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T follicular helper (TFH) cells select high-affinity, antibody-producing B cells for clonal
expansion in germinal centers (GCs), but the nature of their interaction is not well defined.
Using intravital imaging, we found that selection is mediated by large but transient
contacts between TFH and GC B cells presenting the highest levels of cognate peptide
bound to major histocompatibility complex II. These interactions elicited transient and
sustained increases in TFH intracellular free calcium (Ca2+) that were associated with
TFH cell coexpression of the cytokines interleukin-4 and -21. However, increased
intracellular Ca2+ did not arrest TFH cell migration. Instead, TFH cells remained motile and
continually scanned the surface of many GC B cells, forming short-lived contacts that
induced selection through further repeated transient elevations in intracellular Ca2+.

G
erminal centers (GCs) are specialized mi-
croanatomical sites where B cells undergo
clonal expansion, somatic hypermutation,
and affinity maturation (1–3). Through it-
erative cycles of diversification and selec-

tion, the GC produces high-affinity memory B
and plasma cells (2–4). Selection of high-affinity
GC B cells requires their interaction with T follic-
ular helper (TFH) cells, whichmust discern among
B cell clones according to their surface density
of peptide–major histocompatibility complex II
(pMHCII) (5). GC B cells are then programmed
by TFH cells to expand and hypermutate in direct
proportion to the levels of cognate antigen pre-
sented (6). These events are controlled by TFH

cell–derived signals, includingmembrane-bound
inducible costimulator (ICOS) and CD40L and
the cytokines interleukin-4 (IL-4) and IL-21 (7, 8),
which are delivered in short-lived intercellular
contacts (9).
To examine how the interactions between TFH

cells and GC B cells control selection, we imaged
cells expressing genetically encoded fluorescent
proteins in vivo by means of two-photon laser-
scanningmicroscopy (TPLSM).Ovalbumin (OVA)–
specific, T cell receptor (TCR) transgenic OT-II
T cells expressing DsRed were adoptively trans-
ferred into congenic mice before priming with
OVA in alum. After 2 to 3 weeks, a 95:5 mixture
of nonfluorescent Ly75−/− andGFP+ Ly75+/+ (Ly75
encodes the cell-surface receptor DEC205) B cells,
both specific forNP (4-hydroxy-3-nitrophenylacetyl;
B1-8hi) (10), was transferred before boosting with

soluble OVA conjugated to NP (NP–OVA) (11, 12).
To induce selection, we increased the levels of
pMHCII on the surface of GC B cells 7 to 8 days
later through injection of DEC205 antibody fused
to the cognate antigenOVA (aDEC-OVA) (Fig. 1A).
This chimeric antibody targets DEC205, an endo-
cytic receptor that carries associated proteins
into MHCII-processing compartments of GC B
cells (5). As a result, targeted GC B cells are ini-
tially retained in the GC light zone (LZ) and
thereafter proliferate in the dark zone (DZ) (5, 6).
As a control, mice were injected with chimeric
DEC205 antibody fused to an irrelevant antigen
(Plasmodium falciparum circumsporozoite pro-
tein, aDEC-CS) (5). Popliteal lymph nodes were
exposed after 4 to 10 hours, GCs were imaged by
means of TPLSM (Fig. 1A), and the results were
subjected to colocalization analysis (fig. S1).
Consistent with previous observations (9, 11,

13–16), GC lymphocytes were highly motile (TFH
cells, 9 mm/min and B cells, 6.6 mm/min) (Fig. 1, B
and C, and movie S1). Under steady-state con-
ditions, in which an unknown fraction of B cells
are being positively selected, the majority of T-B
contacts were short-lived (Fig. 1, B and D, and
movie S1). Positive selection through aDEC-OVA
injection was associated with a reduction in both
GC B and TFH cell velocities, along with an in-
crease in the duration of the T-B contacts (P <
0.0001) (Fig. 1, B to D, and movies S2 and S3).
In particular, the fraction of conjugates lasting
5 min or longer increased from 2.7 to 20.7% of
the total interactions (Fig. 1D), and these occa-
sionally moved at the B cell velocity (4.16 mm/min
on average) (Fig. 1E). Although most of the con-
jugates moved short distances, and it was not
possible to determine which one of the partners
drags the other (movie S2), in those cases that
could be interpreted the conjugates were led by
the B cell and rarely, if at all, by the T cell (movie
S3). Thus, even under conditions of enforced se-
lection, most T-B interactions resembled those

found under physiologic conditions in that they
remained transient, with T cells forming and
breaking contacts with multiple B cells (Fig. 1D
and movie S3). Volume analysis of the T-B co-
localized area revealed that the average contact
size of the stable T-B conjugates (>5 min) was
enlarged threefold during positive selection com-
pared with control (Fig. 1F). As expected, poly-
clonal follicular B cells within the mantle zone
did not slow down or form contacts with TFH

cells after aDEC-OVA injection (fig. S2 andmovie
S4).We conclude that positive selection through
increased pMHCII on GC B cells is associated
with longer but dynamic T-B contacts involving
a larger surface area between the two interact-
ing cells.
To examine whether positive selection inter-

feres with the interactions between TFH cells and
GC B cells presenting low levels of pMHCII, we
directly imaged selected and nonselected B cells
within the sameGC. GCs containingOT-II DsRed+

T cells and amixture of B1-8hi GFP+ Ly75−/−, CFP+

Ly75+/+, and nonfluorescent Ly75−/− B cells at a
~5:5:90 ratio were generated and imaged as in
Fig. 1A. Positive selection of theB1-8hi CFP+Ly75+/+

B cellswas inducedby injectingaDEC-OVA.When
compared directly with Ly75−/− B cells present-
ing lower levels of pMHCII in the same GC,
positively selected Ly75+/+ B cells interacted for a
longer time with TFH cells (P < 0.0001) (Fig. 2, A
and B, and movie S5) and formed a greater num-
ber of stable contacts (> 5 min) (Fig. 2C). How-
ever, selection of Ly75+/+ GC B cells did not alter
the behavior of nonselected Ly75−/− cells, which
showed no significant change in contact duration
or in the total number of interactions (> 0.5 min)
with TFH cells (Figs. 1D and 2, B and C, andmovie
S5). The majority of TFH cells interacting with
selected cells concurrently formed transient con-
tacts with nonselected B cells (Fig. 2A and movie
S5). We conclude that the increase in contact
duration of TFH cells with selected B cells does
not substantially affect their interactions with
nonselected B cells.
Our experiments indicate that increased con-

tact size and duration correlates with the amount
of pMHCII presented by GC B cells and their
subsequent clonal expansion in the DZ (6), yet
how these interactions affect TFH T cell receptor
(TCR) signaling is unknown. To examine the
relationship between T-B contacts, TCR signal-
ing, and B cell selection in the GC, we sought to
measure intracellular Ca2+ levels in TFH cells.
Traditional Ca2+ dyes cannot be used for this
purpose because T cells divide extensively and
dilute such tracers before reaching the GC (17).
To circumvent this issue, we used mice express-
ingagenetically encodedCa2+ indicator (GCaMP3),
which changes its fluorescence intensity accord-
ing to intracellularCa2+ levels (18, 19). Lymphocytes
from thesemice showed an increase in intracellular
fluorescence when stimulated with a Ca2+ ion-
ophore or when stimulated through their anti-
gen receptor (fig. S3 and movie S6).
Changes in Ca2+ fluorescence are best mea-

sured by comparison with a second dye that is
insensitive to changes in intracellular Ca2+ levels.
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Fig. 1. Dynamics of TFH and B cell interactions in the GC. (A) Timeline of
the experimental protocol. i.p., intraperitoneally; s.c., subcutaneously. (B) GCs
containinga5:95mixture of B1-8hi GFP+Ly75+/+B cells (light blue), B1-8hiLy75−/−

B cells (nonfluorescent), and OT-II DsRed+ Tcells (red) were imaged bymeans
of TPLSM after subcutaneous injection of aDEC-OVA or aDEC-CS as control.

T-B contacts (green) were detected by means of colocalization. Collapsed z-stacks of 40-mm depth (in 5-mm steps) are shown. (Bottom) Tand B cell dynamics
over time. Images correspond tomoviesS1 toS3. (C) Velocity analysis ofOT-II Tcells andB1-8hi B cells inGCs. (D) T-B contact duration asmeasured by the lifetime
of the T-B colocalized areas. Percentages indicate events lasting >5min, marked by a dashed red box. (E) T-B conjugate velocity was measured as the velocity of
the T-B colocalized area. (F) Contact size analysis as measured by T-B colocalized area. Each data point represents a single cell, and red lines represent mean
values. Data in (C) to (F) were pooled from two to four mice imaged in two to four independent experiments. *P < 0.0001; two-tailed Student’s t test.

Fig. 2. TFH cell interactions with selected and non-
selected GC B cells. (A) GCs containing a ~5:5:90
mixture of B1-8hi CFP+ Ly75+/+ B cells (blue), B1-8hi

GFP+ Ly75−/− (green), Ly75−/− nonfluorescent B cells,
and OT-II DsRed+ T cells (red) were imaged by
means of TPLSM after subcutaneous injection of
aDEC-OVA. Contacts between OT-II T cells and either
B1-8hi Ly75+/+ or Ly75−/− B cells are shown in yellow
and gray, respectively. 40-mmdeep, collapsed z-stacks
(5-mm steps) are shown. Arrowheads indicate B1-8hi

Ly75+/+ and Ly75−/− GC B cells interacting simulta-
neously with one OT-II T cell. (B) Quantitation of
contact duration between OT-II T cells and B1-8hi

Ly75+/+ or Ly75−/− B cells. Each data point represents
a single cell, and red lines represent mean values.
Percentages indicate events >5 min, marked by a
dashed red box. (C) The number of B cell contacts
(>0.5 min, left; >5 min, right) with OT-II T cells was
normalized to the number of B cells in each group.
Exp., experiment. Data in (B) and (C)were pooled from
four independent experiments. *P<0.0001; two-tailed
Student’s t test.
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We therefore induced and imaged GCs, as de-
scribed in Fig. 1A, using OT-II GCaMP3+ DsRed+

T cells andmeasured the ratio of GCaMP3:DsRed
fluorescence intensity (fig. S4). To determine
whether TFH cell Ca2+ content is associated with
changes in cellular dynamics, velocities at succes-
sive time points were measured (instantaneous
velocity) and correlated with intracellular Ca2+

content (17). Under steady-state conditions, spikes
in Ca2+ content in GC TFH cells were rare (Fig. 3,
A to C; fig. S5A; and movie S7). In contrast,
aDEC-OVA injection increased the proportion of
GC TFH cells with GCaMP3:DsRed ratios above
0.05 from 9 to 68% (Fig. 3, A to C, and movie S7)

and the average ratio by 8.3-fold (fig. S5A). Single
TFH cells that were actively engaged in B cell
selection showed sustained increases in intra-
cellular Ca2+ over time, which did not drop to
control levels during the observation period
(Fig. 3B). In addition, single TFH cells also dis-
played frequent Ca2+ spike transients (Fig. 3, B
and D). Both sustained and transient increases
in TFH intracellular Ca2+ levels were a result of
TCR:pMHCII interactions (Fig. 3, B to D, and fig.
S5A). We conclude that selection is associated
with TCR:pMHCII–dependent increases in TFH
cell Ca2+ content that were both transient and
long-term.

Increases in intracellular Ca2+ content in naïve
T cells result in motility arrest and enhanced
effector functions (17, 20, 21). By correlating intra-
cellular Ca2+ content and instantaneous velocity
in unperturbed GCs, we found that TFH cells
moved at an average speed of 8.76 mm/min
regardless of their Ca2+ content (Fig. 3C and fig.
S5B). Consistently, in aDEC-OVA–targeted GCs
the velocity of TFH cells with high- and low-Ca2+

content was decreased to an average of 6.24 mm/
min, and few, if any, of the actively engaged TFH
cells stopped moving or lost their morphologi-
cal polarity while signaling (Fig. 3C, fig. S5B,
and movies S7 to S9). However, there was no
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Fig. 3. TFH cell Ca2+ signaling during B cell selection. (A) GCs containing a
5:95 mixture of B1-8hi CFP+ Ly75+/+ B cells (light blue), B1-8hi Ly75−/− B cells
(nonfluorescent), andOT-II DsRed+GCaMP3+ Tcells (red,Ca2+ low; yellow,Ca2+

high)were imaged by TPLSM in untreatedmice or after subcutaneous injection
of aDEC-OVA. (Bottom) Dynamic changes in GCaMP3 fluorescence in in-
dividual OT-II Tcells over time. (B) Traces showchanges in theGCaMP3/DsRed
ratios over time for six single T cells in each condition. aI-Ab was injected
intravenously after aDEC-OVA injection. (C) Scatter plots depict the GCaMP3/
DsRed ratio versus instantaneous velocity as measured at successive 30-s
intervals. Each dot represents a single cell at a single time point. Average
velocity (V) and GCaMP3/DsRed ratios (R) of two to three experiments are
indicated in red and green, respectively. (D) GCaMP3/DsRed ratio fluctuations

in single cells (expressed as variance) under control and aDEC-OVA condi-
tions. (E) GCaMP3/DsRed spikes of nine cells were synchronized. Traces of
average GCaMP3/DsRed ratios and corresponding instantaneous velocities
are shown. The synchronized spikes fall in the black rectangle. Error bars
indicate SEM. (F) OT-II GCaMP3+ Tcells and B1-8hi tdTomato+ Ly75+/+ B cells
were imaged in GCs over time as in (A). Images correspond tomovie S11. (G)
Traces show GCaMP3 mean fluorescence intensities for five OT-II T cells in
contact with B1-8hi tdTomato+ Ly75+/+ GC B cells. (H) Initiation of contacts
were synchronized in 4 OT-II GCaMP3+ Tcells, and the corresponding average
of GCaMP3 fluorescence intensity was traced before and during the contact
(au, arbitrary units). Data are representative of two or threemice imaged in two
or three independent experiments. *P < 0.0001; two-tailed Student’s t test.
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clear correlation between the level of Ca2+ in-
crease and cell motility because both TFH cells
with high- and low-Ca2+ content had the same
average velocity (Fig. 3C, fig. S5B, and movie S7).
Nevertheless, by synchronizing transient small
Ca2+ peaks of several TFH cells, we found that
these were precisely associated with a reduction
in instantaneous velocity of ~2.5 mm/min (Fig.
3E, fig. S6, and movie S10).
Given these broad changes in Ca2+ content

and the regulated T-B interactions, we sought to
examine TFH intracellular Ca2+ levels during the
formation of T-B contacts. To this end, we im-
aged selection in GCs containing a 95:5 mixture
of B1-8hi nonfluorescentLy75−/−B cells, tdTomato+

Ly75+/+ B cells, and OT-II GCaMP3+ T cells. In-
jection of aDEC-OVA induced the formation of
T cell contacts with Ly75+/+ B cells that were
associated with transient spikes in TFH intra-
cellular Ca2+ content (Fig. 3, F and G, andmovies
S11 and S12). To determine whether these Ca2+

transients take place preferentially during T-B
conjugate formation, we synchronized clearly
isolated contact events and measured the aver-
age GCaMP3 fluorescence intensity in TFH cells
before and during these interactions. Although
the intracellular Ca2+ levels in TFH cells were
high in aDEC-OVA–targeted GCs (Fig. 3B), an
additional small increase at the onset of contact
with selected B cells was detected (Fig. 3H and
movie S10).
Changes in intracellular Ca2+ concentration

control T cell effector functions, including the
expression of IL-4 and IL-21 (20, 22), both of
which are required for effective B cell immune
responses (23). T effector cells can express either
or both of these cytokines, and this multifunc-
tionality is associated with enhanced immunity
and vaccine responses (24–28). To determine

whether the long-term increase in TFH intracel-
lular Ca2+ levels alters the quality of GC TFH cells,
we examined T cells derived from IL4/IL21 dou-
ble reporter mice expressing Il4-IRES-GFP (29)
and Il21-IRES-Katushka (fig. S7). Polyclonal OVA-
primed CD4+ T cells isolated from these mice
were adoptively transferred into TCRb-deficient
mice alongwith B1-8hiLy75+/+ andLy75−/−B cells
at a 5:95 ratio. Recipients were boosted with
NP-OVA and injected 7 days later with either
aDEC-CS or aDEC-OVA so as to induce selection.
TFH cells were examined for cytokine expression
9 hours later by means of flow cytometry. aDEC-
OVA injection resulted in a significant decrease
in IL-4–IL-21– TFH cells and a concomitant in-
crease in IL-4+IL-21+ multifunctional TFH cells in
the absence of cell division or a significant change
in the number of single-cytokine-producing
cells (Fig. 4, A and B, and fig. S8). Moreover,
there was also a small but significant increase
in the amount of IL-21, but not IL-4, produced
by the double-positive cells, as measured by an
increase in themean fluorescence intensity of the
reporters (Fig. 4, C and D). Thus, increased TFH
Ca2+ signaling during B cell selection is associated
with a rapid change in the quality of the GC TFH
response, with increased development of multi-
functional TFH cells producing Ca2+–dependent
cytokines.
Our results demonstrate that TFH cells re-

spond to pMHCII on GC B cells during selection
differently than the prolonged interactions of
T cells with dendritic cells (DCs) in the T zone
or with B cells at the T-B border (30–36). The
transient interactional dynamics of TFH cells
in GCs allow them to continuously seek and find
B cells presenting high levels of pMHCII and
provide them with preferential help while per-
mitting competitive opportunities for other GC B

cells. This mode of B cell scanning allows TFH

cells to interact with many cells presenting a
range of pMHCII levels, rather than forming
a prolonged contact with a single high-affinity
B cell.
Our experiments show that the increased size

and duration of contacts between GC TFH and
selectedB cells prolongs Ca2+ signaling andmodi-
fies the quality of the GC TFH response. These
events induce coexpression of the Ca2+-dependent
cytokines IL-4 and IL-21, which endow TFH cells
with effector capabilities that facilitate high-
affinity B cell selection.
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CELL MIGRATION IN 3D

Generation of compartmentalized
pressure by a nuclear piston governs
cell motility in a 3D matrix
Ryan J. Petrie,1* Hyun Koo,1,2,3 Kenneth M. Yamada1*

Cells use actomyosin contractility to move through three-dimensional (3D) extracellular
matrices. Contractility affects the type of protrusions cells use to migrate in 3D, but the
mechanisms are unclear. In this work, we found that contractility generated high-pressure
lobopodial protrusions in human cells migrating in a 3D matrix. In these cells, the
nucleus physically divided the cytoplasm into forward and rear compartments. Actomyosin
contractility with the nucleoskeleton-intermediate filament linker protein nesprin-3
pulled the nucleus forward and pressurized the front of the cell. Reducing expression of
nesprin-3 decreased and equalized the intracellular pressure. Thus, the nucleus can act
as a piston that physically compartmentalizes the cytoplasm and increases the
hydrostatic pressure between the nucleus and the leading edge of the cell to drive
lamellipodia-independent 3D cell migration.

C
ells moving across a flat two-dimensional
(2D) surface or inside nonlinearly elastic
3D collagen use polarized signaling to di-
rect the formation of a dendritic actin
network and extend flat, lamellipodial pro-

trusions (1, 2). When primary human fibroblasts
move within a cross-linked, linearly elastic 3D
structure such as dermal or cell-derived matrix,
they can switch to a lamellipodia-independent
migration mechanism characterized by nonpo-
larized signaling and blunt, cylindrical protrusions
termed “lobopodia” (1). Actomyosin contractility
via the RhoA–ROCK–myosin II signaling axis is
required for cells to form and maintain lobopodia

in response to the degree of matrix cross-linking.
However, the mechanism by which increased con-
tractility generates lobopodia is unclear.
Lobopodial cells can also be distinguished by

rapid membrane blebbing along their sides,
oriented perpendicular to the leading edge. Mem-
brane blebs can be generated by elevated intra-
cellular hydrostatic pressure, local weakening of
the attachment of the plasma membrane to the
underlying cortex, or both (3–5). We hypothesized
that this lateral blebbing could result from ele-
vated intracellular pressure during lobopodial
motility. This increased pressure might result
from the RhoA, ROCK, and myosin II activities
required for the lamellipodia-independent mi-
gration of fibroblasts through a physiological
linearly elastic 3D matrix (1).
We tested the hypothesis by directly deter-

mining intracellular pressures in primary human
fibroblasts migrating on 2D surfaces compared
with a 3D extracellular matrix (ECM). We used a
microelectrode coupled to a servo-null micropres-
sure system to penetrate the plasma membrane
immediately in front of the nucleus (relative to the

leading edge) and to measure the intracellular
hydrostatic pressure exerted by the cytoplasm
directly (Pic) (Fig. 1) (see supplementary mate-
rials and methods). Direct comparisons of pres-
sure in cells migrating on top of a cell-derived
matrix (CDM) and embedded within a 3D col-
lagen matrix revealed low hydrostatic pressures
in both 2D and 3D lamellipodial cells [~300 and
700 Pa on the linearly elastic 2D surface of the
CDM and within nonlinearly elastic 3D collagen,
respectively; see (1) for characterization of matrix
elastic behavior]. In contrast, intracellular pres-
sure was substantially elevated (~2200 Pa) in
lobopodial cells migrating inside the 3D CDM.
Switching these lobopodial cells to lamellipodial
cells by inhibiting RhoA, ROCK, or myosin II (1)
reduced hydrostatic pressure (to ~400 Pa) in each
case. This inhibition distinguished lobopodia
from the contractility-independent water per-
meation mechanism used by certain cancer cells
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Fig. 1. Actomyosin contractility governs intra-
cellular pressure in a 3D ECM. Comparison of
the intracellular pressures (n ≥ 20 replicates each)
of lamellipodial cells on 2D CDM and in 3D colla-
gen, untreated lobopodial cells in 3D CDM, or cells
in CDM treated overnight with inhibitors of myosin
II (25 mM blebbistatin), ROCK (10 mM Y-27632), or
RhoA (10 mg/ml C3 transferase). N = 3 independent
experiments, *P < 0.001. Error bars indicate SEM.
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