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Abstract

Contributions by basophils to allergic and helminth immunity remain incompletely defined. Using
sensitive I1L-4 reporter alleles, we demonstrate that basophil IL-4 production occurs by a CD4* T
cell-dependent process restricted to affected peripheral tissues. We genetically marked and
specifically deleted basophils and demonstrate that basophils do not mediate T2 priming /n vivo.
Two-photon imaging confirmed that basophils do not interact with antigen-specific T cells in
lymph nodes, but can engage in prolonged serial interactions with T cells in lung tissues. Although
targeted deletion of IL-4 and IL-13 in either CD4* T cells or basophils minimally impacted worm
clearance, deletion from both lineages demonstrated a nonredundant role for basophil cytokines in
primary helminth immunity.
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INTRODUCTION

Helminth infections, affecting nearly 2.9 billion humans worldwidel, elicit a stereotyped
immune response with features shared by allergic and asthmatic reactions, including
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elevated serum IgE concentrations, excessive mucus production and tissue inflammation
dominated by polarized T2 cells, eosinophils, mast cells and basophils. The linked
cytokines IL-4 and IL-13, and their shared signaling components, the IL-4Ra chain and
STATS, are required for allergic and anti-helminth immunity2 3. Although CD4* T cells are
required and T2 cells can produce these cytokines, innate sources of IL-4 and I1L-13, such
as basophils* or lineage-negative 1L-25- and 1L-33-responsive cells®7 — here designated
innate type 2 helper cells, or iH2 cells, - can contribute to primary anti-helminth immunity.
Immunohistochemical techniques are not adequate as yet to discern cytokine-producing cells
in situ, and thus, a thorough assessment of their spatial and temporal relationships within
tissues during the host response has been lacking.

Basophils are proposed to mediate B cell isotype switching and more recently, to drive
CDA4* T helper cell differentiation8-19, Several studies have implicated basophils as antigen
presenting cells that are necessary and sufficient for T2 priming1-13, although this has
been challenged by others14-17. Despite progress, the demonstration of basophil activation
in vivo and a consensus understanding of their role in immunity are lacking, as recent
attempts to mark these cells /n vivo have not enabled unequivocal imaging of basophils in
tissuel6: 18,

Here, we show that basophils are mobilized to multiple tissues during primary helminth
infection, corroborating prior studies!® 20, but that basophil IL-4 secretion is restricted to
affected organs. We use a novel basophil reporter strain, termed Basoph8, to demonstrate
that basophils are not required to initiate allergic immunity. Two-photon microscopy
revealed that basophils do not interact with antigen-specific CD4* T cells in inflamed lymph
nodes, but can engage in serial interactions with CD4* T cells in affected tissues, a process
that correlated with sites of basophil activation. Basophil depletion did not affect clearance
of Nippostrongylus brasiliensis in primary or secondary infections, but selective deletion of
IL-4 and IL-13 from both basophils and CD4* T cells revealed a non-redundant contribution
of basophil-derived cytokines.

IL-4 production by basophils is restricted to involved tissues

We used mice with two independent markers targeted to the endogenous //4 locus in order to
define which cells produce 1L-4 during primary infection with N. brasiliensis?. These mice,
designated KN2 x 4get, are heterozygous for the 4get allele?2, which expresses green
fluorescent protein (GFP) from an internal ribosomal entry site (IRES) downstream of the
IL-4 stop site, and the KN2 allele, which expresses human CD2 (hCD2) from the IL-4 start
site and replaces the gene. When stimulated, cells from these mice reliably mark IL-4
competence by intracellular GFP expression and recent IL-4 protein secretion by the
presence of membrane hCD22, After infection, basophils, eosinophils and a fraction of
CD4* T cells comprised the major GFP* cells recruited to the lungs20, where they begin to
accumulate by day 3. On day 5, basophils and CD4* T cells began to express hCD2,
consistent with I1L-4 secretion /n vivo (Fig. 1a). hCD2 expression was only observed in cells
with enhanced GFP expression, thus providing an internal corroboration that activation of
the 4get allele marks cells undergoing transcriptional activation of the IL-4 locus. The
percentage of hCD2-positive basophils and CD4* T cells peaked on days 5-6 in multiple
experiments and then declined (Supplementary Fig. 1).

Previous reports using IL-4 reporter strains have described systemic basophil recruitment to
tissues after . brasiliensis infection1® 20, While we also observed increased basophil
numbers in many tissues, activation of basophil IL-4 secretion was tissue-restricted, since
lung basophils expressed both GFP (IL-4 competence) and hCD2 (IL-4 secretion), whereas
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basophils from spleen, liver, lymph node, blood and bone marrow (data not shown)
expressed GFP, but not hCD2 (Fig. 1b and Supplementary Fig. 2). In contrast, CD4™ T cells
that expressed both GFP and hCD2 were present in the spleen and lung, consistent with their
ability to function as both cytokine-secreting follicular (Tgy; in spleen) and tissue effector
(TH2; in lung) T cells?® (Fig. 1b and Supplementary Fig. 2). Basophils were also recruited to
the small intestine (Supplementary Fig. 3). However, analysis of intestinal tissue was
inconclusive between days 6-9 due to the substantial death of recovered cells, presumably a
result of massive cellular activation, epithelial turnover and tissue injury. Eosinophils,
despite their greater numbers and GFP-positive status, did not express large amounts of
hCD2 (Fig. 1a). Using a YFP-marked IL-13 reporter strain of mice, we did not see IL-13
production by basophils (data not shown). As shown elsewhere, iH2 cells are readily marked
as IL-13-producing cells after . brasiliensis infection, but these cells, in contrast to
basophils and CD4* T cells, do not produce IL-4 i vivo'. Thus, basophils represent the
early non-T cell source of IL-4 during helminth infection, in agreement with earlier
studies® 24, and their activation /n vivo, as illustrated using the KN2 x 4get reporter, is
sequestered within affected tissues.

To define the requirements for basophil activation and the role of T2 cells, we generated
KN2 x 4get mice on the recombination activating gene (RAG)-2-deficient background.
Compared to wild-type, lung tissues from these mice developed less inflammation with
fewer basophils after infection, consistent with prior findings'® 20, and recruited basophils
did not express hCD2 (Fig. 1c). When reconstituted with /47~ //137/-CD4* T cells,
however, lungs were infiltrated with greater numbers of cells, including basophils that
expressed hCD2 as a marker of recent IL-4 secretion (Fig. 1c). In multiple experiments, the
infiltration and activation of basophils in the lungs of reconstituted mice was delayed by 1-2
days as compared to wild-type mice, either reflecting effects of T cell reconstitution or
exposing an amplification role for T2 cell-derived IL-4 and IL-13 /n vivo. As expected, no
serum IgE was detected in Rag2~'~ mice reconstituted with /47~ //137~ CD4* T cells (data
not shown).

We used an unrelated helminth model, infection with Schistosoma mansoni, to assess
whether tissue-specific basophil activation could be visualized in the liver, which is a major
site of the granulomatous response against trapped eggs2®. In contrast to basophils isolated
from the liver in response to . brasiliensis, basophils isolated from the livers of S, mansoni-
infected KN2 x 4get Rag2~'~ mice that had been reconstituted with /47~ //137-CD4* T
cells expressed hCD2, consistent with recent IL-4 secretion (Fig. 1d). Basophil activation in
reconstituted mice was delayed compared to wild-type mice, likely reflecting as least in part
the absence of IgE. As in primary N. brasiliensis infection, innate 1L-4 protein expression
was restricted to basophils, and liver eosinophils expressed little hCD2 (Fig. 1a,d). Thus,
basophils are activated by a CD4" T cell-dependent, but IL-4-, IL-13- and IgE-independent,
mechanism in parasite-involved tissues.

CD4* T cells mediate basophil IL-4 production by contact and IL-3

We sought to characterize the CD4* T cell-derived factor(s) responsible for basophil
activation in affected tissue. Although recruited to the spleen in relatively large numbers
following N. brasiliensis infection, splenic basophils did not express hCD2 (Supplementary
Fig. 2), perhaps reflecting an absence of interactions between spleen basophils and T cells
during infection. To overcome potential restrictions /n vivo, we isolated spleen cells from .
brasiliensis-infected KN2 x 4get mice and incubated them on plate-bound anti-CD3e
overnight to promote T cell activation. When examined the next day, splenic basophils
expressed hCD2, consistent with their activation to produce IL-4 (Fig. 2a). We next assessed
whether basophil activation required direct contact with stimulated CD4* T cells or could be
provided by soluble, secreted factor(s) from activated CD4* T cells. CD4* T cells were
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purified from the spleens of N. brasiliensis-infected mice (5-6 days post-infection) and
basophils were enriched from the spleens of resting KN2 x 4get Rag2~/~ mice. To prevent
cell-cell contact, a transwell insert was used to separate the purified CD4* T cells and the
basophils. As assessed by induction of hCD2, basophils were activated to produce IL-4
without CD4* T cell contact (Fig. 2b), although to a lesser degree as compared to basophils
in contact with activated T cells (Fig. 2a). Further, supernatants harvested after the overnight
stimulation of CD4* T cells from uninfected mice were sufficient to promote basophil hCD2
expression (Fig. 2c). IL-3 is implicated in promoting basophil expansion, survival and
activation in the context of surface-bound IgE crosslinking?6-28. 1L.-3 was present in the
stimulated CD4* T cell supernatants (where it averaged 2.5 ng/ml) and IL-3 at these
concentrations activated basophil 1L-4 production /n vitro (Fig. 2c). Additionally,
neutralizing anti-1L-3 antibody inhibited basophil IL-4 production following incubation with
the activated CD4* T cell supernatant. However, 1L-3 blockade did not block basophil
activation when basophils were cultured together with CD4* T cells (Fig. 2d). Consistent
with our findings /i vivo, CD4" T cell-derived IL-4 and I1L-13 and IgE were not required for
basophil activation in vitro, as /14~ 1113~ CD4* T cells mediated basophil activation in
the absence of antibodies (Fig. 2e). These data, as well as our findings in the context of N.
brasiliensis infection, support a model in which basophil IL-4 production is restricted to
involved tissues and dependent upon antigenic stimulation of CD4* T cells by a process that
optimally requires both direct contact with CD4* T cells and IL-3.

Basoph8, a novel basophil reporter mouse strain

In order to track and delete basophils with high specificity, we replaced the mast cell
protease-8 (mcpt8) gene at the start site by inserting a reporter cassette expressing YFP
followed by an IRES and humanized Cre recombinase (hCre) (Fig. 3a and Supplementary
Fig. 4). Mcpt8 is a basophil gene in the conserved chymase locus, which has expanded in
rodents through gene duplications to contain a number of species-specific genes?® 30, Mcpt8
is basophil-specific in mice and absent in humans, suggesting that it is not required for
development of the basophil lineage. Prior reports targeting this locus have confirmed the
specificity of gene expression in basophils16: 18,

We analyzed tissues at the peak of the inflammatory response following N. brasiliensis
infection and confirmed that all YFP-positive cells were basophils, characterized as SSC'®,
CD47, c-Kit~, CD49b (DX5)*, Bc (CD131), IL-3RB*, and IgE* (Fig. 3b and data not
shown). Further, isolation of basophils from Basoph8 mice by conventional flow cytometric
analysis confirmed that all basophils from all tissues expressed YFP (Fig. 3d). The only
discrepancy in YFP expression and conventional basophil markers occurred in the bone
marrow, and was due to variegated expression of CD49b (DX5) within the Basoph8-positive
population, likely highlighting developmental regulation of this adhesion molecule during
basophil differentiation (Supplementary Fig. 5).

To delete basophils, we crossed Basoph8 mice with Rosa-DTa mice (Basoph8 x Rosa-
DTa), which contain the diptheria toxin-a gene inserted into the ubiquitous Rosa26 locus
downstream of a loxp-flanked transcriptional stop site’- 31. The Basoph8 x Rosa-DTa mice
demonstrated highly efficient deletion of basophils, as assessed both by deletion of YFP*
cells and of basophils as identified using conventional staining (CD49b*, Bc, IL-3RB*
SSC9) (Fig. 3c,d). Deletion was approximately 96% efficient after \. brasiliensis infection
and surviving cells had noticeably attenuated YFP fluorescence (Fig. 3c,d). Mast cell
numbers isolated after peritoneal lavage of N. brasiliensis-infected mice (Fig. 3e) and from
the skin of older mice were unaffected, despite basophil deletion from blood and tissues
(Fig. 3f and Supplementary Fig. 6). Eosinophils and CD4* T cells likewise remained
unaffected in Basoph8 x Rosa-DTa mice (see below).
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Basophils are not required for priming CD4" T cells in vivo

Recent studies suggest that basophils serve a necessary and sufficient role as antigen
presenting cells (APC) in Ty2-associated immunity11-13, Mechanistically, a model has been
proposed in which basophils transiently migrate to draining lymph nodes, present peptide in
the context of MHC class 11 and provide lineage-determining cytokines, all of which were
necessary for efficient T2 priming. While APC function has been attributed to basophils,
other work using different approaches has questioned a role for basophils in this
process4-17. To assess the requirement for basophils in T2-priming /in vivo, we crossed
basophil-deficient, Basoph8 x Rosa-DTa, mice onto the KN2 background. In this way,
activation of 1L-4 secretion from CD4"* T cells can be resolved by flow cytometry in the
presence or absence of basophils without the need for restimulation of the cells ex vive.

Immunization with S. mansoni eggs induced Tw2 priming in the draining lymph node within
3-4 days!!. Using established protocols, 2500 eggs were injected into the footpad of
Basoph8 x KN2 and Basoph8 x Rosa-DTa x KN2 mice, and the accumulation of basophils
and huCD2* IL-4-secreting T cells was followed kinetically. Basophils were recruited to the
draining popliteal lymph nodes following immunization, with a peak of approximately
3000-4000 cells at 48 h; basophils were virtually undetectable in Basoph8 x Rosa-DTa
mice after similar challenge (Fig. 4a,b). Consistent with our observations in N. brasiliensis-
infected mice, basophils did not express IL-4 in the draining lymph node at any time
following S. mansoniimmunization (Supplementary Fig. 7). Corroborating earlier studies!?,
IL-4 secretion by lymph node CD4* T cells as assessed by surface hCD2 expression was
first detected at day 3 and peaked at day 4 (Fig. 4c,d). Over 99% of basophils were deleted
in comparably challenged Basoph8 x Rosa-DTa x KN2 mice, but there was no decrease in
the numbers of I1L-4-secreting lymph node CD4* T cells (Fig. 4c,d).

To test basophil requirements for allergic responses to soluble stimuli, similar groups of
mice were challenged with the protease papain, which can induce a basophil influx into the
draining lymph nodes followed 24 hours later by a T cell IL-4 response®. Using comparable
conditions, however, the percentages and numbers of IL-4-producing CD4* T cells were
unaffected by the deletion of basophils in Basoph8 x Rosa-DTa x KN2 mice compared to
basophil-replete Basoph8 x KN2 mice (Fig. 4e,f). Thus, using these novel reporter strains of
mice, we could not demonstrate a basophil requirement for the CD4* T cell responses to
particulate or soluble IL-4-inducing stimuli.

Basophils interact with CD4* T cells in effector tissue but not in lymph nodes

The data above indicated that basophils are dispensable for CD4" T cell priming in lymph
nodes, but that CD4* T cells are essential for basophil activation in peripheral tissues,
suggesting that the mode of interactions between basophils and CD4* T cells differs
between lymph nodes and peripheral tissues. To visualize these interactions, we took
advantage of the Basoph8 mice, in which mcpt& drives high amounts of YFP fluorescence
selectively in basophils. CD4* T cells responding to immunization were visualized by the
adoptive transfer of ovaloumin (OVA)-specific OT-I11 CD4* T cells expressing DsRed or
labeled with an orange dye. By modifying immunization models described above to include
OVA, we could directly visualize the dynamics of the interactions between antigen-specific
CD4* T cells and basophils in time-lapse imaging by two-photon microscopy.

We observed robust expansion of OT-II cells and recruitment of basophils to the draining
lymph node two days after subcutaneous immunization with S. mansoni eggs mixed with
OVA. Between days 2 to 3, basophils occasionally contacted OT-11 T cells, but these
contacts were of very short duration and no stable conjugates were formed (Fig. 5a,b,c and
Supplementary Video 1). Similar results were observed 2-3.5 days after subcutaneous
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immunization with papain mixed with OVA (Supplementary Video 2). The lack of stable
interactions between CD4* T cells and basophils suggested that basophils do not act as
APCs for CD4* T cells in primary immune responses in lymph nodes.

For comparison, we visualized interactions between classical APCs and CD4* T cells within
lymph nodes. As reported in other systems32, we confirmed that prolonged CD4* T cell
interactions with dendritic cells could be observed within the first day after papain
immunization, but these interactions subsided by days 2—3 when basophils were recruited
(data not shown). As T cell-B cell interactions typically occur during this time33, we co-
transferred OT-11 T cells and CFP-expressing Hy10 B cells, specific for avian egg lysozyme,
into Basoph8 recipients. After subcutaneous immunization with papain mixed with a
conjugate of duck egg lysozyme and OVA (DEL-OVA), we could observe basophils, OT-II
T cells and Hy10 B cells together in the imaging field. Interactions between OT-I1 T cells
and Hy10 B cells were much longer than OT-11 T cells with basophils, and a number of
stable conjugates between OT-11 T cells and Hy10 B cells could be observed, some of which
exceeded the duration of the recording (Fig. 5a,b,c and Supplementary Video 3). These
prolonged T cell-B cell interactions were comparable to those that occur in mice immunized
with DEL-OVA mixed with a classical adjuvant monophosphoryl lipid A (MPL) and
trehalose dicorynomycolate (TDM) (data not shown). Thus, at the time in which basophils
are recruited to the lymph node, CD4* T cells are engaged in prolonged interactions with B
cells in a manner independent of basophil interactions.

To visualize the interaction dynamics of OT-11 T cells and basophils in the lungs, we
infected mice with N. brasiliensis and then administered intranasal OVA. In explanted lung
slices, we found basophils and OT-II T cells together in small regions of the lung near
hemorrhagic sites where N. brasiliensis larvae had penetrated the blood vessels. We
observed interactions between OT-II T cells and basophils in the lung that were significantly
longer than the brief contacts in lymph nodes (Fig. 5a,b,c and Supplementary Video 4). To
confirm that basophils could also interact with non-transgenic T cells, we imaged Basoph8
mice expressing a human CD2-DsRed transgene that illuminated the entirety of polyclonal T
cells and observed very similar interactions in the lungs after N. brasiliensis infection
(Supplementary Video 5).

Unexpectedly, in several instances in both systems we observed that an individual T cell and
basophil in the lung would come in contact with each other for a few minutes, disengage,
and then come back in contact, in a repetitive fashion (Fig. 5a and Supplementary Videos 4
and 5). Unlike the stable T-B conjugates observed in lymph nodes in which the T cells
closely track the B cell movements34, the T cells and basophils in the lungs did not closely
follow each other’s movements (Supplementary Fig. 8). Instead, the T cells and basophils
would alternately pull away from each other and move toward each other even while
remaining in contact. This distinction was further reflected by quantifying the distance
between the centroids (center of mass) of the cells (Fig. 5d,e). The median distances
between centroids of T cells and basophils were significantly longer than that for T cells and
B cells while the cells were in contact. Taken together, these data indicate that CD4* T cells
and basophils engage in multiple serial interactions in affected lung of short to moderate
duration, in contrast to the very brief contacts observed in lymph nodes, but also in a manner
distinct from the close stable conjugates formed between T cells and B cells.

Basophil-derived cytokines contribute to worm clearance

Prior studies have suggested modest contributions by basophils in the host response to .
brasiliensis'®. Using Basoph8 and Basoph8 x Rosa-DTa mice, we could demonstrate no
effect of basophil deletion on worm clearance, total lung cellularity, numbers of infiltrating
CD4™* T cells or eosinophils, or serum IgE concentration during primary infection (Fig.
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6a,b,c). Secondary infection of mice with N. brasiliensis results in a greatly accelerated
response and the few worms that reach the intestine are expelled within 5 days. Using KN2
x 4get mice to assess the secondary response, we observed greater numbers of 1L-4-
producing basophils in the lung at earlier time points (Supplementary Fig. 9a). In contrast to
the primary response, the accelerated secondary response was almost entirely due to 1L-4-
dependent-Igs because mice reconstituted with //4/~ //13~ CD4* T cells, which lack IgE
and high-affinity 1gG1, did not manifest this augmented basophil cytokine response despite
the development of tissue inflammation and basophilia (Supplementary Fig. 9a,b). Indeed,
when serum was harvested from N. brasiliensis-infected wild-type or Rag2™'~ mice and
adoptively transferred to KN2 x 4get Rag2~/~ mice that had been reconstituted with //47/~
111371~ CD4* T cells, the augmented basophil cytokine response was dependent on
reconstitution by wild-type, but not Rag2/~serum. In contrast to Rag2~/~ serum, wild-type
serum resulted in decoration of the basophil surface with IgE (Supplementary Fig. 9¢). In
contrast to findings with another basophil-deficient strainl6, we observed no deficits in
worm clearance or tissue eosinophil infiltration by basophil-deficient Basoph8 x Rosa-DTa
mice during secondary infection with N. brasiliensis (Supplementary Fig. 10).

Although we could discern no requirement for basophils as assessed by their deletion, the
activation of IL-4 secretion by basophils in tissues raised the possibility that cytokines
produced by these cells are redundant within the context of infection. Since both T2 cells
and basophils secrete cytokines in affected tissues (Fig. 1a,b), we generated mice with loxP
sites engineered into the //4and //13locus such that Cre-mediated recombination would
result in deletion of both genes3®. The homozygous mice, designated //4-//13VT were
crossed to /47~ 1/137/=, CD4-cre and Basoph8 mice to facilitate lineage-specific deletion of
the cytokines from CD4* T cells (Cd4-cre x //4-1/15~) from basophils (Basoph8 x //4-
1123V, or from both cells (Cd4-cre x Basoph8 x //4-//13-) in order to assess their
contributions to the host cytokine response. Deletion of IL-4 and IL-13 from CD4* T cells
did not greatly impact the capacity to expel worms during primary infection despite the
absence of IgE (Fig. 6d,e). Deletion of IL-4 and 1L-13 from basophils also did not impact
worm clearance, but conversely had no effect on serum IgE concentrations (data not shown).
In contrast, simultaneous deletion of IL-4 and I1L-13 from both CD4* T cells and basophils
resulted in a significant increase in the intestinal worm burden (Fig. 6d,e), indicating that
cytokines from both of these lineages contribute to the host response against migratory
helminthes.

DISCUSSION

Although described by Paul Ehrlich in 1879 and conserved in all vertebrates, including fish,
birds and reptiles, basophils remain enigmatic and a precise delineation of their role has
remained elusive due to the lack of adequate reagents to address their specific

contributions 36. Seminal studies in the 1990°s first identified a non-B, non-T cell as a major
source of IL-4 after parasite challenge that was revealed after FceRI cross-linking and
augmented by 1L-337-40, Subsequently, two different IL-4 reporter mice were used to
demonstrate that basophils accumulate in tissues through a CD4* T cell-dependent but
STAT6-independent mechanism19: 20, Attempts to deplete basophils using various
antibodies!! 12 17. 41-43 haye resulted in controversy regarding the sensitivity and
specificity of the targeted deletion!®, and two groups subsequently targeted the basophil-
specific mcpt8 gene to achieve lineage marking®6: 18, Here, we combine novel IL-4 reporter
mice with newly generated mcpt8 basophil reporter mice, designated Basoph8, that uses a
different targeting strategy that allows direct visualization of basophils in living tissues as
well as generation of basophil-deficient mice. Using these mice, we report several findings,
including the CD4* T cell-dependent localization of basophil IL-4 production to tissues
involved by parasites; replication of the CD4" T cell-dependent ability to activate I1L-4
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production from basophils /n vitro through a contact- and 1L-3-dependent but IgE-
independent process; and evaluation of basophil dynamics /in vivo that corroborates basophil
interactions with antigen-specific CD4* T cells in tissues, but not in draining lymph nodes.
Finally, using lineage-specific deletion of the //4and //13 genes from CD4" T cells and
basophils, we reveal cooperativity between these cells in the primary response to migratory
helminthes.

The signals from CD4* T cells that recruit and license basophils to secrete 1L-4 during the
primary response are of much interest. IL-3 is an important basophil differentiation and
growth factor, capable of expanding basophils from bone marrow /in vitroand in vivo. 1L-3
from activated CD4* T cells was important in mobilizing basophils from the bone marrow
during infection with A. brasiliensis, as Rag2~'~ mice reconstituted with 1L-3-deficient
CD4* T cells had reduced numbers of bone marrow and blood basophils as compared to
mice reconstituted with wild-type T cells 28. Additionally, IL-3 mediated basophil
recruitment to lymph nodes following helminth infection 44. As shown here, recombinant
IL-3 or IL-3 accumulating in supernatants of activated CD4* T cells stimulated 1L-4
production from basophils /n vitro. However, maximal 1L-4 production occurred when
basophils were co-cultured with activated CD4* T cells, suggesting that direct cell contact
likely contributes additional signals. Indeed, neutralizing I1L-3 antibodies did not block
basophil IL-4 production /n vitro, and optical imaging studies of live tissues demonstrated
CD4* T cell and basophil interactions in lung, but not lymph nodes, which support a
contact-driven requirement for tissue basophil activation. More work will be required to
examine the parameters of this process, but the tools we have generated will now facilitate
further study.

An intriguing aspect of basophil biology has been the recent reports in various systems that
invoke a role for basophils as primary APCs in T2-dominated immunity1-13, These
studies used non-specific monoclonal antibodies to achieve basophil depletion and
subsequent studies have raised questions regarding the specificity of the antibodies such that
off-target deletion of other critical immune cells, such as dendritic cells, may have
occurred!4 15.17 Clearly, lineage tracking of basophils is needed to investigate this process,
and two groups have reported targeting the mcpz8locus in mice as we report here16. 18,
Mcpt8 is a basophil-specific protease in mice whose enzymatic substrate remains
unknown?9: 45 In the first reporter strain, designated Mcpt8PTR, a downstream IRES was
followed by a diphtheria toxin receptor-enhanced GFP fusion protein that enabled diptheria-
mediated depletion of basophils that was sustained up to 5 days after injection of toxin?.
These mice were used to demonstrate a requirement for basophils to impede tick re-feeding
on mice by a process dependent on antibody and basophil Fc receptors!8. In the second
reported strain, BAC-transgenic mice were generated with Cre recombinase replacing the
mcpt8 gene, which resulted in unexpected constitutive deletion of approximately 90% of
basophils by a process believed to be mediated by Cre-dependent toxicity from the 5- to 7-
copy integration events6. These mice were used to demonstrate no requirements for
basophils in various allergic immune models, including papain- and OVA-induced allergy
models, while supporting a role for basophils in IgE-mediated chronic dermatitis,
confirming earlier studies!® 46, Additionally, a role for basophils was suggested in
secondary, but not primary, N. brasiliensis infection, as eosinophil and T2 cell recruitment
to the lung and worm clearance were diminished8.

In the Basoph8 mice we report, the mcpt8 gene was replaced by YFP-IRES-Cre that
established bright YFP fluorescence in basophils and enabled conditional deletion of the
cells or their cytokines. Studies with these mice enabled us to assess the positioning of
basophils in tissues, their relationships with CD4* T cells on which they depend for
functional activity and the consequence of specific basophil-restricted deletion of IL-4 and
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IL-13 to assess directly the contributions of these cytokines from basophils. Regarding
basophil entry into inflamed lymph nodes, we confirm basophil entry with soluble (papain)
and particulate stimuli (schistosome eggs), but can show no requirement for basophils for
activation of IL-4 production by naive CD4" T cells as assessed in the deleter strain. This
observation was corroborated independently by flow cytometry using cells from mice with
sensitive IL-4 reporter alleles to demonstrate that basophils do not produce IL-4 in lymphoid
tissues. Additionally, we present imaging studies to show that basophils do not interact with
CDA4* T cells in a manner consistent with their proposed role as APCs. Finally, we
specifically remove IL-4 and IL-13 from basophils and confirm that these cytokines do not
contribute to host IgE or immunity to . brasiliensis when CD4" T cells are intact. We
conclude through these multiple corroborating yet independent lines of investigation that
basophils are not required to initiate primary cellular or humoral immunity under the
conditions examined.

Prior studies have implicated CD4* T cells as necessary for basophil accumulation!? 20,
Using these novel mouse reagents, we demonstrate that the CD4* T cell requirement is
necessary to mediate basophil IL-4 secretion, which is sequestered to tissues involved by
parasites and infiltrated by activated CD4* T cells. Although IL-4 and IL-13 from neither
CD4* T cells nor basophils were alone required to expel intestinal N. brasiliensis after
primary infection, combined deletion of 1L-4 and IL-13 from both cell types resulted in a
significant and reproducible deficit in this response, revealing a contribution by basophil-
derived IL-4 to this process. IgE responses were completely dependent on CD4* T cell-
derived I1L-4 and IL-13. In contrast to an earlier studyl8, we could demonstrate no deficit in
immunity to secondary N. brasiliensis infections using basophil-deficient mice. Under
conditions examined here, augmented basophil 1L-4 production in secondary infection was
entirely immunoglobulin-dependent, as demonstrated by serum adoptive transfer. As such,
our data are most consistent with models of tick infestation and chronic allergic dermatitis in
uncovering interacting roles for basophils and immunoglobulin1® 18, Thus, basophils,
despite their identification as innate immune cells, are peculiarly dependent on adaptive
immune cells, including CD4* T cells and antibodies, for robust generation of IL-4 in these
model systems.

Although combined deletion of IL-4 and IL-13 from CD4* T cells and basophils
reproducibly impaired intestinal worm clearance, the numbers of intestinal worms were
consistently fewer than in infected Rag2™~ or in /1471~ 1/137~ mice*": 48. Recently,
contributions of other cells, variably referred to as natural helper cells, nuocytes and iH2
cells, have been revealed®. These cells produce high concentrations of IL-13 and IL-5, but,
like basophils, require CD4* T cells for optimal activity®. We speculate that iH2 cells are
responsible for the partial worm clearance in the setting of CD4" T cell and basophil 1L-4
and IL-13-deficiency, although it is important to note the overlapping effects of 1L-4, IL-13,
IL-5 and IL-9 as assessed by stepwise deletion of these genes while assessing effects on
worm immunity*®. Basoph8 mice will provide a novel reagent to explore the role of
basophils in infectious and inflammatory models in addition to the ones explored here, and
to place these cells within the context of additional cell types and cytokines implicated in
allergic immunity and the response to helminthes.

ONLINE METHODS

Mice

KN2 x 4get, IL-4 dual reporter mice have been described?!. KN2 and 4get mice were bred
individually to the RagZ~ background and intercrossed to derive KN2 x 4get Rag2~ on
the BALB/c background. //4-//13Vfl and Rosa-DTa mice have been described3!: 35, Ca4-cre
mice and OT-I1.2 (subline 425-2) mice on a Ragl~/~ C57BL/6 background were purchased
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from Taconic. Hemizygous OT-I1.2 (subline 426-6) mice®? were repeatedly bred to human
CD2-DsRed transgenic mice>! until the fluorescent reporter was homozygous. Hy10
(formerly VVDJ9/k5) mice®2 were bred to B-actin-CFP mice (The Jackson Laboratory
#004218; Tg(ACTB-ECFP)1Nagy/J). Imaging of T cell interactions with DCs was by
adoptive transfer of OT-1I T cells into CD11c-YFP transgenic mice, C57BL/6
background®3. Mice were maintained in specific pathogen-free facilities at UCSF according
to institutional guidelines.

Generation of Basoph8 mice

A composite fluorescent reporter/recombinase cassette was assembled by standard cloning
procedures in the following order: rabbit B-globin gene partial exon 2-3 genomic sequence
serves as an artificial intron and splicing donor/acceptor; EYFP (Clonetech) gene as
fluorescent reporter; encephalomyocarditis virus (EMCV) internal ribosome entry site
(IRES); P1 phage Cre-recombinase cDNA with codon usage optimized for mammalian cells
(hCre); bovine growth hormone (bGH) poly-adenylation signal (pA); a floxed-neomycin-
resistant cassette derived from pL2neo2 placed 3’ of the entire cassette. This 4.8 kb reporter/
recombinase cassette was cloned into a basal targeting construct pKO915-DT (Lexicon)
containing diphtheria toxin-a chain (DT) for negative selection. 5" and 3" homologous arms
used to flank the reporter/recombinase cassette were obtained by high-fidelity PCR
amplification of the mcpt&locus from 129/SvJ genomic DNA. The 5" arm consists of a 2.9
kb fragment covering the promoter region and 5"UTR. The 3" arm consists of a 2.6 kb
fragment spanning the endogenous start codon to exon 5 of the mcpt8 gene. The Notl-
linearized construct was electroporated into PrmCre ES cells, which express Cre
recombinase driven by the protamine promoter. G418-resistant ES clones were screened for
homologous recombination by Southern blot. Two independent clones were injected into
C57BL/6 blastocysts to generate chimeras. The neomycin-resistant cassette was deleted in
the male germline by Cre-mediated recombination after breeding male chimeras to wild-type
C57BL/6 females. Mice carrying the Basoph8 allele were backcrossed to either the C57BL/6
or BALB/c background.

Parasites and papain immunization

The maintenance and infection with . brasiliensis have been described?C. S. mansoniwere
maintained as described, and mice were infected with 200 or 260 cercariae by subcutaneous
injection®. Liver samples were processed for flow cytometry analysis or fixed in 4%
paraformaldehyde for histology. S. mansoni eggs were harvested from hamster livers and
2500 eggs were injected subcutaneously in 50 wl into the footpad of mice as described!L.
Mice were immunized with 50 g papain (Calbiochem) as described®. For lymph node
imaging experiments, S. mansoni eggs or papain were mixed with 0.5-1 mg/mL OVA
(albumin from chicken egg white, grade VI, Sigma-Aldrich) or 0.1-0.33 mg/mL DEL-
OVAS52, Mice were immunized subcutaneously on both lower flanks and bilaterally
proximal to the base of the tail with 25 L per site. This subcutaneous immunization
resulted in basophil recruitment to the draining inguinal lymph nodes that was comparable to
the popliteal lymph node after footpad immunization (data not shown). In control
experiments, an equivalent dose of DEL-OVA was mixed with Sigma Adjuvant System
containing MPL and TDM (Sigma-Aldrich). To activate OT-I1 T cells in the lungs after \.
brasiliensis infection, mice were lightly anesthetized with isoflurane and 50 g of OVA was
given intranasally in 50 .l of PBS on days 1 and 6 after infection.

Flow cytometry

Antibodies against CD4 (APC-Alexa780), CD131/Bc (PE), c-Kit (APC, biotinylated), and
CD44 (APC) were purchased from Pharmingen; DX5 (APC) and c-Kit (APC-eFluor780)
from eBioscience; human CD2 (hCD2) (PE) and mouse 1gG2a (PE) from Invitrogen. Cells
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were incubated with anti-CD16/32 (Pharmingen), stained with the appropriate antibodies
and labeled with the vital dye 4”,6-diamidino-2-phenylindole (DAPI), 1 pg/ml, (Roche).
Cell counts were determined using Caltag Counting Beads (Invitrogen). The gating strategy
used for hCD2 staining is provided (Supplementary Fig. 11). The frequency of HEL-binding
B cells was determined by flow cytometry as described®2. The frequency of TCR-transgenic
T cells was determined by flow cytometry®2 with the following antibodies: rat anti-mouse
Vo2 TCR (clone B20.1, PerCP-Cy5.5, Biolegend), mouse anti-mouse Vg 5.1,5.2 TCR
(clone MR9-4, FITC, BD Biosciences), rat anti-mouse CD4 (clone GK1.5, APC-H7, BD
Biosciences) and hamster anti-mouse CD3 (clone 145-2C11, Alexa 647, Biolegend) or rat
anti-mouse CD3 (clone 17A2, Pacific Blue, Biolegend). Cells were analyzed on an LSRII
(Becton Dickinson) and data were analyzed using FlowJo software (Treestar, Inc.).

Cell purification, labeling, and adoptive transfers

For CD4* T cell reconstitution of KN2 x 4get Rag2~'~ mice, axial, brachial, cervical,
inguinal, popliteal and mesenteric lymph nodes were isolated from /47~ //137/~ mice. CD4*
T cells were purified from single-cell suspensions by negative depletion using antibody-
coated magnetic bead isolation (Miltenyi Biotec), and 1 x 107 cells were transferred to KN2
x 4get RagZ™'~ mice by tail vein injection. Animals were infected with N. brasiliensis 1
week later.

Details of cell purification and labeling for the imaging experiments are described in the
Supplementary Methods. Briefly, B cells were purified by CD43 and CD11c negative
selection. CD4 T cells were purified with the Dynabeads FlowComp Mouse CD4 kit
(Invitrogen). In some cases in which small numbers of cells were being transferred (<25,000
T cells or <50,000 B cells per recipient), no purification was needed and approximately 250
pL of blood was collected from the retro-orbital plexus of anesthetized donor mice with
heparinized capillary tubes (Fisher Scientific) into microtainer tubes with EDTA (BD).
Erythrocytes were lysed with ACK Lysing Buffer (Quality Biological) and cells were
resuspended in PBS. Cells were adoptively transferred into the retro-orbital plexus of
anesthetized Basoph8 mice 12—24 hours prior to immunization.

In vitro basophil activation

Two-photon

Total splenocytes from day 5-6 N. brasiliensis-infected KN2 x 4get mice were stimulated,
using 1 x 106 CD4* T cells/ml, overnight on plate-bound anti-mouse CD3e (2 g/ml) (clone
145-2C11) (BD Pharmingen). Splenic CD4" T cells were isolated from A. brasiliensis-
infected mice by positive magnetic bead selection (L3T4, Miltenyi Biotec) and incubated
overnight at 2 x 108/ml on plate-bound anti-mouse CD3e. Supernatants were collected and
analyzed for cytokines by ELISA. Basophils were enriched from the spleens of KN2 x 4get
Rag2™"~ mice using negative bead selection of CD49b-positive cells (Miltenyi Biotec).
Enriched basophils, 40-60 x 104, were stimulated overnight in 1 ml of activated-CD4* T
cell supernatant or recombinant IL-3 (R&D Systems), and basophil hCD2 expression was
assessed by flow cytometry as described.

microscopy and data analysis

Details of the lung slice and lymph node explant preparation and imaging setup are
described in the Supplementary Methods. Briefly, lung slices were prepared for imaging by
a modification of established methods (E. Thornton and M. Krummel, manuscript in
preparation)°®. The lungs were inflated with agarose, which was allowed to solidify, and
then thick slices were cut on a vibratome. Lung slices and explanted lymph nodes were
perfused in an imaging chamber with warmed RPMI media bubbled with 95% O, and 5%
CO3, and the temperature was maintained at 35-37°C.
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Two-photon microscopy was on an upright LSM 7 MP (Carl Zeiss Microlmaging), outfitted
with a W Plan-Apochromat 20x/1.0 N.A. water-immersion objective, acousto-optical
modulator, motorized stage (Prior Scientific), Chameleon Ultra Il laser (Coherent), and ZEN
2009 software. Each xy plane was collected at a resolution of 512x512 pixels with
bidirectional scanning and variable zoom. The spacing between planes in the zdimension
was set to 3-5 times the xy pixel size for a given zoom setting. Both Basoph8 YFP
fluorescence and CFP were detected in a sensitive gallium arsenide phosphide (GaAsP)
detector and were spectrally separated by changing the laser excitation wavelength (for
details, see Supplementary Methods). DsRed or CMTMR were collected on a standard non-
descanned detector (NDD) through an ET605/70 emission filter (Chroma).

Contact times were determined by a semi-automated measurement task in VVolocity 5.2.1 or
5.4.2 (PerkinElmer) and data were analyzed with Microsoft Excel 2003 and GraphPad
Prism. Details are provided in the Supplementary Methods. Maximum intensity z-projection
still images and time-lapse sequences were prepared in Metamorph 7.7 (Molecular Devices)
and ZEN 2009 Light Edition (Carl Zeiss Microlmaging), respectively. Linear adjustments
were made to brightness and contrast and in some cases photobleaching was partially
corrected by interpolation. Images were processed with low pass or median noise filters.
Annotation and final compilation of videos was in Adobe After Effects 7.0. QuickTime
format videos were compressed with a JPEG-2000 codec.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel. IL-4 production by basophilsfollowing parasite infection isrestricted to affected
tissues

(a) Flow cytometric analysis of 1L-4-competent (GFP™) cells from the lungs of A.
brasiliensis-infected KN2 x 4get mice. The gating scheme is presented (Supplementary Fig.
11). Eosinophils and basophils were initially gated as DAPI~, GFP* and CD4". Eosinophils
are additionally SSCNi, DX5~, whereas basophils are DX5*, SSC!°. In an effort to normalize
the data to all 1L-4-competent subsets, only GFP* CD4* T cells are presented. Numbers
represent the percent hCD2 minus the percent isotype control for each individual cell
population at indicated timepoints. (b) Flow cytometric analysis of hCD2 expression by
lung, liver and blood basophils, presented as in (a). (c) IL-4 protein expression, as assessed
by membrane hCD2, by lung basophils from KN2 x 4get mice, KN2 x 4get RagZ™'~ mice,
and KN2 x 4get RagZ™'~ mice reconstituted with //47/~ //13/-CD4* T cells following /.
brasiliensis infection. Data are presented as in (a). (d) Flow cytometric analysis of liver
basophils and eosinophils from S. mansoni infected KN2 x 4get mice and KN2 x 4get
RagZ™'~ mice reconstituted with /47~ 1/137/~ CD4* T cells, presented as in (a). Data
presented are representative plots from 3-5 independent experiments.
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Figure 2. CD4* T cell activation induces basophil | L-4 production in vitro

(a) IL-4 expression by basophils following anti-CD3e stimulation of total splenocytes from
N. brasiliensis-infected KN2 x 4get mice. (b) IL-4 expression by basophils enriched from
the spleens of KN2 x 4get RagZ™/~ mice following anti-CD3e stimulation of purified CD4*
T cells separated by a transwell. (c) IL-4 expression by basophils enriched from the spleens
of KN2 x 4get Rag2'~ mice after overnight culturing in activated CD4* T cell supernatant
or recombinant IL-3 at the indicated concentrations. (d) Effect of neutralizing anti-1L-3
antibody (10 pg/ml) on basophil 1L-4 production during stimulation of total splenocytes, as
in (@), and culturing with activated CD4* T cell supernantant, as in (c). (€) IL-4 expression
by basophils enriched from the spleens of N. brasiliensisinfected KN2 x 4get, KN2 x 4get
Ragz™'~ and KN2 x 4get RagZ™/~ mice reconstituted with /47~ //13~ CD4* T cells, and
stimulated /n vitroas in (a and d). Data presented are representative of 2—4 independent
experiments.
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Figure 3. Basophil lineage tracking and deletion in vivo

(a) Schematic illustrating the mcpi8targeting strategy used to generate Basoph8 mice. A
detailed map and screening of the successful targeting is presented (Supplementary Fig. 4)
(b) Flow cytometric analysis of YFP expression in the lung of Basoph8 reporter mice
following N. brasiliensis infection. Total DAPI~, YFP* cells were initially gated based on a
non-reporter control. YFP* cells were then assessed for expression of characteristic basophil
surface markers. (c) Flow cytometric analysis of basophils in the Basoph8 reporter strain
and the basophil deficient Basoph8 x Rosa-DTa. Total YFP* cells are presented as in (b).
Basophils were isolated by conventional flow cytometry by first gating total DAPI~, SSC'°,
CD4~ cells and then subsequent isolation of basophils by their DX5%, B¢ (CD131), IL-3RB*
expression profile. (d) Comparison of basophil numbers versus YFP™ cells, isolated as in
(c), in both Basoph8 reporter mice and basophil-deficient Basoph8 x Rosa-DTa mice from
the lung following N. brasiliensis infection. The graph represents data compiled from 2
independent experiments, 7-8 mice per group. (€) Flow cytometry of peritoneal mast cells
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from N. brasiliensis-infected mice. (f) Isolation of skin resident mast cell populations in

Basoph8 and Basoph8 x Rosa-DTa mice. Plots are representative of 2—4 independent
experiments.

Nat Immunol. Author manuscript; available in PMC 2012 February 03.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Sullivan et al.

Page 20

(on

Basoph8 x KN2
Basoph8 x KN2

x Rosa-DTa 5

1 0.002 G4

] 2®

£2
1 o

21
e o

1 2 3 4
Time (d)
Opennmdum'E; I >

C Basoph8 x KN2 d

Basoph8 x KN2 « Rosa-DTa

Day2 | | ' I:

Day3  Day4  MBasoph8 x KN2
[J Basoph8 x KN2

1
1 "g 18 x Rosa-DTa
D — I T —— % 14
g "é 1.0
. T g 08
b el 302

Day 4 | Day 3 Day 4

- N W Ao

Cyt* CD4*(%)

—h

e Basoph8 x KN2
Basoph8 xKN2 & peie DTo

Cyt+ CD4*(%)
- N W A~ O

+
.
R

A
%

40,50
%,

Ty T r L aess pamasi
108

o
0 107 10° 104
hCD2 >

0,
0,
o, 28
%,

%
%y
Y

Figure 4. Efficient CD4* T cell priming in the absence of basophils

(a) Representative flow cytometric analysis of total YFP* cells in the draining popliteal node
48 hours after S. mansoni egg footpad immunization. Plots represent total live (DAPI™)
lymph node cells. (b) Total basophil numbers in the draining node following footpad
injection of S. mansoni eggs. Data represents the compilation of 3 experiments in which 2-3
mice were analyzed per group, at each timepoint. (c) Flow cytometry of cytokine-positive
CD4* T cells, as assessed by hCD2 surface expression, in the draining node 4 days after S.
mansoniegg immunization. Plots represent total CD4*, DAPI~ cells, and hCD2 staining was
analyzed as in (Supplementary Fig. 11) (d). The graphs represent the percent of hCD2*,
cytokine-producing CD4* T cells (top) and the total number of cytokine positive CD4* T
cells (bottom) on days 3 and 4. Data was compiled from 3 independent experiments as in (b)
and is presented as the mean + SEM. (€) Representative flow cytometric analysis of hCD2*
CD4* T cells, as in (c), 72 h following papain (50 p.g) footpad immunization. (f) Percent
cytokine positive CD4* T cells compiled from 3 independent experiments with 2-3 mice per
group presented as the mean £ SEM.
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Figure 5. Basophilsand CD4" T cellsinteract in the lungs but not in lymph nodes

(a) Representative time-lapse images of contacts between the indicated cell types. Images
are maximum intensity z-projections (upper, middle, and lower are 33 um, 30 m and 28
pLm projections, respectively) from cropped two-photon microscopy image stacks. The
contacts in the middle and lower panels are further characterized in (d and Supplementary
Fig. 8). The lower panels (lung) correspond to Supplementary Video 4. Elapsed time is
shown as min:sec. Scale bars, 20 um. (b) Duration of contacts observed between the
indicated cell types. Each dot represents the duration of a single contact. Grey circles
indicate contacts that could be completely observed from start to finish, whereas black dots
represent contacts that could not be tracked for their entire duration, typically because the
conjugate entered or exited the imaging volume or exceeded the duration of the recording.
The black dot measurements therefore are underestimates. *, < 0.05; **, < 0.01
(Kruskal-Wallis test). (c) Histograms compiling the data in b. Black bar segments indicate
conjugates that could not be tracked for their entire duration. (d) Measurements of the
distance between cell centroids for the cell contacts shown in a. The T cell and basophil
were only in contact during the time periods that are shaded in light green. In contrast, the T
cell-B cell conjugate shown persisted for the entire duration of a 30-minute timelapse
recording. (e) On the left panel, dots represent single timepoint measurements of the
distance between cell centroids for cells that remained in contact for longer than eight
minutes. Measurements are only shown for the timepoints in which the cells were directly in
contact with each other. These data are compiled on the right panel, showing the median
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centroid distance for each cell conjugate that lasted greater than eight minutes. *, = 0.0003
(Mann-Whitney U-test).
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Figure 6. Basophil derived cytokines contribute to anti-helminth immunity

(a) Worm burden in the small intestine 10 days following primary N. brasiliensis infection.
Data was compiled from 3 independent experiments in which 3-5 mice per group were
infected. (b) Serum IgE concentrations of cohorts in (a) and BALB/c control mice. (c)
Analysis of the inflammatory response in the lung of experiments presented in (a).
Cellularity was determined by flow cytometric analysis. (d) Worm burden in the small
intestine as in (). Data represents the compilation of 2 experiments and a total of 5-8 mice
per group. *, P=0.0036 (€) Serum IgE concentrations from the cohorts presented in (d).
Data in each panel is presented as the mean + SEM.
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