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Microvilli on T cells differ from those on epithelial cells, exhibiting filopodia-like charac-
teristics that facilitate the clustering of molecules essential for sensing and cell migration.
Recently, they have also been recognized as the structures from which T cell immuno-
logical synaptosomes (TIS) are released. In this study, we examined a key determinant
of microvilli organization during T cell development and explored the functional roles
of these structures, particularly in relation to T cell behaviors. During thymocyte mat-
uration, single-positive thymocytes were found to develop more and longer microvilli
than double-positive thymocytes. However, the deletion or inhibition of Cdc42, a small
Rho family protein, significantly reduced both the number and length of microvilli in
single-positive thymocytes, leading to decreased cell mass. This reduction in microvilli
correlates with a decrease in antigen recognition, leading to diminished T cell activation
and adhesion, as well as reduced TIS production, while intrinsic migratory proper-
ties remain unaffected. These findings highlight the filopodia-like characteristics of T
cell microvilli. In this context, Cdc42 contributes significantly to microvilli formation,
thereby shaping T cell function.

Cdc42 | T cell microvilli | T cell activation

Microvilli are finger-like membrane protrusions composed of cross-linked actin bundles
that are present on various cell surfaces (1). The most well-characterized microvilli are
those of intestinal epithelial cells, which maintain a constant length and are specialized
for nutrient absorption (2, 3). T cells also have numerous microvilli on their surface (2,
3); however, unlike those on epithelial cells, T cell microvilli are highly dynamic and
resemble filopodia, intermittently growing and shrinking through the assembly and dis-
assembly of actin filaments (4, 5). Given their mobility, T cell microvilli have long been
suggested to facilitate adhesion to vascular endothelial cells and, more recently, to serve
as antigen sensors that interact with antigen-presenting cells (APCs) or target cells (4, 6).

Despite these established roles, how T cells initially recognize antigens on APCs remains
a subject of debate. Advances in microscopy and the identification of microvillar-specific
proteins have provided insights into the dynamic behavior of T cell microvilli during
interactions with APCs (6, 7). Jung et al. demonstrated that TCRs are highly clustered at
the tips of microvilli, positioning these structures as effective antigen sensors (8). They
also reported that the ERM-dependent assembly of key TCR signaling molecules—CD4,
CD2, Lck, and LAT—as well as costimulatory molecules occurs at the microvillar tips
(9). Our group visualized the dynamic movement of microvilli toward the surface of
opposing cells during antigen recognition, along with the specific localization of the TCR
C-chain at the tips of microvilli (7).

However, an alternative perspective suggests that antigen recognition and early immune
synapse formation are primarily driven by TCR microclusters, which are thought to form
independently of microvilli (10-12). This divergence in focus raises an important question:
how are microvilli and TCR microclusters functionally related? Previous studies indicate
that microvilli collapse in a Racl-dependent manner upon T cell activation (13), suggest-
ing they may not directly contribute to TCR microcluster formation. Additionally, pre-
vailing models of microcluster formation emphasize the random diffusion of membrane
proteins, often overlooking the structural role of microvilli (14). These complementary
viewpoints highlight the need for further investigation into whether microvilli actively
participate in the spatial organization of TCR microclusters or merely serve as initial
antigen-sensing platforms before giving way to microcluster-driven signaling.

Beyond antigen recognition, recent studies have shown that T cells release synaptic
ectosomes or TCR-enriched microvesicles at the immune synapse, implicating ESCRT
proteins and ectocytosis mechanisms (15, 16). However, the potential involvement of
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microvilli in this process has also remained largely unaddressed.
Our research proposes that microvilli serve as the source of syn-
aptic ectosomes, which detach from the T cell body upon activa-
tion and transfer to APCs (7). We have previously termed these
vesicles “T cell immunological synaptosomes (T1S)” due to their
ability to transfer T cell messages. Based on this, we hypothesize
that microvilli play broader roles beyond antigen sensing, contrib-
uting to both the initiation and regulation of immune responses
and the intercellular transmission of T cell signals.

Another question in this study is how microvilli form and
undergo structural remodeling during T cell development, which
remains unclear. In particular, their regulation at each develop-
mental stage in the thymus is poorly understood, and little is
known about the factors governing their formation or the conse-
quences of their disruption. In this study, we provide the evidence
that microvilli presentation is dynamically regulated throughout
T cell development. Specifically, we found that double-positive
(DP) thymocytes exhibit short and sparse microvilli, whereas
single-positive (SP) thymocytes develop significantly longer and
more numerous microvilli. Cdc42, a member of the Rho family
GTPases, is a key regulator of actin dynamics, functioning along-
side Racl and RhoA (17). It plays a particularly critical role in
filopodia formation through interactions with ERM and other
actin-binding proteins (18). Given the strong structural and func-
tional similarities between T cell microvilli and filopodia, we
investigated the role of Cdc42 in microvilli formation and its
impact on T cell development and function.

Our findings demonstrate that Cdc42 is indispensable for
proper microvilli organization during T cell maturation. Notably,
we found that T cell microvilli are not merely passive antigen
sensors; they actively contribute to TCR microcluster formation
and facilitate their translocation to the central supramolecular
activation cluster (c-SMAC), thereby reinforcing the immunolog-
ical synapse. Furthermore, disruption of Cdc42—through knock-
out or inhibition—resulted in defective microvilli formation and
impaired production of TIS in activated T cells. Despite these
defects, other Rho family GTPases and actin-regulatory proteins
remained functional, preserving T cell motility. These findings
highlight the specific role of Cdc42 in immunological synapse
formation and the specialized generation of synaptosomes, with-
out broadly compromising other T cell functions.

Results

Microvilli Are Key Structures in T Cell Activation, TCR
Microcluster Organization, and the Generation of Imnmunological
Synaptosomes. T cells are covered with numerous membrane
protrusions called microvilli, which differ markedly from those on
epithelial cells (Fig. 14). Whereas epithelial microvilli are uniform
and mainly involved in nutrient absorption, T cell microvilli show
irregular, dynamic morphologies that vary with cellular state and
environment (Fig. 1 A4 andd B). Despite their abundance, the
mechanisms underlying microvilli formation and regulation in
T cells remain poorly understood. Moreover, their fate during T
cell activation and deactivation has not been fully explored, and
it is unknown whether microvilli dynamics are regulated during
thymic development.

While T cell microvilli are primarily involved in antigen sens-
ing, we have previously demonstrated that, due to the enrichment
of TCRs at their tips, microvilli serve as carriers that facilitate the
movement of TCR microclusters toward the c-SMAC, thereby
enhancing activation signaling and facilitating the formation of a
stable immunological synapse (4, 7). This was supported by the
colocalization of the microvilli-specific protein Vstm5 with TCRE
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at microclusters (Fig. 1C) (7). Additionally, EM images of mature
immunological synapses show partially intact microvilli at the
synapse periphery (Fig. 1 B, Right, yellow arrows), suggesting roles
in synapse formation, maintenance, and dissociation.

Previous studies from other groups have suggested that activated
T cells release TCR-enriched microvesicles, or synaptic ectosomes,
primarily from the ¢-SMAC (15, 16). However, as shown in
Fig. 1C, during later stages of activation—particularly the con-
traction and final kinapse stages—TCRs remain at microvilli tips,
which eventually detach to form TCR-containing microvesicles.
These observations suggest that microvilli play roles beyond anti-
gen sensing, contributing to intercellular communication through
vesiculation. Fig. 14 summarizes the structural and functional
transitions of microvilli during T cell activation, including elon-
gation for sensing, shortening for microcluster formation, frag-
mentation into T cell microvilli particles, and their final role as
TIS. To explore these diverse functions, we first investigated
microvilli organization during T cell development. Using a Cdc42
conditional knockout model, we examined how microvilli forma-
tion is regulated, their contribution to TCR microcluster and
synapse formation, and their role as a vesicle source for intercel-
lular signaling. In some experiments, the Cdc42 inhibitor CASIN
was used to control for off-target effects of genetic deletion.

Microvillar Presentation on the Surface of Thymocytes Is
Controlled During Development. Although thymocytes progress
through multiple developmental stages, the regulation of surface
microvilli remains unclear. To address this, we analyzed sorted
thymocyte subsets by SEM. In WT mice, microvilli were abundant
at the DN stage, reduced at the DP stage, and restored at the SP
stage. SP thymocytes also showed increased FSC and SSC, likely
reflecting microvilli reappearance (Fig. 2 A and B). Intriguingly,
qPCR revealed that Cdc42 expression was relatively low in DP
thymocytes compared to DN and SP stages.

Cde42"CD4Cre (Cde42-conditional-knockout, cKO) mice were
generated by crossing Cde42” mice with CD4Cre transgenic mice
(SI Appendix, Fig. S1A). These mice displayed normal body and
immune organ sizes (S Appendix, Fig. S1 B and C), but showed a
reduced thymic medulla area, where CD4" and CD8" SP thymo-
cytes reside (ST Appendix, Fig. S1D). While DN and DP thymocyte
populations were unaffected, CD4" and CD8" SP thymocytes were
significantly reduced (87 Appendix, Fig. S1E). Consistent with pre-
vious reports (19, 20), Cdc42 deficiency impaired T cell maturation,
leading to decreased peripheral CD4" and CD8" T cells and
increased TCRB™ DN T cells (S Appendix, Fig. S1F). Peripheral
lymphoid organs also showed an expansion of yd T cells (S Appendix,
Fig. S24), which survived better than af T cells under stimulation
in Cdc42-cKO mice (S Appendix, Fig. S2B). This shift correlated
with enhanced tumor suppression in a B16 melanoma model, likely
due to Th17-like yd T cells (S Appendix, Fig. S2C) (21).

In contrast to WT cells, Cdc42-cKO SP thymocytes exhibited
significantly fewer and shorter microvilli (Fig. 24), failed to increase
in size during DP-to-SP transition, and had reduced surface TCRf
and corresponding mRNA levels (Fig. 2 B-D). We also utilized
Cde42” dLck-Cre mice to induce Cre expression at late thymocyte
stages. Although thymocyte development appeared largely normal
(ST Appendix, Fig. S3 A and B), these mice showed defects in periph-
eral CD8" T cells (SI Appendix, Fig. S3C) and mostly abnormal
microvilli structures (87 Appendix, Fig. S3D). However, western blot-
ting revealed inconsistent and often minimal reduction of Cdc42
protein compared to WT (87 Appendix, Fig. S3C), limiting the mod-
el’s utility. Therefore, we focused on SP thymocytes from Cde42”
CD4-Cre mice, which showed more complete Cdc42 deletion and
clearer microvilli defects (S Appendix, Fig. S14 and Fig. 2 A-C).
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Characteristics of microvilli in epithelial cells and T cells
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Since our goal was to examine microvilli function using Cdc42
deletion, dLck-Cre peripheral T cells were used only for supplemen-
tary analysis.

Because Cdc42 knockout results in both microvilli loss and
reduced TCR expression, we sought to determine whether the
diminished TCR expression in Cdc42-cKO cells was due to the
absence of microvilli or an intrinsic defect in TCR expression
during differentiation. To address this, we gated cells of similar
size and evaluated their TCR expression. The persistently low TCR
levels observed (87 Appendix, Fig. S3D) suggest that the
Cde42-cKO induces a differentiation defect, leading to reduced
TCR expression independent of cell size. This diminished TCR
expression complicates the interpretation of subsequent experi-
ments, making it challenging to discern whether observed effects
arise from microvilli abnormalities or defects in TCR expression.
To overcome this limitation, we employed CASIN, a selective
Cdc42 inhibitor (Fig. 2E). Treatment of both CD4" SP thymocytes
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Fig. 1. T cell microvilli are essential
structures that not only scan antigens
but also play a crucial role in delivering
T cell messages. (A) Schematic diagram
comparing the characteristics of micro-
villi between epithelial cells and T cells.
(B) SEM images of CD4" blast cells from
wild-type (WT) mice in activating manner
on anti-CD3/CD28-coated surfaces. Ar-
rows indicate protruding T cell microvilli
in activated T cells. (C) The movement of
Vstm5_GFP (V5G) and TCR ¢ _tdTomato
signals during T cell activation on im-
mobilized antibodies (iAb). Schematic
representation of the V5G and TCR ¢
_tdTomato constructs (Top Left) and the
3-dimensional confocal imaging of V5G
(Bottom Left). Intensity mapping of V5G
shows distinct peaks in fluorescence
intensity (Bottom Left). The localization
of V5G and TCR ¢ during the maturation
and contraction phases of T cells on
plate-immobilized anti-CD3/CD28 (iAb)
surfaces is shown. Yellow arrows indicate
the direction of V5G (green) and TCR ¢
(red) movement. White arrows highlight
the TCR ¢ located at the tips of microvil-
li (Top Right). Green arrows indicate TIS
release behind moving CD4" T cells ex-
pressing V5G on iAb and supported lipid
bilayers presenting OVA;,; 330/I-Ab+IC1
(Bottom Right).

10 pm

Kinaptic cell

and peripheral CD4" T cells with 10 uM CASIN did not affect
surface TCR expression (Fig. 2E), but led to a marked reduction in
surface microvilli and a modest decrease in cell size (Fig. 2 Fand G).
As a control, we examined whether CASIN treatment reduced the
number and length of cell surface microvilli in MC38 epithelial

cells (ST Appendix, Fig. S3E).

T Cells Lacking or Inhibiting Cdc42 Show Attenuated TCR Signaling
and Antigen Recognition on APCs. Given the reduced number
and length of microvilli in Cdc42-deficient T cells (Fig. 24) and
their actin-based structure, we examined actin dynamics following
TCR activation, primarily using SP thymocytes. Although still
transitional, SP thymocytes have undergone positive selection
and express high levels of TCRs, adhesion, and costimulatory
molecules, enabling effective conjugate formation with APCs (22,
23). Thus, they serve as a suitable surrogate for peripheral T cells—
especially in Cde42” CD4-Cre mice, where peripheral CD4"

https://doi.org/10.1073/pnas.2505291122 3 of 12


http://www.pnas.org/lookup/doi/10.1073/pnas.2505291122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2505291122#supplementary-materials

Downloaded from https://www.pnas.org by "Gwangju Institute of Science and Technology, GIST" on July 6, 2026 from | P address 210.107.185.52.

4 0f 12

=

“CD4Cre-KQ

Average Lenght of microvilli (nm)
=)
o

05 70203040 80
No. microvilli (2x2) um?

<
8
o
i)
3
§§ 015
S&o0.10
og
£, 005
o 9
€8 0.00 ﬂ
B P
120 —~
104 : wWT B
,290 m cKO T
104 \ 3 L
860 =
@ 3 =
5104 O30 o
of: O
3 0 =
0,07 02 065 05 1.0M

T

90{ = DR, = sP

0
0 02 04 06 08 1.0M

oom o 120
' S 9
0.6M 3
©0.4M =
@ (&)
0.2M 30
0 “ 0-
TSR 0 4060810M
TCRB C (Cell size)
F SP-CDAT CD4T — 400
NT ) E . .
T;) 300 T2
Y )
€ 200 Foo> °°
-
)
_g o° @
5 100 o °e
[
Q
- ol
0 10 20 30 40 50
No. microvilli
(2x2um?)

SNWE OO N

WT EKO
0. m a 14 8 £90
0 I 212 o 2
0 0 x40 N~k
o W © L 6.0]
0| L =038 a E ®
.0 = 0.6 > Q
0 K04 §30 s
.0| Q0.2 a 1]
o 0 © 9 =
DP SP DP SP DP SP
S 12 p=7.0E-03 % 1.2} p=3.9E-04
o 1
S
£ % [0} % 0.8
| ® 2
S3 S §os6
Qo o o 04
=T =+
© % 02
& 0 © 0
E WTKO o© WTKO
2504 NT P-CD4T| 400{ NT  SP-CD4T|
200{ CASI 300{ CASIN
150 200
100
50 100
ol 0 Ty
£300 CcDaT| £4%° CDAT
3200 5300
[e] [e]
o ©200
3100 3
[0 [0
3 G100
0 S N— o] SN —
{ o.2o.3o.4o.5o.eo.7m{ 102 10° 10¢ 10° 10°
FSC TCRpB
~507 MNT WCASIN Z'87 M NT mCASIN
2 ns ns
*_ 45
L
=
o
%)
L

w
o

O.
SP-CD4T CD4-T SP-CD4T CD4-T

Fig. 2. Cdc42 is required for microvilli organization on the cell surface in both thymocytes and mature T cells. (A) SEM images of double-negative (DN), double-
positive (DP), and single-positive (SP) thymocytes from Cdc42” (WT) and Cdc42”/CD4Cre (KO) mice. The number and length of microvilli per 4 um? were quantified
using the ImageJ software (n = 100). Each orange (DN), green (DP), purple (CD4°SP), and blue (CD8" SP) circle in the graphs represents an individual cell. (B) Flow
cytometric analysis for FSC, SSC of total thymocytes and TCRB, CD3e, CD62L of DP, SP thymocytes gated from total thymocytes from Cdc42” (WT) and Cdc42”/CD4Cre
(KO) mice. (C) Flow cytometric analysis for FSC and SSC on TCRB"&" thymocytes gated from total thymocytes from Cdc42” (WT) and Cdc42”/CD4Cre (KO) mice.
(D) Expression of TCRB, CD3e on CD4" SP thymocytes from WT and KO mice. (£ and F) Surface expression of TCRp and cell size (FSC) in CD4" SP thymocytes and
CD4" T cells (E), SEM images of CD4" SP thymocytes and CD4" T cells (F) in the presence or absence of CASIN (10 uM, 2 h). (£ and F) Data represent the mean +
SEM of three independent experiments. Statistics was performed using Student'’s ¢ test.

T cells are scarce or outnumbered by y0 T cells (SI Appendix,
Fig. S2 A and B), making conventional analysis unreliable. CD4"
SP thymocytes from Cdc42-cKO mice exhibited normal actin
responses to TCR stimulation but had significantly lower baseline
F-actin levels, resulting in reduced overall F-actin accumulation
(Fig. 3A4). They also showed impaired spreading on anti-CD3/
CD28-coated plates (Fig. 3B), indicating compromised actin
dynamics and content. Similar defects were observed in peripheral
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CD4"* T cells from CAe42” dLck-Cre mice (ST Appendix, Fig. S4
A and B).

The reduced number and length of actin-supported microvilli
likely impair antigen recognition by CD4" SP thymocytes
(Fig. 3C), weakening their interaction with APCs and the associ-
ated calcium influx upon antigen stimulation (OVA323-339). To
assess this, we evaluated conjugate formation and calcium signa-
ling. CD4" SP thymocytes were stained with Fluo-3, and B cells
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with CTV, allowing simultaneous monitoring of calcium influx
in conjugates. Cdc42-deficient thymocytes showed significantly
fewer conjugates (Fig. 3 D—F) and reduced Ca®* influx (Fig. 3D
and £), along with decreased TCR-mediated signaling (Fig. 3G).

To address the challenge of reduced TCR expression on the sur-
face of Cde42-cKO T cells, we evaluated the effect of CASIN on
TCR-mediated ERK signaling and OT-II CD4" SP thymocyte-B
cell conjugate formation. Notably, despite unchanged surface TCR
levels, CASIN treatment significantly reduced phospho-ERK levels
and impaired SP thymocyte-B cell conjugation (Fig. 3 H-)). In
parallel, similar results were also obtained from peripheral CD4* T
cells obtained from OT-II mice (S] Appendix, Fig. S5 A-C). These
findings suggest that Cdc42 contributes to the maintenance of
microvilli, which in turn may facilitate effective TCR signaling and
immune synapse formation—supporting a role for microvilli
beyond simple antigen recognition.

T Cells Lacking Cdc42 Display Fewer TCR Microclusters and a
Diminished Release of Inmunological Synaptosomes. Based on
previous studies, it was assumed that microvilli play a limited role
in the formation and movement of TCR microclusters, as these
structures were believed to collapse upon T cell activation (24).
However, our research, along with others, has demonstrated that
TCRs are enriched at the tips of microvilli (7, 8). These findings
suggest that microvilli persist on T cells regardless of activation
state and play a key role in directing TCR microclusters toward
the c-SMAC. As shown in Fig. 1B, microvilli are not fully lost
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was performed using Student's ¢ test.

upon activation but are obscured by lamellipodia. Consistent
with this, schematic and imaging data (Fig. 4A4) indicate that
dynamic microvilli movements help guide TCR microclusters.
Notably, the microvilli-specific marker V5G colocalizes with
actin foci, suggesting that microvilli actively regulate or restrict
microcluster movement. At later stages, TCR clusters may even
detach and transfer to the APC surface (Fig. 1C and SI Appendix,
Fig. S6A). These observations challenge the notion that microvilli
collapse during T cell activation and highlight their role in synapse
organization.

We thus investigated how the reduction in the number and
length of microvilli caused by Cde42-knockout (Cde42”CD4Cre
OTTI) affects the formation and movement of TCR microclusters.
Furthermore, we explored the correlation between the release of
microvilli and the shedding of TCR" membrane particles. To con-
firm the clustering of TCRs, we utilized a supported planar lipid
bilayer loaded with I-Ab MHC class Il and ICAM-1. In Cdc42-KO
SP thymocytes, the number of TCR microclusters decreased, and
the formation of the c-SMAC was significantly reduced compared
to WT SP thymocytes (Fig. 48 and Movie S1). The diminished
formation of the c-SMAC indicates that Cdc42, which regulates
microvilli, contributes to the spatial organization of TCR signaling
during immune synapse formation. However, the fact that the
track speed of the remaining TCR microclusters was not signifi-
cantly affected suggests that the actin dynamics involved in mem-
brane mobility are functioning normally in Cde42-cKO SP
thymocytes, as we observed in Fig. 34. We also evaluated the
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effects of CASIN and other actin modulators on CD4+ thymo-  Arp2/3 complex inhibitor CK636. Similar to the Cdc42 knock-
cytes, including the G-actin polymerization inhibitor latrunculin =~ out, CASIN significantly reduced both TCR microcluster forma-
A (LatA), the actin-stabilizing agent Jasplakinolide (JPK), and the tion and c-SMAC assembly (Fig. 4C). LatA, which disrupts T cell
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Fig. 4. CD4" SP thymocytes lacking Cdc42 exhibit reduced TCR microclusters. (A) Schematic diagram presenting a potential mechanism of how microvilli that
disappear at the dSMAC move toward the cSMAC with TCR microclusters during immune synapse formation in T cells. The inset (Right) shows confocal microscopy
images highlighting actin-foci (red) and V5G (green) in the central region of immune synapse, with the merged image (yellow) demonstrating the colocalization of
actin and V5G (white arrows). (B) TIRF images showing TCR microclusters on a planar supported lipid bilayer (SLB) presenting OVAs,; 534/I1-A” and ICAM-1 (Movie
S1). Individual TCR microclusters were tracked for 20 min. () Confocal microscopy images showing TCR microclusters on a SLB presenting OVA,,; z54/1-A° and
ICAM-1. OT-Il CD4" SP thymocytes were pretreated with various inhibitors and individual TCR microclusters were tracked for 20 min. Data represent the mean +
SEM of three independent experiments. (D) Confocal microscopy images showing TCRp (red) and Zap70 (green) microclusters in OT-Il CD4" SP thymocytes (with
or without CASIN) activated on SLB presenting OVA,,; 530/I-A® and ICAM-1. Representative images are shown for each condition (Left). Microcluster numbers
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independent experiments with randomly selected cells. Statistical analysis was performed using unpaired Student's ¢ test. ****p < 0.0001.
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microvilli (13), dramatically decreased TCR microclusters and
reduced track speed (Fig. 4C). In contrast, JPK and CK636—
agents that preserve microvilli integrity—had little effect on
¢-SMAC formation and microcluster dynamics (Fig. 4C), sug-
gesting that intact microvilli are a prerequisite for proper TCR
microcluster assembly and c-SMAC organization. Similar results
were also observed in peripheral CD4" T cells isolated from OT-II
transgenic mice (S Appendix, Fig. S6B).

CASIN has previously been reported to suppress T cell activa-
tion (25); however, whether this effect is linked to microvilli dis-
ruption has not been clearly established. Given that the tips of
microvilli act as key sites where TCR-associated signaling mole-
cules such as Zap70 are spatially organized, the integrity of these
structures is critical for proper TCR signaling. We hypothesized
that if CASIN disrupts microvilli, it may also impair the formation
of TCR signaling microclusters. Supporting this, CASIN treat-
ment not only led to a marked reduction in the number of TCR~
Zap70 microclusters, but also impaired cell spreading (Fig. 4D)

As we presented in Fig. 1Cand reported previously (7), the last
step of T cell activation is the release of TIS mainly through shed-
ding of TCR-enriched microvilli particles (TMPs) either when
interacting with APCs, or when exposed to activation matrices
such as lipid bilayers embedding p-MHC and ICAM-1, or
anti-CD3/28 Abs-coated plates (7, 13). Dramatic reduction of
TCR"TIS release was observed in Cde42-cKO SP thymocytes on
plates coated with anti-CD3/28 Abs (Fig. 54). Further, the
amount of TCRB" fluorescent signals on the bottom was signifi-
cantly reduced in Cde42-cKO SP thymocytes (Fig. 5B), suggesting
that Cdc42 contributes to the formation or release of
microvilli-derived membrane particles from activated T cells. Our
previous work showed that T cells release TMPs only when TCR
activation is accompanied by adhesion signals like ICAM-1, and
not by soluble anti-CD3/CD28 (sAb) alone (13). To investigate
further, we compared vesicle release under three conditions:
untreated (N'T), sAb, and immobilized anti-CD3/CD28 (iAb).
Consistent with earlier findings (7, 13), CD4" SP thymocytes
released almost no PMS" vesicles under N'T or sAb, but showed
significant release under iAb stimulation (Fig. 5C). LatA enhanced
PMS" particle release under sAb, while other actin modulators
had little effect. In contrast, Cdc42-cKO cells showed markedly
reduced vesicle release (Fig. 5C).

Similarly, CASIN treatment reduced both TCR" particles
(Fig. 5D) and PMS" vesicles (Fig. 5E) in peripheral CD4" T cells,
indicating that this is due to impaired membrane shedding rather
than low TCR expression. These findings suggest that intact
microvilli contribute to TIS biogenesis, with adhesion signals
playing a particularly critical role in regulating their release, pos-
sibly in coordination with TCR engagement.

cdca2”’cpacre-Knockout Slightly Upregulates Gene Clusters
Related to Actin Cytoskeleton and Membrane Vesicle Formation.
To understand the effects of the loss of Cdc42 on the regulation
of global genes and its connection to the formation of microvilli
in thymocytes and peripheral T cells, we performed single-cell
RNA sequencing (scRNA-seq) of whole thymus of WT and
Cde42"CD4Cre-knockout mice. After single-cell bioinformatics
processing, 13,835 high-quality cells were identified and among
these cells, 6,175 cells (44.6%) were obtained from WT condition
and 7,660 cells (55.4%) from KO condition. Then, total thymic
cells were classified into 13 clusters and each cluster’s cell type was
annotated by the expression of specific marker genes (S/ Appendix,
Fig. S7 A and B). Of the 13 clusters, 10 were annotated as
thymocytes, including 3 DN clusters, 1 nonconventional lymphoid
cell (NCL) cluster, 4 DP clusters, and 2 SP clusters. There was also
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1 thymic epithelial cell (TEC) cluster and 2 myeloid cell clusters.
The number of cells were significantly decreased between WT
and KO conditions in cluster 8 (chi-square tests P-values < 0.01),
which was annotated as CD4 SP thymocytes (Fig. 6 A and B).
Although both CD4" and CD8" SP thymocytes were reduced in
Cde42 KO mice as shown by flow cytometry, only CD4" SP cells
showed a marked decrease in the scRNA-seq data, likely due to
their higher basal frequency and more substantial reduction. As
shown in Fig. 24, single-cell analysis also revealed that CDC42
expression was lowest at the DP3 stage (ST Appendix, Fig. S7C).

GO enrichment analysis revealed that processes related to actin
filaments, cytoskeleton, locomotion, and exocytosis were
up-regulated in Cdc42-cKO mice (Hypergeometric tests P-values
< 0.05) (Fig. 6C). The increased expression of actin-related genes
is likely a compensatory response to the loss of Cdc42, but may
also reflect activation of alternative cytoskeletal pathways, stress
responses, or the selective survival of cells with intrinsically higher
expression of these genes.

Pathway analysis also revealed an increased T cell apoptosis
pathway in Cde42-KO mice (Fig. 6C). Gene ontology analysis
was used to investigate the expression of actin function-related
proteins in SP thymocytes. Hierarchical clustering of gene expres-
sions showed that genes involved in lamellipodia formation (Rac1,
Ezr, Msn, Arpcl, Arpc2, Arpc3, and Arpc5) and stress fiber forma-
tion (RhoA, Rockl, and Rock2) were increased in Cde42-KO mice
(Fig. 6 C and D). The increased expression of actin regulators,
such as Ezrin, Racl, and Rhoa, was confirmed by quantitative
RT-PCR (Fig. 6E).

Interestingly, although the release of TCR" membrane particles
(PMS" vesicles) was significantly reduced in Cde42-cKO cells
compared to WT, the expression levels of genes related to ESCRT
components, which are crucial for vesicle scission, and other fac-
tors involved in vesicle formation were either similar or even
higher in the cKO cells (Fig. 6F). This discrepancy suggests that
the machinery involved in vesicle formation and release, such as
ESCRT-mediated pathways, remains functional or even upregu-
lated in Cdc42-deficient cells. However, despite intact ESCRT
machinery, the reduced release of TCR" or PMS" membrane ves-
icles indicates that proper microvillar architecture is also essential
for vesicle shedding from the plasma membrane. This highlights
a critical upstream role for Cdc42 in maintaining microvilli integ-
rity. Furthermore, the formation of these membrane vesicles relies
heavily on adhesion-dependent signaling pathways, which in turn
require the structural integrity of microvilli. To identify key reg-
ulators of cell state changes by Cde42-KO, we performed regulon
analysis to identify transcription factors of given cell clusters using
PROGENYy algorithm (26) and the DoRothEA dataset (27), a
database of interactions between transcription factors and their
target genes (regulons). These resources were combined to identify
important regulons and pathway activity in each cluster. In cluster
8, where microvilli in T cells were defective, approximately 10
regulons were significantly increased (SI Appendix, Fig. S8A).
Some of these regulons, such as Staz4, Irfl, and Nfkb2, were sig-
nificantly decreased in Cdc42-KO mice (SI Appendix, Fig. S8B).
These transcription factors are known to play a role in the devel-
opment of CD4 and CD8 T cells (28-30), suggesting that Cdc42
plays a crucial role in the transition from the DP to SP stage.

We also observed a decrease in the gene expression of CCR7 and
L-selectin (Sell) (S7 Appendix, Fig. S8C), both of which are well
known to localize at the tips of microvilli (31, 32). Consistent with
reduced mRNA expression, surface CCR?7 levels were significantly
decreased in Cdc42-cKO thymocytes (SI Appendix, Fig. S8D).
Correspondingly, SP thymocytes from these mice showed poor
spreading and impaired migration on ICAM-1-coated surfaces in
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response to CCL19 (ST Appendix, Fig. S8E). These defects suggest
impaired CCRY7 signaling, possibly due to disrupted microvilli
localization, which may contribute to reduced cell adhesion.

T Cells Lacking Cdc42 Exhibit a Severe Defect in Adhesion to
High Endothelial Venules (HEV) and APCs In Vivo, without
Affecting Their Migratory Properties. To determine whether
defects in cell adhesion and antigen sensing are reproducible
in vivo, we extended our work to living mice. As recent thymic
emigrants, CD4" SP thymocytes migrate through lymph nodes
and transiently express adhesion molecules such as LFA-1 and
ICAM-1, allowing them to physiologically engage with APCs in
these tissues (33). To this end, we used Cdc42//CD4Cre OTII
mice that recognize the OVA323-339 peptide and performed
three-dimensional live imaging of lymph nodes using two-photon

https://doi.org/10.1073/pnas.2505291122

microscopy. DCs pulsed or not pulsed with OVA323-339 were
injected 48 h prior to the experiment, followed by intravenous
injection of OTII CD4 SP thymocytes. Fig. 74 (Movie S2) shows
that OTII CD4 SP thymocytes from Cde42-cKO mice (shown in
green) did not adhere to HEVs in lymph nodes as effectively as
CD4 SP thymocytes from WT mice (shown in red). As a result, a
dramatic reduction in extravasation was observed in Cde42-cKO
OTII CD4 SP thymocytes (Fig. 7B). These results suggest that
Cdc42 deficiency impairs T cell adhesion to HEVs, consequently
hindering their extravasation through HEVs.

We next investigated whether Cdc42-deficient CD4" SP thy-
mocytes exhibit reduced motility, as previously observed in vitro
(SI Appendix, Fig. S4E). Given their elevated expression of lamel-
lipodia- and stress fiber—associated proteins, we hypothesized that
migration might be preserved despite Cdc42 deficiency. To test
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Fig. 6. CD4" SP thymocytes lacking Cdc42 slightly upregulate genes related to the actin dynamics and membrane vesicle formation. (4) Schematic diagram of
scRNA-seq process and UMAP visualization of the cellular composition of Cdc42” (WT) and Cdc42”/CD4Cre (KO) mice thymus. Five mice per group were killed
for this experiment. 13 clusters were analyzed from the thymus and colored by cell types (DN, NCL, DP, SP, TEC, and Myeloid). (B) Bar graphs represent the cell
populations of SP cells. Cluster 8 (SP stage) was significantly decreased in cell numbers among KO thymus (from 7.8% to 4.1%. Chi-square tests P-values < 0.01)
(double red dots) (C) Gene ontology (GO) and pathway enrichment analysis of differentially expressed genes in cluster 8 and 9 of WT and Cdc42 KO thymocytes.
(D) UMAP plots showing the expression levels of actin-related genes in WT and KO cells. The boxed areas highlight the changes in expression within the SP
populations (clusters 8 and 9). (£) Heatmap of key genes involved in actin dynamics in SP thymocytes and real-time quantitative PCR analysis for the validation
of actin-regulators (Cdc42, Ezr, Rac1, and Rhoa). Data represent the mean + SEM of three independent experiments. (F) Heatmaps of the expression levels of
genes associated with the ESCRT components and vesicle formation/release in SP thymocytes from WT and KO mice.

this, we tracked OTII CD4" SP thymocytes in lymph nodes. To characterize their behavior, we classified cells as either migra-
Unlike WT cells, which accumulated and maintained interactions  tory or APC-engaged. In the migratory group, Cdc42-deficient
with DCs, Cdc42-deficient cells failed to engage DCs and rapidly ~  cells traveled longer distances, with increased track displacement
disappeared (Movies S3 and S4). and faster speeds compared to WT cells (Fig. 7C), indicating
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ineffective APC targeting. In the APC-engaged group, WT thy-
mocytes formed stable contacts with DCs, while Cdc42-deficient
cells showed reduced engagement, shorter interaction duration,
and faster motility (Fig. 7D). Although displacement during
engagement was similar, the overall proportion of engaged
Cdc42-deficient cells was significantly lower. A comparable pat-
tern was also observed in CASIN-treated peripheral CD4" T cells,
consistent with the response seen in CD4" SP thymocytes
(SI Appendix, Fig. S10 and Movie S5).

Taken together, these results indicate that Cdc42 deficiency in
CD4 SP thymocytes leads to impaired adhesion ability, which
follows weakened adhesion signals. Despite this, the overall migra-
tory capacity of Cdc42-deficient thymocytes was not negatively
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affected, as they exhibited increased movement speed and dis-
placement compared to WT cells.

Discussion

T cell microvilli, slender projections originating from the plasma
membrane of T cells, serve as the primary loci for antigen recog-
nition and signal initiation (6, 34). These structures share a struc-
tural similarity with filopodia in that they both consist of a core
of actin filaments enveloped by actin-binding proteins, and play
arole in cell motility (4, 5). However, the molecular composition
of T cell microvilli distinguishes it from filopodia, as it contains
specialized machinery for antigen recognition and signaling,
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Fig. 7. CD4" SP thymocytes lacking Cdc42 exhibit a severe defect in adhesion to HEV and APCs in vivo, without affecting their migratory properties. (4)
Representative snap shots of in vivo imaging of HEV binding and extravasation at the indicated time points. The popliteal lymph node was imaged for 3 h and
the number of HEV-bound or extravasated T cells were analyzed at 9600s. (Movie S2). (B) Homing of CD4" thymocytes into the popliteal lymph node in the
presence or absence of OVA;,; 339-pulsed DCs. Data represent the mean + SEM of three independent experiments (C and D) Representative snap shots of in vivo
imaging of OT-Il CD4" SP thymocytes (1 x 10”) randomly migrating in the presence of OVAs,; 330-pulsed DCs (C) or interacting with OVAs,; 339-pulsed DCs (D) (5 x
10°). Tracks of representative two cells were displayed as white and yellow dot line. Arrowheads indicate start (S) and end (E) point of each track. (Movies S3 and
S4). Trajectories of migrating cells or APC-engaged cells are displayed. Track displacement and track speed mean were analyzed in randomly selected migrating
cells. The % of APC-engaged cells, interaction time, track displacement length, and track speed mean were analyzed in randomly selected APC-engaged cells (N
=50). The dot plot dataset (C and D) represents the sum of results obtained from three independent experiments in which equal cells were randomly selected
in each experiment. Results are representative of three independent experiments. Statistical significance was determined using unpaired Student's ¢ test.
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whereas filopodia contain a more generic set of actin-binding pro-
teins (34). Despite their importance, the regulation of T cell
microvilli during development remains poorly understood. Our
study highlights the critical role of Cdc42 in microvilli formation
during the DP-to-SP transition. By positioning TCRs at their tips,
microvilli contribute not only to TCR microcluster formation but
also to their movement toward the c-SMAC, promoting stable
immunological synapse formation. In Cdc42-cKO or CASIN-
treated T cells, reduced microvilli number and length disrupt
microcluster organization and impair T cell activation, underscor-
ing the structural and functional importance of microvilli in TCR
signaling.

T cell development in the thymus involves a series of morpho-
logical changes essential for their function (35, 36). While these
changes have drawn increasing interest, it remains unclear how
microvilli are regulated during this process. Notably, DP thymo-
cytes exhibit fewer microvilli and smaller size, whereas more
mature SP thymocytes display higher microvilli density. This may
partly explain differences in TCR expression between the stages.
Given their functional maturity, SP thymocytes likely require more
microvilli for efficient antigen recognition, which is critical for
central tolerance by eliminating autoreactive cells and promoting
regulatory T cell development (37). Interestingly, in Cde42-cKO
thymocytes, TCR expression is markedly reduced, mimicking the
characteristics observed in DP thymocytes. This suggests that
Cdc42 deficiency may hinder the developmental progression of
thymocytes, maintaining them in a less mature state with fewer
microvilli and lower TCR expression, much like DP thymocytes.
However, it remains unclear whether Cdc42 regulates microvilli
dynamics and TCR expression independently or if these processes
are coregulated throughout different stages of T cell development
(20, 38-40). Notably, the observation that CASIN disrupts micro-
villi without altering surface TCR expression highlights the critical
role of microvilli integrity in sustaining TCR-Zap70 signaling
strength and facilitating effective antigen recognition by T cells.
While it remains possible that other factors contribute to the
effects of Cdc42 loss, the current findings underscore
Cdc42-mediated microvilli regulation as an important determi-
nant of effective antigen recognition and immune responses.

Although Cdc42 is a key regulator of actin polymerization, its
deletion in Cdc42-cKO cells triggers compensatory upregulation
of actin-related proteins such as Racl, RhoA, and ERM family
members (37). This may help maintain actin dynamics and cell
migration. However, these changes might also reflect activation
of alternative cytoskeletal pathways, stress responses, or selective
survival of cells with high basal expression, making interpretation
difficult. Interestingly, inhibition of the Arp2/3 complex by
CK636—acting downstream of Rac1—did not affect TCR micro-
cluster formation or T cell activation, suggesting Rac1 is not essen-
tial in this context. While Racl typically promotes lamellipodia,
its overexpression in Cdc42-deficient thymocytes may be disrup-
tive, as prior studies show Racl activity can shorten T cell micro-
villi (24). This may contribute to the observed microvillar
reduction, though our data show microvilli are shortened, not lost
(Fig. 4A), and still support TCR microcluster assembly and sign-
aling. Overall, Cdc42 plays a nonredundant role in organizing
actin-rich microvilli critical for T cell activation, while Racl
appears to have a limited or even antagonistic role.

Investigating Cdc42 function in T cells using conditional
knockout models posed several challenges. In CD4-Cre mice,
peripheral CD4" and CD8" T cells were nearly absent, likely due
to developmental or survival defects, making mature T cell analysis
unfeasible. In dLck-Cre mice, deletion occurred later but showed
variable Cdc42 expression in peripheral T cells, limiting
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reproducibility. To overcome this, we focused on CD4" SP thy-
mocytes, where Cdc42 deletion was more consistent and microvilli
are well developed during the DP-to-SP transition—coinciding
with increased TCR, adhesion, and costimulatory molecule
expression (41). This population is well established for studying
TCR signaling and actin remodeling during thymocyte matura-
tion (42, 43). We also included peripheral CD4" T cells from
dLck-Cre mice to confirm broader relevance. The consistent find-
ings across both cell types highlight the limitations of current
knockout models and underscore the need for refined tools. Future
studies using inducible systems like CreERT2 may enable more
precise Cdc42 deletion in peripheral T cells while preserving
thymic development.

Despite retaining overall migratory capacity, Cdc42-deficient
T cells—including SP thymocytes—show impaired ability to form
stable interactions with DCs and establish functional immuno-
logical synapses, highlighting a specific role for Cdc42 in
microvilli-mediated T cell-APC engagement. While actin remod-
eling for motility appears preserved, likely through compensatory
pathways, it is insufficient to support microvilli-dependent func-
tions such as sustained adhesion and signaling. These cells also
display increased motility within lymphoid tissues, likely due to
reduced APC dwell time or impaired integrin engagement. Their
inability to adhere stably to HEVs and APCs suggests that Cdc42
is essential not only for migration but also for organizing mem-
brane protrusions critical for immune activation. Thus, the
reduced TCR signaling observed is best explained by microvilli
defects rather than global actin disruption.

Earlier models suggested that TCR microclusters form through
random interactions of freely mobile membrane proteins (10-12).
However, recent studies have shown that microclusters are spatially
confined to microvilli-rich contact sites between T cells and APCs
(4, 71, highlighting a structural role for microvilli in organizing
and guiding TCR clusters (4, 7). This has introduced a new per-
spective on TCR microcluster formation, where microvilli play a
structural role, organizing and guiding these clusters (7, 8). In
Cdc42-cKO or CASIN-treated T cells, we observed reduced TCR
microclusters and impaired migration toward the c-SMAC, sug-
gesting that microvilli not only cluster TCRs but also help direct
their transport. Although previous reports indicated that microvilli
collapse upon T cell activation via Racl (24), our data suggest
they persist at the periphery beneath lamellipodia (Fig. 1B), con-
tinuing to concentrate TCRs at their tips (Fig. 1C). These micro-
villi may be carried inward by retrograde actin flow. Since TIRF
microscopy captures only two-dimensional movement, the
observed TCR cluster motion likely reflects the movement of
microvilli themselves. A marked reduction in TCR clusters after
LatA treatment further underscores the importance of microvilli
in TCR microcluster formation and dynamics. In contrast, Arp2/3
seems dispensable, as TCRs are localized to microvilli tips rather
than lamellipodia.

Previously, we demonstrated that TCR microclusters reaching
the c-SMAC are shed as microvilli-derived particles, potentially
delivering signaling components to APCs (7). Interestingly, this
shedding is closely linked to T cell proliferation (13). In
Cdc42-cKO T cells, TCR" particle release is significantly reduced
compared to WT cells, correlating with decreased proliferation.
This reduction is not due to lower TCR expression, as
CASIN-treated cells show similar decreases in TCR" particles. This
is supported by an overall decline in PMS" vesicles in both
Cdc42-cKO and CASIN-treated cells. Despite the absence of
Cdc42, genes related to exocytosis and the ESCRT pathway
remain unaffected or even upregulated, suggesting intact conven-
tional vesicle secretion machinery.
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In summary, our study shows that microvilli are essential,
dynamically regulated structures during T cell development.
Cdc42 is required for their formation in mature SP thymocytes,
and loss of microvilli disrupts chemokine receptor localization,
TCR positioning, migration, and antigen recognition. These
defects impair TCR signaling toward the ¢-SMAC, potentially
leading to anergy and reduced clonal expansion. Although TCR"
microvilli particle production is reduced in Cdc42-cKO T cells,
exocytosis and ESCRT pathways remain intact, indicating that
impaired signaling, not secretion, is the primary issue. Future
studies should investigate how Cdc42 and actin regulators control
microvilli dynamics and T cell function.

Materials and Methods

Mice, Cells, and Chemical Treatment. Cdc42f/ftransgenic, CD4Cre transgenic,

and OTII TCR transgenic mice were purchased from the Jackson Laboratory (Bar
Harbor, ME). Cdc42” mice were crossed with CD4Cre and dLckCre mice to gener-
ate lineage specific knockout mice, respectively. Cdc42" and Cdc42” CDA4Cre mice
were further crossed with OTII to generate an OVA-specific TCR transgenic line.
All mice were housed in specific pathogen-free conditions. CD4™ SP thymocytes
and peripheral CD4" T cells were isolated by MojoSort™ Mouse CD4 Selection
Kit (BioLegend, San Diego, CA). For CASIN experiments, CD4 T cells or CD4 SP
thymocytes were pretreated with CASIN (10 uM) for 2 h and stimulated in cell
culture medium containing CASIN or DMSO (NT). All experiments are performed

1. J.Gorelik et al., Dynamic assembly of surface structures in living cells. Proc. Natl. Acad. Sci. U. S. A.
100, 5819-5822 (2003).

2. E.LAlexander, B. Wetzel, Human lymphocytes: Similarity of B and T cell surface morphology.
Science 188,732-734(1975).

3. M. Cebecauer, Role of lipids in morphogenesis of T-cell microvilli. Front. Immunol. 12,1-7 (2021).

4. H.-R.Kim, C.-D.Jun, T cell microvilli: Sensors or senders?. front. Inmunol. 10,1753 (2019).

5. H.Kimetal., T cell microvilli: Finger-shaped external structures linked to the fate of T cells. Immune
Netw. 23, 1-14(2023).

6. E.Caietal, Visualizing dynamic microvillar search and stabilization during ligand detection by T
cells. Science 356, eaal3118(2017).

7. H.Kimetal., Tcell microvilli constitute immunological synaptosomes that carry messages to
antigen-presenting cells. Nat. Commun. 9, 3630-3648 (2018).

8. Y.Jungetal, Three-dimensional localization of T-cell receptors in relation to microvilli using a
combination of superresolution microscopies. Proc. Natl. Acad. Sci. U. S. A. 113, E5916-E5924 (2016).

9. S.Ghosh et al., ERM-dependent assembly of T cell receptor signaling and co-stimulatory molecules
on microvilli prior to activation. Cell Rep. 30, 3434-3447 (2020).

10. T.J. Crites et al., TCR microclusters pre-exist and contain molecules necessary for TCR signal
transduction. J. Immunol. 193, 56-67 (2014).

11. T.Yokosuka et al., Newly generated T cell receptor microclusters initiate and sustain T cell activation
by recruitment of Zap70 and SLP-76. Nat. Immunol. 6, 1253-1262 (2005).

12. A Hashimoto-Tane et al., Dynein-driven transport of T cell receptor microclusters regulates immune
synapse formation and T cell activation. Immunity 34,919-31(2011).

13. J.Parket al., Trogocytic molting of T cell microvilli upregulates T cell receptor surface expression and
promotes clonal expansion. Nat. Commun. 14,2980 (2023).

14. W.W.A. Schamel, B. Alarcén, Organization of the resting TCR in nanoscale oligomers. Immunol. Rev.
251,13-20(2013).

15. K. Choudhuri et al., Polarized release of T-cell-receptor-enriched microvesicles at the
immunological synapse. Nature 507, 118-123 (2014).

16. D.G.Saliba et al., Composition and structure of synaptic ectosomes exporting antigen receptor
linked to functional CD40 ligand from helper T cells. eLife 8,1-29 (2019).

17. A.Hall, Rho Rac and Cdc42 GTPases regulate the organization of the actin cytoskeleton. Curr. Opin.
Cell Biol. 9, 86-92 (1997).

18. S.Krugmann, I. Jordens, K. Gevaert, Cdc42 induces filopodia by promoting the formation of an
IRSp53: Mena complex. Curr. Biol. 11, 1645-1655 (2001).

19. F.Guo etal., Coordination of IL-7 receptor and T-cell receptor signaling by cell-division cycle 42 in
T-cell homeostasis. Proc. Natl. Acad. Sci. U. S. A. 107, 18505-18510 (2010).

20. F.Guoetal, Distinct roles of Cdc42 in thymopoiesis and effector and memory T cell differentiation.
PLoS ONE 6,€18002 (2011).

21. C.L.Roark, P. L. Simonian, A. P. Fontenot, W. K. Born, R. L. O'Brien, y3 T cells: An important source of
IL-17. Curr. Opin. Immunol. 20, 353-357 (2008).

22. L.Klein, B. Kyewski, P. M. Allen, K. A. Hogquist, Positive and negative selection of the T cell
repertoire: What thymocytes see (and don't see). Nat. Rev. Immunol. 14, 377-391(2014).

23. E.R.Breed,S.T.Lee, K. A. Hogquist, Directing T cell fate: How thymic antigen presenting cells
coordinate thymocyte selection. Semin. Cell Dev. Biol. 84,2-10(2018).

24. R.Nijhara etal., Rac1 mediates collapse of microvilli on chemokine-activated T lymphocytes. J.
Immunol. 173,4985-4993 (2004).

https://doi.org/10.1073/pnas.2505291122

as the mean = SEM (or SD) from at least three independent experiments and
were analyzed using Student's t test (P < 0.05). Scanning electron microscopy
was performed at the GIST Advanced Institute of Instrumental Analysis. A list of
cells and reagents used in this study can be found in S/ Appendix and All other
detailed methods are described in SI Appendix.

Data, Materials, and Software Availability. SCRNAseq data have been depos-
ited in GEO (NCBI) (GSE289949) (44). All other data are included in the manu-
script and/or supporting information.

ACKNOWLEDGMENTS. This work was supported by the National Science
Challenge Initiatives (RS-2024-00419699), the Mid-career Research Grant (RS-
2024-00341869), the Creative Research Initiative Program (2015R1A3A2066253),
Sejong Science Fellowship Grant program (RS-2024-00340032), the Basic Science
Program (2022R1A2C4002627) through National Research Foundation grants
funded by the Ministry of Science and Information and Communication Technology
and a grant of the Korea Health Technology R&D Project (RS-2024-00512909)
through the Korea Health Industry Development Institute, funded by the Ministry
of Health & Welfare, Republic of Korea. This work was supported in part by the
National Cancer Center Grant (NCC-2310600-3).

Author affiliations: “Life Sciences and Medical Convergence Gwangju Institute of Science
and Technology, Gwangju 61005, Republic of Korea; ®lmmune Synapse and Cell Therapy
Research Center, Gwangju Institute of Science and Technology, Gwangju 61005, Republic
of Korea; and “Division of Rare and Refractory Cancer, Tumor Immunology, Research
Institute, National Cancer Center, Goyang 10408, Republic of Korea

25. J.Q.Yang et al., Rational targeting Cdc42 restrains Th2 cell differentiation and prevents allergic
airway inflammation. Clin. Exp. Allergy 49, 92-107 (2019).

26. M. Schubert et al., Perturbation-response genes reveal signaling footprints in cancer gene
expression. Nat. Commun. 9,20 (2018).

27. L. Garcia-Alonso, C. H. Holland, M. M. Ibrahim, D. Turei, J. Saez-Rodriguez, Benchmark and
integration of resources for the estimation of human transcription factor activities. Genome Res. 29,
1363-1375(2019).

28. J.M.Penninger et al., The interferon regulatory transcription factor IRF-1 controls positive and
negative selection of CD8" thymocytes. Immunity 7,243-254 (1997).

29. S.Gerondakis, T.S. Fulford, N. L. Messina, R. J. Grumont, Review NF-kB control of T cell
development. Nat. Immunol. 15, 15-26 (2014).

30. Y.K.Mburu etal., Chemokine receptor 7 (CCR7) gene expression is regulated by NF-kB and
activator protein 1 (AP1) in metastatic squamous cell carcinoma of head and neck (SCCHN). J. Biol.
Chem. 287, 3581-3590(2012).

31. S.Ghosh et al., CCR7 signalosomes are preassembled on tips of lymphocyte microvilli in proximity
to LFA-1. Biophys. J. 120,4002-4012 (2021).

32. U.H.vonAndrian, S. R. Hasslen, R. D. Nelson, S. L. Erlandsen, E. C. Butcher, A central role for
microvillous receptor presentation in leukocyte adhesion under flow. Cell 82, 989-99 (1995).

33. B.Luettig, A. Sponholz, C. Heerwagen, U. Bode, J. Westermann, Recent thymic emigrants (CD4+)
continuously migrate through lymphoid organs: Within the tissue they alter surface molecule
expression. Scand. J. Immunol. 53, 563-571(2001).

34. R.Orbach, X. Su, Surfing on membrane waves: Microvilli, curved membranes, and immune
signaling. Front. Immunol. 11,2187 (2020).

35. B.F.Haynes, C.S. Heinly, Early human T cell development: Analysis of the human thymus at the
time of initial entry of hematopoietic stem cells into the fetal thymic microenvironment. J. Exp.
Med. 181, 1445-1458 (1995).

36. M.Engel, T. Sidwell, A. Vasanthakumar, G. Grigoriadis, A. Banerjee, Thymic regulatory t cell
development: Role of signalling pathways and transcription factors. Clin. Dev. Immunol. 2013,
617595-617603 (2013).

37. J.lancaster et al., Live-cell imaging reveals the relative contributions of antigen-presenting cell
subsets to thymic central tolerance. Nat. Commun. 10, 2220 (2019).

38. Rossatti et al., Cdc42 couples T cell receptor endocytosis to GRAF1-mediated tubular invaginations
of the plasma membrane. Cells 8, 1388 (2019).

39. L.Balagopalan, V. A. Barr, L. E. Samelson, Endocytic events in TCR signaling: Focus on adapters in
microclusters. Immunol. Rev. 232, 84-98 (2009).

40. K. Smits et al., Rho GTPase Cdc42 is essential for human T-cell development. Haematologica 95,
367-375(2010).

41. M.E.Jones, Y. Zhuang, Acquisition of a functional T cell receptor during Tlymphocyte development
is enforced by HEB and E2A transcription factors. Immunity 27, 860-870 (2007).

42. P.Kisielow, H.S.Teh, H. Blithmann, H.Von Boehmer, Positive selection of antigen-specific T cells in
thymus by restricting MHC molecules. Nature 335, 730-733 (1988).

43. H.R.MacDonald, R. K. Lees, R. Schneider, R. M. Zinkernagel, H. Hengartner, Positive selection of
CD4+ thymocytes controlled by MHC class Il gene products. Nature 336, 471-473 (1988).

44. C.-D.Jun etal., Transcriptomic profiling of thymocytes in CDC42-deficient and wild-type mice using
single-cell RNA-seq. Gene Expression Omnibus. https://www.ncbi.nlm.nih.gov/geo/query/acc.
cgi?acc=GSE289949. Deposited 19 February 2025.

pnas.org


http://www.pnas.org/lookup/doi/10.1073/pnas.2505291122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2505291122#supplementary-materials
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE289949
http://www.pnas.org/lookup/doi/10.1073/pnas.2505291122#supplementary-materials
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE289949
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE289949

	Cdc42 defect reveals insights into microvilli organization and function in T cell immunity
	Significance
	Results
	Microvilli Are Key Structures in T Cell Activation, TCR Microcluster Organization, and the Generation of Immunological Synaptosomes.
	Microvillar Presentation on the Surface of Thymocytes Is Controlled During Development.
	T Cells Lacking or Inhibiting Cdc42 Show Attenuated TCR Signaling and Antigen Recognition on APCs.
	T Cells Lacking Cdc42 Display Fewer TCR Microclusters and a Diminished Release of Immunological Synaptosomes.
	Cdc42f/fCD4Cre-Knockout Slightly Upregulates Gene Clusters Related to Actin Cytoskeleton and Membrane Vesicle Formation.
	T Cells Lacking Cdc42 Exhibit a Severe Defect in Adhesion to High Endothelial Venules (HEV) and APCs In Vivo, without Affecting Their Migratory Properties.

	Discussion
	Materials and Methods
	Mice, Cells, and Chemical Treatment.

	Data, Materials, and Software Availability
	ACKNOWLEDGMENTS
	Supporting Information
	Anchor 23



