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Abstract

Signaling through the CD19-CD8L1 co-receptor complex, in association with the B cell receptor, is
a critical determinant of B cell development and activation. It is unknown how CD81 engages
CD19 to enable co-receptor function. Here, we report a 3.8 A structure of the CD19-CD81
complex bound to a therapeutic F4p, determined by cryo-electron microscopy. The structure
includes both the extracellular domains and the transmembrane helices of the complex, revealing a
contact interface between the ectodomains that drives complex formation. Upon binding to CD19,
CD8L1 opens its ectodomain to expose a hydrophobic CD19-binding surface and reorganizes its
transmembrane helices to occlude a cholesterol binding pocket present in the apoprotein. Our data
reveal the structural basis for CD19-CD81 complex assembly, providing a foundation for rational
design of therapies for B cell dysfunction.

One Sentence Summary:

The structure of the B cell co-receptor complex reveals a striking conformational reorganization of
the tetraspanin CD81.

B cells, a critical component of the adaptive immune system, enable development of long-
lasting immunity following infection (1). Upon activation, B cells mature into plasma cells,
which circulate in the bloodstream and secrete antibodies that can specifically bind and
eliminate the foreign antigen that stimulated their production. Activated B cells also mature
into long-lived memory B cells, providing durable immunity following infection. In cell-
mediated immunity, B cells also serve as antigen-presenting cells that capture and present
antigen to T cells.
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B cell activation and maturation are initiated when an antigen is recognized by a cell surface
B cell receptor (BCR). Signaling through the BCR leads to B cell maturation and contributes
to stimulation of somatic hypermutation and heavy-chain class switching events associated
with affinity maturation and antibody secretion. BCR signaling is also frequently subverted
by B-cell malignancies to drive their proliferation, growth, and survival (2, 3).

The BCR functions in association with a co-receptor complex that contains the complement
receptor CD21, the signaling protein CD19, and the tetraspanin CD81 (4). Analogous to the
CDA4/CD8 co-receptors of T cells, the B cell co-receptor complex boosts the response to
antigen by lowering the signaling threshold for activation by approximately 1000-fold (5).
CD 19, a single pass transmembrane protein belonging to the immunoglobulin superfamily,
is the key signaling subunit of this complex, acting as a docking and recruitment site for
various kinases and signaling components within the B cell signaling pathway (6, 7).
Patients with homozygous mutations in the CD19 gene develop Common Variable Immune
Deficiency (CVID), an immune disorder characterized by recurrent and severe infections,
primarily of the respiratory tract, ears, and sinuses (8), highlighting the importance of CD19
in immune cell function. The restriction of CD19 expression to the B cell lineage has also
made it an attractive target of cell-based therapies for cancer and autoimmune diseases (9—
15).

Complex formation between CD19 and the tetraspanin CD81 is critical for proper B cell
function (16). Tetraspanins are a highly-conserved family of four-transmembrane proteins
that interact with each other and with a variety of partner proteins to regulate many signal
transduction pathways (17). Through their interactions with partner proteins, tetraspanins
play critical roles in numerous cellular functions, including protein trafficking, adhesion, cell
signaling, and cell migration (18-22). CD81 chaperones CD19 through the secretory
pathway, allowing for cell surface expression of mature, properly folded CD19 (23, 24). On
the B cell membrane, the CD19-CD81 interaction is dynamically regulated upon B cell
activation (25). CD81 may regulate the diffusion of CD19 by immobilizing CD19 and
associated signaling scaffolds in distinct locations in the membrane, thereby regulating the
engagement of CD19 with the BCR, for example, to prevent high-level constitutive tonic
signaling (21).

Our structure of apo-CD81 revealed a cholesterol binding pocket within its intramembrane
cavity (27). However, there is no structural information showing the molecular details of
how tetraspanins mediate complex formation with partner proteins to regulate their
trafficking and signaling. Molecular dynamics simulations suggested that CD81 exists in
both a closed and open conformation, and that cholesterol binding may favor a closed state
with lower affinity for CD19 (27). Thus, cholesterol binding by CD81 may regulate its
association with CD19 and subsequently, B cell signaling. To better understand how these
two proteins function together, we characterize their interaction in detail through a
combination of cryo-electron microscopy (cryo-EM) and biochemical methods.

To produce CD19 in complex with CD81 for cryo-EM studies, we developed and validated a
fusion protein approach (25). The fusion protein contains the full extracellular and
transmembrane domains of CD19 and the first 15 amino acids of its cytoplasmic tail (Figure
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S1A). Because the cytoplasmic region of CD19 is predicted to be disordered and is not
required for CD19 to bind to CD81 (28), we removed the majority of this segment to
facilitate structural studies and linked CD19 to full-length CD81 with a Gly-Gly-Ser
(GGS)x4 sequence.

To facilitate structure determination by cryo-EM, CD19-CD81 (62 kDa) was bound to a
therapeutic anti-CD19 F,, (Coltuximab), increasing the molecular weight to approximately
110 kDa (29, 30). The purified complex contained CD19-CD81 and the Fy in stoichiometric
quantities (Figure S1B). Cryo-EM imaging of this complex revealed well-dispersed, single
particles. Two-dimensional (2D) class averages showed clear secondary structure features in
both the transmembrane region and the ectodomain (Figure S2). After 2D and 3D
classifications, a homogenous data set of approximately 245,000 particles was used to
produce a final density map at an overall nominal resolution of 3.8 A (Figure S2; Table S1).

The structure of the CD19-CD81 complex is elongated, with the F,,-bound CD19
ectodomain resting directly on top of the CD81 ectodomain and the transmembrane helices
arranged in a five-helix bundle (Figure 1A). The crystal structures of the CD19 ectodomain
(31), Coltuximab (32), and full-length CD81 (27) were docked into the cryo-EM density
map. Whereas the CD19 ectodomain and Fyy, fit easily into the density, CD81 did not, and
the EC2, TM1-TM2, and TM3-TM4 regions of CD81 were instead separately docked into
the density. The quality of the density was sufficient for sequence-specific assignment for
most of the ectodomains of both CD19 and CD81, including the contact interface, and the
variable domain of the F,, (Figure 1B; Figure S3). Secondary structure is visible in the
transmembrane domains, but this region is less well-resolved than the ectodomains,
precluding the modeling of side chains within this region (Figure 1B; Figure S3). The final
model of the CD19-CD81 complex contains the heavy and light chain of Coltuximab, the
complete ectodomain and transmembrane helix (modeled as poly-alanine) of CD19, and
full-length CD8L1, including the small extracellular loop (EC1) which was not resolved in the
CD81 crystal structure (Figures 1C, 2A).

The most striking feature of the CD19-CD81 structure is the large-scale conformational
change within the tetraspanin CD81 (Figure 2). The transmembrane helices of apo-CD81
resemble a cone, with two pairs of closely associated helices, TM1/TM2 and TM3/TM4,
converging near the cytoplasmic side of the membrane (Figure 2A) (27). These helices
surround a large central cavity, enclosing a total volume of 3,300 A3 (27). The five helices
that make up the large extracellular loop (EC2) contain a three-helix “stalk” comprised of
helices A, B, and E and a “top” face consisting of helices C and D. Upon complex
formation, the large extracellular loop (EC2) of CD81 extends into an open conformation,
with the A, B and E helices swinging as a rigid body approximately 60° relative to the
membrane plane (Figure 2B), positioning helices A and E to be near-continuous with helices
TM3 and TM4, respectively. The C and D helices also rearrange dramatically, with helices D
and E merging to become one continuous helix, comparable in length to helix A (Figure
2C), while helix C partially unravels. The conformation of helix C is buttressed by a
conserved Cys-Cys-Gly (CCG) motif, which uses two disulfide bonds to stabilize its N-
terminal end. The opening and reorganization of the ectodomain is also associated with
inward movement of the TM1/TM2 and TM3/TM4 pairs of helices, decreasing the distance
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between TM1 and TM4 by about 15 A, virtually eliminating the central cavity and thus
preventing cholesterol binding (Figure 2D-F).

In the crystal structure of CD81, no electron density was visible for the small extracellular
loop (EC1), suggesting that this region is disordered in the apoprotein. Upon complex
formation with CD19, however, the movement of Helix B away from the membrane allows
interactions between EC1 and EC2, consistent with a role for EC1 in stabilizing the open
conformation of the ectodomain (Figure 2A). In contrast to CD81, the conformation of the
CD19 ectodomain within the complex is nearly identical to that of the isolated ectodomain
in the absence of CD81 (Figure S4).

The CD19-CD81 complex buries a total of approximately 700 A2 at an interface between the
ectodomain of CD19 and the EC2 of CD81 (Figure 3A). The observation that the
ectodomains constitute the primary interaction site is consistent with our previous results
from domain swap experiments (25), and is inconsistent with a prior report that the primary
interaction site lies within the transmembrane region (24). The interface between the CD19
and CD81 ectodomains is highly hydrophaobic, with aliphatic hydrophobic residues on
helices C and D of CD81 surrounding a patch of exposed tryptophan, phenylalanine and
histidine residues on CD19 (Figure 3B). Several polar residues nearby approach within
hydrogen bonding distance, providing specificity to this otherwise hydrophobic contact site.
The CCG motif anchoring the base of the variable C helix is a defining feature of the
tetraspanin family (17), and the overall three-helix bundle architecture of the EC2, capped
by the variable and conformationally dynamic C/D helix region, is conserved (33),
suggesting that the use of the C and D helices for recognition of partner proteins will be a
general feature of the tetraspanin family.

Our structure also reveals that the therapeutic F4, Coltuximab binds to the upper face of
CD19 (Figure 1A). Coltuximab binds to the same region as the therapeutic anti-CD19
antibody B43, and also competes for binding with two other therapeutic antibodies,
Inebilizumab and Denintuzumab, suggesting that current antibody selection strategies
converge on a dominant CD19 epitope (Figure S5).

Previous work uncovered a human CD81 truncation mutation that results in type VI
immunodeficiency (34). Whereas wild-type CD81 rescues export of CD19 to the cell surface
in CD81-knockout HEK293T cells, the CD81 disease-associated mutation does not allow
CD19 surface delivery in these cells (Figure S6), consistent with prior observations that it
fails to traffic CD19 to the cell surface in B cells (34) and in other non-B cell lines (35). To
assess whether the observed CD81-CD19 interface is required for the function of CD81 in
CD19 surface export, we mutated residues on CD81 at the observed interface and tested the
ability of these mutants to traffic CD19 to the cell surface (Figure 3C). The mutants we
tested did not affect cell surface abundance of CD81 (Figure S7). L165K, which would place
a charged residue in the hydrophobic interface, nearly abolishes the ability of CD8L1 to traffic
CD19 to the surface, whereas an L165W mutation does not interfere with trafficking. A
triple mutant, T161A/L162A/L165A also disrupts trafficking. These results are consistent
with the hydrophobic character of the CD19-CD81 interface. Though our structure also
reveals contact between the transmembrane domain of CD19 and TM1 of CD81, the density
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in this region is more poorly resolved (Figure 1B) and our prior experiments showed that
this interaction is not necessary for complex formation or for export of CD19 to the cell
surface by CD81 (25).

CD9 is the closest human homologue of tetraspanin CD81, sharing 45% amino acid
sequence identity, yet it does not export CD19 to the cell surface (Figure 4A) (24). Its
overall structure is highly similar to CD81 (RMSD 1.35 A), with minor structural
differences only in the C-D helix region of EC2 (33). An accompanying low-resolution
structure of CD9 in complex with EWI-2 only made it possible to roughly fit an EWI-2
homology model and the CD9 crystal structure into the cryo-EM map, which has a very
different overall architecture from the CD19-CD81 complex (33). To understand the basis of
the specificity of CD81 for CD19, we simulated the “open,” cholesterol-free conformation
of CD9 with a homology model of the structure of CD19-bound CD81 (36). The comparison
shows that the hydrophobic loop of CD81 that engages CD19 is highly polar in the model of
CD?9, providing an explanation for the CD19 selectivity of CD81 (Figure 4B).

The structural and biochemical results reported here reveal molecular details about the B cell
coreceptor complex that have eluded previous definition (4). The CD19-CD81 complex is
assembled in the endoplasmic reticulum (ER), where cholesterol accounts for only 5% of
lipids (compared to up to 50% of plasma membrane lipids) (37). The low cholesterol
concentration could favor CD19-CD81 complex formation in the ER, where it then travels
through the secretory pathway and is inserted into the B cell membrane in the cholesterol
free, “open” conformation. Upon B cell activation, the BCR and co-receptor complex have
been shown to partition into cholesterol rich lipid rafts, and CD81 is necessary for this
movement (38, 39). Thus, cholesterol binding may allow CD81 to release CD19 in response
to B cell activation, allowing CD19 to interact with the BCR and carry out signal
amplification during antigen recognition. The switch that triggers the transition from
cholesterol-free to cholesterol-bound CD81 remains an area of further investigation, but
some studies suggest the palmitoylation of CD81 modulates cholesterol binding (40, 41).

The mechanism of conformational regulation in response to lipid binding is likely a general
feature of the tetraspanin family. The functional relationship between cholesterol and
numerous tetraspanins has been discussed (42-45), although never directly shown, and
analysis of sequence conservation for the 33 tetraspanin paralogs within humans highlights
tight evolutionary constraints within the transmembrane region (27). Residue N18, which
forms a hydrogen bond to cholesterol in the apo-CD8L1 structure, is conserved in 27 of 33
human tetraspanins (27). Indeed, the structure of CD9 also revealed electron density
consistent with a bound lipid within its intramembrane cavity (33). Our structure of the
CD19-CD81 complex confirms that there are at least two distinct conformations of a
tetraspanin and suggests that tetraspanins regulate the subcellular localization of their
partner proteins based on differences in cholesterol concentration.

We previously showed that the anti-CD81 antibody 5A6 recognizes a conformational
epitope that is masked when CD81 is in complex with CD19, but becomes accessible upon
B cell activation (25). This antibody is competitive with CD19 for binding to CD81, and the
angle of approach of the 5A6 Fab is nearly identical to that of CD19 (Figure S8) (25). 5A6
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inhibits B cell lymphoma growth in a xenograft model as effectively as rituximab, a standard
treatment for this disease (46). However, unlike rituximab, 5A6 selectively kills human
lymphoma cells while sparing normal cells (46), suggesting that conformationally-selective
antibodies that distinguish unbound CD81 on chronically active malignant cells from the
CD19-CD81 complex on resting B cells show therapeutic promise.

In addition to its function as a signaling subunit of the B cell co-receptor, CD19 is also a
target of CAR-T cells, which have revolutionized the treatment of B cell malignancies and
show promise for treatment of autoimmune disorders (14, 15, 47). It is currently not possible
to selectively target resting or chronically activated, malignant B cells based on differences
in CD19 conformation, leading to depletion of all B cells and recurrent infections due to loss
of humoral immunity. It should be possible to select antibodies that discriminate between
CD81-complexed CD 19 and free CD19 by raising antibodies that recognize a composite
epitope on our CD19-CD81 fusion protein. Such an antibody could be used to trap CD19 in
complex with CD81, raising the threshold for B cell activation in autoimmune diseases.
Alternatively, an antibody that binds to the region of the CD19 ectodomain that interacts
with CD81 on resting B cells could selectively deplete chronically activated, malignant B
cells, preventing the undesired complication of destroying all B cells with current generation
CAR-T approaches.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 3D reconstruction and atomic model of the human CD19-CD81 complex bound to

Coltuximab.

(A) Different views of the cryo-EM map of the CD19-CD81-Coltuximab complex colored
by subunit. Density associated with the detergent micelle is rendered transparently in white
in the left panel. (B) Locally filtered cryo-EM map of the CD19-CD81-Coltuximab complex
colored according to local resolution, calculated in cryoSPARC. (C) Ribbon representation
of the structure of the complex. CD19, CD81, and Coltuximab are colored as in A.
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Fig. 2. Comparison of apo-CD81 and CD19-CD81 complex structures.
(A) Comparison of apo-CD81 (left) with complexed CD81 (right). The structures are

aligned on the TM3/TM4 helices and colored by domain. (B) Overlay of apo-CD81 on
complexed CD81. Structures were aligned on the TM3/4 helices. Helices A and B of the
large extracellular loop (EC2) are highlighted to show the hinge-opening movement of the
ectodomain. (C) Comparison of the large extracellular loops of apo-CD81 (left) and
complexed CD81 (middle), and superposition of the two conformations (right). Helices C-E
are colored. In the superposition, the large extracellular loop of complexed CD81 is solid,
and apo-CD8L is transparent. (D) Surface representation of apo-CD81 (left) and cross-
section highlighting cholesterol binding pocket (right). (E) Surface representation of
complexed CD81 (left) and cross-section highlighting the occlusion of the cholesterol
binding pocket (right). CD81 was modeled was side chains in the transmembrane domain for
Panel E. (F) Overlay of the transmembrane region of apo-CD81 on complexed CD81,
aligned on the TM1/2 helices. Movements within the transmembrane domain are indicated
with black arrows. See also Supplementary Video S1.
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Fig. 3. CD19-CD8L1 interface.
(A) Open book representation of the CD19-CD81 interface. CD81 is salmon, CD19 is blue,

and the Fab is grey. Residues at the binding interface are colored in a darker shade. (B)
CD19-CD81 binding interface. Zoomed in views show hydrogen bonds and van der Waals
interactions with dotted lines. (C) Effect of CD81 interface mutations on CD19 export.
Surface CD19 was detected by flow cytometry using an Alexa 488-coupled anti-CD19
antibody. Expression of CD81 mutants was confirmed by flow cytometry (Figure S7). Error
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bars represent mean + SEM of three independent experiments. Statistical analysis was
performed in GraphPad Prism using an unpaired t test. *p <0.05; **p < 0.01; ***p < 0.001.
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Fig. z; Structural comparison of CD81 toitstetraspanin CD9 homologue explains CD19-binding
specificity.

(A) Sequence alignment of human CD81 and human CD9. (B) Homology model of “open”
CD9 and CD19 complexed-CD81 with surfaces colored by amino acid hydrophobicity on
the Kyte-Doolittle scale. Zoomed in panels show the key hydrophobic “TALT” sequence that
is necessary for CD81 to recognize CD19, which is replaced a hydrophilic region in the
analogous position on CD9.
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