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Previous studies on the role of the tetraspanin CD37 in cellular immunity appear contra-
dictory. In vitro approaches indicate a negative regulatory role, whereas in vivo studies
suggest that CD37 is necessary for optimal cellular responses. To resolve this discrep-
ancy, we studied the adaptive cellular immune responses of CD37~/~ mice to intradermal
challenge with either tumors or model antigens and found that CD37 is essential for
optimal cell-mediated immunity. We provide evidence that an increased susceptibility
to tumors observed in CD37~/~ mice coincides with a striking failure to induce antigen-
specific IFN-y-secreting T cells. We also show that CD37 ablation impairs several aspects
of DC function including: in vivo migration from skin to draining lymph nodes; chemo-
tactic migration; integrin-mediated adhesion under flow; the ability to spread and form
actin protrusions and in vivo priming of adoptively transferred naive T cells. In addi-
tion, multiphoton microscopy-based assessment of dermal DC migration demonstrated
a reduced rate of migration and increased randomness of DC migration in CD37~/~ mice.
Together, these studies are consistent with a model in which the cellular defect that
underlies poor cellular immune induction in CD37~/~ mice is impaired DC migration.
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Introduction

Adaptive cellular immunity is initiated by presentation of foreign
antigen by DCs to antigen-specific naive T lymphocytes. DCs exist
sparsely in peripheral tissues in a state specialized for antigen
uptake and processing. However, upon pathogen encounter, DCs
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transduce signals through pattern recognition receptors, leading to
an increased expression of cell surface molecules and cytokines,
and induction of DC migration from the periphery to draining
lymph nodes (DLNs) via afferent lymphatic vessels. Thus, upon
their arrival in secondary lymphoid organs, DCs are equipped to
initiate adaptive cellular immune responses through their ability to
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activate naive antigen-specific T cells [1]. Despite the importance
of DC migration from the periphery to DLNs, the roles of the
numerous molecules that regulate this process are incompletely
understood.

One such molecule is the leukocyte-specific membrane
protein CD37, a member of the tetraspanin protein superfam-
ily. Tetraspanins molecularly organize cellular membranes by
interactions with partner molecules, which they direct into regu-
lated signal-transducing tetraspanin-enriched microdomains. The
cellular processes regulated by tetraspanin-mediated molecu-
lar organization include proliferation, adhesion and migration
[2,3]. In immune cells, many important cell surface molecules,
such as integrins, co-receptors, pattern recognition receptors
and MHC molecules, are incorporated into tetraspanin-enriched
microdomains [4-6].

CD37 has recently attracted interest as a target for monoclonal
antibodies with therapeutic potential in B-cell malignancies [7,8].
However, most of what is known about the contribution of CD37
to immunology has been gleaned from CD37~/~ mice. The role
of CD37 in immunity is complex, where it influences both innate
and adaptive immunity. In innate immunity, CD37 molecularly
interacts with pattern recognition receptor Dectin-1, stabilizing
Dectin-1 at the macrophage cell surface, and negatively regulat-
ing proinflammatory cytokine secretion following ligand recogni-
tion [9]. Adaptive humoral immune responses are also perturbed
by CD37 ablation. T-cell-dependent IgG responses are impaired in
CD37~/~ mice [10], due to the key role that CD37 has in transduc-
ing the a4p1 integrin-dependent akt signaling pathway in B cells
[11]. Conversely, there is an exaggerated IgA response driven by
an excess of IL-6 [12]. This exaggerated IgA production is signif-
icant as it protects CD37~/~ mice from Candida albicans infection
[12], but also leads to glomerulonephritis in ageing mice [13]. In
cellular immunity, CD37 is one of multiple tetraspanins that neg-
atively regulate T-cell proliferation, resulting in a hyperprolifera-
tive response of CD37~/~ T cells stimulated in vitro [14]. In APCs,
CD37 is one of a number of tetraspanins that molecularly associate
with MHC class II (MHC-II) at the cell surface and has been shown
to negatively regulate antigen presentation, as CD37~/~ DCs are
hyperstimulatory to antigen-specific T cells [15].

Given the impaired regulation of antigen presentation and
T-cell proliferation in the absence of CD37 in vitro, one might
predict an exaggeration of in vivo adaptive cellular immunity in
CD37~/~ mice. However, CD37/~ mice show no increased sus-
ceptibility to autoimmune induction and conversely, when com-
bined with Tssc6 (Tspan32) deficiency, showed increased suscep-
tibility to the mouse malarial parasite Plasmodium yoelii and poor
antigen-specific T-cell responses to influenza infection [16]. It is
clear from these findings that data derived in vitro are not predic-
tive of the role of CD37 in immune responses in vivo.

In this study we examined the role of CD37 in in vivo adap-
tive cellular immune responses. CD37~/~ mice were challenged
with live and irradiated tumors, and soluble antigens coupled to
the membrane-translocating peptide penetratin — all immuno-
gens known to elicit powerful IFN-y T-cell responses in WT mice.
We show that CD37~/~ mice make poor CD4* and CD8* T-cell
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IFN-y responses to both tumor and model antigen challenge.
Furthermore, we present evidence that CD37 ablation impairs var-
ious aspects of DC function including cell migration and adhesion.
This study demonstrates that a defect in DC migration is a major
cellular impairment that underlies poor cell-mediated and anti-
tumor responses in CD37~/~ mice.

Results

Impaired antitumor immunity and antigen-specific
T-cell development in CD37~/~ mice

Studies of pathogen resistance in CD37~/~ mice suggested a
role for CD37 during development of antigen-specific T-cell
responses [16]. Since antigen-specific effector T cells are a crit-
ical requirement for tumor elimination [17], rejection of a syn-
geneic lymphoma-derived cell line transfected with the human
cancer antigen Mucin 1 (RMA-Mucl) was compared between WT
and CD37~/~ mice. While RMA cells grow unchecked in mice
of a C57BL/6 (WT) background (Fig. 1A), RMA-Mucl cells pro-
voke antigen-specific T-cell responses and tumor rejection typi-
cally within 2 weeks [18]. However, CD37~/~ mice challenged
with RMA-Mucl failed to reject these tumors over a similar
time course (Fig. 1B). Similarly, when challenged with fewer
RMA-Mucl cells, tumors grew significantly larger in CD37~/~ mice
than in their WT counterparts (Fig. 1C), indicating a role for CD37
in antitumor responses.

To compare development of antitumor T-cell responses in WT
and CD37~/~ mice, y-irradiated RMA-Mucl cells were injected
i.d. and ELISPOT analyses performed 2 weeks later. While overall
splenocyte numbers and leucocyte population frequencies did not
differ between WT and CD37~/~ mice (Supporting Information
Fig. 1), the frequency of Mucl-specific IFN-y-producing T cells
induced in CD37~/~ mice was significantly lower than that of WT
mice (Fig. 2A), correlating with increased tumor growth observed
in CD37~/~ mice after RMA-Mucl tumor challenge (Fig. 1). This
defect was not T-cell subset restricted as shown by analyses of mice
immunized with y-irradiated B16 melanoma cells transfected to
express ovalbumin (B16-OVA). The frequency of both CD4" and
CD8™ IFN-y-secreting ovalbumin-specific T cells was significantly
lower in CD37~/~ mice compared with that of WT control mice
(Fig. 2B).

To exclude any potential differences in antigen capture and
processing in CD37~/~ mice, similar experiments were performed
with soluble antigens and peptides conjugated to the internalizing
peptide penetratin [19]. Antp-OVA immunization induced a high
frequency of IFN-y-producing cells in WT mice, whereas this fre-
quency was markedly lower in both CD4* and CD8™ T-cell popula-
tions derived from CD37~/~ mice (Fig. 2C). CD8* T-cell responses
in CD37~/~ mice were measured independently of T-cell help by
immunization with Antp-SIINFEKL. Again, we observed a striking
reduction in responding CD8* T-cell frequencies in CD37~/~ mice
suggesting that the defect in antigen-specific T-cell responses is
not due to a failure of T-cell help (Fig. 2D).
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Figure 1. Increased tumor growth in CD37~/~ mice. Tumor growth and rejection were compared in WT and CD37~/~ mice by subcutaneous
injection of either (A) 5 x 10° RMA, (B) 5 x 10°® RMA-Mucl, or (C) 1 x 10® RMA-Mucl lymphoma cells. Data are shown as mean + SEM of n =5
mice/group and are representative of four experiments performed. *p < 0.05; *p < 0.01, ***p < 0.001, two-way ANOVA with Bonferroni test.

A B Cc
2 . " 800+
2 RMA-Muc1 600 B16-OVA Antp-OVA
2 00
;]
= 600
8
% 4001
+
® 400 I:I cnar“
=
5
zuu- =
"6 ok 200‘
= °‘ e 0
3 2
S Oh c? & 0'*' 0"' <§’ 0"‘
| Iy S L J L )
IFN-y IL-4 lFN—v IL-4 IFN-\' IL-a
D E F
S 8007 Antp-SIN 800 B16-OVA 8007 naive - conA
a
P
= 600 600+ 600-
8
H
© 400 400- 400-
=
g 200 200+ 200
L~ EL L]
o
&
w 0- 0' 0- B
& F & ¥ O b .9
S Q«\ cP° ¢$\ °0° "
. L J L J
IFN-y IFN-y IL-4 IFN-y

Figure 2. Antigen-specific T-cell responses are impaired in the absence of CD37. WT and CD37~/~ T-cell responses were assessed by ELISPOT
(A-E) after immunization or (F) in naive mice. Immunized mice received either (A) y-irradiated RMA-Mucl, (B, E) y-irradiated B16-OVA, (C) soluble
Antp-OVA, or (D) Antp- SIINFEKL peptide. Splenocytes were restimulated with either (A) y-irradiated RMA-Mucl, (B-D) helper peptide (CD4%),
SIINFEKL peptide (CD8"), or an irrelevant peptide sequence (Irr.), or (E-F) Con A. Antigen-specific IFN-y or IL-4-secreting T-cell frequencies are
shown and (E) Con A-stimulated splenocytes generated for each individual—B16-OVA immunized example shown. (F) Splenocytes from naive
mice were incubated in either media alone (unstim) or 0.5-1.0 pg Con A. Data are shown as the average frequency of cytokine-secreting cells
+ SEM of n = 4 mice/group (A-D) and n = 6-8 mice/group (E, F), and are representative of two to four experiments performed. **p < 0.001, ANOVA
with Bonferroni test.
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Given Thl (e.g., IFN-y) and Th2 (e.g., IL-4) cytokine path-
ways are known to play cross-inhibitory roles [20], enhanced Th2
responses in CD37~/~ mice may suppress IFN-y production. How-
ever, IL-4 production was very low in both WT and CD37~/~ mice
(Fig. 2A—-C). Similarly, an upregulation in antigen-specific IL-17-
secreting T-cell frequencies (i.e., Th17) was not apparent (data
not shown). Furthermore, these data could not be attributed to
an intrinsic defect in cytokine production in CD37~/~ T cells,
as responses to con A, included as controls in all assays, were
normal, regardless of whether splenocytes were harvested from
immunized (Fig. 2E) or nonimmunized mice (Fig. 2F).

Impaired in vivo priming of antigen-specific T cells
by CD37~/~ DC

To explore the mechanisms underlying poor cellular immunity in
CD37~/~ mice, we first determined whether the CD37~/~ immune
system was able to elicit WT T-cell responses in vivo. Therefore,
priming of adoptively transferred antigen-specific WT T cells
(Ly5.1"Va2tCD8a™) in DLNs (Fig. 3A) was compared between
WT and CD37~/~ mice. While WT mice were able to efficiently

Cellular immune response

drive proliferation of adoptively transferred OVA-specific OT-I
T cells in vivo after immunization, induction of OT-I T-cell expan-
sion and proliferation was significantly poorer in immunized
CD37~/~ mice (Fig. 3B-D). We conclude that CD37*/* T-cell
priming is impaired in the absence of CD37, suggesting that a
major defect in cellular immunity in CD37~/~ mice resides in the
cells with the unique ability to stimulate naive T cells, namely
DCs. To confirm this conclusion, bone marrow-derived dendritic
cells (BMDCs) from WT and CD37~/~ mice were pulsed with
antigen and injected into WT and CD37~/~ recipients to elicit
immune responses measured by ELISPOT. The data confirm that
CD37~/~ BMDGs elicit significantly poorer IFN-y T-cell responses
than WT counterparts. Moreover, WT BMDCs are able to elicit
strong responses in both WT and CD37~/~ recipients, suggesting
that CD37/~ T cells can respond efficiently to appropriate
stimulation (Fig. 3E).

DC migration is impaired in the absence of CD37

Since we have previously established that CD37~/~ DCs are
potent inducers of T-cell responses in vitro [15] and that cytokine
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Figure 3. Impaired in vivo priming of WT T cells by CD37~/~ DC. CFSE-labeled OT-I Ly5.1 cells were adoptively transferred into WT or CD37~/~
mice 24 h prior to immunization with y-irradiated B16-OVA cells. T-cell proliferative responses were assessed in the DLNs by flow cytometric
analysis of CFSE dilution. (A) Antigen-specific OT-I T cells were gated on viable, CD8"Va2*Ly5.1" cells (black) and the (B) proliferation index and
(C) expansion index of OT-I T cells after immunization of either WT or CD37~/~ mice was determined. Histogram bars represent the mean + SEM of
n =4 mice/group; data are representative of four experiments. **p < 0.001, two tailed t test. (D) Representative flow cytometry plots demonstrating
cell division as detected by CFSE dilution (data = thick, gray-filled histogram, proliferation model = thin-line histogram). (E) SIINFEKL-pulsed WT
or CD37~/~ BMDCs were injected into WT or CD37~/~ mice as indicated. Two weeks later splenocytes were harvested and restimulated with either
SIINFEKL peptide (CD8*) or Con A. The mean frequencies of antigen-specific IFN-y-secreting T cells are shown as mean + SEM. WT BMDCs into
WT recipients n = 28, CD37~/~ BMDCs into WT recipients n = 22, WT BMDCs into CD377/~ recipients n = 15, data shown are pooled from six
experiments performed. *p < 0.05, ANOVA with Bonferroni test.
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secretion (including the Thl inducing IL-12p70) is unaltered in
CD37~/~ DCs (Supporting Information Fig. 2A), we assessed other
DC functions known to be important in driving antigen-specific
T-cell responses. Given that tetraspanins regulate cellular motil-
ity and adhesion in other cells [21,22], a defect in DC migration
may contribute to impaired antigen-specific T-cell development
in CD37~/~ mice. Therefore, the effects of CD37 deficiency were
assessed in both in vivo and in vitro DC migration assays.

When DC migration from FITC-painted skin to the draining
lymphoid tissue was monitored [23], FITC label was preferentially
associated with migratory Langerhans and dermal DC populations
(gates 1 and 2, respectively) in the DLNs (Fig. 4A), suggesting

Eur. J. Immunol. 2013. 43: 1208-1219

that these APCs had carried the FITC label from the periphery
rather than FITC transfer to nonmigratory lymphoid resident pop-
ulations (gates 3 and 4) [24]. When the absence of CD37 was
assessed, a significant impairment of in vivo DC migration from
the periphery to the LN was observed (Fig. 4B). Similarly, signifi-
cantly fewer CD37~/~ DCs emigrated from mouse ear explants in
response to the chemokine CCL19 (Fig. 4C). This finding could not
be attributed to a DC developmental defect, as the total number
of CD11c* CD37~/~ DCs in ear tissue, enumerated by enzymatic
digestion and release, was comparable with WT mice (Fig. 4D).
To determine whether the defect in migration induced by CD37
ablation was intrinsic to DCs, or might be explained by defects in
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Figure 4. In vivo DC migration and in vitro chemotactic migration is impaired in the absence of CD37. (A-B) FITC staining was assessed in inguinal
LN DCs 3 days after abdominal FITC skin painting. (A) Expression of DEC205 and CD8a by CD11ct DLN DC subsets, demonstrating “skin derived”
(gates 1-2) and “lymph node resident” DC (gates 3-4), was determined by flow cytometry. (B) Relative frequencies of FITC*CD11c™ WT & CD37~/~
DCs present in DLNs are shown as mean + SEM of n = 7 mice/group pooled from four experiments. (C) DC emigration from mouse ear tissue in
response to CCL19 is shown. Each symbol represents an individual mouse and bars represent means; data are pooled from two experiments. (D)
The total number of CD11c* DCs/mg of ear tissue. Each symbol represents an individual mouse ear and bars represent means; data are pooled
from three experiments. (E-F) Equal numbers of fluorescently-labeled WT (SNARF-1) and CD37~/~ (CFSE) BMDCs were coinjected into recipient
WT mice. (E) After 36-38 h, DCs were purified from draining and nondraining LNs and CD11c™ cells gated as shown. (F) Relative numbers of
migrating CD37~/~ DCs are expressed as a percentage of comigrating WT DCs and are shown as mean + SEM of n = 4 mice/group pooled from four
experiments. (G) WT and CD37/~ BMDC migration was compared in vitro across Transwell inserts in response to 1 pM CCL19. The chemotactic
index is shown as mean + SEM of five experiments. (H) Surface expression of CCR7 by WT and CD37~/~ BMDCs was determined by flow cytometry
in the presence and absence of LPS stimulation (1 jg/mL). Statistical analysis performed with (B, F) one-sample t-test, (C, D, G) two-tailed t-test,
*p < 0.05, *p < 0.01.
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Figure 5. Two-photon confocal analysis of WT and CD37~/~ dermal DC migration following treatment with oxazalone. (A-C) Comparisons of (A)
displacement, (B) displacement rate, and (C) meandering index (displacement/track length), of WT and CD37~/~ dermal DCs under basal conditions,
or 18-20 h following application of oxazalone (Oxa) are shown. Data are derived from two separate areas within the abdominal flank, with >60
DCs per area evaluated from n = 5 mice/group. (D) Representative common origin plots of WT DCs (20 cells) and CD37~/~ DCs (19 cells) traced
over time by two-photon microscopy 18-20 h following oxazalone treatment. (E) The frequency of motile cells (based on displacement) at 18-20 h
following oxazalone treatment is shown as mean + SEM of n = 5 mice/group, and is pooled from five experiments performed. *p < 0.05, *p < 0.01,

two-tailed t-test.

CD37~/~ microanatomy, WT, and CD37~/~ BMDCs were differ-
entially labeled, and coinjected intradermally into the same WT
recipients. The frequency of injected CD37~/~ DCs that migrated
to DLNs was approximately half that of WT DCs (Fig. 4E and F).
A DC intrinsic defect in migration was also observed for CD37~/~
BMDCs during in vitro chemotaxis (Fig. 4G), where despite normal
expression of CCR7 (Fig. 4H) and normal maturation responses
to LPS (Supporting Information Fig. 2B), LPS-stimulated CD37~/~
DCs displayed significantly poorer migration in response to CCL19.

Directional migration is impaired in CD37~/~ DCs

To further examine the effect of CD37 deficiency on DC migra-
tion in vivo, CD37~/~.CD11c-YFP mice were bred. CD11c-YFP
mice express yellow fluorescent protein (YFP) selectively in DCs,
enabling multiphoton microscopic visualization of dermal DCs in
intact skin of live mice [25, 26]. Previous studies have demon-
strated that dermal DC are spontaneously migratory [26]. Com-
parison of constitutive DC migration in WT and CD37~/~ mice
revealed no differences in basal migration parameters including
distance, velocity, and straightness of migration (as indicated by
displacement, displacement rate, and meandering index, Fig. 5A—
C). Since the in vivo findings suggest a deficiency in migration of
CD37~/~ DCs when performed under activatory conditions, such
as dibutyl phthalate application or immunization, we next charac-

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

terized the DC response to the chemical irritant oxazolone. Com-
parison of WT and CD37~/~ DC migration 18-20 h after oxazolone
treatment revealed significant reductions in migratory function
and random migration in CD37~/~ DCs (see Oxa, Fig. 5A—C). This
is further illustrated by comparison of the XY-displacement tracks
of DC migration in WT and CD37~/~ mice, which show extensive
paths of migration in WT mice, in contrast to minimal responses
in CD37~/~ mice (Fig. 5D). In addition, a significant proportion of
CD37~/~ DCs were less motile displaying an increased frequency
of cells with <5 pm displacement (Fig. 5E). Videos showing this
impaired in vivo directional migration of CD37~/~ DCs compared
with that of WT controls are included in the Supporting Infor-
mation (Supporting Information Fig. 3 and 4). Taken together,
Figure 4 and 5 demonstrate that CD37 ablation induces a signifi-
cant impairment in DC migration.

Adhesion and cell spreading is impaired in
CD37-/- DCs

Tetraspanins molecularly associate with integrins and regulate
outside-in signaling and cytoskeletal rearrangement as evidenced
by impaired adhesion strengthening under flow and cell spreading
observed in tetraspanin-deficient cells [27-31]. To test if CD37
plays a similar role in DCs, we first measured DC adhesion to
ECM substrates under low shear flow conditions. WT DCs adhered

www.eji-journal.eu
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Figure 6. BMDC adhesion and cell spreading is impaired in the absence of CD37. (A) WT and CD37~/~ BMDCs were perfused over fibronectin,
collagen, or laminin-coated flow chambers and adherent cells/100 fields recorded over the length of the flow chamber. Each symbol repre-
sents a single experiment and the bar represents the mean. *p < 0.05, two-tailed t-test (Fibronectin: n = 7 experiments, Laminin & Collagen:
n = 4 experiments WT and n = 2 experiments CD37~/~). (B) Flow cytometric analysis of cell surface integrin expression by WT (dark gray-filled
histogram) and CD37~/~ (black dashed-line histogram) BMDCs. (C)~(E) LPS-stimulated BMDC membrane morphology was characterized following
adhesion to fibronectin in the presence of PMA. (C) Representative fluorescence micrographs of BMDCs postfibronectin adhesion stained with
Phalloidin-FITC (scale bars = 20 um). White asterisks indicate example cells displaying cell spreading/membrane protrusions. (D) The frequency of
BMDCs with membrane protrusions was determined from a total of 180-200 cells in each experiment and is shown as mean + SEM of data pooled
from n = 3 experiments. *p < 0.05, two-tailed t-test. (E) Cell adhesion areas were calculated from Phalloidin- FITC labeled fluorescence micrographs
as in (C). Symbols represent individual cells, bars represent mean, and data are representative of three experiments n = 100 cells/group, **p <
0.001, two-tailed t-test. (F) LPS-stimulated WT and CD37~/~ BMDCs were adhered to fibronectin coated coverslips, stained with Phalloidin-FITC
and visualized by bright-field (left) and confocal (right) microscopy (scale bar = 20 um). (G) LPS-stimulated WT and CD37~/~ BMDCs were adhered
to fibronectin-coated coverslips and visualized by scanning electron microscopy (scale bar = 20 pm). (C, D, F, G) Data shown are representative of
8-15 fields examined, 2 experiments performed.

efficiently to fibronectin, but poorly to laminin and collagen
(Fig. 6A). However, despite normal expression of the fibronectin
receptors CD49d and CD49e integrins (Fig. 6B), the absence of
CD37 resulted in significantly reduced BMDC fibronectin adhe-
sion (Fig. 6A). Cell spreading upon adhesion and membrane pro-
trusion formation are dependent on cytoskeletal rearrangement
driven by actin polymerization. To assess the role of CD37 in
these processes, activated BMDCs were allowed to adhere and
spread on fibronectin. Actin-dependent cell spreading was visual-
ized by Phalloidin staining (Fig. 6C and F), bright field imaging
(Fig. 6F), and scanning electron microscopy (SEM) (Fig. 6G). The
percentage of cells with membrane protrusions and the area of
adhered cells were quantitatively determined (Fig. 6D and E).
While WT DC readily spread, formed membrane protrusions and

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

showed a classical dendritic morphology, CD37~/~ DCs had a
smaller rounded morphology with a relative absence of protru-
sive membranes (Fig. 6C-G). We conclude that CD37 is essential
for cytoskeletal-dependent processes such as adhesion under flow,
cell spreading upon adhesion, and the formation of membrane
protrusions.

Discussion
CD37~/~ mice display poor adaptive cellular responses to live
tumors, irradiated tumors, and soluble antigens (Fig. 1 and 2).

These findings are difficult to reconcile with exaggerated T-cell
proliferative [14] and DC antigen-presenting phenotypes [15]

www.eji-journal.eu
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observed when examining CD37-deficient cells in vitro. Classically,
effective adaptive cellular immunity to tumors is characterized
by the induction of CD8 cytotoxic T lymphocytes, helped by
IFN-y-secreting Th1 CD4" T cells. CD37 negatively regulates T-cell
proliferation [14]; therefore, a contribution of aberrant T lympho-
cytes to poor CD37~/~ cellular responses observed in CD37~/~
mice must be considered. However, it is difficult to argue that in
vitro hyperproliferation could manifest in vivo as an inability to
mount an effective IFN-y response. The defect is not due to an
inherent inability of stimulated CD37~/~ T cells to secrete IFN-y
(Fig. 2E-F and 3E), to altered frequencies of T cells such as Treg
cells (Supporting Information Fig. 1), or to skewing of CD37~/~
T-cell responses away from an IFN-y-secreting Th1 cell pheno-
type. IL-12 is produced normally in CD37~/~ DCs (Supporting
Information Fig. 2) and T-cell IL-4 (Fig. 2A-C) responses were
minimal for both WT and CD37~/~ mice. Moreover we could
detect no defects in activated CD37~/~ T-cell homing to lymphoid
organs (data not shown).

By contrast there are several lines of evidence that point to
an impairment in DC migration in CD37~/~ mice. First, despite
CD37~/~ DCs being potent stimulators of T cells in vitro [15],
immunized CD37~/~ mice show impaired priming of adoptively
transferred WT T cells, and CD37~~ DC induce poor T-cell
responses when injected into WT recipients, showing a defect in
the biology of CD37~/~ DC in vivo (Fig. 3). Second, in vivo and
in vitro experiments point to a significant impairment in migra-
tion that was intrinsic to CD37~/~ DCs (Fig. 4). This observation
was extended by in vivo visualization of DC migration in WT
and CD37~/~ mice, via multiphoton confocal microscopy (Fig. 5).
Initial experiments revealed no difference in spontaneous dermal
DC migration, consistent with the absence of a phenotypic differ-
ence between WT and CD37~/~ naive mice [10]. Subsequently, we
examined the response of dermal DCs to a local inflammatory irri-
tant, oxazolone. The WT response to this treatment was a period
of cessation of DC migration, as described previously for DCs that
encounter danger signals [26], followed by a recovery of migration
some hours later. As DCs typically migrate to the LN following local
inflammatory stimulation, the latter response presumably models
this phase of DC behavior. The absence of CD37 had its most sig-
nificant effect on DC migration during this second phase, reducing
both the velocity and directionality of migration. The combination
of these two deficits would be expected to markedly reduce the
efficiency of DC migration toward dermal lymphatics en route to
the LN, a hypothesis supported by analysis of both in vivo DC
migration in the FITC painting model (Fig. 4A), and the poor
recovery of injected CD37~/~ BMDCs in DLNs (Fig. 4E-F). Taken
together, the evidence supports a model where an impairment in
DC migration is a major contributing factor to the poor adaptive
cellular immunity induced in CD37~/~ mice; the CD37~/~ DCs do
not arrive in DLNs in sufficient numbers to effectively induce an
adequate cellular immune response.

The study of molecules that regulate DC migration is an area of
intense investigation and DC migration occurs via both adhesion-
dependent [32-34] and adhesion-independent mechanisms [35],
the latter driven by a chemokine-dependent mechanism involving
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cytoskeletal rearrangement [36]. Tetraspanins can potentially
contribute to both adhesion-dependent and adhesion-independent
DC migration. Tetraspanins are best characterized by their ability
to molecularly interact with integrins — adhesion molecules
important in regulating cell migration in many diverse cell types
[2]. Tetraspanins regulate integrin function, as frequently
observed in the impaired adhesion and migration of tetraspanin-
deficient cells of various lineages [27, 29-31]. Similarly, we
demonstrate that adhesion to fibronectin is impaired in CD37~/~
DCs under low shear flow (Fig. 6A) implicating a role for CD37
in regulating outside-in signaling of a4p1 and/or a581 integrins
in DCs.

Tetraspanins are also known to interact with the cytoskele-
ton via molecular interactions with ezrin/radixin/moesin pro-
teins [37], and cross-linking tetraspanins at the cell surface can
drive cytoskeletal rearrangement [38]. In this study we observed
impaired CD37~/~ DC function in two processes known to require
cytoskeletal rearrangement: integrin outside-in signaling, investi-
gated by measuring adhesion under flow (Fig. 6A), as well as cell
spreading to form membrane protrusions (Fig. 6C-G). An effect
of CD37 ablation on cytoskeletal rearrangement is also consis-
tent with a recent report that the absence of another tetraspanin,
CD81, results in inhibited integrin-dependent in vitro DC chemo-
taxis [28] and the formation of membrane protrusions, driven by
a dysregulation of Rac-1 activation. While the in vivo immuno-
logical effects of impaired migration of CD81~~ DCs were not
studied [28], in the present paper it is clear that CD37 abla-
tion profoundly affects in vivo DC migration which is the likely
cellular mechanism that underlies the poor cellular immunity
induced in CD37~/~ mice. The next challenge is to unravel the
molecular interactions of CD37 in DCs.

Materials and methods

Mice

C57BL/6 (WT), C57BL/6.CD37~/~ (CD37~/~) [10], CD11cYFP,
CD377/~.CD11cYFP, and OT-I Ly5.1 mice were bred in house,
or obtained from the Walter and Eliza Hall Institute (Melbourne,
Australia). Mice were housed under SPF conditions within the Bur-
net Institute animal facility (Austin Campus), the AMREP Animal
Services, or the Nijmegen Medical Centre and used between 8 and
12 weeks of age. In vivo multiphoton imaging was performed on
8-10-week-old female CD37~/~.CD11cYFP mice with CD11cYFP
mice used as controls. The corresponding campus animal ethics
committees at Austin Hospital, AMREP Animal Services, Monash
Medical Centre, or Nijmegen Medical Centre approved all animal
experiments.

Tumor challenge

Mice were challenged subcutaneously with 1-5 x 10° cells from
either RMA (C57BL/6 — T-cell lymphoma) or RMA-Mucl as
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described previously [39]. Mucin-1 expression in RMA-Mucl cells
was maintained during culture by hygromycin treatment and
assessed via flow cytometry. Tumor growth was measured by
calipers daily. Mice with tumors in excess of 2.0 cm? were culled
from experiments for ethical reasons.

Immunizations and antigen preparation

Mice were immunized with the following antigens via base of
tail intradermal injection: (i) model tumors: 5 x 10° y-irradiated
RMA-Mucl cells or ovalbumin expressing B16 tumor cells
(B16-OVA), (ii) Antennapedia peptide conjugated antigens: 25 ng
Antp-OVA or Antp-SIINFEKL [39] or (iii) 1-2 x 10® WT or
CD37~/~ LPS-activated BMDCs pulsed with 1 wg/mL SIINFEKL
(Mimotopes) for 1 h at 37°C.

Antigen-specific cytokine responses (ELISPOT)

Two weeks after immunization, 5 x 10° splenocytes were
stimulated in triplicate with either 2.5 pg/mL con A, 20 pg
SIINFEKL peptide, 20 pg Helper peptide, or 2 x 10° irradiated
RMA-Mucl cells [39]. Naive splenocytes were stimulated in tripli-
cate with 0.5-1.0 pg/mL Con A. Negative controls were included
in all assays as irrelevant peptides, unstimulated splenocytes, and
nontransfected RMA cells. IFN-y-secreting T cells were detected
with mAbs RA-642 and XMG1.2 (BD Pharmingen) and the mAbs
11B11 and BVD6-24G2 (BD Pharmingen) were used to detect
IL-4 production. The AID ELISPOT Reader System (Autoimmun
Diagnostika) was used to quantify the frequency of cytokine pro-
ducing T cells.

DC isolation and in vitro derivation

Splenic DCs were isolated by enzymatic digestion and density-
gradient centrifugation followed by magnetic bead depletion [15].
BMDCs were generated from 7 to 9 day cultures supplemented
with 10 ng/mL GM-CSF and IL-4 (R&D Systems) and stimu-
lated with 1 pg/mL LPS for 17-20 h. Purity was determined by
mADbs detecting CD11c and MHC-II expression resulting in >85%
CD11c*MHC-II*.

In vivo T-cell proliferation

T cells were purified from OT-I Ly5.1 mice via mAb cocktail [14]
and bead depletion (Qiagen) and labeled with CFSE before adop-
tive transfer (i.v.) of 3 x 10° cells into WT or CD37 /" mice.
After 24 h, recipient mice were immunized intradermally with
y-irradiated B16-OVA cells. Five days later, mice were culled and
inguinal LNs stained with CD8a, Va2, Ly5.1, and Ly5.2 mAbs
before flow cytometric analysis.
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In vivo DC migration

Fluorescein-5-isothiocyanate (FITC “Isomer I”) (Invitrogen) was
dissolved in DMSO at 10% w/v. Acetone and dibutyl phthalate
were added at a 1:1 ratio to make up a final 1% w/v FITC solution.
FITC (100 L) was applied to the shaved abdominal region of
mice and after 3 days DCs purified from inguinal (draining) and
brachial (nondraining) LN via positive selection with anti-CD11c
labeled magnetic beads (Miltenyi Biotec). Cells were stained for
CD11c, CD8u, and DEC205 expression and gated on CD11c™ cells.
The frequency of FITC* DCs detected in the DLN was normalized
to WT migration.

BMDC homing to DLNs was compared between fluorescently
labeled WT and CD37~/~ cells (0.5 wM CFSE or 1 uM SNARF-1,
Molecular Probes). A total of 1 x 10° labeled WT and CD37 7/~
BMDCs were coinjected intradermally (base of tail) into WT mice.
Approximately 36 to 38 h later, DLNs (inguinal) and non-DLNs
(brachial) were harvested, digested with DNase (1 mg/mL) and
collagenase (1 mg/mL), centrifuged over Nycodenz gradients, and
the enriched DC preparations stained for CD11c expression. The
relative frequencies of CD11¢*CFSE' and CD11ctSNARF-1* cells
were assessed by flow cytometry and results confirmed in recipro-
cal labeling experiments.

Ex vivo DC migration

Mouse ears were excised and weighed prior to being split into
dorsal and ventral halves. Right ears were placed in culture
medium containing CCL19 (1 pM) and left ears in medium alone
and cultured for 24 h at 37°C. Emigrated cells were harvested,
stained for CD11c expression, and enumerated via FACS in the
presence of counting beads (BD Biosciences). Ex vivo DC chemo-
taxis was calculated as the number of CD11c™ cells/mg of excised
ear tissue emigrating in response to CCL19 corrected for DC emi-
gration in response to medium alone. The total number of DC per
ear was determined in separate assays in which ear tissue was
homogenized and digested with DNase (1 mg/mL) and collage-
nase (0.1 mg/mL) for 60-90 min at 37°C. The resulting single cell
suspensions were stained for CD11c expression and DCs enumer-
ated with counting beads via FACS.

In vitro DC migration and adhesion

In vitro DC migration was examined using trans-well assays. LPS
(1 pg/mL) stimulated BMDCs were incubated in the upper cham-
ber of trans-wells (5 pwm pore size; Costar) at 5 x 10° cells per
well, with medium alone or medium containing CCL19 (1 puM)
in the lower chamber. After 2 h incubation, cells in the upper
chamber were discarded and migrated DCs in the lower chamber
harvested. MHC-II"CD11c™ DCs were enumerated with counting
beads via FACS. The results are presented as chemotactic index
whereby the number of cells migrating to CCL19 is normalized to
number of cells migrating randomly (no CCL19).
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BMDC adhesion was examined using parallel flow chamber
assays. BMDCs (1.5 x 10° cells/mL) diluted in HBSS containing
Ca'™ and Mg** were perfused at a low physiological shear rate
of 0.5 dynes/cm? through a flow chamber (at 37°C) precoated
with extracellular matrix proteins (10 pg/mL), then blocked with
1% BSA-PBS prior to use. Following a 2 min perfusion to initi-
ate cell adhesion, the number of adherent cells per (10x) micro-
scopic field was determined by image analysis of video-recordings
made along the length of the flow chamber over 5-6 min. Results
were expressed as the number of BMDCs adhering per 100 fields
examined.

BMDC adhesion morphology was assessed by bright-field, flu-
orescence, confocal, and SEM, in which BMDCs were incubated
in the presence of 50 ng/mL PMA (Sigma-Aldrich) on human
fibronectin coated coverslips (Sigma-Aldrich; 50 pg/mL in PBS),
for 1 h at 37°C. Cells were fixed prior to imaging with 4%
paraformaldehyde (bright-field, fluorescence & confocal) or 2.5%
glutaraldehyde-100 mM cacodylate buffer (SEM). Filamentous
actin (F-actin) was detected by Phalloidin-FITC (Sigma-Aldrich;
0.5 ng/mL) following fixation and 0.1% Triton-X permeablization.
A total of 180-200 F-actin-labeled DCs were visualized (at 400x
magnification) and blind scored to determine the frequency of
cells displaying membrane protrusions. The extent of cell spread-
ing following 1-h incubation on fibronectin was assessed by deter-
mining the surface area of Phallodin stained cells imaged by flu-
orescent microscopy. Cell-cell contact and debris artifacts were
removed using ImageJ software (NIH). SEM samples were dehy-
drated through a series of ethanols and critically point-dried. After
sputter coating with gold, the cells were examined using a JOEL
JSM 6390 scanning electron microscope.

In vivo multiphoton imaging

Mice were either left untreated or given a single application of
50 pL of 5% oxazolone (4-ethoxymethylene-2-phenyl-2-oxazolin-
5-one; Sigma-Aldrich) in an acetone/olive oil vehicle (4:1) to a
20 x 10 mm area of shaved skin on the left abdominal flank. 18 h
later, abdominal flank skin was prepared [40,41] and multipho-
ton imaging performed. Briefly, mice were anesthetized (ketamine
hydrochloride, 150 mg/kg; xylazine hydrochloride, 10 mg/kg)
and a heat pad used to maintain body temperature. A jugular
vein was cannulated for anesthetic administration. A midline skin
incision was made and the flank skin and associated vasculature
separated from underlying connective tissue and extended over a
heated pedestal using sutures attached to the margin. The exposed
area of the hypodermis was immersed in saline and sealed with
a coverslip held in place with vacuum grease. Preparations were
viewed on a Leica SP5 confocal microscope (Leica Microsystems,
Mannheim, Germany) equipped with a 20x 1.0 NA water immer-
sion objective lens, four nondescanned detectors, and a Spect-
raPhysics MaiTai laser. Preparations were excited at 900 nm,
and two separate regions within the abdominal flank were imaged
to a depth of ~100 pwm for 30 min. DCs were identified as
YFP-positive cells and DC migration parameters such as displace-
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ment, track length, migration velocity, and meandering index (dis-
placement/track length), were derived via IMARIS software (Bit-
plane Scientific Software). Common origin graphs were gener-
ated by plotting XY positions (starting points normalized to X = 0,
Y = 0) taken from all cells present in a single field measured for
35 consecutive positions.

Statistics

Statistical comparisons of in vivo experiments were performed
by either two-tailed student t-tests or, when multiple compar-
isons were made, ANOVA with appropriate posttests as described.
When in vitro comparisons were made, experiments were per-
formed multiple times as described and technical replicates/mice
averaged prior to comparisons between strains. The n value used
to generate SEM error bars is reported in the corresponding
figure legend and refers to either the number of mice per group, or
the number of experiments as described. Statistical analyses were
performed with Prism 5 software (GraphPad).
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