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Abstract

The generation of high-affinity antibodies depends on the ability of B cells to extract antigens
from the surfaces of antigen-presenting cells. B cells that express high-affinity B cell receptors
(BCRs) acquire more antigen and obtain better T cell help. However, the mechanisms by which B
cells extract antigen remain unclear. Using fluid and flexible membrane substrates to mimic
antigen-presenting cells, we show that B cells acquire antigen by dynamic myosin Ila-mediated
contractions that pull-out and invaginate the presenting membranes. The forces generated by
myosin lla contractions ruptured most individual BCR-antigen bonds and promoted internalization
of only high-affinity, multivalent BCR microclusters. Thus, B cell contractility contributes to
affinity discrimination by mechanically testing the strength of antigen binding.

Efficient antibody responses require selective expansion of B cell clones that recognize
foreign antigens with high-affinity. B cells are initially stimulated by the binding of their B
cell receptors (BCRs) to antigens on the surfaces of antigen-presenting cells (APCs) (1-5).
During these cellular contacts, termed immune synapses, B cells acquire the antigens from
the APCs (1, 2, 6), which leads to B cell antigen processing and presentation to helper T
cells. The extent of T cell help, and resulting B cell activation, depends on the BCR affinity
for antigen (7-9). Therefore, efficient affinity discrimination during antigen acquisition is
essential for B cell clonal selection.

Although B cell synapse formation is sensitive to antigen affinity (10, 11), the mechanisms
by which B cells extract antigens from APCs remain poorly understood (12, 13). To study
this process, we developed an experimental model for studying immune synapses using
immobilized plasma membrane sheets (PMS).

PMS are made from plasma membranes of adherent cells (14) and are suspended
approximately 10 nm above the coverslip (Fig S1). Decoration of the exposed surfaces of
PMS with antigens, but not with control proteins, induced B cell spreading and antigen
clustering that resembled B cell synapses with planar lipid bilayers (PLB), an alternative
model substrate (10, 15). However, unlike synapses with PLB, B cells rapidly internalized
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the antigen from synapses made with PMS (Fig. 1A, B, Movie S1). The ability of B cells to
internalize antigen was not a result of the composition of the PMS, as PLB prepared from
plasma membranes (PM-PLB) did not support antigen internalization (Fig. 1B). In addition,
the internalization did not correlate with lipid or antigen diffusion within these substrates
(Fig. S2).

To investigate why B cells internalize antigens from PMS, but not PLB, we examined the
flexibility of these substrates using atomic force microscopy (AFM) and compared them to
live APCs. In these experiments, the AFM tip binds to the substrate and then retracts to
measure forces between the tip and the substrate until the rupture of the bond (16, 17). On
PLB and PM-PLB, forces during tip retraction increased rapidly to 30-40 pN and produced
single-step ruptures of bonds a few nanometers from the surface (Fig. 1C, D), indicating
high membrane stiffness. In contrast, on both PMS and dendritic cells (DCs), forces initially
increased and then plateaued at approximately 20 pN, with bonds often rupturing hundreds
of nanometers away from the surface (Fig. 1C, D). Thus, in contrast to PLB or PM-PLB,
PMS were flexible, and similar in their viscoelastic properties to plasma membranes of
APCs loaded with physiological antigen complexes.

Labeling PMS with the hydrophobic dye, Dil, showed that B cells internalized antigen
together with small pieces of the PMS membrane (Fig. 1A, E). We observed similar
colocalization of antigen and lipid in B cells that acquired cognate immune complexes from
DCs (Fig. 1E, F). In contrast, B cells forming synapses with PLB did not take up any Dil or
antigen (Fig. 1A, E). These results resemble the acquisition of APC membranes by B cells in
vivo (18), and, together with the force spectroscopy data, suggest that B cells require
flexibility of the presenting membranes to pinch off the antigen together with the
phospholipid bilayer.

To visualize the initiation of antigen extraction, we recorded TIRF timelapses of B cells
interacting with the Dil-labeled PMS. Within a few seconds after B cell spreading,
numerous spots of increased Dil fluorescence appeared in the PMS, and these spots
continued to form and disappear dynamically (Fig. 2A, Movie S2). In contrast, Dil
fluorescence remained diffuse in the absence of antigen (Fig. S3A). High-resolution 3D
localization showed that the Dil spots were associated with upward movement of
colocalized antigen particles (Fig. 2B, C). Thus, the increase in Dil fluorescence reports
local lipid enrichment caused by antigen-induced B cell pulling-out and invaginating the
presenting membranes.

Whereas antigen microclusters typically colocalized with a subset of membrane
invaginations just before internalization (Fig. 2D), the membrane invaginations were more
frequent and dynamic than antigen microclusters (Movie S3). Most invaginations lasted less
than 5 s (Fig. 2E) and terminated abruptly (Fig. 2E, inset), suggesting physical rupture.
Analysis of Dil and antigen fluorescence showed that the longer-lived invaginations started
at sites that contained higher amounts of antigen compared to short-lived invaginations, and
there was a significant drop in antigen fluorescence after their termination, indicating
antigen internalization (Fig. 2F, Fig. S3B). These results show that B cells pulled-out the
presenting-membranes at sites that contained variable amounts of antigen, but the lifetime of
the invaginations and the probability of their internalization depended on prior formation of
antigen microclusters.

To understand the mechanisms that regulate antigen internalization from the invaginations,
we analyzed the dynamics of clathrin (19, 20). Following B cell spreading on PMS, the
numbers of clathrin-coated structures (CCSs), and their brightness, increased compared to
PMS without antigen (Fig. 2G, H). CCSs formed throughout the synapse, and we observed
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simultaneous disappearance of long-lived invaginations, antigen microclusters and CCSs
(Fig. S4). Short-lived invaginations rarely colocalized with CCSs, but 20% of long-lived
invaginations colocalized with CCSs, particularly at the end of their lifetime (Fig. 21). To
assess the importance of CCSs in antigen acquisition, we knocked-down components of
CCSs in Ramos B cells using sShRNA. Knockdown of AP2 and dynamin2 inhibited antigen
internalization from PMS (Fig. 3A), although pulling of membrane invaginations was not
affected (Fig. 3B). These findings were confirmed in primary B cells using a dynamin2
inhibitor (Fig. 3C, D). Thus, CCSs pinch off invaginated antigen microclusters leading to
internalization of the antigen. However, clathrin-independent mechanisms are required to
first pull-out the presenting membrane.

Using shRNA-mediated knockdown and pharmacological inhibition, we found that myosin
Ila and its activator, Rock1, were required for both membrane invagination and antigen
internalization from PMS (Fig. 3A-D). In contrast, inhibition of myosin Ila did not prevent
internalization of soluble antigen (Fig. 3C) or B cell spreading on the PMS (Fig. S5),
suggesting that myosin Ila is not required for all BCR signaling or endocytosis. TIRF
microscopy showed that myosin lla formed dynamic spots and short fibers throughout the
synapse (Fig. 3E, Movie S4) and specifically accumulated at the sites of membrane
invaginations just before their onset (Fig. 3F). Myosin Ila then rapidly cleared from the
center of growing invaginations, but remained closely associated with their sides (Fig. 3E-
F). In contrast, F-actin accumulated at the onset of membrane invaginations, persisted
throughout their lifetime, and disappeared after their termination (Fig. S6A-C, Movie S5). In
longer-lived invaginations, a second wave of F-actin recruitment was detectable at the end
of the invagination’s lifetime (Fig. S6B, C). Together, these results show that B cells use
acto-myosin contractility to pull-out and invaginate the presenting membranes, which is
required to internalize the antigen via a clathrin- and actin-dependent process (21, 22). The
observed short lifetime of most invaginations leads to a prediction that BCR-antigen bonds
within small microclusters rupture under the pulling forces, aborting endocytosis. However,
BCR-antigen interactions within larger microclusters resist the contractile forces for more
than 20-30 s, allowing association or maturation of CCSs and internalization. This suggests
that contractile forces mechanically test the strength of BCR binding immediately before
internalization, providing a possible proofreading mechanism for affinity discrimination.

To extract antigen, BCR-antigen bonds would have to resist forces of up to 20 pN (Fig. 1D).
To directly characterize the mechanical strength of individual BCR-antigen bonds, we
measured BCR-antigen rupture forces using AFM force spectroscopy (Fig. 4A-C, Fig. S7).
In these experiments, we varied the speed of cantilever retraction to subject the bonds to
various bond-loading rates. This can reveal dependence of bond dynamics on applied forces
(23). We conjugated AFM tips to NP or NIP antigens, which differ approximately 10 times
in their 3D affinity for the B1-8 F,y, fragment (Table S1). Measurements of forces between
NIP antigens and the B1-8 F,, attached to coverslips, showed a sharp increase of force with
cantilever retraction, resulting in single step ruptures (Fig. 4A, top). The mean rupture forces
between the F,, and the NP or NIP antigens rose linearly with the logarithm of the loading
rates as expected (24) (Fig. 4B, C), and yielded extrapolated zero-force off-rates similar to
those measured in solution (Fig. S7B). Force spectroscopy with living B1-8 B cells showed
that forces between the B1-8 BCR and antigens also rose steadily with cantilever retraction
(Fig. 4A, bottom), consistent with the BCR being anchored to the submembrane
cytoskeleton (16, 25). Consequently, loading rates on the BCR were only modestly lower
than on the F,,. However, the rupture forces of the BCR-antigen bonds showed a non-linear
dependence on the logarithm of loading rates (Fig. 4B, C). For slow loading rates, induced
by pulling speeds similar to those generated by myosin lla contractility, rupture forces for
the BCR were lower, and had shorter lifetimes than those with the Fgp, suggesting that single
BCR-antigen bonds break quickly at forces required for antigen extraction (Fig. S7D). Thus,
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the mechanical strength of single BCR-antigen bonds is not sufficient for antigen extraction,
highlighting the importance of load-sharing in multivalent BCR microclusters. In contrast,
with faster loading rates, BCR-antigen rupture forces increased sharply and approached
those measured with the Fp. These data suggest that at higher forces, the BCR improves its
resistance to mechanical stress, providing an additional layer of regulation.

What are the implications of these findings for antigen affinity discrimination? We found
that B1-8 B cells internalized NP and NIP antigens to similar extent from solution (Fig. 4D).
However, when the antigens were presented on PMS, B1-8 B cells internalized significantly
more of the NIP antigen than the NP antigen (Fig. 4E). The NIP antigen also induced faster
microcluster formation (Fig. S8A), longer lifetime of invaginations (Fig. 4F), and increased
amounts of invagination-associated antigen (Fig. 4G). In addition, we found that although
inhibition of myosin Ila by high concentration of blebbistatin abolished internalization of
both antigens, modulation of the strength of myosin Ila contraction by low concentrations of
blebbistatin reduced internalization of the NIP antigen, while it promoted the internalization
of the NP antigen (Fig. 4H). This suggests reduced myosin lla activity improves low-affinity
BCR binding by reducing the mechanical stress on the bonds. Thus, the ability of B cells to
discriminate between these two antigens depends on the strength of actomyosin-mediated
force, implicating contractile forces in the regulation of affinity discrimination.

Due to the bivalency of the BCR and the multivalency of most physiologically relevant
antigens, the half-lives of BCR-antigen complexes can reach many hours. As a result, B
cells typically internalize soluble multivalent antigens in an affinity-independent manner
(12). However, in vivo, B cells acquire multivalent antigens in an affinity-dependent manner
(7, 18). We suggest that myosin Ila-generated forces shorten the lifetime of synaptic BCR-
antigen bonds, promoting affinity discrimination on a physiologically relevant time-scale,
i.e. seconds rather than hours. Since the initial growth of BCR microclusters is dependent on
affinity (11) (Fig. S8A), higher-affinity antigens will form larger microclusters with higher
number of bonds faster than lower-affinity antigens. When contractile forces engage, the
higher number of bonds in larger microclusters, together with better resistance to force of
the individual high-affinity bonds, will provide stability to the microclusters, allowing
association with CCSs and endocytosis of the antigen. As a result, the probability of antigen
internalization will depend on BCR affinity.

Spending mechanical energy to discriminate between interactions that could not be
distinguished passively likely contributes to B cells’ ability to develop high-affinity
antibodies. This strategy seems to rely on mechanisms linking receptor signaling to myosin
Ila contractility and endocytosis (26-28). Understanding of this process may inspire new
ideas to improve antibody affinity beyond the nanomolar range, both in /n vivoand in vitro
affinity maturation systems.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

B cells acquire antigens from flexible membranes. (A) Sideview reconstruction of B220-
stained primary B cells forming synapses with Dil-stained and anti-lgx antigen-loaded (Ag)
PMS or PLB. Arrowheads indicate the position of the substrate. Scalebars, 2 um. (B) Image
quantification of primary B cell antigen internalization (means+SEM, n=23-60 cells). (C)
AFM force retraction curves of streptavidin-coated AFM tip and biotinylated antigens.
Antigens were anti-lgx for PLB, PM-PLB and PMS, and immune complexes of NIP antigen
for DCs. Speed of retraction was 0.1pm/s. (D) Rupture distances and forces, mean+SD,
n=31-109 retraction curves. (E) Colocalization of internalized antigen with Dil in primary B
cells after internalization from the substrates. Means=SEM, n=12-21 cells. (F) B220-stained
B1-8 primary B cell internalizing immune complexes of NIP antigen from a DC stained with
Dil. Scalebar, 5 pm.
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Primary B cells extract antigens by invaginating and pinching off the presenting membranes.
(A) Changes in Dil intensity on antigen-loaded PMS after B cell spreading (white outline).
(B) 3D localization of antigen. Top, Dil-stained PMS loaded with unlabeled antigen and

internalization. (E) Lifetimes of invaginations (mean£SEM, n=7 cells). Inset, Dil

fluorescence of a short-lived invagination. (F) Antigen fluorescence in invaginations
grouped by lifetime. Dotted lines show fluorescence before and after invagination’s lifetime

antigen-Qdots before and after B cell spreading. Bottom, antigen-Qdots color-coded for their
vertical position. Arrowhead shows a Qdot pulled-up by the B cell. (C) Vertical position of
antigen-Qdots versus colocalized Dil fluorescence (n=10 cells, p for Pearson correlation
test). (D) Antigen and Dil fluorescence in a single antigen microcluster. Arrow indicates

(mean+SEM, n=10 cells). *, p<0.01 in paired t-tests. (G) B cell expressing clathrin light

Science. Author manuscript; available in PMC 2013 December 28.

chain-GFP spreading on antigen-loaded PMS. (H) Numbers and fluorescence of synaptic
CCSs (mean+SEM, n=15-21 cells, *, p<0.05 in nonparametric tests for t>1 min against
controls). (1) Percentage of invaginations colocalizing with CCSs (mean£SEM, n=12 cells).
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Black lines, colocalization with randomly scrambled CCSs. *, p<0.01 in nonparametric tests
against scrambled controls. Scale bars, 5 pm.
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Fig. 3.

B cell antigen extraction requires myosin Ila contractility and clathrin-mediated endocytosis.
(A) Antigen internalization (anti-Igp) and (B) number of invaginations pulled from PMS by
Ramos B cells expressing ShRNA against AP2, dynamin2, Rockl, or myosin I1A. (C)
Antigen internalization (anti-1gx) from PMS (left y-axis) or solution (right y-axis) by
primary B cells treated with inhibitors against dynamin2 (dynasore), Rockl (Y-23632), or
myosin 11A (blebbistatin). (D) Number of invaginations pulled from PMS by primary B cells
treated with inhibitors. A-D, means£SEM, n=17-25 cells for internalization from PMS,
n=7-15 cells for invagination numbers, n=3 experiments for soluble antigen internalization.
*, p<0.01, **, p<0.05 in non-parametric tests against controls. F.u., fluorescence units. (E)
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Top, TIRF image of a primary B cell expressing myosin Ila regulatory light chain (RLC)-
GFP (Myo) spread on DiD-labeled PMS loaded with antigen. Yellow squares show a region
magnified below. Closed arrowheads show invagination, open arrowheads show myosin lla
structures. Scalebar, 1 wm. (F) Quantification of myosin Ila RLC fluorescence in
invaginations grouped by lifetime (mean£SEM, n=15 cells). *, p<0.01 in paired t-tests.

Science. Author manuscript; available in PMC 2013 December 28.



syduiosnuel Joyiny sispun4 JINd adoin3 ¢

syduosnuelA Joyiny sispun4 DA @doing ¢

Natkanski et al.

Page 12

B1-8F NP c NIP
-8F, i i
: 70 ° Fab 70 o Fab °
0 6010 BCR 6010 BCR .P
> 20 = 501 50+ N
S0 £ 401 - 401 ® 0
@ O] ~C. *
3 B1-8BCR O ] R | e ©
K S ° oo 30
0 w 201 20{ o
J o ] O
20 101 o p<0.001 10 p <0.001
40

04— . 1 04+ — . .
0 50 100 102 10* 108 102 10*  10°
Distance (nm) Loading rate (pN/s) Loading rate (pN/s)

D E
= p<0001 =
7 6
210 O ne 101 NP o
210°) E NP 105 M NIP _._
81 S 104
N10 0
g 10 108
2
= 103 102 2 2 2 2
1nM 10 pM 100 pM 1 nM 50/um=5/pum=15/um= 50/um
WT B1-8 WT B1-8
F G H
— N
2 .
4\)0.5 *c.gulp:;’ 811510 np e 51— O] NP
= = ® NIP x |
£ 04 3 .4 NIP
3 p<001 @ p<005 * 3
- le) ®1.1O R = p<0.01
= 0.3 N 5 o 3
= ° =] *i <<
2021 oi.  o105] -$ g 2
o o, < @ N
F 01 OO. 5 00 éé g 1
g ol 08 2100{@ k5
"0 10 20 30 010203 = 01 51050
t(s) Lifetime (s) Blebbistatin (uM)

Fig. 4.

Forces generated by myosin Ila contractility promote affinity-dependent antigen
internalization. (A) Force spectroscopy retraction curves showing rupture of bonds between
NIP antigen and B1-8 F, fragment (top) or B1-8 BCR on live primary B1-8 B cells
(bottom). Speed of retraction was 0.1 pm/s. (B, C) Mean rupture forces (+SEM) measured
by AFM force spectroscopy with NP (B) and NIP (C) binding to B1-8 F,, fragment on
coverslips or to B1-8 BCR on B cells. Retraction speeds were 0.1-50 pm/s. N=41-185
retraction curves. (D, E) Internalization of antigens by B1-8 or wild type (WT) primary B
cells from solution (D) or from PMS (E). (F) Lifetime of invaginations. (G) Antigen
fluorescence associated with invaginations of indicated lifetime. (H) Internalization of
antigens by B1-8 B cells treated with blebbistatin. D-H, means£SEM of individual cells,
n=25-118. If error bars are not visible, they are smaller than the symbols. Asterisks show
statistical significance in non-parametric tests at the indicated p-values.
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