time, beginning as early as 10 min and peaking

between 30 and 40 min (Fig. 2E & supplemental movie 1). At the same time there was also

an increase in papain uptake by individual B cells, reaching a plateau at 40 min and

remaining constant at this level for the duration of the experiment (Fig. 2F). An analysis of

all tdTomato+ cells determined that 60% of imaged cells were positive for papain using this

technique (Fig. 2G). An in depth analysis of this response is shown in supplementary figure

1.

B cell-deficient μMT mice show no reduction in T cell expansion but markedly reduced
induction of CD4+, IL4+ T cells in the PLN following papain immunization

Having identified a previously unreported uptake of papain by B cells, we hypothesized that

there may be a role for B cells in the integrated primary PLN immune response in WT mice.

Thus, we compared the PLN response in WT mice to that in B cell-deficient μMT mice,

which lack mature B cells. In WT mice, both CD19+ B cell and CD4+ T cell expansion

peaked between d 4 and 5 post-papain immunization (Fig. 3A) As PLN hypertrophy could

be seen as early as several h following immunization, this peak expansion likely reflected a

combination of lymphocyte recruitment and subsequent adaptive proliferation. Despite

lacking B cells, μMT mice showed no reduction in CD4+ T cell numbers at the d 5 peak

(Fig. 3B). At d 4 post-immunization there was no difference in T cell IL-4 expression by

CD4+ T cells from WT mice (1.3%) and μMT mice (1.4%) (Fig. 3C). At d 5 post-

immunization, CD4+, IL-4+ T cells increased to a mean of 3.3% in WT mice, similar to the

peak levels of CD4+, IL-4+ T cells seen during primary responses to bee venom (21) as well

as in OVA immunization using papain as an adjuvant or hookworm infection (10);

representative plots from d 5 are shown (Fig. 3D). However, there was no increase in the

percentage of CD4+, IL-4+ T cells in μMT mice between d 4 and 5, with a mean of 1.1% at

d 5. At 6 d post-immunization, the percentage of CD4+ T cells expressing IL-4 declined in

both strains, to 2.1% in the WT and 0.61% in the μMT. Thus, while B cells did not influence

CD4+ T cell expansion following papain immunization, they profoundly amplified IL-4

induction in this cell population.
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μMT mice show impaired papain-induced Th2 and Tfh cell induction, which is restored
through B cell reconstitution

As both effector Th2 cells and Tfh cells are CD4+ T cells capable of producing IL-4, we

evaluated the effects of B cell deficiency on each of these compartments. Follicular helper T

cells express high levels of the chemokine receptor CXCR5 and the T cell activation marker

programmed cell death protein-1 (PD-1) (22) while conventional effector Th2 cells express

IL-4 but lower levels of CXCR5 (23). PD-1hi, CXCR5hi Tfh were readily detectable in both

WT and μMT mice. IL-4 expression by both Tfh and effector Th2 cells could be observed in

both strains, but the induction of IL-4 was reduced in both populations in the absence of B

cells (Fig. 4A). The expansion of Tfh was also reduced by ~3 fold in μMT (Fig. 4B),

consistent with previous reports in other models showing a B cell dependence for the

expansion of Tfh cells (24). In WT mice, effector Th2 cells represented 2.3% of CD4+ T

cells and IL-4+ Tfh cells represented 1% of CD4+ T cells (Fig. 4C). In the μMT strain, these

CD4+ T cell compartments were reduced to 0.65% for Th2 cells and only 0.14% for IL-4+

Tfh. This represented a 3.5 fold reduction in Th2 cells and a 7-fold reduction in IL-4+ Tfh in

the absence of B cells. Thus, B cell deficiency suppressed both expansion and IL-4

induction in Th2 effector and Tfh cells.

To assess whether the B cell deficiency accounted for these findings, the B cell compartment

in μMT mice was restored via sublethal irradiation followed by adoptive transfer of WT

BM. After 8 wks, the B cell compartment in both the spleen and PLN was restored to near-

WT levels (Fig. S2). Reconstitution of μMT mice restored papain-induced Tfh expansion

(Fig. S3 A, B), Tfh IL-4 production and Th2 polarization to levels comparable to WT mice

(Figure S3 A, C). Similar results were obtained using lethal irradiation of μMT mice

followed by reconstitution with WT BM (not shown).

Papain immunization induces STAT-6-dependent upregulation of MHC-II and CD86
expression by PLN B Cells

Based on the finding that B cells acquire papain and are important regulators of papain-

induced Th2 and Tfh responses, we evaluated MHC-II and CD86 expression on B cells as

these proteins are essential to Ag presentation. MHC-II was strongly expressed on naïve B

cells and steadily increased in expression between d 3 and d 5, at which point expression had

increased 2.7 fold over naïve levels (Fig. 5A). CD86 expression was barely detectable on

naive B cells, increased in expression on d 3–4 post-immunization and reached a peak on d 5

(Fig. 5B). In both cases this reflected increased expression on most or all B cells in the PLN.

Expression of B cell activation markers peaked on the same day as the numbers of IL-4+,

CD4+ T cells in WT mice.

Despite the fact that less than 2% of B cells were positive for labeled papain at 24 h (Fig.

1B) and B cells greatly expand between d 0 and d 5 (Fig. 3A), all B cells in the PLN on d 5

exhibited robust upregulation of MHC-II and CD86 (Fig. 5A, B), suggesting a soluble signal

was responsible. We thus evaluated whether this B cell activation was IL-4 dependent by

comparing the MHC-II and CD86 upregulation on B cells from papain immunized WT and

STAT6−/− mice, which are unable to respond to IL-4 signaling. STAT6−/− mice immunized

with papain showed no increase in these activation markers over naïve levels (Fig. 5C). The
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same results were observed in IL-4−/− animals (Fig. 5D), confirming that PLN B cell MHC-

II and CD86 upregulation following papain immunization is an IL-4 dependent process.

ICOS-L is expressed on B cells but not DC and ICOS is strongly upregulated on CD4+ T
cells at d 4–6 following papain immunization of WT Mice

Due to the observed upregulation of MHC-II and CD86 on PLN B cells, we considered

whether a TCR-dependent costimulatory signal might contribute to the IL-4+ T cell

response. As the costimulatory ligand ICOS-L on APC and ICOS on CD4+ T cells has

previously been associated with CD4+ IL-4 induction (25), expression of this costimulatory

pair on B cells and T cells was assessed. ICOS-L was present on naïve B cells in the PLN at

baseline, persisted to d 3–4 post-papain immunization and then decreased on d 5 post-

immunization (Fig. 6A), suggesting an interaction with ICOS (26). ICOS-L was not

expressed on PLN DC at the peak of T cell IL-4 induction (Fig. 6B). We observed a slow,

steady increase in the percentage of CD4+ T cells expressing ICOS between d 0 and 3 in

both WT and μMT mice, with 17% of T cells expressing ICOS at this time point in both

strains (Fig. 6C). Between d 4 and 5 there was a significant increase in ICOS expression on

CD4+ cells from WT mice such that 40% of CD4+ cells in the LN were ICOS positive at d

5. This increase was significantly blunted in μMT mice, with 26% of CD4+ T cells

expressing ICOS at the d 5 peak. By d 6, expression began to decline in both WT and μMT

mice, with WT mice maintaining higher expression than μMT animals. Unlike the uniform

changes in B cell MHC-II and CD86 expression (Fig. 5), the changes in ICOS expression

involved only a subset of CD4+ T cells (Fig. 6D). Taken together, the impaired responses for

the μMT strain imply a B cell role in the incremental T cell ICOS expression and Th2

polarization seen in WT mice.

Monoclonal antibody blockade of ICOS-L inhibits induction of Th2 and Tfh cells in WT but
not μMT mice

The findings that ICOS expression and IL-4 induction on CD4+ T cells peaked at d 5 at the

same time that B cell MHC-II and CD86 expression peaked and ICOS-L expression

declined suggested that ICOS-ICOS-L costimulation could be a mechanism through which

B cells influenced papain-induced IL-4 induction. Thus, the functional importance of ICOS-

L in papain-induced Th2 polarization was assessed by mAb blockade. WT and μMT mice

were injected i.p. with an anti-ICOS-L neutralizing mAb or the appropriate isotype-matched

control IgG on d 0 followed by subcutaneous administration of papain into the footpads and

analysis of the PLN by cytometry 5 d later. In WT mice, ICOS-L blockade suppressed both

the generation of Tfh and their IL-4 production (Fig. 7A, C), consistent with previous

findings establishing the central role of ICOS/ICOSL interactions in the generation of Tfh

(27). ICOS-L blockade also suppressed the generation of Th2 cells in WT mice (Fig. 7A, D),

indicating a role for either ICOS-L or ICOS-L-responsive cells in the generation of Th2

cells. ICOS-L blockade did not further reduce the already impaired generation of Tfh and

Th2 responses in μMT mice (Fig. 7B, D). While ICOS-L blockade significantly impaired

both Th2 and Tfh responses, it did not reduce Tfh generation in WT mice to μMT levels

(Fig. 7C), nor did it fully reduce IL-4 production by either Tfh or Th2 cells (Fig. 7D).
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Discussion

We initially examined the papain footpad model because cysteine proteases are components

of several common allergens, including house dust mite (2) and grass pollen (1), and there

was controversy in the literature as to the involvement of a second cell ancillary to the DC in

maximizing the Th2 response to papain in the PLN (9, 11, 12). Furthermore, this model

allows a unique opportunity to analyze the cellular events involved in a primary Th2

response in the draining LN to a cysteine protease Ag with Th2 adjuvant activity (8, 28)

through direct assays over a 6 d time period.

We began in an unbiased fashion by injecting naïve mice with fluorescently labeled papain

to identify interacting cells that might drive or regulate Th2 polarization. The majority of

cells taking up papain in the PLN were B cells by flow cytometric analysis and the

percentage of B cells positive for papain was strikingly high compared to OVA uptake,

suggesting an innate reaction to the protease activity rather than cognate-specific uptake

directed by the BCR. This was confirmed through experiments with the HEL BCR

transgenic mouse that revealed papain uptake was unaltered by the HEL specificity of the

BCR. Furthermore, after acquiring papain the B cells internalized the Ag and directed it to

endosomes. This uptake of papain was not mediated by CR2, another BCR-independent

pathway through which B cells have been shown to acquire Ag (19). Intravital multiphoton

microscopy highlighted that B cells proximal to the subcapsular sinus rapidly acquired

papain from lymphatic flow following immunization, both confirming the flow cytometry

findings and adding evidence for a direct mechanism of uptake. Thus, our initial findings

recognized a novel innate mechanism through which B cells acquire a cysteine protease Ag.

Although the papain model of Th2 inflammation has been used by numerous groups over

the past several years, there is uncertainty regarding the receptors and cell types driving the

immune response to papain. However, the proteolytically active site of papain is required for

it's immunogenicity, as both heat inactivation and treatment with a specific cysteine protease

inhibitor eliminate the immune responses against papain (8). Liang et al. showed that papain

can activate naïve T cells through protease activated receptor (PAR)-2 cleavage, leading to

T cell production of cytokines and chemokines (29). As PAR-2 expression by B cells has

also been reported (30), papain could be stimulating B cell capture and internalization

through a similar mechanism. Additionally, papain's ability to cleave immunoglobulin into

Fc and Fab regions has been long established (31), raising the possibility that active site

interactions with non-Ag-specific regions of the BCR could lead to internalization.

Additionally, other surface proteins found on the B cell such as CD23 can be cleaved by

papain-family cysteine proteases such as DerP1 (32). However, it is also possible that papain

endocytosis is mediated by a yet undescribed receptor.

A comparison of the cellular events leading to IL-4 induction in PLN CD4+ T cells in WT

and μMT mice revealed a previously undescribed role for B cells in this process. B cell-

deficient mice showed significantly reduced percentages of IL-4+, CD4+ T cells in the PLN

at the d 5 peak of the papain immune response but had no impairment in overall T cell

expansion. This deficit in the level of IL-4+ CD4+ cells represented both a reduction in

effector Th2 cell generation and in Tfh expansion and decreased induction of IL-4 in these
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populations. Restoration of the B cell compartment in μMT mice restored both Th2 and Tfh

responses, highlighting the important role for B cells in each compartment.

The finding that B cell upregulation of MHC-II and CD86 are both IL-4 and STAT6-

dependent processes strongly suggested a role for Tfh cells in the observed B cell activation.

These cells generate IL-4 in situ in the B cell follicle (33, 34) and this cytokine was

previously described to induce upregulation of both MHC-II and CD86 on B cells (35). As

the generation of both IL-4+ Tfh and Th2 effector cells was impaired in the absence of B

cells, B cells and Tfh play a reciprocal role in activating each other during the immune

response to papain, consistent with other findings regarding the interplay between these two

cells (36). This interplay is likely necessary for the simultaneous B cell amplification of Th2

polarization, as B cell activation is greatly impaired in STAT6−/− and IL-4−/− mice and B

cell costimulatory enhancement of Th2 polarization likely depends on presentation of papain

on MHC-II in the context of CD86 and ICOS-L.

While IL-4 is canonically required for optimal Th2 polarization, ligation of costimulatory

molecules on the T cell surface can also modulate Th2 polarization. CD86 blockade during

leishmania infection can inhibit pathogen-induced Th2 polarization, skewing the immune

response to a Th1 phenotype and improving host clearance of the pathogen (37). ICOS

ligation on naïve CD4+ T cells in conjunction with a TCR signal enhances IL-4 and IL-10

production while inhibiting IL-2 production (25). CD4+ cells from mice deficient in ICOS

and immunized with KLH and alum show defective IL-4 production following restimulation

with KLH, and the in vivo IgE and IgG1 responses in these mice are also impaired (38).

Signaling through both ICOS and CD28, the ligand of CD86, is necessary for full Th2

polarization in a model of S. mansoni egg Ag-induced airway inflammation (39), suggesting

that B-7 family members and ICOS act together to potentiate Th2 polarization. Neither the

latter study nor several others examining ICOS-mediated Th2 polarization identified the

source of ICOS-L expression (38, 40).

In the papain model, ICOS-L expression on B cells increased modestly but not significantly

at d 3–4 before decreasing at d 5, and expression of this costimulatory receptor was not

observed on DCs or any other APC in the PLN during the d 5 peak of the IL-4 response.

ICOS upregulation on CD4+ T cells was significantly reduced in μMT mice compared to

WT mice at d 4–6 post-papain immunization, with the largest differences occurring during d

5–6, when IL-4 production was also profoundly impaired. These findings suggested a

potential link between the ICOS/ICOS-L pathway and subsequent B cell-dependent IL-4

production by LN CD4+ T cells. Supporting this link, administration of an ICOS-L blocking

mAb reduced IL-4 production in WT mice but did not further reduce the already impaired

Th2 polarization in μMT mice.

While the role of ICOS in supporting the generation of Tfh cells is well characterized (24),

its role in supporting effector Th2 polarization is more controversial (41, 42). ICOS-L

blockade impaired Th2 polarization in addition to suppressing Tfh responses to papain.

Thus, our results support a role for this pathway in the generation of both cell types.

However, ICOS-L inhibition did not fully reduce WT Th2 or Tfh responses to the levels

seen in the μMT. This could indicate either incomplete inhibition of ICOS-L or point to
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other pathways also playing an important role in B cell support of Th2 and Tfh responses.

The magnitude of the difference in ICOS upregulation in the absence of B cells (<2 fold)

was modest compared to the impact on IL-4 induction (~3 fold), further highlighting the

effect of B cells on optimizing the Th2 and Tfh responses in this model. Importantly, this

pathway acts subsequent to an early DC-dependent event that initiates the development of

each cell type as some level of Tfh and Th2 effector cells can be seen in the absence of B

cells.

While no studies thus far have posited a role for B cells in papain-induced Th2 polarization,

several studies have highlighted a role for B cells in supporting Th2 polarization in parasite

infection models. B cell-deficient JHD mice infected with S. mansoni exhibit impaired

CD4+ T cell IL-4 and IL-10 production accompanied by increased IFN-γ and IL-12

generation compared to WT mice, indicating a role for B cells in influencing the Th1/Th2

balance in this model (43). Furthermore, μMT mice infected with N. brasiliensis have

greatly impaired IL-4 secretion by CD4+ cells, indicating a B cell-dependent Th2

polarization in another infection model (44). The surface costimulatory receptors CD80 and

CD86 are central to this B cell-dependent T cell polarization, as reconstitution of B cell-

deficient mice with WT B cells restores Th2 polarization while reconstitution with CD80

and CD86 deficient B cells does not. Adoptive transfer of IL-4-deficient B cells fully

reconstitutes the Th2 response, showing that B cell production of IL-4 is not a relevant

mechanism (44). A role for B cells was also identified in coordinating the colocalization of

CXCR5+ DC and both Tfh and Th2 cells during H. Polygyrus infection, thereby enhancing

IL-4 production by each T cell subset (23).

In summary, our results indicate that during the allergic response to papain, draining LN

resident B cells rapidly acquire cysteine protease Ag directly from lymphatic flow following

immunization via an innate mechanism dependent on its protease activity and subsequently

internalize the Ag. They are later joined by peripheral migratory DC carrying the protease

from the site of immunization. The DC plays a major early role in the LN response, likely

driving the expansion of the CD4+ T cell population and mediating initial IL-4 induction and

expansion of B cells in the LN. These activated B cells enhance CD4+ T cell ICOS

expression beginning on d 4 and then amplify Th2 polarization and Tfh induction in an

ICOS-L/ICOS dependent manner during d 5–6. We speculate that the B cells that acquired

papain at d 0 in a noncognate manner then process and retain Ag during expansion so as to

present the Ag to papain-specific T cells on d 4–5. This cognate presentation occurs in the

context of MHC-II along with ICOS/ICOS-L and CD86/CD28 costimulation, thereby

amplifying IL-4 production by both effector Th2 cells and Tfh. This IL-4 production by Tfh

further activates B cells, increasing their expression of surface proteins associated with Ag

presentation and possibly acting to enhance B cell-T cell interactions and subsequent IL-4

induction in both T cell compartments. Taken together, our findings identify a novel non-

canonical mechanism through which B cells acquire a cysteine protease Ag with Th2

adjuvant activity and reveal a previously uncharacterized co-stimulatory role for B cells in T

cell ICOS expression and Th2 polarization following papain immunization.
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FIGURE 1.
CD19+ B cells are the major Ag-bearing cell type in the PLN 24 h after footpad injection of

papain and acquire papain in a non-BCR mediated manner. (A) Representative FACS plots

of mice injected in the footpad with 50 μg AF647-labeled papain and sacrificed after 24 h.

After gating on MHC-II+ cells, cells positive for papain (left panel) were phenotyped,

showing that CD19+ cells constituted the majority of AF647+ cells at 24 h (right panel). (B)
Representative FACS plots of CD19+ B cells from WT mice 24 h after injection with

unlabeled papain, AF647-labeled papain, or AF647-labeled OVA. (C) Quantification of

percentages of B cells binding AF647-labeled Ag compared to unlabeled papain controls as

described in B. Bars indicate mean ± SD obtained from 2 experiments with n=3 mice per

group experiment, *** indicates p<0.001. (D) Representative FACS plots of PLN cells from

WT mice injected with AF647-labeled papain as described in (A) and analyzed after 1 h. (E)
Representative FACS plots of B cells from WT and MD4 transgenic mice 1 h after injection

with AF647-labeled papain. (F) Quantification of the percentages of WT and MD4 B cells

acquiring AF647-labeled papain as described in (E). Bars indicate mean ± SD obtained from

2 experiments with n=3 mice per group per experiment, NS indicates no significant

difference.

Dwyer et al. Page 16

J Immunol. Author manuscript; available in PMC 2015 July 15.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



FIGURE 2.
Confocal and intravital microscopy reveal that PLN B cells rapidly acquire and subsequently

internalize papain after footpad immunization. (A) Confocal microscopy indicating

colocalization of B cells and AF647-labeled papain at 24 h post-immunization. Green

indicates B220, red indicates AF647-labeled papain. Arrows indicate points of

colocalization between B220 and AF647-papain. White bar indicates 14 μm. (B) Confocal

microscopy showing colocalization of AF647-papain and the early endosomal marker

EEA-1 in B cells 24 h post-immunization. Blue indicates B220, green indicates AF647-

papain, and red indicates EEA-1. Arrows indicate colocalization between EEA-1 and

AF647-papain on B220+ B cells, and white bar indicates 5 μm. (C) A comparison of the

Pearson correlation coefficients between AF647-labeled papain and the B cell surface

marker IgD versus the early endosomal marker EEA-1. Dots indicate individual replicates

and lines indicate paired observations from the same image. ** indicates p<0.01. (D)
Representative images at a depth of 30 μm taken from a time course of AF647 uptake by

adoptively transferred CD21-cre_tdTomato B cells in PLN of C57BL/6 mice captured at the

indicated time points. AF488-papain was injected into the footpad and the PLNs were live-

imaged using intravital-multiphoton microscopy. Blue indicates collagen, green indicates

papain, and red indicates B cells. White bar indicates 100 μm. (E) Time course of total

papain intensity in the PLN expressed as median of 4 depths captured as described in (D).

Line and error bars indicate mean ± SD, ANOVA p<0.001. (F) Time course of median

papain intensity of CD21-cre_tdTomato cells from the images in (D). Line and error bars

indicate mean ± SD, ANOVA p<0.0005. (G) Time course indicating the percentage of

CD21+ cells identified as described in (F) positive for papain. Line and error bars indicate

mean ± SD, ANOVA p<0.0005.
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FIGURE 3.
B cell deficient μMT mice show no difference in papain-induced T cell expansion but have a

marked reduction in CD4+ T cell IL-4 production. (A) Total number of CD19+ B cells and

CD4+ T cells in the PLN from naïve mice or papain immunized WT mice 3–6 d post-

immunization. Bars indicate mean ± SD from 2–3 independent experiments per time point

with n=3 mice per group per experiment. (B) Comparison of CD4+ T cell numbers in the

PLN at d 5 following papain immunization in WT and μMT mice. Bars indicate mean ± SD

from 3 independent experiments with n=3 mice per group. (C) Time course showing the

percentage of IL-4 expressing PLN CD4+ T cells from naive and papain-injected WT and

μMT mice at d 4–6 following papain immunization. Bars indicate mean ± SD from 2–4

independent experiments per time point with n=3–4 mice per group per experiment, NS

indicates no significant difference, ** indicates p<0.01, *** indicates p<0.001. (D)
Representative plots showing the percentages of IL-4 and IFN-γ expressing CD4+ T cells

from WT and μMT mice 5 d after papain immunization.
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FIGURE 4.
μMT mice show impaired Tfh generation and reduced IL-4 induction by both Th2 and Tfh

cells. (A) Representative FACS plots showing the induction of Tfh (PD1hi, CXCR5hi) and

IL-4 expression by Tfh and conventional T cells (CXCR5lo) in WT and μMT mice

immunized in the footpad with papain 5 d earlier. (B) Quantification of total Tfh as a

percentage of all CD4+ T cells in WT and μMT mice on d 5 post-papain immunization. Bars

indicates mean ± SD from 2 independent experiments with n=3 mice per group per

experiment, *** indicates p<0.001. (C) Comparison of effector Th2 cells (IL-4+, CXCR5

low) versus IL-4+ Tfh cells (CXCR5hi, PD-1hi, IL-4+) as a mean percentage of all CD4+ T

cells in WT and μMT mice 5 d post-immunization, calculated by multiplying the percentage

of CD4+ T cells represented by CD4+ effector or Tfh cells (left panels in A) by the fraction

of each population expressing IL-4 (center and right panels in A). Bars indicate mean ± SD

from 2 independent experiments with n=3 mice per group per experiment, *** indicates

p<0.001.
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FIGURE 5.
Papain immunization increases expression of MHC-II and CD86 on PLN B cells in a

STAT6 and IL-4 dependent manner. (A) Time course of B cell MHC-II MFI in naïve mice

and in papain immunized mice 3–5 d post-papain immunization and representative

histogram showing B cell MHC-II expression in naïve animals (black) and in mice

immunizated with papain 5 d prior (red) compared to isotype control staining (grey). Points

indicate mean ± SD and data was obtained from 2 independent experiments with n=3 mice

per group per experiment, ANOVA p<0.0001. (B) Time course of B cell CD86 MFI in naïve

mice and in mice at d 3–5 post-papain immunization and representative histogram showing

B cell CD86 expression in naïve animals (black) and in mice immunized with papain 5 d

prior (red) compared to isotype control staining (grey). Points indicate mean ± SD and data

was obtained from 2 independent experiments with n=3 mice per group per experiment,

ANOVA p=0.0001. (C) Representative histograms indicating B cell expression of CD86

(left panel) and MHC-II (right panel) in naïve animals (black) and in WT (red) and

STAT6−/− (blue) mice 5 d post-papain immunization compared to isotype control staining

(grey). (D) Representative histograms indicating B cell expression of CD86 (left panel) and

MHC-II (right panel) in naïve animals (black) and in WT (red) and IL-4−/− (blue) mice 5 d

post-papain immunization compared to isotype control staining (grey).
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FIGURE 6.
PLN B cells express ICOS-L and μMT mice show impaired ICOS upregulation on PLN

CD4+ T cell after papain immunization. (A) Time course of B cell ICOS-L MFI in the PLN

of naïve mice and papain-immunized mice 3–5 d post-immunization and representative

histogram indicating B cell ICOS-L expression in naïve animals (black) and in mice

immunization with papain 5 d prior (red) compared to isotype control staining (grey). Points

indicate mean ± SD from 2 independent experiments, n=3 mice per group per experiment.

ANOVA p<0.05. (B) Representative histogram indicating ICOS-L expression on MHC-II+

CD11c+ DC in mice immunized with papain 5 d previously. Red indicates ICOS-L staining

and grey indicates isotype control. (C) Time course showing the percentage of ICOS-

expressing PLN CD4+ T cells in WT and μMT mice 3–6 d following papain immunization.

Bars indicate mean ± SD from 2–3 experiments per time point with n=3 mice per group per

experiment. * indicates p<0.05, *** indicates p<0.001 (D) Representative FACS plots of

CD4+ T cell ICOS expression in WT and μMT animals 5 d post-immunization, indicating

that ICOS upregulation occurs in a subset of T cells.
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FIGURE 7.
mAb blockade of ICOS-L markedly reduces Tfh expansion and IL-4 production by Th2 and

Tfh cells following papain immunization in WT but not in μMT mice 5 d post-

immunization. (A) Representative FACS plots showing the induction of Tfh cells (PD1hi,

CXCR5hi) and IL-4 expression 5 d post-papain immunization by Tfh and conventional

CD4+ T cells (CXCR5lo) in WT mice injected i.p. with either isotype control antibody or

anti-ICOS-L mAB on d 0. (B) Representative FACS plots showing the induction of Tfh and

IL-4 expression 5 d post-papain immunization by Tfh and conventional T cells in μMT mice

injected i.p. with either isotype control antibody or anti-ICOS-L mAb on d 0. (C)
Quantification of total Tfh as a percentage of all CD4+ T cells 5 d post-papain immunization

in WT and μMT mice injected with either isotype control antibody or anti-ICOS-L. Bars

indicate mean ± SD of n=2–3 independent experiments with 3–4 mice per experiment, ***

indicates P<0.001, NS indicates no significant difference. (D) Comparison of effector Th2

cells (IL-4+, CXCR5lo) vs IL-4+ Tfh cells (CXCR5hi, PD-1hi, IL-4+) as a mean percentage

of all CD4+ T cells 5 d post-papain immunization in WT mice injected with either isotype

control antibody or anti-ICOS-L. Bars indicate mean ± SD of n=2–3 independent

experiments with 3–4 mice per experiment, * indicates P<0.05.
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