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Proximity-Based Labeling Identifies MHC Class Il and CD37 as
B Cell Receptor—Proximal Proteins with Immunological
Functions

Sean Hoeger, Lisa A. Drake, and James R. Drake
Department of Immunology and Microbial Disease, Albany Medical College, Albany, NY

ABSTRACT

The BCR allows for Ag-driven B cell activation and subsequent Ag endocytosis, processing, and presentation to recruit T cell help.
Core drivers of BCR signaling and endocytosis are motifs within the receptor’s cytoplasmic tail (primarily CD79). However, BCR
function can be tuned by other proximal cellular elements, such as CD20 and membrane lipid microdomains. To identify additional
proteins that could modulate BCR function, we used a proximity-based biotinylation technique paired with mass spectrometry to
identify molecular neighbors of the murine IgM BCR. Those neighbors include MHC class Il molecules, integrins, various transporters,
and membrane microdomain proteins. Class Il molecules, some of which are invariant chain—associated nascent class Il, are a readily
detected BCR neighbor. This finding is consistent with reports of BCR—class Il association within intracellular compartments. The BCR
is also in close proximity to multiple proteins involved in the formation of membrane microdomains, including CD37, raftlin, and Ig
superfamily member 8. Known defects in T cell-dependent humoral immunity in CD37 knockout mice suggest a role for CD37 in BCR
function. In line with this notion, CRISPR-based knockout of CD37 expression in a B cell line heightens BCR signaling, slows BCR
endocytosis, and tempers formation of peptide—class Il complexes. These results indicate that BCR molecular neighbors can impact
membrane-mediated BCR functions. Overall, a proximity-based labeling technique allowed for identification of multiple previously
unknown BCR molecular neighbors, including the tetraspanin protein CD37, which can modulate BCR function. ImmunoHorizons,
2024, 8: 326-338.

INTRODUCTION events that trigger B cell activation and BCR-mediated Ag en-

docytosis and processing, resulting in formation of complexes
Binding of Ag to the BCR expressed on the surface of B of Ag-derived peptide and MHC class II (MHCII) molecules.
lymphocytes is the molecular event underlying clonal selec-  These peptide-MHCII complexes are then expressed on the
tion, which drives initiation of an Ag-specific humoral immune  surface of the B cell to recruit T cell help, resulting in genera-
response. Ag binding to the BCR results in both signaling  tion of a robust humoral immune response.
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The BCR is composed of two subunits: an Ag-binding subu-
nit composed of IgH/L chains, which is paired with a signaling
subunit composed of CD79A and CD79B (CD79). The CD79 cy-
toplasmic tails contain both ITAMs to drive BCR signaling (1)
and tyrosine-based endocytosis motifs to drive internalization
of Ag-BCR complexes (2, 3). Although the BCR contains all of
the elements necessary for BCR signaling and endocytosis,
these BCR activities can be significantly impacted by neighbor-
ing cellular components (CCs). For example, membrane micro-
domains known as lipid rafts, as well as membrane proteins
such as CD20 and FcyRII, can profoundly impact BCR signal-
ing (4-6). Thus, a complete understanding of BCR function re-
quires an understanding of the full spectrum of BCR molecular
neighbors that could impact BCR behavior.

Some techniques that allow for the analysis of molecular
proximity in intact cells include Forster’s resonance energy
transfer (FRET), bioluminescence resonance energy trans-
fer, and PCR-based proximity ligation assay. However, in
each of these cases, the identity of the two target proteins
must be known so appropriate probes may be developed.
More recently, discovery style approaches such as selective
proteomic proximity labeling using tyramide (SPPLAT) and
APEX2 (discussed later) have been used to search for previ-
ously unknown molecular neighbors.

SPPLAT is an approach where HRP is targeted to a pro-
tein of interest and then used to catalyze formation of a
short-lived reactive form of biotin to tag neighboring mole-
cules. Biotin-tagged molecules are then isolated with strep-
tavidin (SA)-beads and identified by mass spectrometry
(MS). The use of this technique in studying the BCR was
pioneered by the Jackson laboratory (7). They used anti-
IgM-HRP to target HRP to cell-surface BCR molecules of
chicken DT-40 B cells and SPPLAT to label the receptor’s
molecular neighbors. Using this approach, they demonstrate
that integrins and the chicken B lymphocyte allotypic marker
chB6 are major BCR molecular neighbors. However, chicken
DT-40 B cells do not express MHCII molecules, limiting the
ability of the authors to probe BCR proximity to molecules in-
volved in Ag processing/presentation.

APEX2 involves the use of engineered ascorbate peroxi-
dase linked to a protein of interest to biotin-tag neighboring
molecules. Biotin-tagged molecules are again harvested with
SA-beads and identified by MS. The use of APEX2 in studying
the BCR has been pioneered by the Mattila laboratory (8).
They engineered a form of APEX2 targeted to the inner face
of lipid rafts via an lck N-terminal peptide, and used it to
study lipid raft-mediated BCR signaling in the murine A20
B cell line. These studies suggest a previously unappreciated
role for SUMOylation in BCR signaling. They also reveal a
low/variable level of MHCII raft association, as well as BCR-
triggered raft association of the Vtilb SNARE protein that has
been linked to the trafficking of the MHCII chaperone invari-
ant chain (Ii) (9). The Vtilb results were further investigated,
but the authors could not identify a role for this SNARE in
BCR function (10).
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The goal of this study was to use BCR-directed SPPLAT la-
beling (BCR-SPPLAT) with a B cell that has an intact MHCII
Ag processing/presentation pathway to identify and investigate
BCR molecular neighbors that may impact BCR-mediated Ag
processing and presentation. This approach led to the identifi-
cation of ~100 BCR molecular neighbors, including MHCII
molecules and the tetraspanin CD37. Ablation of CD37 expres-
sion results in changes in BCR signaling, endocytosis, and for-
mation of peptide-class II complexes. Future analysis of other
identified BCR molecular neighbors will likely reveal additional
proteins that can regulate BCR function.

MATERIALS AND METHODS

Cells

The K46y, 1D6 A10, and A20pWT B cell lines were cultured
as previously reported (11). Splenocytes were isolated from
C57BL//6 mice (purchased from Jackson Laboratories) by
Ficoll-Paque as previously reported (12). The animal protocol
(euthanasia and subsequent harvesting of the spleen) was re-
viewed and approved by the Albany Medical College Institu-
tional Animal Care and Use Committee.

Reagents

The reagents used in the this study were sulfo-NHS-LC-biotin
(21335; Thermo Scientific), anti-CD37-PE (146204; BioLegend),
anti-I-ASFITC (AMS-32.1-FITC, 553547; BD Biosciences),
anti-I-AX-FITC (10-3.6-FITC, 553547; BD Biosciences), anti-
IgM?®-PE (553517; BD Biosciences), 1630a rabbit anti-I-A -chain
cytoplasmic tail (13), and 34-5-3S (2025-4; Southern Biotech).

BCR-SPPLAT labeling

Cells were BCR-SPPLAT labeled following the published proto-
col of Li et al. (7). In brief, anti-BCR-HRP (1:100 dilution of ei-
ther rat anti-mouse IgM-HRP mADb [1140-05; Southern Biotech]
or goat anti-human IgM-HRP [2020-05; Southern Biotech])
was bound to cells for 20 min on ice. Cells were washed, some-
times incubated at 37°C, then resuspended in 50 mM Tris
(pH 7.5), 0.03% H,0,, and 80 pg/ml tyramide-biotin for 10
min at room temperature (SPPLAT labeling). H,0, was then
destroyed by treatment with 10 U/ml catalase for 10 min.
Samples were then lysed at 107 cells/ml in radioimmunopre-
cipitation assay (RIPA) buffer (50 mM Tris [pH 7.5], 150 mM
NaCl, 5 mM EDTA, 0.5% [w/v] deoxycholate, 1% [v/v] NP-
40 substitute [Igelap CA-630 (octylphenoxy)polyoxyethanol,
CAS Registry Number 68987-90-6; Catalog No. 19628; USB
Corporation]) with protease inhibitors.

Pull-down conditions

Cleared whole-cell lysate (WCL) was immunoprecipitated
with either anti-class II and protein A-agarose beads (22812;
Thermo) or SA-agarose beads (20353; Thermo). Samples were
boiled in 1x SDS-PAGE sample buffer and stored at —20°C
until analysis.
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Tyramide-biotin synthesis

Tyramide-biotin was synthesized as previously reported (7). In
brief, 3.73 mg of NHS-LC-biotin (21336; Thermo) in 50 pl of
DMSO and 1.55 mg of tyramine hydrochloride (T2879, 10% mo-
lar excess; Sigma) in 50 pl of DMSO were combined, and then
2 ml of 50 mM borate (pH 8.8) was added. The sample was in-
cubated overnight at room temperature in the dark. Aliquot
samples were then stored at —20°C.

Mass spectrometry

Samples of biotin-tagged proteins captured on SA-agarose beads
(20353; Thermo) were boiled in 1x SDS-PAGE reducing sample
buffer, frozen at —20°C, and then shipped to MS Bioworks (Ann
Arbor, MI) on dry ice. The samples were subject to immunopre-
cipitation (IP) profiling analysis (MSB23). The results of three
independent experiments were combined and analyzed in Scaf-
fold Viewer Version 5. The results were also exported to Excel
for additional analysis.

CD37A

We purchased three CD37-targeting transEDIT CRISPR vectors
from Transomics (TEVM-1263705, 11966563, 1129421), each of
which encode a CD37-directed guide RNA, CRISPR, and puro-
mycin resistance (the sequence of the target gene-specific
guide RNAs is proprietary information of Transomics). Plas-
mids were introduced into 1D6 A10 cells by electroporation.
Bulk cultures of transfected cells were grown in the presence
of 10 pug/ml puromycin and cells from the surviving population
cloned by limiting dilution. Clones were screened for CD37 ex-
pression by staining with anti-CD37 (and anti-I-A“ as a control)
and CD37A clones selected for further analysis. The 2D10 and
3E3 clones arose from cells transfected with the TEVM-1129421
plasmid, and 1C2 and 2C11 clones from cells transfected with the
TEVM-11966563 plasmid. CD37A clones were also screened by
PCR using CD37 primers (forward 5-GCCTGAGCTATGGA-
CACCTG-3' and reverse 5'-CGTCATGAAGCCGAGCTCAA-3)
and primers for the B-chain of I-A as a loading control (forward
5-AGCTAAGCTTGTTATGGCTCTGCAGATCCCCAG-3' and
reverse 5-AGCTTCTAGATCACTGCAGGAGCCCTGCTG-3).
RNA was converted to cDNA using random hexamers as primers
and 30-cycle PCR of the ¢cDNA run using the earlier primers and
AccuPrime Taq DNA polymerase.

Flow cytometry

Samples were analyzed on a BD FACSymphony flow cytometer
controlled by FACSDiva software version 8.0. Resulting data
were analyzed with FlowJo software v9.9.4. Samples were
gated for single cells by forward scatter/side scatter (FCS/SSC)
before analysis of fluorescent intensity.

Calcium signaling

As previously reported (14), B cells were loaded with Fluo-3
and Fura Red in the presence of probenecid (to prevent dye ef-
flux). After resting for 1-2 h at room temperature in the dark,

»
q . ImmunoHorizons

the cells were stimulated, and the Fluo-3/Fura Red levels were
monitored by flow cytometry. The ratio of Fluo-3 to Fura Red
was used as a measure of relative intracellular calcium.

Ag processing/presentation

B cells were cultured overnight at 5 x 10° viable cells/ml in me-
dia containing the indicated level of hen egg lysozyme (HEL;
L 6876; Sigma) or NP-HEL (sc-396474; Santa Cruz). Cells were
then harvested, washed, and stained with C4H3 to detect
HEL,4_s,-I-A¥ peptide—class II complexes (12, 15), followed by
secondary Ab (anti-rat IgG,,-FITC, 556999; BD Biosciences).
Cells were then analyzed by flow cytometry. For each experi-
ment, the level of C4H3 staining of cells pulsed with 50 pM
HEL was set to a value of 1.00, and all other values were nor-
malized to that level. Cells exposed to HEL for fluid-phase Ag
processing were not stimulated with anti-BCR Ab because dif-
ferences in BCR signaling between wild-type and CD37A cells
(Fig. 6B) might differentially impact this reference pathway of
Ag processing/presentation.

RESULTS

Proximity-based biotinylation identifies a set of BCR
molecular neighbors

The BCR is a multichain membrane protein with multiple func-
tions, such as signaling and the endocytosis of bound Ag.
Neighboring molecules/structures within the membrane can
impact on BCR function. For example, membrane lipids (.e.,
lipid rafts) and membrane proteins, such as CD20 and FcyRII,
can dramatically impact BCR signaling (4-6). To gain a deeper
understanding of the various molecular mechanisms controlling
BCR function, we used BCR-SPPLAT to biotin-tag BCR molec-
ular neighbors. We then lysed the cells, recovered the biotin-
tagged proteins with SA-beads, and identified the isolated pro-
teins by MS. We selected the K46y B cell line as the primary
model for these studies. The K46y cells express a robust level
of both IgM BCR and MHCII molecules (Fig. 1A) and have
been used to study many aspects of B cell immunobiology (e.g.,
11, 16-18). This approach provides us the opportunity to use
BCR-SPPLAT to extend the work of Li et al. (7) and investigate
the potential interactions between the IgM BCR and molecules
involved in Ag processing/presentation.

Anti-IgM-HRP was bound to cell-surface IgM BCR mole-
cules, and the cells then were incubated at 37°C for 0-60 min
to allow redistribution of BCR molecules. BCR molecular neigh-
bors were then labeled via BCR-SPPLAT (Fig. 1B); the cells lysed
in detergent and biotin-tagged proteins were harvested with
SA-beads. The molecular composition of the samples was deter-
mined by MS (see Materials and Methods for details). Samples
derived from cells that underwent mock SPPLAT labeling (no
H,0, or tyramide-biotin) served as a negative control. Because
the tyramide-biotin SPPLAT reagent does not readily cross the
lipid bilayer, this proximity-based labeling approach will primar-
ily target cell-surface proteins.

https://doi.org/10.4049/immunohorizons.2400014
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FIGURE 1. SPPLAT-based analysis of BCR molecular neighbors.

(A) K46y B cells were stained for I-A® class Il (AMS-32.1-FITC) or IgM BCR (DS-1-PE) and analyzed by flow cytometry. Shown are histograms of events
gated on signal cells by FCS/SSC. (B) Diagram of BCR SPPLAT approach. Anti-IgM-HRP is bound to cell-surface BCR molecules. The cells are exposed
to tyramide-biotin (tyr-btn) and H,O,. HRP catalyzes selective biotinylation of neighboring proteins. (C) Subsequent to BCR-SPPLAT labeling (see
Materials and Methods), biotin-tagged molecules were recovered with SA-beads, and the captured proteins were analyzed by MS (see Materials and
Methods). The breakdown of the different categories of identified proteins is shown. (D) Plotted are the average MS counts across three independent
experimental runs for the five listed MHCII chains (points represent values across three independent experiments; see Supplemental Material).

Three independent runs of the BCR-SPPLAT/MS experi- considered “background” hits because they were either de-
ment identified a total of 679 proteins captured by the SA-beads  tected in samples prepared from “mock” SPPLAT-treated cells
(Fig. 1C, Supplemental Material). Of these, 577 (85.0%) were (330 proteins) or seen in only one or two experiments

https://doi.org/10.4049/immunohorizons.2400014
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(247 proteins, most detected at very low levels). Of the remain-
ing 102 proteins detected in all three experimental runs, 58
(56.9%) were detected at all three time points, 14 (13.7%) were
detected at two of three time points, and 30 (29.4%) were
detected at a single time point (Fig. 1C). Of the 102 proteins
detected in all three experiments, there are members from a
few notable biological families (see later and Supplemental
Material).

Bioinformatic analysis of the set of SPPLAT-labeled BCR
neighbors

The UniProt accession numbers of the 102 BCR neighbors iden-
tified by BCR-SPPLAT were uploaded to the National Institutes
of Health Database for Annotation, Visualization and Integrated
Discovery (DAVID) server (https://david.nciferf.gov/) (19). The
results of this analysis (limited to mus musculus) are summa-
rized in Table I. The CC terms most highly associated with the
set of BCR neighbors are “Cell Membrane,” “Membrane,” and
“Cell Surface,” consistent with the method of sample prepara-
tion because BCR-SPPLAT labeling would be expected to selec-
tively label cell-surface membrane proteins. Further consistent
with high selectivity of the labeling method is the enrichment of
the posttranslational modifications (PTMs) of “disulfide bonds”
and “glycoproteins,” which would be expected for membrane
proteins. This indicates that BCR-SPPLAT labeling is selective
for the types of protein expected to reside within the BCR’s mo-
lecular neighborhood.

There are two additional CC/molecular function (MF) terms
highly associated with the set of BCR neighbors: integrins (dis-
cussed later) and MHCII molecules. Direct analysis of the list of
SPPLAT-labeled BCR neighbor proteins (Supplemental Material)
reveals that three of four MHCII chains (I-Aq, I-Ea, and I-E3)
are within the top 13 most abundant BCR-SPPLAT-labeled pro-
teins in samples from all three time points, with strong signals
seen for all four proteins (a- and B-chains of both I-A and
I-E) across all three time points (Fig. 1D, Table II). Class II-
associated Ii was also detected in all BCR-SPPLAT samples,
albeit at lower levels (Fig. 1D, Table II). Together, these

TABLE I. Summary of DAVID analysis of BCR-SPPLAT-labeled proteins

DAVID Category Term

CC Cell membrane

CcC Membrane

CcC MHCII

MF Integrin

MF Receptor

PTM SS-bond

PTM Glycoprotein

PTM Palmitate
CC_Direct Plasma membrane
CC_Direct External side of plasma membrane
CC_Direct Cell surface
CC_Direct Membrane
MF_Direct Protein binding
MF_Direct Integrin binding
MF_Direct MHCII protein complex binding

»
q . ImmunoHorizons

results suggest a robust level of close physical association
between Ag-BCR complexes and cell-surface MHCII mole-
cules, including nascent MHCII-Ii complexes.

MHCII is a persistent BCR neighbor

In previous studies, we used coimmunoprecipitation (co-IP)
and FRET to reveal a physical association between Ag-BCR
complexes and MHCII molecules, primarily within intracellular
compartments (11). The earlier results suggest that the associa-
tion between BCR and MHCII molecules is more pervasive
and also occurs at the cell surface. To further investigate this
possibility, we again performed BCR-SPPLAT labeling with
K46p cells [the B cell line that was used for the published
FRET-based studies (11)], but the resulting samples were ana-
lyzed by two different pull-down/Western blot approaches. For
the first approach, MHCII molecules were isolated from WCLs
with various anti-class II Abs and protein A-beads, and the
samples were then probed for biotin-tagged MHCII by SDS-
PAGE and blotting with streptavidin-HRP (SA-HRP). This ap-
proach led to detection of biotin-tagged class II a- and B-chains
(Fig. 2A), confirming the SPPLAT/MS results discussed earlier.
Incubation of the anti-IgM-HRP-tagged K46p B cells at 37°C
before running the BCR-SPPLAT reaction reveals that BCR-
MHCII proximity can be detected across the entire time course
of the experiment (0-90 min; Fig. 2B). Similar results were
obtained with the A20uWT B cell line that expresses a trans-
fected human IgM BCR and I-A¢ class II, and that were used
for the previous co-IP analysis of BCR-class II association
(Fig. 2C) (11) and also with splenic B cells (Fig. 2D).

For the second approach, biotin-tagged molecules were
purified from the WCL of BCR-SPPLAT-labeled cells using
SA-beads, and the samples were then probed for MHCII by
SDS-PAGE and Western blotting with an anti-class II B-chain
Ab. This approach led to detection of SPPLAT-labeled MHCII
across the entire time course of the experiment for both K46y
B cells (Fig. 3A) and splenic B cells (Fig. 3B). One advantage
of this second approach is that Western blot analysis of the
SA-isolated BCR-SPPLAT-labeled proteins with additional

Gene Count Gene % p Value Benjamin
66 60 3.2E-20 8.2E—19
95 86.4 2.5E-17 3.2E-16

4 3.6 6.7E-5 29E-4
8 7.3 2.9E-9 1.0E-7
26 23.6 3.6E—4 6E-3
67 60.9 59E-15 11E-13
71 64.5 2.2E-12 21E-11
17 155 8.3E—-8 5.3E-7
98 89.1 7.0E-40 19E-37
42 38.2 9.6E—32 1.3E—-29
38 345 1.8E-25 1.6E-23
87 79.1 3.1E-19 2.0E-17
63 57.3 71E-11 2.1E-8
11 10.0 1.8E-8 19E-6

6 55 2.0E-8 19E-6
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https://david.ncifcrf.gov/

»
ﬂ . ImmunoHorizons

TABLE Il. Summary of BCR-SPPLAT labeling of MHCII molecules

Exclusive Unique Coverage, Amino

Class Il Accession No. Peptides® Acids (%)?

Aa P04228 7 71/256 (28)
AB P01921 14 106/265 (40)
Ea P04224 12 84/255 (33)
EB P01915 13 83/264 (31)
l P04441 6 50/279 (18)°

2Average values calculated from across all three experimental replicates.
PAll detected peptides are common to both p31 and p4l isoforms of i (i.e., no
peptides unique to the p4l li isoform were reported).

Abs can lead to the detection of additional BCR molecular
neighbors. Accordingly, we probed the SA pull-downs with an
anti-Ii Ab. Ii (CD74) is an MHCII chaperone that aids class II
folding in the endoplasmic reticulum and shepherds nascent
class IT molecules to intracellular compartments for peptide
loading. This additional blotting led to reproducible detection
of BCR-SPPLAT-labeled Ii for K46pu B cells (Fig. 3A) and
splenic B cells (Fig. 3B). These results confirm the detection
of BCR-SPPLAT-labeled Ii by MS (see earlier), suggesting
that at least a portion of the BCR-associated MHCII are na-
scent molecules, primed for peptide loading.

One outstanding question raised by the earlier results is:
“What fraction of MHCII molecules is found in close proximity
to the BCR?” If a large fraction of cell-surface MHCII is BCR
associated, then downregulation of cell-surface BCR could
result in the codownregulation of a detectable amount of cell-
surface MHCII. However, experiments designed to test this
idea did not reveal any detectable level of MHCII downregula-
tion in B cells when BCR internalization was triggered (Fig. 4A,
4B). Although this result might seem in contradiction to the re-
sults of Hernandez-Pérez et al. (20), who report colocalization
of coincident internalized Ag-BCR complexes and MHCII in
early endocytic compartments, in that report class II molecules
were “prelabeled” (tagged with fluorescently labeled anti-
class IT Ab), which could independently drive MHCII cross-
linking and internalization into BCR-containing endosomes.

To directly quantify the level of BCR-SPPLAT-labeled
MHCII, we generated serial dilutions of both WCL and
BCR-SPPLAT/SA pull-down and determined the relative
level of class II in each by Western blot (Fig. 4C). Head-to-
head comparison of the class II levels in the two samples
reveals that BCR-bound anti-IgM-HRP can SPPLAT-label
~1% (average of 0.74% across three independent experi-
ments) of total cellular MHCII molecules. Although this
may seem like a small fraction of MHCII molecules, at least
some of these MHCII molecules are Ii associated (nascent),
and this highly selected MHCII subset may have unique im-
munological functions (see Discussion).

The tetraspanin protein CD37 as a BCR neighbor and
modulator of B cell function

SPPLAT labeling of BCR molecular neighbors led to identi-
fication of a family of proteins involved in the formation of

https://doi.org/10.4049/immunohorizons.2400014
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FIGURE 2. BCR-SPPLAT labeling of MHCII.

(A) K46p B cells were labeled by BCR-SPPLAT or NHS-biotin (to label
all cell-surface proteins). Lysates from labeled cells were immunopreci-
pitated with anti-MHCII as indicated and then probed for biotinylated
proteins by SA-HRP Western blot. (B) Anti-IgM-HRP was bound to
K46u B cells, and the cells were incubated at 37°C for the indicated
times (to allow redistribution of cell-surface proteins). The cells were
then processed for BCR-SPPLAT labeling and analyzed for biotin-
tagged MHCII as in (A) (1630a IP, 1603a is a rabbit Ab against the cyto-
plasmic tail of the I-A B-chain). (C) Anti-human IgM-HRP was bound to
A20uWT B cells expressing a transfected human IgM BCR (37). The
cells were then processed for BCR-SPPLAT labeling/MHCII IP as in (A).
(D) Anti-mouse IgM-HRP was bound to splenic B cells. The cells were
then processed for BCR-SPPLAT labeling/MHCII IP as in (A). For all
panels, representative results from one of three or more independent
experiments are shown.

membrane microdomains, including CD37, raftlin, and Ig su-
perfamily member 8 (IgSF8, also known as EWI-2; Table III).
Raftlin, a lipid raft protein, was initially identified in chicken
B cells and was shown to be involved in BCR signaling (21).
In human B cells, IgSF8/EWI-2 was shown by co-IP to associ-
ate with the tetraspanin CD9 (22, 23). In the same studies,
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FIGURE 3. BCR-SPPLAT labeling of MHCII and Ii.

(A) K46p B cells were processed for BCR-SPPLAT as detailed in Fig. 2.
Biotin-tagged proteins were collected from WCL with SA-beads and
probed by Western blot (along with WCL as a control) for MHCII
B-chain or li. (B) Splenic B cells were processed for BCR-SPPLAT label-
ing as detailed earlier and analyzed for biotin-tagged MHCII B-chain
and li as in (A). Representative results from one of three or more inde-
pendent experiments are shown.

CD9 was also shown to associate with HLA-DR and IgM, but
it is unclear whether IgSF8/EWI-2 is associated with the
same CD9 molecules as HLA-DR and IgM. Here, it should be
noted that tetraspanin microdomains and lipid rafts represent
two distinct types of microdomain (24). Thus, BCR-SPPLAT
labeling of components of each type of microdomain suggests
that BCR molecules can access both compartments.

Although CD37 has not previously been identified as a
BCR-associated protein, CD37A mice have been shown to have
defects in T cell-dependent humoral immune responses (25),
responses that require efficient BCR-mediated Ag processing/
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presentation. CD37 has also been reported to have both an
ITAM and an ITIM motif (26), suggesting that it might impact
BCR signaling. Finally, CD37 was shown to associate with MIHCII
molecules and MHCII signaling molecules, such as SCIMP (27).
Therefore, we decided to investigate any potential role of CD37 in
BCR function.

Two primary BCR functions triggered by Ag binding are
ITAM-based signaling and endocytosis of Ag-BCR complexes,
functions that involve membrane domains such as “lipid rafts”
and clathrin-coated pits (2, 28). To probe the potential role of
the tetraspanin CD37 in these two BCR functions, we used a
CRISPR-based approach to generate CD37 knockout (CD37A)
B cells. Here, we used K46pu B cells expressing a transfected
I-A* MHCII molecule (ie., 1D6 Al0 cells) (11). We obtained
>100 drug-resistant clones, screened 47 for CD37 expression
by flow cytometry, and selected 4 for further analysis. Although
the parental B cell line expresses readily detectable levels of
cell-surface CD37, there is little, if any, CD37 staining of the
four selected CD37A clones (Fig. 5A). Ablation of CD37 expres-
sion does not appreciably alter the expression of the BCR or
MHCII molecules (Fig. 5A). RT-PCR analysis of the four clones
revealed no change in CD37 mRNA size for the 2D10 and 3E3
clones (generated with the TEVM-1129421 plasmid, suggesting
a point mutation) or a decrease in CD37 mRNA size for the
1C2 and 2C11 clones (generated with the TEVM-11966563 plas-
mid, suggesting a deletion).

To investigate the potential effects of CD37 on BCR endocy-
tosis and signaling, we determined the kinetics of BCR endocy-
tosis and calcium signaling in CD37A B cells. To analyze BCR
endocytosis, we determined the kinetics of endocytosis of BCR-
bound anti-IgM Ab in CD37A and parental B cells (Fig. 6A).
The results reveal that cells lacking CD37 exhibit slowed
kinetics of BCR internalization. To investigate BCR signaling,
we followed the kinetics of Ag-triggered changes in intracellu-
lar calcium (Fig. 6B). These results reveal that CD37A B cells
exhibit elevated levels of BCR-triggered intracellular calcium
signaling. Thus, the BCR molecular neighbor and membrane
microdomain protein CD37 is able to modulate the levels of
both BCR signaling and BCR-mediated Ag endocytosis.

The ultimate fate of BCR-internalized cognate Ag is conver-
sion to peptide-MHCII complexes, which are then expressed
by the B cell to recruit T cell help. To investigate the potential
role of CD37 in this final phase of BCR function, we deter-
mined the level of peptide-class I complexes formed by paren-
tal and CD37A cells. All cells express roughly similar levels of
I-A*¥ MHCII molecules and an NP-specific IgM BCR (Fig. 5A).
The cells were pulsed overnight under four different condi-
tions: media only (negative control), 50 uM HEL (fluid-phase
Ag processing that bypasses the BCR; positive control), 5 pM
NP-HEL, or 1 uM NP-HEL (two Ag doses for BCR-mediated
processing and presentation). After overnight culture, B cells
pulsed with media or HEL express high levels of IgM BCR,
whereas cells pulsed with either dose of NP-HEL exhibit ro-
bust BCR downregulation, indicating recognition and endocyto-
sis of NP-HEL (Fig. 7A). For total cell-surface I-A¥ class II,

https://doi.org/10.4049/immunohorizons.2400014
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cells cultured in media or 50 pM HEL exhibit similar levels of  class II expression (Fig. 7B). Turning to specific HEL,4 ¢ -I-A*
class II expression, whereas cells pulsed with NP-HEL (which  complexes, in each experiment we set the level of such com-
triggers BCR signaling; Fig. 6B) exhibit an ~30% increase in  plexes [detected by binding of the C4H3 mAb (12, 15)] in cells
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TABLE Ill. Summary of BCR-SPPLAT labeling of membrane domain
proteins

Exclusive Unique Coverage, Amino

Protein  Accession No. Peptides? Acids (%)?
CD37 Q61470 6 49/281 (17)
Raftlin Q6A0D4 4 56/554 (10)
IgSF8 Q8R366 11 112/611 (18)

@Average coverage across nine samples (three time points across three inde-
pendent experiments).

pulsed with 50 yM HEL (fluid-phase Ag processing) to 1.00
and determined the level of complexes formed from NP-HEL
(BCR-mediated Ag processing) in relation to this benchmark
(see Materials and Methods for details). Although the impact of
CD37 ablation is not complete, the three NP-HEL-pulsed
CD37A cell lines tested express statistically significantly lower
levels of peptide-class II complexes compared with NP-HEL-
pulsed parental cells (Fig. 7C). Because we are focused on
determining the impact of CD37 deletion on B cell-intrinsic as-
pects of Ag processing/presentation, we elected to use C4H3
mAb binding over T cell activation as a readout of the levels of
peptide—class II expression because T cell activation can be im-
pacted by additional variables such as partitioning of peptide-
class II complexes into membrane microdomains (29). This
finding is in line with the observation that CD37A mice exhibit
an impaired T cell-dependent humoral immune response
under conditions of limited costimulation (discussed later).
Because tetraspanin proteins can sometimes have overlap-
ping functions (30), it would be interesting in future work to
determine whether double knockout of CD37 and additional
BCR-proximal tetraspanins, such as IgSF8 (Table III), would
result in a more pronounced effect (Table IV).

DISCUSSION

The BCR drives Ag-specific clonal selection of B cells, the
process that underlies the high level of Ag specificity of the
humoral immune response. Ag binding to the BCR drives sig-
naling and Ag endocytosis/processing/presentation, leading to
B cell activation and recruitment of T cell help. Proteins and
lipids neighboring the BCR can impact BCR function and thus
impact the immune response. To gain a deeper understanding
of the set of BCR-proximal molecules that may modulate BCR
function, we use a proximity-based biotinylation technique,
paired with identification of tagged proteins by SA pull-down/
MS (i.e., BCR-SPPLAT). The BCR-SPPLAT approach tagged
~100 BCR neighbor proteins, including MHCII molecules,
integrins, transporters, and membrane microdomain compo-
nents. Moreover, ablation of expression of one BCR-proximal
membrane microdomain protein, CD37, alters the dynamics
of BCR signaling, endocytosis, and Ag processing. In future
studies, it will be interesting to look at the specific impact
of CD37 on the precise trafficking of Ag-BCR complexes
through the endocytic pathway, multiple additional aspects
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of BCR signaling, and the molecular mechanism of forma-
tion of peptide-class IT complexes.

Membrane microdomains such as lipid rafts and clathrin-
coated pits are central to BCR function (2, 28). Raftlin is a lipid
raft protein originally identified in B cells and is known to play
an important role in BCR signaling (21). BCR-SPPLAT labeling
studies with both chicken DT-40 B cells (7) and murine K46y
B cells (this study) tagged raftlin as a BCR molecular neighbor
(Table IV). This observation establishes the ability of BCR-
SPPLAT to tag BCR-proximal membrane microdomain proteins
critical for BCR function.

The studies presented in this report are an extension of the
original studies of Li et al. (7), who used the BCR-SPPLAT ap-
proach to define the IgM BCR molecular neighbors on chicken
DT-40 B cells. Although there are many similarities between
the results of the two studies (Table IV and discussed later),
this study extends the analysis to MHCII-expressing B cells
and reveals that class II molecules are in close physical proxim-
ity to cell-surface BCR molecules. These findings are in line
with our previous studies where we used FRET and co-IP to
reveal an association of the BCR and MHCII molecules pri-
marily within intracellular compartments (11). As discussed
in that report, close proximity of MHCII molecules with
Ag-BCR complexes suggests that peptides derived from the
processing of BCR-bound cognate Ag end up selectively
loaded onto BCR-associated class II molecules. Consistent
with that notion is the current observation that SPPLAT label-
ing tags both class II a- and B-chains, as well as class II-
associated Ii, indicating that at least a subset of BCR-associated
MHCII are nascent molecules ready to be converted to peptide-
MHCII complexes. This observation is also in line with the
observations by Hauser and Lindner (31) that BCR cross-link-
ing results in coalescence of the BCR and class II-Ii complexes
in lipid rafts. Interestingly, in addition to being a key compo-
nent of the BCR, CD79 is known to associate with MHCII
molecules (17, 18). Moreover, the region of CD79 involved in
class II association (i.e., the CD79A connecting peptide) (17) is
different from the region of CD79 mediating interaction with
the BCR IgH/L core (i.e., the CD79 transmembrane domains)
(32-37). This suggests that CD79 may have the ability to simul-
taneously interact with the Ig core of the BCR and MHCII
molecules, facilitating BCR-MHCII proximity.

Tetraspanins are a family of membrane proteins that can as-
semble into specialized membrane microdomains (tetraspanin
domains) (38). In this study, BCR-SPPLAT labeling tagged
three tetraspanins/tetraspanin-interacting proteins as BCR neigh-
bors: CD37, CD20, and IgSF8 (Table IV). For this study, CD37
was particularly interesting because this tetraspanin protein
is most highly expressed on B cells and has been reported
to possess both an ITAM and an ITIM motif (26). In addi-
tion, CD37A mice have been reported to exhibit an impaired
humoral immune response under conditions of suboptimal
costimulation, suggesting a role for CD37 in B cell-T cell in-
teractions (25). Analysis of CD37A B cells reveals that abla-
tion of CD37 expression results in augmentation of BCR

https://doi.org/10.4049/immunohorizons.2400014
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FIGURE 5. Generation and characteriza-
tion of CD37A 1D6 A10 B cells.

(A) 1D6 A10 B cells (K46p B cells expressing
transfected 1-A“ MHCII) (11) were trans-
fected with CRISPR vectors to ablate CD37
expression (see Materials and Methods).
Drug-selected cells were cloned by limit-
ing dilution, selected clones stained for
CD37 (Duno85-PE), IgM BCR (DS-1-PE),
endogenous I-A? class Il (AMS-32.1-FITC),
and transfected 1-A* class Il (10-3.6-PE),
and the cells were analyzed by flow cy-
tometry. Histograms of staining gated on
single cells by FCS/SSC are shown. (B) PCR
analysis of cDNA from the indicated cells
using primers covering >90% of the CD37
coding region (849/912 bp, including the
start codon; see Materials and Methods).
Control samples are from cells transfected
with the nontargeting CRISPR plasmid
(Control) or RNA or no PCR template (No
temp). PCR analysis of the I-A% B-chain
was used as a control. The 2C11 clone
exhibits unusual morphology and growth
kinetics, and thus was excluded from fur-
ther analysis.
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with previous observations that BCR signaling-associated
CD79 ITAM phosphorylation results in the inactivation of
ITAM-embedded BCR endocytosis motifs (2, 3) and could

signaling and blunting of BCR-mediated Ag endocytosis/
processing/presentation (Figs. 6, 7). This inverse relation-
ship between BCR signaling and endocytosis is consistent
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FIGURE 6. Ablation of CD37 expression alters BCR endocytosis and
signaling.

(A) Anti—IgM?-btn was bound to 1D6 A10 B cells and CD37A derivatives,
and the cells were incubated at 37°C for the indicated times. Remaining
cell-surface anti-IgM?-btn was detected with SA-PE and the cell ana-
lyzed by flow cytometry. Mean fluorescence intensity values were nor-
malized to T = 0 binding for each cell line. Error bars indicated =1 SD
across three independent experiments. Comparison of the final level of
clearance by a Student t test (wild-type versus each CD37A line) returned
a p value < 0.005 for each mutant. (B) 1D6 A10 B cells and CD37A deriva-
tives were loaded with the Fluo-3 and Fura Red calcium-sensitive dyes.
Baseline fluorescence was determined for 15 s by flow cytometry, and
the cells were then stimulated with 3 ng/ml NP-HEL and fluorescence
monitored for a total of 5 min. The ratio of Fluo-3 to Fura Red signal is
reported as a readout of intracellular calcium levels. Representative
results from one of three independent experiments are shown.

underlie the deficit in T cell-based humoral immunity ob-
served in CD37A mice (25). Intriguingly, CD37 is also known
to interact with MHCII (39), as well as with SCIMP (a trans-
membrane adaptor protein involved in MHCII signaling) (27),
suggesting that CD37 might be directly or indirectly in-
volved in the earlier-detailed association between the BCR
and MHCII molecules. These potential interactions are wor-
thy of additional study.

Previous studies have shown a functional association between
the BCR and integrins in that BCR cross-linking drives integrin
activation (40). In DT-40 B cells, Li et al. (7) show by BCR-
SPPLAT labeling that 31 integrin is a molecular neighbor of the
BCR. They also demonstrated that Ab engagement of either the
BCR or an additional BCR neighbor chB6 (an Ig-domain-bearing
membrane protein) stimulates integrin-mediated B cell adhesion
to laminin-coated plates (7). In this study, we found multiple
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FIGURE 7. CD37 knockout tempers BCR-mediated formation of
peptide—MHCII complexes.

1D6 A10 B cells and CD37A derivatives were pulsed overnight with the
indicated doses of either HEL (fluid-phase Ag processing, a control) or
NP-HEL (BCR-mediated Ag processing). The cells were harvested and
stained for IgM? BCR (DS-1-PE) (A), I-A* class Il (11-5.2-FITC) (B), o, in a
second tube, HEL4g_61~1-A* complexes (C4H3-FITC) (C). Staining for the
IgM BCR and class Il is normalized to the staining observed with cells in-
cubated in media only. Staining for HELg.g1—I-A% complexes is normal-
ized to the staining observed with cells pulsed with 50 pM HEL. Average
values across three independent experiments are shown. Error bars indi-
cate £1 SD. The reported p values are derived by comparing results
from all three CD37A cells as a group with results from the parental cells
(there are no statistical differences in the level of MHCII upregulation).

BCR-SPPLAT-labeled integrin subunits (Table IV). Although we
have not probed any potential functional links between the BCR
and integrins, each of the BCR-SPPLAT-labeled a or B integrin
subunits that we detected is capable of heterodimerizing with an-
other subunit among those detected to form a functional integrin

https://doi.org/10.4049/immunohorizons.2400014
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TABLE IV. Comparison of DT-40 versus K46 SPPLAT results

Protein DT-40 K46p
Na-K ATPase alB3 alB3
Integrin a3pl ab, al, aV, a4 / B, B2, B3
Ig p-chain C region N N
CD79b (little/no labeling N J

of CD79a)

PTPRC/CD45 N J
chB6 N -
MHCII -
Raftlin N
CD37¢ —

CD20 (atypical tetraspanin) —
IgSF8/CD316/PGRL/EWI-2° —
Dashes indicate a lack of detection.
aTetraspanin family proteins.
PTetraspanin interacting proteins (interacts with CD9 and CD81) (45).

P

molecule (ie., a6B1, aLB2, aVBR3, and a4B1l) (41). Interestingly,
the tetraspanin protein CD37 (see earlier) has been shown to
orchestrate a4B1-Akt signaling to support long-lived plasma
cell survival (42). Together, these findings suggest a physical
and a functional link between the BCR, integrins, and other
BCR molecular neighbors, interactions that may be impor-
tant to B cell immunobiology.

In both this study and that of Li et al. (7), the ol and B3
subunits of the plasma membrane Na/K ATPase were robustly
BCR-SPPLAT tagged (Table IV). Although the potential impli-
cations of the close physical proximity of the BCR to this key
membrane transporter are not immediately obvious, it has been
previously reported that a mAb against the Na/K ATPase B3
subunit blocks anti-IgM-induced proliferation of human periph-
eral blood B cells (43). This functional and physical link between
the BCR and Na/K ATPase is worthy of further investigation.

In summary, the use of BCR-SPPLAT to label/identify BCR-
proximal proteins led to the identification of ~100 molecular
neighbors of the BCR, which fall into multiple functional groups,
including MHCII molecules and membrane microdomain pro-
teins. The proximity of the BCR and nascent MHCII molecules
is consistent with findings from previous studies (11, 31) and sug-
gest a coordinated mechanism for the highly controlled loading
of cognate Ag-derived peptides onto specific subsets of MHCII
molecules (11, 12, 44). The proximity of the BCR to tetraspanin
proteins such as CD37 and the impact of CD37 knockout on
BCR function indicate a role of tetraspanin proteins and tetra-
spanin membrane microdomains in BCR function. Future analy-
sis of the other BCR molecular neighbors holds the potential to
uncover additional unappreciated modulators of BCR function.
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