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Introduction
Germinal centers (GCs) are microanatomic sites that emerge 
within secondary lymphoid organs in response to an immu-
nogenic challenge. Within the GC, B cells undergo extensive 
cell division, somatic hypermutation (SHM), and affini-
ty-based selection by T follicular helper (Tfh) cells (Allen et 
al., 2007; Victora and Nussenzweig, 2012). These specialized 
CD4+ T effector cells preferentially select B cells that present 
high levels of peptide-MHC​II (pMHC​II) for extensive pro-
liferation or differentiation to antibody-forming cells (Vic-
tora et al., 2010). Iterative cycles of cell division and SHM 
followed by selection by Tfh cells in the GC results in a 
progressive increase in serum antibody affinity (Kepler and 
Perelson, 1993), a process known as antibody affinity mat-
uration (Eisen and Siskind, 1964). Formation of protective 
antibodies is greatly dependent on an initial selection stage of 
antigen-specific B cells from the germline repertoire for GC 
colonization (Schmidt et al., 2015).

Numerous antigen-specific B cells expressing B cell 
receptors (BCRs) of various affinities have an intrinsic po-
tential to respond to their cognate antigen and clonally ex-
pand, before GC formation (Dal Porto et al., 2002; Shih et 
al., 2002; Schwickert et al., 2011). However, only B cells that 
express the highest-affinity BCRs are selected by Tfh cells 
to undergo clonal expansion and differentiation into either 
early plasmablasts or GC cells (Phan et al., 2003; Schwick-
ert et al., 2011). This selection process among the responding 
B cells takes place at the border between the B cell follicle 

and the T zone where antigen-specific B cells congregate 
after initial priming (Garside et al., 1998; Reif et al., 2002; 
Okada et al., 2005; Schwickert et al., 2011). In similarity to 
the GC response, B cell clonal selection is thought to de-
pend on stringent T cell–dependent selection that promotes 
GC colonization by B cells bearing relatively higher-affinity 
BCRs (Schwickert et al., 2011). Several studies found that 
the early GC reaction that emerges in response to immu-
nization with a complex antigen is composed of many dif-
ferent clones bearing BCRs of various affinities, including 
low-affinity clones (Kuraoka et al., 2016; Tas et al., 2016). Fur-
thermore, the germline variants of mutated broadly neutraliz-
ing antibodies to influenza virus and HIV show surprisingly 
low binding affinities to their cognate antigens. Nevertheless,  
germline clones such as these must be selected during the 
earliest stages of the B cell response for optimal protection 
from these pathogens (Lingwood et al., 2012; Klein et al., 
2013; Bannard and Cyster, 2017). How B cell clones bearing 
BCRs of various affinities are selected for clonal expansion 
and GC colonization remains unclear.

Intravital imaging experiments have demonstrated that 
B cell competition for T cell help at the earliest stages of the 
immune response is highly dynamic, involving B cells inter-
acting with multiple T cells (Okada et al., 2005; Qi et al., 
2008; Schwickert et al., 2011). Long-lasting T–B contacts are 
essential for GC seeding (Qi et al., 2008) and are thought to 
promote selection of the highest-affinity B cell clones for pro-
liferative expansion by facilitating delivery of essential T cell–
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derived help signals for B cells (Qi et al., 2008; Schwickert et 
al., 2011; Qi, 2016). Optimal T–B interactions depend in part 
on signaling lymphocytic activation molecules (SLAMs) and 
their intracellular adaptor SLAM-associated protein (Qi et 
al., 2008; Cannons et al., 2011). These molecules are thought 
to support adhesive contacts between T and B cells; how-
ever, they lack the typical characteristics of adhesion mole-
cules such as TCR-triggered clustering and conformational 
changes. In addition to SLAMs, Tfh cells express high levels of 
the integrin lymphocyte function–associated antigen 1 (LFA-
1; Meli et al., 2016), and B cells express variable levels of the 
LFA-1 ligands intercellular adhesion molecule 1 (ICAM-1) 
and ICAM-2 (Dennig et al., 1994; Montoya et al., 2002; Sán-
chez-Madrid and Serrador, 2009). TCR triggering by pMHC​
II induces LFA-1 conformational changes and clustering that 
are required for multivalent associations with ICAM mol-
ecules, leading to stable T cell–APC synapses (Evans et al., 
2009; Feigelson et al., 2010). Furthermore, it was shown that 
LFA-1 binding to ICAMs is required for optimal TCR sig-
naling and T cell effector functions (Brunmark and O’Ro-
urke, 1997; Wülfing et al., 1998; Scholer et al., 2008). Whether 
these molecules play a role in T–B interactions in vivo and B 
cell selection for clonal expansion by Tfh cells is unknown.

High levels of pMHC​II are required for both long-lasting 
T–B interactions and B cell selection for clonal expansion by 
Tfh cells (Victora et al., 2010; Schwickert et al., 2011; Shulman 
et al., 2014). However, cognate pMHC​II​:TCR interactions 
are insufficient for establishing optimal T–B adhesion and 
TCR signaling in vitro (Brunmark and O’Rourke, 1997; 
Wülfing et al., 1998; Liu et al., 2016). Thus, additional adhesive 
mechanisms and costimulatory counterreceptors, which are 
potentially regulated by TCR binding of pMHC​II, are likely 
to contribute to optimization of cognate T–B interactions 
and subsequent B cell clonal expansion. In the present 
study, we examined the potential additive roles of ICAM-1 
and ICAM-2 on individual B cells in the selection of B cell 
clones by Tfh cells. We found that B cell ICAMs are essential 
for long-lasting pMHC​II-driven Tfh–B cell interactions that 
promote B cell selection for proliferative clonal expansion 
during GC colonization.

Results
ICAM-1 and ICAM-2 are highly expressed on activated B cells, 
and their integrin receptor LFA-1 is elevated on Tfh cells
The LFA-1 integrin ligands, ICAM-1 and ICAM-2 are 
highly expressed on activated lymphocytes and are import-
ant for T cell–APC interactions (Dustin, 2008; Scholer et 
al., 2008; Sánchez-Madrid and Serrador, 2009). To examine 
whether B cell ICAMs play a role in B cell immune responses, 
we first examined whether these molecules are up-regulated 
on the surface of GC B cells. To this end, we immunized WT 
mice with 4-hydroxy-3-nitrophenyl acetyl (NP) conjugated 
to OVA s.c. and analyzed follicular (FAS− CD38+) and GC 
(FAS+ CD38low) B cells by flow cytometry 7 d after immu-
nogenic challenge. We found that GC B cells express five-

fold more ICAM-1 and 1.9-fold more ICAM-2 compared 
with follicular B cells in popliteal LNs (Fig. 1 A). To examine 
the kinetics of ICAM-1 and ICAM-2 expression, we tracked 
ICAM levels over time on antigen-specific B cells. For this 
purpose, we used B1-8hi B cells that carry a knock-in Ig heavy 
chain that, when combined with an Igλ light chain, produces 
a high-affinity BCR specific for NP (Shih et al., 2002). Flow 
cytometric analysis of adoptively transferred B1-8hi B cells re-
vealed that NP-specific Igλ+ B1-8hi B cells exhibited 2.7-fold 
more ICAM-1 at day 3 after immunization compared with 
day 0, and these elevated levels remained stably high within 
the GC compartment at day 7 (Fig. 1 B). ICAM-2 levels were 
1.6-fold elevated at day 3 and 2.2-fold elevated during GC 
formation through day 7 (Fig. 1 B). We did not detect changes 
in ICAM expression on follicular B cells that are largely not 
specific for NP (Fig. 1 B). For analysis of LFA-1 expression 
on Tfh cells, we immunized WT mice with NP-OVA and 
compared integrin expression in the naive, activated non-Tfh, 
and Tfh subpopulations. Consistent with previous findings 
(Meli et al., 2016), Tfh cells were found to express the highest 
levels of LFA-1 among the responding T cells 7 d after an 
immune challenge (Fig.  1  C). To examine whether LFA-1 
up-regulation takes place early during the immune response, 
we adoptively transferred OVA-specific OT-II T cells into 
WT mice and measured LFA-1 expression on day 3 after im-
munization with NP-OVA. We found that antigen-specific T 
cells express threefold higher levels of LFA-1 compared with 
their naive counterparts (Fig. 1 D). We conclude that ICAMs 
and LFA-1 are up-regulated early during the antibody im-
mune response on antigen-specific B and T cells, respectively.

B cell ICAMs provide a selective advantage in T cell–
dependent immune responses
Integrins are important for T cell interactions with ICAM- 
decorated APCs, including B cells (Wülfing et al., 1998). 
However, ICAM-1–, ICAM-2–, and LFA-1–deficient mice 
are not suitable for analysis of the antibody response, as these 
molecules are expressed on many cell types and are critical for 
immune cell trafficking (Berlin-Rufenach et al., 1999; Ley et 
al., 2007). Moreover, the functions of ICAM-1 and ICAM-2 
are partially redundant. Thus, to study the role of these mol-
ecules specifically on antigen-specific B cells, we interbred 
ICAM-1– and ICAM-2–deficient mice (ICAM-1/2−/−; 
Gorina et al., 2014) with B1-8hi transgenic mice to produce 
ICAM-1/2 double-knockout B1-8hi mice. To test the role 
of B cell ICAMs independent of their role in Tfh formation 
and maintenance (Meli et al., 2016), we adoptively transferred 
ICAM-1/2+/+ and ICAM-1/2−/− B cells to the same WT 
hosts and examined their competence to form GCs. Equal 
numbers of B cells derived from CD45.1+ ICAM-1/2+/+ 
and ICAM-1/2−/− B1-8hi mice were adoptively transferred 
into WT hosts before s.c. immunization with NP-OVA. After 
14 d, we found that the GC compartment in popliteal LNs 
contained 4.8-fold more ICAM-1/2+/+ than ICAM-1/2−/− 
B1-8hi B cells (Fig. 2 A). Similar results were obtained using 
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the MD4 BCR transgenic mice as hosts, in which endog-
enous B cells do not recognize NP and do not participate 
in the immune response (Fig.  2  B). Analysis of the distri-
bution of adoptively transferred cells between the GC light 
and dark zone revealed that the few ICAM-1/2−/− B1-8hi B 
cells that entered the GC response were normally distributed 
between these two compartments (Fig. S1). The defect of the 
ICAM-deficient B cells was not a result of inefficient homing 
to LNs, because the proportion of the two types of trans-
ferred cells within the naive compartment (FAS− CD38+) 
was similar (Fig. S2). To understand whether ICAMs play a 
role specifically in T cell–dependent immune responses, we 
examined their role in the T cell–independent immune re-
sponse wherein B cells are primed by nonprotein antigen and 
undergo extensive proliferation in the absence of cognate T 
cell help. To elicit such a response, WT hosts that were adop-
tively transferred with a mixture of CD45.1+ ICAM-1/2+/+ 
and ICAM-1/2−/− B1-8hi B cells were immunized with a 

nonprotein antigen NP-Ficoll. By analysis of the B cell ac-
tivation markers, FAS and GL-7, we found that under these 
conditions both types of B cells responded to the antigen to 
an equal extent (Fig. 2 C). Collectively, these results demon-
strate that the T cell–dependent B cell immune response 
depends on B cell ICAMs, whereas the T cell–independent 
immune response does not require ICAMs. During the first 
stages of the emerging T cell–dependent immune response, 
antigen-specific B cells are also selected by Tfh to differen-
tiate into plasmablasts. Adoptively transferred ICAM-1/2−/− 
B1-8hi B cells were outcompeted by ICAM-1/2+/+ B1-8hi B 
cells for entry into the plasmablast compartment, as assessed 
by expression of the plasma cell marker CD138 (Fig. 2 D). 
To investigate whether the defective participation of ICAM-
1/2−/− B cells in GCs is a result of ineffective competition, 
we next examined GC formation in LNs in the absence of 
high-affinity competitors. We found that when ICAM-1/2+/+ 
or ICAM-1/2−/− B1-8hi B cells were transferred separately 

Figure 1. E xpression of ICAM-1 and ICAM-2 on B cells and LFA-1 on T cells in response to immunization. (A) Flow cytometric plot and histo-
grams showing gating strategy and ICAM expression on follicular (Fo) and germinal center (GC) B cells in popliteal LNs of mice, 7 d after immunization with 
NP-OVA. Graph shows quantification of mean fluorescence intensity (MFI) of ICAM-1 and ICAM-2. Data are pooled from two independent experiments with 
a total of six to 12 mice per group. (B) Representative histograms depicting ICAM-1 and ICAM-2 expression on adoptively transferred B1-8hi B cells (day 0) 
and NP-specific Igλ+ B1-8hi B cells, 7 d after immunization. Graphs show fold increase in ICAM-1 and ICAM-2 expression over time of NP-specific B cells 
(Igλ+) and follicular polyclonal B cells. Data are pooled from two independent experiments with a total of six mice per group. (C) Flow cytometric plots and 
histograms depicting the gating strategy for T cell subsets and their LFA-1 (αL) expression 7 d after immunization with NP-OVA. Data are pooled from two 
independent experiments with a total of six mice per group. (D) LFA-1 expression on endogenous naive T cells and on transferred TdTomato+ OT-II T cells 3 d 
after immunization. Data are pooled from two independent experiments with a total of eight mice per group. **, P = 0.01; ***, P < 0.001; two-tailed Student’s 
t test. Each dot in the graphs represents a single mouse; lines represent the mean; error bars represent SEM.
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into WT hosts, their proportion in the GC compartment was 
comparable (Fig. 2 E). We conclude that B cell ICAMs pro-
vide a competitive advantage to B cells, specifically in a T 
cell–dependent antibody response.

ICAMs provide a competitive advantage in B cell 
polyclonal immune responses
We found that ICAM-1/2 promote B cell selection in com-
petition among B cells bearing BCRs of equal affinity; how-
ever, B cell competition takes place among many B cell clones 
bearing BCRs of varying affinities and specificities. To deter-
mine whether our findings would extend to the polyclonal 
immune response in which multiple, distinct B cell clones 
compete, we next generated mixed BM chimeras in which 
∼50% of the B cells were CD45.1+ ICAM-1/2+/+ and ∼50% 
were ICAM-1/2−/−. To elicit a highly polyclonal immune re-
sponse, chimeric mice were infected subcutaneously in the 
hind foot pads with vesicular stomatitis virus (VSV; Sammi-
cheli et al., 2016). After 14 d, the GC compartment within 
draining LNs was analyzed by flow cytometry. Because the 
reconstitution of each type of BM cells varied among mice, 
we normalized the percentage of each B cell subpopulation 
in the GC to their follicular counterparts. Consistent with 
the adoptive transfer model, we found that the proportion of 
ICAM-1/2+/+ B cells in the GC compartment was signifi-
cantly higher than that of ICAM-1/2−/− B cells (Fig. 3 A). 
Similar results were obtained by immunizing chimeric mice 
with NP-OVA in alum (Fig.  3  B). Peyer’s patches contain 
GCs that are driven by various intestinal-derived antigens 
during homeostasis. In agreement with the immunization 
experiments, we found that ICAM-1/2+/+ polyclonal B 
cells dominated within the Peyer’s patch GCs of chimeric 
mice (Fig. 3 C). In agreement with the adoptive cell transfer 
model (Fig. 2 E), GC formation in response to immunization 
with NP-OVA was intact in noncompetitive experiments, 
in which chimeric mice were reconstituted with a mixture 
of cells that consist of 80% BM cells derived from B cell–
deficient mice (JHT) and 20% BM cells derived from either 
ICAM-1/2+/+ or ICAM-1/2−/− mice (Fig. 3 D). Collectively, 
we conclude that B cell ICAMs are required for effective 
polyclonal B cell competition during a T cell–dependent 
humoral immune response.

Next we examined whether ICAMs play a role in an-
tibody formation. To this end, we immunized chimeric mice 
as in Fig. 3 D and evaluated the presence of antigen-specific 
antibodies in the serum over time. We found that in chimeric 
mice in which B cells lack ICAMs, the titer of IgG antibod-
ies that bind NP20 (total binding antibodies) in ELI​SA was 
significantly lower compared with control mice (Fig.  3 E). 

Figure 2.  B cell ICAMs are required for competitive GC and plasma
blast formation in a T cell–dependent immune response. (A) Rep-
resentative flow cytometric analysis and quantification of IC-1/2+/+ and 
IC-1/2−/− B1-8hi B cells in GCs of recipient mice 14 d after immunization 
with NP-OVA. Data are pooled from two independent experiments with a 
total of 11 mice per group. (B) Analysis of the GC compartment as in A, in 
MD4 host mice, 7 d after immunization. Data are pooled from two inde-
pendent experiments with a total of five mice per group. (C) Representative 
flow cytometric analysis of activated B cells in WT hosts 3 d after adoptive 
cell transfer and immunization with NP-Ficoll. Data are pooled from two 
independent experiments with a total of nine mice per group. (D) Flow 
cytometric analysis of adoptively transferred B cells in the CD138+ B220med 
plasmablast compartment. Data are pooled from two independent exper-
iments with a total of 10 mice per group. (E) Percentages of B cell subsets 
within the GC compartment in NP-OVA immunized mice to which either 

IC-1/2+/+ or IC-1/2−/− B1-8hi B cells were transferred. Data are pooled from 
two independent experiments with a total of seven to 11 mice per group. 
Each dot in the graphs represents a single mouse; lines represent the mean. 
***, P < 0.0004; ns, not significant; two-tailed Student’s t test.
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However, analysis of higher-affinity antibodies (anti-NP4), 
showed smaller differences among this fraction of antibod-
ies (Fig. 3 E). Furthermore, analysis of high-affinity and total 
anti-NP antibody ratios (anti-NP4/anti-NP20) showed an in-
crease in antibody affinity at days 7–21 in both types of chi-
meric mice (Fig. 3 F). Collectively, these results suggest that 
ICAMs are required for optimal antibody secretion during 
the peak of the GC reaction. Nevertheless, the increase in 
antibody affinity is B cell ICAM independent.

B cell ICAMs promote B cell selection for GC colonization 
during early clonal competition for T cell help
We next examined at which stage of the T cell–dependent 
immune response B cell ICAMs play a role. The antibody 
response begins when B cells interact with a cognate antigen 
followed by internalization of the BCR​:antigen complex for 
processing and presentation to T cells as pMHC​II complexes. 
We examined whether ICAMs are required for antigen 
capture by antigen-specific B cells and for up-regulation of 
the early activation marker CD86 and down-regulation of 
IgD. To this end, host mice were adoptively transferred with 
a mixture of CD45.1+ ICAM-1/2+/+ and ICAM-1/2−/− 
B-1-8hi B cells and immunized with a fluorescent antigen, 
NP-PE. After 9  h, the percentage of transferred cells that 
captured the antigen were examined by flow cytometry. 
We found that the fraction of PE+ B cells was equivalent 
in ICAM-1/2+/+ and ICAM-1/2−/− B cells (Fig. 4 A). We 
conclude that the initial interaction of B cells with cognate 
antigen, followed by antigen capture and internalization, 
does not depend on B cell ICAMs. To examine whether 
ICAMs are required for antigen-driven B cell activation, we 
analyzed expression of the early activation marker CD86 on 
PE+ B cells that captured the antigen. We found that PE+ 
ICAM-1/2+/+ and ICAM-1/2−/− B cells expressed similar 
levels of CD86 (Fig. 4 B). Furthermore, the percentage of 
IgDlow B cells among PE+ ICAM-1/2+/+ and ICAM-1/2−/− 
B-1-8hi B cells was similar (Fig.  4  C). Collectively, these 
results demonstrate that B cell ICAMs do not play a role in 
the initial activation of B cells in vivo.

B cell clones compete for GC seeding at the T–B border 
during the early stages of the antibody response, as well as at 
later stages, in the GC reaction (Victora and Nussenzweig, 2012). 
Thus, we next examined whether ICAMs play a role specifi-
cally in clonal competition during GC colonization. To identify 
the earliest stages at which B cell ICAMs play a role in B cell 

Figure 3.  B cell ICAMs are required for effective B cell competi-
tion in polyclonal immune responses. (A) Representative flow cytometric 
plots of GC and follicular compartments composition in popliteal LNs of 
chimeric hosts (∼50% IC-1/2+/+ and ∼50% IC-1/2−/− B cells) 14 d after 
infection with VSV. IC-1/2+/+ B1-8hi B cells were gated as CD45.1+, and 
IC-1/2−/− B1-8hi B cells were gated as ICAM-2− and CD45.1−. The graph 
shows the percentage of B cells in the GC (FAS+ CD38low) normalized to the 
follicular B cell compartment (FAS− CD38high). Data are pooled from two 
independent experiments with a total of 10 mice per group. (B) Analysis of 
chimeric mice as in A that were immunized with NP-OVA. IC-1/2+/+ B1-8hi 
B cells were gated as CD45.1+, and IC-1/2−/− B1-8hi B cells were gated as 
CD45.2+. Data are pooled from two independent experiments with a total 
of five mice per group. (C) Analysis of the proportion of each cell type in 
GCs in Peyer’s patches of chimeric mice. Data are pooled from two inde-
pendent experiments with a total of eight mice per group. (D) Analysis of 
the GC composition in chimeric mice hosting either IC-1/2+/+ or IC-1/2−/− B 

cells. Gated as CD8−, CD4−, F4/80−, GR-1− (dump) and B220+. Data are 
pooled from two independent experiments with a total of six to eight mice 
per group. Each dot in the graphs represents a single mouse; lines repre-
sent the mean. (E) Titers of total (NP20) and high-affinity (NP4) anti-NP IgG 
in serum of NP-OVA immunized chimeric mice. (F) Ratios of high-affinity/
total anti-NP antibodies. Pooled data from two experiments with total of 
four to five mice in each group. *, P = 0.05; ***, P < 0.0001; ns, not signifi-
cant; two-tailed Student’s t test.
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competition, the proportions of transferred ICAM-1/2+/+ and 
ICAM-1/2−/− B1-8hi B cells were examined over the course of 
the emerging immune response. We found that on day 5 after 
immunization with NP-OVA, the fraction of ICAM-1/2+/+ 
B1-8hi B cells was significantly higher than ICAM-1/2−/− B1-8hi 
B cells among cells expressing the activation markers, FAS and 
GL-7 (Fig. 4, D and E). Because the response to NP-OVA was 
relatively weak at day 3, we repeated the experiment by immu-
nizing mice with a more potent NP carrier, NP-keyhole limpet 
hemocyanin (KLH), and found that ICAM-1/2−/− B1-8hi B cells 
were already outcompeted by day 3, a time point that precedes 
GC formation (Fig. 4 F). Taking these results together, we con-
clude that B cell ICAMs play a role in B cell immune response 
primarily after initial priming, when B cells are subjected to se-
lection by Tfh cells for GC colonization.

Proliferative clonal expansion during GC formation 
depends on B cell ICAMs
Our results show that B cell ICAMs provide a selective advan-
tage during the initial stages of GC formation when the earli-
est competition for T cell help takes place. Next, we examined 
how B cell ICAMs promote B cell selection and clonal expan-
sion. Outcompeted B cells at the T–B boundary proliferate 
significantly less than selected B cells (Schwickert et al., 2011). 
We examined whether the defect of ICAM-deficient B cells 
lies in ineffective proliferation during GC colonization. To 
this end, equal numbers of ICAM-1/2+/+ and ICAM-1/2−/− 
B1-8hi B cells were stained with CFSE and transferred into 
host mice. By assessing the mean number of cell divisions of 
the adoptively transferred B cells (division index), we did not 
find a defect in proliferation of ICAM-1/2−/− compared with 

Figure 4.  B cell ICAMs are necessary for clonal competition but not for early B cell activation. (A) Flow cytometric plots and graphs showing the 
percentage of PE+ B cells among transferred IC-1/2+/+ and IC-1/2−/− B1-8hi B cells 9 h after immunization with NP-PE. Data are pooled from two indepen-
dent experiments with a total of 10 mice per group. (B) CD86 expression on follicular and PE+ IC-1/2+/+ and IC-1/2−/− B1-8hi B cells. Data are pooled from 
two independent experiments with a total of eight to 10 mice per group. (C) Percentage of follicular and transferred PE+ B cells expressing low levels of IgD 
16 h after immunization with NP-PE. Data are pooled from two independent experiments with a total of eight to 10 mice per group. Bars and error bars 
represent the mean and SEM, respectively. (D–F) Percentage of IC-1/2+/+ and IC-1/2−/− B1-8hi B cells expressing FAS and GL-7 in host mice on the indicated 
days after NP-OVA (D, E) or NP-KLH (F) immunization. Data are pooled from two independent experiments with seven to 10 mice total for each condition 
or time point. Each dot in the graphs represents a single mouse; lines represent the mean. ***, P < 0.007; ns, not significant; two-tailed Student’s t test.
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ICAM-1/2+/+ B1-8hi B cells 3 d after immunization with 
NP-OVA (Fig. 5, A and B). This suggests that early prolifer-
ation events are B cell ICAM independent. However, on day 
4 after NP-OVA immunization and during GC colonization, 
the adoptively transferred ICAM-1/2−/− B cells proliferated 
threefold less than ICAM-1/2+/+ B cells (Fig. 5, A and B). In 
contrast, quantification of cell proliferation among cells that 
divided at least once (proliferation index) revealed that all of 
the dividing cells of the ICAM-1/2−/− B cells proliferated to 
a similar extent as the ICAM-1/2+/+ B cells (Fig. 5 C). Thus, 
we conclude that B cell ICAMs are required for entry into 
the cell cycle rather than controlling the extent and quality of 
B cell proliferation rate.

Long-lasting T–B interactions depend on B cell ICAMs
ICAMs are adhesive molecules that support T cell interac-
tions with APCs (Dustin, 2008). Given the role of ICAM-
1/2 in the T cell–dependent immune response, we speculated 
that B cell ICAMs promote B cell selection by supporting 
T–B interactions. To this end, we sought to visualize anti-
gen-specific T and B cell interactions in vivo during early 
B cell competition for T cell help. A mixture of cells includ-
ing DsRed+ OVA-specific T cells (OT-II) and ICAM-1/2+/+ 
CFP+ B1-8hi and ICAM-1/2−/− CFSE-labeled B1-8hi B cells 
was transferred into WT hosts before s.c. immunization with 
NP-OVA. After 1.5–2.5 d, popliteal LNs were exposed, and 
competition among transferred cells was visualized by intra-
vital two-photon laser scanning microscopy (TPL​SM). Con-
sistent with previous reports (Okada et al., 2005), transferred 
cells formed clusters deep within the LN and far from the 
capsule in an ICAM-independent manner (Fig. 6 A). Both 
T and B cells within these clusters showed typical blast-like 
morphology, suggesting they had recently encountered an-
tigen (Fig.  6  A and Video  1). Automated analysis revealed 
no difference in the velocity of ICAM-1/2+/+ and ICAM-
1/2−/− B1-8hi B cells, demonstrating that B cell ICAMs are 
not required for motility (Fig. S3). In agreement with previ-
ous findings (Okada et al., 2005), tracking individual T and B 

cell pairs showed that these cell conjugates were motile, with 
B cells often dragging T cells on the trailing edge (Fig. 6 B 
and Video  2). However, although T cell interactions with 
ICAM-1/2+/+ B1-8hi B cells lasted a mean of 29 min, T cell 
interactions with ICAM-1/2−/− B1-8hi B cells were 2.7-fold 
shorter (Fig. 6, B and C; and Videos 2 and 3). B cell ICAM 
molecules were largely dispensable for forming short-term 
contacts with cognate T cells; however, contacts lasting more 
than 15 min were ICAM-1/2 dependent (Fig. 6 D). We con-
clude that B cell ICAMs are essential for sustained Tfh–B cell 
interactions, but not for short-lived engagements.

High levels of pMHC​II promote long-lasting T–B in-
teractions during early clonal competition as well as in the 
GC reaction (Schwickert et al., 2011; Shulman et al., 2014), 
but whether these selective adhesive interactions depend on 
B cell ICAMs is not known. To address this, we combined 
antigen targeting to antigen-specific B cells with intravital 
TPL​SM imaging. To increase the levels of pMHC​II, we used 
an antibody that targets DEC205, an endocytic receptor that 
can deliver proteins to MHC​II processing compartments 
and is fused at its C terminus to the carrier protein OVA 
(anti–DEC205-OVA; Victora et al., 2010). A mixture of cells 
including DsRed+ OT-II T cells and ICAM-1/2−/− GFP+ 
B1-8hi B cells was transferred into WT hosts before s.c. im-
munization with NP-OVA. After 2 d, anti–DEC205-OVA 
or PBS was administered to the hind footpads 4–8 h before 
TPL​SM imaging. As shown in Fig. 6 C, Tfh interactions with 
ICAM-1/2−/− B cells were also short under these noncom-
petitive conditions in mice injected with PBS (mean of 7 
min; Fig. 6, E and F; and Video 4). Targeting antigen by anti–
DEC205-OVA injection to the host mice increased the dura-
tion of the contacts by twofold (mean of 14 min; Fig. 6, E and 
F; and Video 5); however, the duration of the T–B interactions 
was still significantly shorter than those observed between T 
cells and ICAM-1/2+/+ B cells, and long-lasting interactions 
(>30 min) did not form at all (Fig. 6, C–F). We conclude that 
presentation of high levels of cognate pMHC​II can support 
cognate T–B cell interactions in ICAM-independent man-

Figure 5. E fficient B cell proliferation during GC colonization depends on B cell ICAMs. (A) Flow cytometric histograms of CFSE-labeled IC-1/2+/+ 
and IC-1/2−/− B1-8hi B cells recovered from popliteal LNs 3 and 4 d after immunization with NP-OVA. (B) Quantification of IC-1/2+/+ and IC-1/2−/− B cell 
proliferation among the initially transferred cells (division index) in the experiment shown in A. (C) Quantification of B cell proliferation of cells that divide 
at least once (proliferation index). Bar graphs represent the mean + SEM of two independent experiments with 10 mice total for each condition or time 
point. ***, P < 0.001; ns, not significant; two-tailed Student’s t test.
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ner; however, optimal long-lasting interactions are strictly  
ICAM dependent.

B cell ICAMs promote selection of low-affinity B cell 
clones for GC colonization
B cell clones present various levels of pMHC​II on their surface 
depending on their BCR affinity (Schwickert et al., 2011). 
Our intravital imaging experiments demonstrate that B cells 
presenting lower levels of pMHC​II to T cells depend more 
on ICAMs for formation of long-lasting interactions with T 
cells than B cells that present higher levels of pMHC​II. This 
finding suggests that B cell clones bearing low-affinity BCR 
and presenting low levels of pMHC​II depend on ICAMs for 
their selection for GC colonization. To address this possibility, 
we competed B cells expressing an NP-specific low-affinity 
BCR (ICAM-1/2+/+ B1-8lo B cells) with the higher-affinity 
NP-specific B cells found in the endogenous repertoire of 
naive C57BL/6 WT mice (Cumano and Rajewsky, 1986). In 
this WT strain, endogenous NP-specific B cells frequently use 
the germline VH186.2 gene, which has ∼4-fold higher affinity 
BCR than the adoptively transferred B1-8lo B cells (Allen et 
al., 1988). B1-8lo B cells were transferred into ICAM-1/2+/+ 
or ICAM-1/2−/− BM chimeric mice and analyzed by flow 
cytometry 7 d after immunization. As expected (Schwickert 

et al., 2011), B1-8lo B cells did not effectively enter the GC 
compartment in ICAM-1/2+/+ chimeric mice (mean 22.8% 
of GC cells; Fig. 7 A). However, B1-8lo B cells were 2.4-fold 
more effective in entering the GC compartment, when 
competing with endogenous NP-specific B cells in ICAM-
1/2−/− chimeras (Fig. 7 A). These results suggest that ICAM 
molecules are beneficial for selection of low-affinity B cell 
clones for clonal expansion and GC colonization.

Next, we examined whether ICAM-1 and -2 are re-
quired for selective expansion of high-affinity clones present-
ing high levels of pMHC​II. For this, we used the DEC205 
antigen targeting approach. Irradiated mice were recon-
stituted with a mixture of cells comprising ∼80% ICAM-
1/2+/+ DEC205−/− and ∼20% ICAM-1/2−/− DEC205+/+ 
BM cells. After immunization with NP-OVA, chimeric mice 
were treated with anti–DEC205-OVA, anti–DEC205-CS 
(a noncognate antigen), or PBS (the latter two conditions 
serving as controls). Because DEC205 itself does not affect 
B cell competition (Schwickert et al., 2011), ICAM-1/2−/− 
DEC205+/+ B cells were outcompeted by the ICAM-1/2+/+ 
DEC205−/− B cells because of their ICAM-1/2 deficiency 
(Fig. 7 B), consistent with our data (Fig. 3 B). Nevertheless, in 
mice that received the anti–DEC205-OVA fusion antibody, 
the proportion of ICAM-1/2−/− B cells that entered the GC 

Figure 6. L ong-lasting and pMHC​II- 
dependent Tfh–B cell interactions depend 
on B cell ICAMs. (A) Images show clusters of 
DsRed+ OT-II T cells (red), CFP+ IC-1/2+/+ B1-8hi 
B cells (blue), and CFSE-labeled IC-1/2−/− B1-8hi 
B cells (green) within popliteal LNs 2 d after im-
munization with NP-OVA. Representative T–B 
interactions shown in B are marked by white 
rectangles. Bar, 20 µm. Images correspond to 
Video 1. (B) Dynamics of T–B interactions. Red, 
blue, and green arrowheads indicate T cells, IC-
1/2+/+, and IC-1/2−/− B cells, respectively. Bar, 
5 µm. Images correspond to Videos 2 and 3.  
(C and D) Analysis of contact duration of OT-II T 
cells with either IC-1/2+/+ or IC-1/2−/− B1-8hi B 
cells. Total contacts (C) and interactions binned 
according to duration (D) are shown. Data rep-
resent two to three independent experiments 
with two to three mice total for each group. 
(E) Dynamic interactions of DsRed+ OT-II T 
cells and GFP+ IC-1/2−/− B1-8hi B cells 4–8 h 
after injection of anti–DEC205-OVA or PBS 
(control). Red and green arrowheads indicate 
T cells and IC-1/2−/− B cells, respectively. Bar, 
10 µm. Images correspond to Videos 4 and 5. 
(F) Analysis of contact duration of OT-II T cells 
with IC-1/2−/− B1-8hi B cells. Data represent 
two independent experiments with two to 
three mice total for each condition. In C and F, 
each dot in the graphs represents a single T–B 
interaction; lines represent the mean. ***, P < 
0.0001; two-tailed Student’s t test.
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compartment was significantly increased compared with con-
trol treatment (Fig. 7 B). Collectively, these results show that 
B cells presenting high levels of pMHC​II elicit selective T 
cell help signals that increase their clonal expansion indepen-
dent of B cell ICAMs, whereas B cells expressing low-affinity 
BCRs depend on ICAMs for their selection.

Next, we examined whether B cell ICAMs are im-
portant for participation in the immune response during 
the peak of the GC reaction. The proportion of B cells that 
enter the GC and do not efficiently compete in the GC re-
action are expected to gradually decrease over time. Thus, we 
measured the percentage of each type of adoptively trans-
ferred B cells (ICAM-1/2+/+ and ICAM-1/2−/− B1-8hi B 
cells) within the GC compartment for up to 28 d after im-
munization, as in Fig. 2 A. We found that the few ICAM-
1/2−/− B1-8hi B cells that entered the GC response declined 
gradually over time and were nearly undetectable on day 28 
after immunization, whereas the proportion of ICAM-1/2+/+ 
B1-8hi B cells did not significantly change from day 14 to 28 

(Fig. 7 C). We conclude that in addition to GC colonization, 
B cell ICAMs are required for continued participation of B 
cells in the GC reaction.

Discussion
Dynamic cellular interactions are crucial for selection of anti-
gen-specific B cells by Tfh cells for GC colonization (Okada 
et al., 2005; Qi et al., 2008; Qi, 2016). High levels of pMHC 
complexes presented by B cells during this early competition 
increase the frequency and duration of T–B interactions and 
thereby facilitate B cell selection for expansion during GC 
colonization (Schwickert et al., 2011). Within the GC, high 
levels of pMHC​II promote the formation of stable T–B in-
teractions required for delivery of T cell–derived signals that 
select B cells to undergo extensive cell proliferation or leave 
the GC reaction (Allen et al., 2007; Victora et al., 2010; Gitlin 
et al., 2014, 2015; Shulman et al., 2014). Because TCR and 
pMHC​II interactions do not form optimal adhesive contacts, 
our findings provide an explanation for how high levels of 

Figure 7.  B cell ICAMs are required for selection of low-affinity B cell clones but not for B cells presenting high levels of pMHC​II. (A) Flow cyto-
metric plots and graph showing the fraction of adoptively transferred Igλ+ B1-8lo CD45.1+ B cells in the GC compartment of IC-1/2+/+ or IC-1/2−/− chimeric 
mice, 7 d after NP-OVA immunization. Data are pooled from two independent experiments with a total of eight to nine mice per group. (B) Flow cytometric 
analysis of IC-1/2+/+ and IC-1/2−/− B cells in NP-OVA immunized chimeric mice (∼20% IC-1/2−/− DEC205+/+, ∼80% IC-1/2+/+ DEC205−/−) treated with either 
anti–DEC205-OVA or anti–DEC205-CS or PBS (controls) on day 5 after immunization with NP-OVA. The percentage of each B cell subset in the GC compart-
ment 8 d after immunization was normalized to the percentage in the follicular compartment. Data are pooled from two independent experiments with a 
total of four to six mice per group. Each dot in the graphs represents a single mouse; lines represent the mean. (C) Analysis of the proportion of adoptively 
transferred IC-1/2+/+ and IC-1/2−/− B1-8hi B cells within the GC compartment (CD38low FAS+) over time in mice immunized with NP-OVA. Each dot in the 
graphs represents the mean ± SEM. Data represent one to two experiments with 3–11 mice total for each time point. ***, P < 0.0004; ns, not significant; 
two-tailed Student’s t test. Host mice in which the GC contained more than 70% endogenous B cells were excluded from the analysis.
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pMHC​II support long-lived T–B adhesiveness. The current 
study adds ICAMs as critical molecular players that support 
cognate T–B interactions and pMHC​II-mediated selection of 
B cells for proliferative clonal expansion.

Our findings demonstrate that B cell ICAMs play a 
major role in B cell selection for clonal expansion rather 
than B cell priming. We base this conclusion on the follow-
ing findings. (a) Early events such as antigen capture and B 
cell activation do not appear to depend on B cell ICAMs, 
indicating that the initial priming events are B cell ICAM 
independent. (b) Early proliferation of antigen-specific B cells 
is ICAM independent, whereas clonal expansion at later time 
points is ICAM dependent. (c) T cell–independent immune 
responses that involve B cell priming as well as extensive B 
cell proliferation do not depend on B cell ICAMs. (d) T–B 
interactions are defective in the absence of B cell ICAMs. 
Collectively, although we cannot entirely exclude that B 
cell ICAMs play a role in T cell–independent functions of B 
cells, we demonstrate that the crucial adhesive step during B 
cell clonal selection for proliferative expansion by Tfh cells 
(Schwickert et al., 2011) requires these molecules.

During clonal competition, T–B conjugates are highly 
motile, with the B cells dragging the T cells on their trailing 
edge (Okada et al., 2005). By directly visualizing clonal com-
petition in vivo, we demonstrate that B cell ICAMs are key 
for pMHC​II-driven Tfh interactions with the B cell trailing 
edge and for preventing detachment of T–B conjugates. In 
migrating leukocytes, ICAMs are enriched at the trailing edge, 
where they form a high-avidity platform for integrin coun-
terreceptors expressed by various cell types (Sánchez-Madrid 
and Serrador, 2009). Long-lasting T–B contacts were thought 
to be essential for B cell selection for GC seeding (Okada 
et al., 2005; Qi et al., 2008); however, our intravital imaging 
models demonstrate that suboptimal interactions are suffi-
cient for selection of B cells bearing high levels of pMHC​II. 
Nevertheless, because both pMHC​II complexes and ICAMs 
are present on all normal B cells, we conclude that B cell 
selection must involve long-lasting and ICAM-dependent 
Tfh–B cell interactions.

Our findings suggest an answer to how low-affinity 
clones are selected for GC colonization even in the presence 
of higher-affinity B cell clones (Kuraoka et al., 2016; Tas et 
al., 2016). In responding T cells, TCR triggering induces in-
side-out LFA-1 activation (Evans et al., 2009), and the level 
of antigen presentation on the B cell surface likely controls 
the ability of the in situ activated LFA-1 to avidly bind B cell 
ICAMs. As these ICAM-mediated T–B adhesions can amplify 
the magnitude of TCR signals, they lower the threshold levels 
of pMHC​II required for optimal T cell activation (Brunmark 
and O’Rourke, 1997; Wülfing et al., 1998) and thereby fa-
cilitate the selection of B cells for clonal expansion. Based 
on our antigen targeting experiments as well as serum anti-
body analysis, we suggest that such ICAM-dependent signal 
amplification is less important for high-affinity B cell clones 
presenting high levels of pMHC​II; however, B cells bearing 

low-affinity BCRs and presenting lower pMHC​II depend on 
ICAMs and long-lasting T–B interactions for their selection 
for clonal expansion and GC colonization. T–B contacts be-
fore GC formation as well as during the GC reaction deliver 
critical selection signals to B cells in the form of costimula-
tory molecules, such as ICOS and CD40L, essential for B cell 
clonal expansion (Liu et al., 2015). Interestingly, the surface 
expression of these membrane-bound signaling molecules is 
regulated by dopamine delivery from Tfh to B cells, a process 
that depends on TCR triggering by cognate pMHC​II on B 
cells as well as on LFA-1 and ICAM interactions (Papa et al., 
2017). Taking these findings together, we suggest that B cell 
ICAMs stabilize cognate T–B contacts and thereby facilitate 
the feedforward loop of molecular interactions that deter-
mine the fate of the B cells.

ICAM-mediated selection of B cells for clonal expan-
sion confers an advantage during early stages of the response, 
before GC competition and affinity maturation. Extensive 
proliferation of a selected clone increases the probability 
that it will assume multiple fates early on during the im-
mune response, including differentiation into plasmablast, 
GC-independent memory cell, and GC cell lineages (Taylor 
et al., 2015). Because these clones are very rare within a poly-
clonal repertoire (Taylor et al., 2015), ICAMs may amplify T 
cell–derived signals required for selection of these clones for 
entry into the cell cycle. Consistent with this notion, we found 
that B cell ICAMs promote selection of B cells for clonal 
expansion and formation of both GC cells and early plasma
blasts. Furthermore, during the early GC reaction, clones are 
gradually counterselected as a result of clonal competition as 
well as loss-of-function mutations in their immunoglobulin 
genes (Victora and Nussenzweig, 2012). ICAM-dependent 
clonal expansion of a particular clone increases the probabil-
ity that some of its members will be retained in the GC for 
an extended period of time and acquire affinity-enhancing 
mutations in their immunoglobulin genes. In addition, B cell 
ICAMs prolonged B cell participation in the GC reaction 
under competitive conditions, but as opposed to the sharp 
drop in the number of ICAM-deficient B cells during the 
early phases of the response, these cells were gradually di-
luted out from the GC compartment over a period of 4 wks. 
Furthermore, ICAMs were not required for normal B cell 
distribution between the light and dark zones in GCs and an-
tibody affinity maturation. These findings suggest that B cell 
ICAMs are less important for the short T–B engagements at 
the GC light zone than for the long-lasting T–B contacts that 
take place during early clonal selection (Okada et al., 2005; 
Shulman et al., 2014; Liu et al., 2015).

Antibody responses are composed of a diverse collection 
of B cell clones, which is essential for targeting different com-
ponents of pathogens and preventing immune escape through 
antigenic variation or genetic drift (Kaur et al., 2011). Ex-
pansion of an optimal clonal repertoire during the antibody 
response increases the probability of emergence of antibodies 
with sustained protective potential. Understanding the molec-
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ular mechanism of this process can help improve the design of 
effective vaccination strategies that target clones with the ca-
pacity to mutate their immunoglobulins and form protective 
neutralizing antibodies regardless of their initial BCR affinity.

Materials and methods
Mice
ICAM-1/2−/− mice (Gorina et al., 2014) were provided by 
B. Engelhardt. NP-specific B1-8hi and B1-8lo mice (Shih 
et al., 2002) and DEC205−/− mice (Guo et al., 2000) were 
a gift from M. Nussenzweig (The Rockefeller Univer-
sity, New York, NY). OT-II, SJL CD45.1+, GFP+, DsRed+, 
CFP+, GFP+, and MD4 transgenic mice were purchased 
from the Jackson Laboratory. B cell–deficient mice (JHT) 
were previously described (Gu et al., 1993). WT mice 
(C57BL/6) were provided by Harlan. All experiments with 
mice were approved by the Weizmann Institute Animal 
Care and Use Committee.

Adoptive cell transfers
B cells and T cells were purified by forcing spleen tissue 
through mesh into PBS or RPMI containing 2% serum and 
1 mM EDTA. Resting B cells and T cells were purified using 
anti-CD43 magnetic beads or CD4+ T cell–negative isolation 
kits (Miltenyi), respectively. After purification, 2–6 × 106 B1-
8hi or B1-8lo B cells (comprising 15% and 3%, respectively, 
Igλ+ NP-specific B cells) or OT-II T cells were transferred 
intravenously into host mice before immunization. In com-
petition experiments, the ratio of adoptively transferred cells 
(ICAM-1/2+/+ and ICAM-1/2−/− B1-8hi B cells) was 50:50. 
For plasmablast analysis, 0.5 × 106 OT-II T cells were cotrans-
ferred with the B1-8hi B cells (Fig. 2 D).

Chimeric mice
For generation of chimeric mice, WT hosts were irradiated 
with 850 rad and injected intravenously with BM cells. To 
generate B cell–specific ICAM-1/2 knockout mice, hosts 
were reconstituted with a mixture of BM cells containing 
80% BM cells derived from B cell–deficient mice (JHT) and 
20% BM cells derived from either ICAM-1/2+/+ or ICAM-
1/2−/− mice. Chimeric mice in which 50% of the B cell 
compartment was derived from WT mice and 50% was from 
ICAM-1/2−/− mice were reconstituted with 80% JHT, 10% 
ICAM-1/2+/+ and 10% ICAM-1/2−/− BM cells. In Fig. 3 A, 
mice were reconstituted with 50% ICAM-1/2+/+ and 50% 
ICAM-1/2−/− BM cells. In Fig. 7 B, mice were reconstituted 
with 80% ICAM-1/2+/+ DEC205−/− BM cells and 20% 
ICAM-1/2−/− DEC205+/+ BM cells.

Immunizations and treatments
Mice were injected with 25 µl PBS containing 10 µg NP16-
OVA precipitated in alum (2:1) into the hind footpads. In 
Fig.  4  F, mice were immunized with 10 µg NP31-KLH in 
alum. For analysis of antigen uptake and CD86 and IgD ex-
pression, mice were immunized with 10 µg soluble NP-PE 

and analyzed after 9  h for PE uptake and CD86 expres-
sion or after 16 h for IgD expression. For antigen targeting, 
mice were injected with 3 µg anti–DEC205-OVA, anti–
DEC205-CS, or PBS (controls) into the hind footpads at the 
indicated time points. For virus infection, mice were injected 
with 105 plaque forming units of VSV into the hind footpad 
as described (Sammicheli et al., 2016).

Flow cytometry
Single-cell suspensions were obtained by forcing popliteal 
lymph nodes through mesh into PBS or RPMI containing 
2% serum and 1 mM EDTA. Cells were incubated with 2 
µg/ml anti-16/32 (clone 93) for blockage of FC receptors 
for 5–10 min. Cell suspensions were washed and incubated 
with fluorescently labeled antibodies (Table S1) for 20–40 
min. GC cells were gated as live/single, B220+ CD38low 
FAS+. Early activated B cells were defined as GL-7+ FAS+ 
on days 3–7 after immunization. Plasmablasts were defined 
as B220med CD138+. Transferred cells within GCs and early 
activated B cells, were detected by staining cell suspensions 
with GC markers, as indicated, along with CD45.1 and 
ICAM-2 antibodies for detection of ICAM-1/2+/+ B1-8hi 
B cells (CD45.1+, ICAM-2+), ICAM-1/2−/− B1-8hi B cells 
(CD45.1−, ICAM-2−) and host B cells (CD45.1−, ICAM-
2+). For detection of ICAM-1/2+/+ and ICAM-1/2−/− B 
cells in chimeric mice, cell suspensions were stained for GCs 
(CD38low FAS+), CD45.1 and CD45.2 or ICAM-2 antibod-
ies. In experiments involving chimeric mice, B cells were 
gated as B220+ and dump− (CD4, CD8, GR-1, and F4/80). 
For proliferation experiments, cells were labeled with CFSE 
at 5 µM for 20 min at 37°C before cell transfer. Stained cell 
suspensions were analyzed by using CytoFlex flow cytom-
eter (Beckman Coulter). Division index was calculated as 
the mean number of cell divisions that a cell in the original 
adoptively transferred cell population has undergone. The 
initial number of cells was estimated according to the gener-
ation (Gx) of the cells; G0+G1/2+G2/4+G3/8 and total num-
ber of divisions: G1/2 × 1+G2/4 × 2+G3/8 × 3. Division 
index = total number of divisions/initial number of cells. 
Proliferation index was calculated as the total number of 
divisions divided by the number of cells that divided at least 
once and the number of cells that entered divisions: (Initial 
cell number) – G0. Proliferation index: total number of di-
visions/number of cells that entered division. In some mice, 
more than 70% of the GC cells were endogenous B cells. 
These mice were excluded from the experiment analysis.

ELI​SA
Chimeric mice hosting IC-1/2+/+ or IC-1/2−/− B cells were 
immunized intraperitoneally with 100 µg NP-OVA in alum. 
Serum was collected from mice every 7 d. NP-specific anti-
bodies in serum were quantified by ELI​SA with NP4-BSA or 
NP20-BSA that were coated on 96-well plates. NP-specific 
IgG in serum of immunized mice was detected using an-
ti-mouse IgG-horseradish peroxidase (Victora et al., 2010).
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Intravital imaging
Mice were transferred with B and T cells expressing DsRed, 
CFP, or GFP or with B cells stained with CFSE and immunized 
with NP-OVA in the hind foot pads. After 1.5–2.5 d, host 
mice were anesthetized with a mixture of 50 mg ketamine, 15 
mg xylazine, and 2.5 mg acepromazine per kg of body weight 
and were maintained under anesthesia by inhalation of 1% iso-
fluorane. Hind legs were shaved and placed on a stage heated 
to 37°C. Popliteal LNs were surgically exposed, immobilized, 
covered with a coverslip and placed under the microscope 
objective (Zeiss 20× 1.05-NA plan objective). In Fig. 6 (E and 
F), immunized mice were injected with anti–DEC205-OVA 
or PBS and subjected to intravital TPL​SM after 4–8 h.

Image acquisition
A Zeiss LSM 880 upright microscope fitted with Coherent 
Chameleon Vision laser was used for intravital imaging ex-
periments. Images were acquired with a femtosecond-pulsed 
two-photon laser tuned to 900 or 940 nm. The microscope 
was fitted with a filter cube containing 565 LPXR to split the 
emission to a PMT detector (with a 579–631-nm filter for 
DsRed fluorescence) and to an additional 505 LPXR mirror 
to split the emission to 2 GaAsp detectors (with a 500–550-
nm filter for CFSE and GFP fluorescence and a 460–480-nm 
filter for CFP fluorescence). Images were acquired once per 
50–60 s as 50–100 µm z-stacks with 5-µm steps between each 
z-plane. The zoom was set to 1.4, and pictures were acquired 
at 512 × 512 x-y resolution.

Image analysis
CFSE-labeled cells and CFP+ B cells were tracked over time 
by using the surface tool in Imaris software (Bitplane). Small 
or large surfaces that were unlikely to represent cells were 
removed. To analyze contact duration, T–B conjugates were 
tracked manually by using Imaris and ImageJ. A contact was 
defined as an interaction between a T and a B cell that moved 
together and lasted longer than 4 min.

Online supplemental material
Fig. S1 shows light and dark zone distributions of ICAM-
1/2+/+ and ICAM-1/2−/− B cells. Fig. S2 shows homing of 
follicular ICAM-1/2+/+ and ICAM-1/2−/− B cells to lymph 
nodes. Fig. S3 shows the velocity of ICAM-1/2+/+ and 
ICAM-1/2−/− B cells during clonal selection. Videos 1, 2, and 
3 show T cell interactions with ICAM-1/2+/+ and ICAM-
1/2−/− B cells. Videos 4 and 5 show T cell interactions with 
ICAM-1/2−/− B cells after control or anti–DEC205-OVA 
treatments. Table S1 lists antibodies used for flow cytometry.
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