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Abstract

Multiple sclerosis (MS) is an autoimmune disease of the central nervous system (CNS) caused 

by CNS-infiltrating leukocytes, including Th17 cells that are critical mediators of disease 

pathogenesis. While targeting leukocyte trafficking is effective in treating autoimmunity, there are 

currently no therapeutic interventions that specifically block encephalitogenic Th17 cell migration. 

Here, we report integrin α3 as a Th17 cell-selective determinant of pathogenicity in experimental 

autoimmune encephalomyelitis. CNS-infiltrating Th17 cells express high integrin α3 and its 

deletion in CD4+ T cells or Il17a fate-mapped cells attenuated disease severity. Mechanistically, 

integrin α3 enhanced the immunological synapse formation to promote the polarization and 

proliferation of Th17 cells. Moreover, the transmigration of Th17 cells into the CNS was 

dependent on integrin α3, and integrin α3-deficiency enhanced the retention of CD4+ T cells 

in the perivascular space of the blood-brain barrier. Notably, integrin α3-dependent interactions 

continuously maintain Th17 cell identity and effector function. The requirement of integrin α3 in 

Th17 cell pathogenicity suggests integrin α3 as a therapeutic target for MS treatment.

One sentence summary

Integrin α3 promotes Th17 cell differentiation, proliferation and transmigration, driving 

pathogenicity during autoimmune neuroinflammation
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Introduction

Multiple sclerosis (MS) is an autoimmune disease of the central nervous system (CNS). 

The infiltration of autoreactive CD4+ T cells into the CNS is a critical step in disease 

pathogenesis, causing a neurodegenerative process characterized by the demyelination of 

neuronal axons (1). Experimental autoimmune encephalomyelitis (EAE), a murine model of 

MS, has elucidated the pivotal role of CD4+ T cells in autoimmune neuroinflammation, as 

the adoptive transfer of myelin-reactive CD4+ T cells is sufficient to induce EAE in naïve 

recipients (2, 3). Among CD4+ helper T (Th) cell effector subsets, Th1 cells—defined by 

T-bet and IFNγ expression—were initially considered to be the main pathogenic cells in 

MS (4, 5), however, mice lacking IFNγ or IL-12 remain susceptible to EAE (6–8). Rather, 

the discovery that the Th17 cell-promoting cytokine IL-23 is required for autoimmune 

neuroinflammation identified Th17 cells as the key pathogenic Th subset in MS and EAE 

(8–11).

Th17 cells are a heterogenous subset characterized by the expression of IL-17A/F and 

RORγt. Th17 cells generated at steady-state promote homeostasis of mucosal barriers, 

whereas those elicited by IL-23 and IL-1β express IFNγ and GM-CSF and promote 

autoimmunity (12–16). Such inflammatory Th17 cells clear fungal and bacterial infections, 

but also contribute to the pathogenesis of MS and EAE (17–19). Indeed, elevated 

frequencies of Th17 cells in the blood and cerebrospinal fluid (CSF) of MS patients 

are correlated with disease activity (18–20). Moreover, human Th17 cells display greater 

migration potential and cytotoxic activity against neurons than Th1 cells; and Th17 

cell-derived IL-17 promotes the disruption of the blood-brain barrier (BBB) and CNS 

inflammation (21). Therefore, understanding the basis of Th17 cell pathogenicity is crucial 

to the development of MS therapeutics.

One effective strategy in treating autoimmune disease is blocking lymphocyte infiltration 

into inflamed tissues. Natalizumab inhibits the migration of Th1 cells into the CNS 

of MS patients by targeting integrin α4 (22). However, its long-term use increases 

the risk of opportunistic viral infection in the brain leading to progressive multifocal 

leukoencephalopathy (23–25). Importantly, natalizumab is ineffective in inhibiting Th17 

cell migration due to low levels of integrin α4 expression (26) and the availability of other 

adhesion mechanisms for CNS entry (27). Rather, natalizumab treatment can enhance Th17 

cell pathogenicity and brain infiltration capacity (28). Therefore, elucidating the migratory 

mechanisms of Th17 cells can provide alternative strategies to inhibit encephalitogenic T 

cell infiltration into the CNS.

Various integrins, adhesion molecules, and chemokine receptors contribute to T cell 

migration during neuroinflammation, including LFA-1 (29), integrin α4β7 (30), MCAM 

(31), MAdCAM-1 (32), JAM-B (33), and CCR6 (34), although, most are not exclusively 

expressed by Th17 cells. While CCR6 is highly expressed by Th17 cells, encephalitogenic 

Th17 cells downregulate CCR6 expression (14, 35), and CCR6-deficient mice develop more 

severe—albeit delayed—EAE (36, 37). In addition, clinical trials targeting CCR1 or CCR2 

in MS patients failed due to poor efficacy (38, 39). Recent studies reported roles for integrin 
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αvβ3 and DICAM in Th17 cell pathogenicity during EAE (40, 41), however, they have yet 

to be evaluated for their clinical benefits.

Motivated to identify therapeutic targets regulating Th17 cell-specific migration, we 

discovered that integrin α3 is selectively expressed by Th17 cells during EAE. Integrins 

are heterodimeric transmembrane proteins that regulate cell adhesion and migration (42). 

VLA-3 (integrin α3β1) interacts with extracellular matrix (ECM) to mediate epithelial cell 

adhesion to basement membranes (43–46). Its ligands include ECM molecules such as 

collagens, fibronectins, and laminins (47). Laminins are heterotrimeric proteins comprised 

of α, β, and γ chains and enriched in the basal lamina (48). Among laminins, laminin α5 

exhibits strong affinity for integrin α3, and integrin α3-laminin α5 interaction can initiate 

cell migration (49–51). A function for integrin α3 in cell migration has been described for 

various cell types (50, 52–56), however, its role in CD4+ T cells has not been characterized.

Given this pro-migratory role of integrin α3 and the presence of laminin α5 in lymph nodes 

and vascular endothelial basement membrane including the BBB (57, 58), we hypothesized 

that integrin α3 is required for Th17 cell migration into the CNS during EAE pathogenesis. 

In this study, we demonstrate that integrin α3 promotes not only the CNS extravasation of 

Th17 cells but also the effective polarization and expansion of Th17 cells. These results 

indicate that integrin α3 is a critical determinant of Th17 cell pathogenicity in EAE and 

suggest that blockade of integrin α3 can be therapeutically advantageous for the treatment of 

MS and other Th17 cell-mediated autoimmune disorders.

Results

Integrin α3 is selectively expressed by Th17 cells

We previously reported that mice lacking JunB in T cells are resistant to EAE development, 

and JunB-deficient CD4+ T cells fail to infiltrate into the CNS (59). This suggests that JunB 

regulatory targets can identify genes involved in encephalitogenic T cell migration. Indeed, 

pathway analysis of the differentially expressed genes (DEGs) in JunB-deficient Th17 cells 

revealed enrichment of migration-related pathways (fig. S1A). Among the 65 DEGs related 

to lymphocyte migration (Fig. 1A), Itga3 (encoding integrin α3) stood out as it is induced in 

Th17 cells (60), and its role in T cells remains unknown.

To assess Itga3 specificity, we compared its expression among in vitro-polarized mouse Th 

and Treg cell subsets. Itga3 transcript levels were highest in Th17 cell subsets, with greater 

expression in pathogenic (p)Th17 versus conventional Th17 cells, and with over 40-fold 

higher expression in pTh17 cultures than naïve CD4+ T cells or Th0, Th1, Th2, and Treg 

cultures (Fig. 1B). Accordingly, integrin α3 protein was exclusively detected in Th17 and 

pTh17 cells (Fig. 1, C and D, and fig. S1B). We also examined integrin α3 expression on 

human CD4+ T cell subsets differentiated from peripheral blood mononuclear cell (PBMC)-

derived naïve CD4+ T cells under Th0, Th1, Treg, and Th17-polarizing conditions (fig. 

S1C). Similarly, uniformly high levels of integrin α3 expression were selective to human 

Th17 cell-promoting cultures (Fig. 1E) and maintained on PBMC-isolated memory Th17 

cells, which express significantly higher levels of integrin α3 compared to memory Th1 

and CD45RO+ Treg cells (fig. S1D). Therefore, integrin α3 is exclusively induced in mouse 
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and human Th17 cell specialization. This degree of Th17 cell-specificity is unique among 

integrins; integrins α6 and αv are required for lymphocyte migration in EAE (61) and skin 

inflammation (62), however, they are broadly expressed across Th and Treg cell subsets (fig. 

S1E). Furthermore, the mRNA expression level of Itga4—the target of natalizumab—is low 

in Th17 cells compared to Th1 cells consistent with previous reports (26, 63) (fig. S1E).

To understand the basis of Th17 cell-specific Itga3 expression, we evaluated Itga3 regulation 

by Th17 cell-specifying transcription factors (TFs) BATF, IRF4, STAT3, and lineage-

defining RORγt (60). Relative to wild-type cells, deletion of any of these specifying 

TFs significantly reduced Itga3 transcript levels in Th17 cell cultures (Fig. 1B and fig. 

S1F). In addition, ChIP-seq analysis revealed these TFs also occupy putative enhancers 

upstream of Itga3 that are marked by binding of the histone acetyltransferase p300 (Fig. 1G). 

Collectively, these findings indicate that, in addition to JunB, Itga3 expression is directly 

activated by BATF, IRF4, STAT3, and RORγt, such that exclusive expression of Itga3 in 

Th17 cells results from high order combinatorial regulation by Th17 cell-specifying TFs.

Integrin α3 is expressed by Th17 cells during EAE.

We next assessed integrin α3 expression by peripheral CD4+ T cells in wild-type (WT) 
mice; cells from Itga3fl/fl CD4-Cre (KOCD4) mice that lack Itga3 expression in T cells 

served as negative staining controls. Unlike in vitro-differentiated pTh17 cells, steady-state 

Th17 and Th1 cells in the inguinal lymph nodes (iLNs) or spleen of naïve mice expressed 

very low or undetectable levels of integrin α3 (fig. S2A).

Since Th17 cells are critical for EAE pathogenesis (11), we investigated whether Th17 cells 

elicited during EAE express integrin α3. At EAE onset, Th17 cells in iLNs and spleen, and 

Treg cells in spleen expressed low levels of integrin α3 (fig. S2B). Notably, integrin α3 

expression was further increased by IL-17A-producing Th17 cells in the spinal cord at both 

the onset and peak of EAE, including encephalitogenic Th17.1 cells co-expressing IL-17A 

and IFNγ (Fig. 2, A and B, and fig. S2C). Integrin α3 was also expressed by Foxp3+ Treg 

cells in the CNS, but at a lower level than Th17 cells (Fig. 2, A and B, and fig. S2C). 

Interestingly, IFNγ+ CD4+ Th1-like cells in the spinal cord at disease peak expressed similar 

levels of integrin α3 as Th17 cells (Fig. 2B); this is in contrast to the undetectable levels of 

integrin α3 for in vitro-differentiated Th1 cells (Fig. 1, C and D). As most Th1 cells derive 

from Th17 cells during EAE (14), we assessed whether integrin α3+ Th1 cells in the CNS 

are ex-Th17 cells that retain integrin α3 expression. For this, we induced EAE in Il17aCre/+ 

Rosa26lsl-Zsgreen (WTIl17a R26ZG) fate-mapping mice in which cells with a history of Il17a 
expression are permanently marked by ZsGreen (ZG) expression from the Rosa26 locus. 

Comparison of ZG+ and ZG− IFNγ+ CD4+ T cells in the spinal cord at EAE peak confirmed 

that integrin α3 expression was detectable on ZG+ ex-Th17 cells but not ZG− bona fide Th1 

cells (Fig. 2C). Thus, high-level integrin α3 expression is exclusive to pathogenic Th17 and 

IFNγ+ ex-Th17 cells in the context of EAE.

To explore whether integrin α3 is modulated during MS, we interrogated transcriptomic 

data comparing CD4+ T cells isolated from the CSF versus the blood of MS patients 

(64). Migration-related significantly DEGs included ITGA3, ITGA4, ITGA6, and the 

heterodimerization partner of integrin α3, ITGB1 (Fig. 2D). Notably, expression of ITGA3 
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is elevated in CSF CD4+ T cells to a similar extent as natalizumab therapy target ITGA4 
(1.6- and1.7-fold, respectively). In contrast, expression of ITGA6, another laminin-binding 

integrin, is decreased in CSF CD4+ T cells. The increased level of VLA-3 on human CSF 

CD4+ T cells suggests integrin α3 contributes to effector functions of CD4+ T cells in MS 

pathogenesis.

Itga3 expression is induced by the IL-6-STAT3 pathway.

The selective induction of Itga3 by Th17/pTh17-promoting conditions suggested a role 

for IL-6 in Itga3 activation. Indeed, culturing naïve CD4+ T cells in the presence of IL-6 

significantly induced integrin α3 expression in a dose-dependent manner (Fig. 3A, r=0.90). 

Conversely, Stat3-deficient CD4+ T cells failed to upregulate Itga3 transcripts in response 

to IL-6, which remain at a level similar to wild-type naïve CD4+ T cells (Fig. 3B), thus, 

corroborating that the IL-6-Stat3 signal pathway is required for Itga3 expression in CD4+ T 

cells.

We further tested the influence of pTh17-driving IL-1β and IL-23 on integrin α3 expression, 

since pTh17 cultures express higher levels of integrin α3 compared to Th17 cells polarized 

by IL-6 and TGF-β. IL-1β or IL-23 did not induce integrin α3 expression when added 

individually or in combination, however, they synergized with IL-6 to enhance integrin α3 

levels (Fig. 3C). Conversely, integrin α3 expression in pTh17 cultures was significantly 

downregulated by TGF-β in a dose-dependent manner (Fig. 3D, r=−0.9). Therefore, the 

IL-6-STAT3 pathway activates integrin α3 expression, which is antagonized by TGF-β 
signals, thus promoting a selective pattern of expression by Th17 cells.

T cell development is unaltered in the absence of Itga3

To further study integrin α3, we conditionally deleted Itga3 in T cells by breeding Itga3fl/fl 

mice to the CD4-Cre deleter strain and used Itga3fl/fl or CD4-Cre mice as wild-type (WT) 

controls. Itga3 deletion in Itga3fl/fl CD4-Cre (KOCD4) mice did not affect total thymocytes 

numbers, or positive selection as marked by TCRβ and CD69 expression (fig. S3A). The 

cellularity and the frequency of CD4+ TCRβ+ cells and CD8+ TCRβ+ cells were unaltered 

in the iLNs and spleen of KOCD4 mice (fig. S3B), indicating that T cell distribution into 

secondary lymphoid organs is integrin α3-independent. CD4+ T cell development was also 

unaffected by Itga3 deletion, as the frequencies and numbers of naïve CD44loCD62Lhi 

CD4+ T cells, Treg, Th1, and Th17 cells were comparable between WT and KOCD4 mice 

at steady-state (fig. S3, B and C). There were no significant differences in the numbers 

and frequencies of CD4+ T cell populations in the small intestine lamina propria of 

KOCD4 mice, including homeostatic Th17, Th1, or Foxp3+ Treg cells (fig. S3D). Moreover, 

the comparable abundance of segmented filamentous bacteria (SFB), which is regulated 

by homeostatic Th17 cells (65), demonstrates unaltered effector function of intestinal 

homeostatic Th17 cells in KOCD4 mice (fig. S3E). With T cell development intact, the 

KOCD4 model allowed us to investigate the role of Itga3 in inflammatory contexts.

Deletion of Itga3 attenuates EAE and CNS infiltration

To assess the role of Itga3 in CD4+ T cells in neuroinflammatory disease, EAE was induced 

in WT and KOCD4 mice by immunization with MOG35–55 peptides. While WT mice 
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developed severe clinical symptoms of EAE, KOCD4 mice exhibited significantly delayed 

disease onset and reduced disease severity (Fig. 4A). Notably, although the frequencies of 

Th1, Th17, and Treg cells were comparable between WT and KOCD4 mice in the spinal cord 

at peak disease, there was a 2.5-fold decrease in the number of CD4+ T cells in KOCD4 

mice (Fig. 4, B and C). Consistently, the numbers of spinal cord Th17 and Th1 cells were 

reduced in KOCD4 mice compared to WT mice by 2.8-fold and 2.0-fold, respectively (Fig. 

4C). These differences were already evident at EAE symptom onset—with a greater than 

3-fold decrease in the number of Th17, Th1, Treg, and total CD4+ T cells in KOCD4 spinal 

cords (fig. S4A)—likely contributing to delayed disease onset in KOCD4 mice.

We next evaluated whether Itga3 deficiency affects CD4+ T cell migration into the 

CNS. CNS-infiltrating lymphocytes must penetrate the BBB, which is formed by vascular 

endothelial cells, basement membranes enriched with laminins, pericytes, and astrocyte end-

feet covering the CNS parenchyma (66). Since the parenchymal basement membrane is less 

permissive than the endothelial basement membrane, lymphocytes transiently collect in the 

perivascular space between membranes before traversing into the spinal cord parenchyma, 

forming a structure called an inflammatory perivascular cuff (58, 67) (Fig. 4D). Defects 

in lymphocyte migration from the perivascular space to the parenchyma delay disease 

onset (67). At the peak of EAE, spinal cord sections of WT mice were characterized by 

greatly enlarged perivascular spaces and significantly higher numbers of infiltrating CD4+ T 

cells versus KOCD4 mice (Fig. 4D), indicating defective CD4+ T cell transmigration to the 

perivascular space in KOCD4 mice. Consistent with flow cytometric analysis, the number of 

CD4+ T cells per field image of KOCD4 spinal cord sections was 2-fold less than that of 

WT sections (Fig. 4D). Additionally, the ratio of CD4+ T cell numbers in the parenchyma 

relative to that in the perivascular space was 4-fold less in KOCD4 mice, indicative of 

enhanced perivascular retention of CD4+ T cells in KOCD4 versus WT spinal cords (Fig. 

4D). This reveals a defect in CNS infiltration for CD4+ T cells lacking integrin α3, which 

contributes to the delayed disease onset and milder EAE symptoms of KOCD4 mice.

We induced EAE in WTIl17a R26ZG and KO Il17a R26ZG mice to assess the requirement 

for Itga3 when Itga3 is selectively deleted in Th17 cells after specification via Il17aCre. 

The significantly attenuated EAE severity observed in KOCD4 mice was recapitulated in 

KO Il17a R26ZG mice (Fig. 4E), suggesting that integrin α3 is required for Th17 cell 

neuropathogenicity. However, Itga3 loss in other IL-17A-expressing cells, particularly γδ 
T cells and innate lymphoid cells that have roles in EAE (68, 69), may contribute to 

ameliorated disease in KO Il17a R26ZG mice. To directly test the requirement of Itga3 
in Th17 cells, we employed passive EAE. In this model, CD4+ T cells expressing the 

transgenic 2D2 TCR recognizing MOG35–55 peptide are differentiated into pTh17 or Th1 

cells in vitro, and adoptively transferred into Tcra−/− mice to induce disease (70). Mice 

receiving KOCD4 2D2 pTh17 cells developed significantly milder EAE with delayed onset 

compared to mice receiving WT 2D2 pTh17 cells (Fig. 4F), corroborating that the loss of 

Itga3 in Th17 cells is sufficient to attenuate EAE. Conversely, transfer of 2D2 Th1 cells 

induced severe EAE irrespective of Itga3 genotype (Fig. 4G), indicating that Th17 cells are 

selectively integrin α3-dependent for encephalitogenic function.
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To understand the cellular mechanisms by which Itga3 deficiency in T cells reduced CD4+ 

T cell numbers in the spinal cord, we analyzed draining iLNs at day 10 of EAE, prior 

to symptom onset when expanded effector CD4+ T cells begin to migrate into the CNS. 

At EAE pre-onset, the numbers of Th17 and Treg cells in iLNs were already modestly, 

but significantly reduced in KOCD4 versus WT mice, with Th1 cell numbers also trending 

lower in KOCD4 mice (fig. S4B). Notably, at this early time point post-EAE induction, 

WT Th17 cell frequencies and counts formed bimodal distributions: intermediate and high. 

Interestingly, KOCD4 Th17 proportions and numbers were elevated above those of naïve 

KOCD4 mice, and nearly to the intermediate level of WT mice, suggesting Th17 polarization 

is delayed or ineffective without integrin α3 (fig. S4B).

Integrin α3 promotes Th17 cell polarization and proliferation.

The reduced number of Th17 cells in iLNs of KOCD4 mice at EAE pre-onset suggests 

integrin α3 promotes Th17 cell differentiation or proliferation during inflammation. To test 

this, we adoptively transferred proliferation dye-loaded and CD45-congenically-marked WT 
(CD45.1+) and KOCD4 (CD45.1−) naïve 2D2 CD4+ T cells at a 1:1 ratio into EAE-induced 

Tcra−/− mice, thus polarizing WT and KOCD4 cells in the same environment in vivo (Fig. 

5A). At 24 h post-transfer, the KOCD4:WT ratio of naïve CD4+ T cells in the inoculum was 

maintained in the iLNs of recipient mice, indicating that migration of KOCD4 naïve CD4+ 

T cells into iLNs is not Itga3-dependent (Fig. 5B). This is consistent with naïve CD4+ T 

cells lacking integrin α3 expression (Fig. 1, C and D) and the unaltered distribution of naïve 

CD4+ T cells in iLNs of steady-state KOCD4 mice (fig. S3B). Moreover, loss of CD62L and 

upregulation of CD44 expression by WT and KOCD4 CD4+ T cells was comparable at 24 h 

post immunization, demonstrating their similarly productive initial interaction with antigen 

presenting cells (APCs) (Fig. 5C).

Despite unaffected initial activation, by 60 h post-immunization, KOCD4 2D2 CD4+ T cells 

generated reduced frequencies of RORγt+ cells with significantly lower RORγt expression 

levels compared to WT cells (Fig. 5D). Indeed, similar modest differences in RORγt 

expression have functional outcomes in type 3 cells (71). To mitigate potential confounding 

effects of proliferation, we compared non-proliferating G0 cells and the frequency of 

RORγt+ cells was also decreased for KOCD4 2D2 CD4+ T cells, revealing compromised 

Th17 cell polarization with Itga3 deficiency (Fig. 5D). Conversely, the frequency of T-bet+ 

cells was slightly higher for KOCD4 versus WT 2D2 CD4+ T cells (21.1% versus 19.6%). 

Itga3 deficiency also resulted in defects in Th17 cell proliferation; when comparing the 

proliferation index of RORγt+ cells, KOCD4 2D2 CD4+ T cells proliferated less than WT 
counterparts (Fig. 5D). However, the proliferation index of total CD4+ T cells, RORγt− 

CD4+ T cells, and T-bet+ CD4+ T cells was unaltered between WT and KOCD4 cells, 

highlighting the selective importance of integrin α3 in supporting Th17 cell proliferation 

(Fig. 5D).

By day 7 of EAE, the relative contribution of KOCD4 2D2 CD4+ T cells was significantly 

decreased compared to day 2.5 or 1 (Fig. 5B), likely resulting from the cumulative effect of 

defective proliferation of KOCD4 cells. The unchanged ratio of KOCD4 2D2 CD4+ T cells in 

naïve mice at day 7 post transfer confirms that the differential expansion between KOCD4 
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and WT CD4+ T cells is antigen-dependent (Fig. 5B). The early defects in proliferation and 

RORγt expression resulted in significantly fewer IL-17A-producing CD4+ T cells among 

KOCD4 compared to WT 2D2 CD4+ T cells by day 7 of EAE (Fig. 5E). Consistent with the 

increased T-bet+ population after 60 h, the frequency of IFNγ-producing CD4+ T cells was 

higher in KOCD4 versus WT cells (Fig. 5E).

Unlike differentiation during EAE, in vitro polarization of WT and KOCD4 naïve CD4+ T 

cells into Th17 cells or other Th and Treg subsets did not exhibit differences in polarization 

or proliferation when TCR stimulation was provided by plate-bound anti-CD3ε and anti-

CD28 antibodies (fig. S5, A and B). Therefore, integrin α3 deficiency does not affect 

intrinsic signaling pathways driving T cell polarization or proliferation. However, Th17 and 

pTh17 cell differentiation induced by mitomycin C-treated splenocytes selectively showed 

reduced polarization and proliferation of KOCD4 CD4+ T cells (fig. S5C), whereas KOCD4 

Th1 and Treg cells were unaffected. Therefore, splenocytes provide signals—potentially 

via adhesion molecules that interact with integrin α3—that promote integrin α3-dependent 

differentiation and expansion of Th17 subsets.

Integrin α3β1-mediated interaction promotes TCR stimulation.

We next investigated whether integrin α3 influences the Th17 cell-APC interaction. We 

evaluated iLN cells isolated from EAE-induced mice for the expression of adhesion 

molecules that interact with integrin α3 by incubating cells with His-tagged recombinant 

integrin α3β1 (rVLA-3). Flow cytometric analysis with anti-His antibody revealed binding 

of rVLA-3 to MHCII-expressing APCs, including dendritic cells (DCs) and a small fraction 

of B cells, but not to T cells (Fig. 6A). Notably, rVLA-3 bound to a large proportion of 

CD11b+ DCs, a population of classical DCs specialized in inducing Th17 cells (72, 73). 

Consistent with the expression of integrin α3 ligands on DCs, rVLA-3 also bound to in 
vitro-differentiated bone marrow-derived DCs (BMDCs) (Fig. 6B).

Since integrins such as LFA-1 and VLA-4 strengthen immunological synapse (IS) formation 

(74–77), we evaluated whether integrin α3 enhances Th17 cell activation by facilitating T 

cell-APC interaction. For this, we co-cultured 2D2 pTh17 cells with BMDCs pulsed with 

MOG35–55 peptide. Although WT and KOCD4 2D2 pTh17 cells showed a similar level of 

conjugation with BMDCs (Fig. 6C), the MFI of CD3ε at the IS was significantly reduced 

for KOCD4 compared to WT 2D2 pTh17 cells (Fig. 6D), indicating weaker IS formation 

by Itga3-deficient pTh17 cells. This difference affected the phosphorylation of ERK, one 

of downstream signaling targets of the TCR, as ERK1/2 phosphorylation was modestly, 

but consistently decreased for KOCD4 versus WT 2D2 pTh17 cells (Fig. 6E). Therefore, 

adhesion molecules expressed by APCs bind to VLA-3 on Th17 cells and enable stronger IS 

formation and TCR signaling, leading to increased Th17 cell polarization and proliferation.

Integrin α3 maintains the Th17 cell program during EAE.

To investigate the role of integrin α3 in differentiated Th17 cells, we employed fate-mapping 

Il17aCre R26ZG mice, allowing us to track Th17 or ex-Th17 cells marked by ZG, while 

selectively deleting Itga3 from ZG+ KOIl17a R26ZG CD4+ T cells upon Il17a expression. To 

assess cells in the same environment, we adoptively transferred a 1:1 mixture of naïve 2D2 
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CD4+ T cells from WTIl17a R26ZG 2D2 (CD45.1+) and KOIl17a R26ZG 2D2 (CD45.1−) mice 

into Tcra−/− recipients, and induced EAE the following day (Fig. 7A). We analyzed recipient 

mice at EAE clinical score of 1.5. Notably, the frequency of ZG+ cells—representing Th17 

or ex-Th17 cells—was significantly smaller for KOIl17a versus WTIl17a 2D2 CD4+ T cells 

in every tissue examined, including iLN, spleen, blood, and spinal cord (Fig. 7B). As Itga3 
is deleted after Th17 cell specification, the reduced frequency of ZG+ cells in the KOIl17a 

CD4+ T cell compartment demonstrates that integrin α3 continuously promotes Th17 cell 

expansion or survival. Moreover, Itga3-deficient Il17a fate-mapped ZG+ CD4+ T cells also 

lost IL-17A expression in the periphery, with significant IL-17A loss in the iLN, blood, 

and spinal cord (Fig. 7C). Instead, peripheral Itga3-deficient ZG+ CD4+ T cells acquired 

higher proportions and levels of IFNγ expression, as either IL-17A+ IFNγ+ Th17.1 cells or 

IL-17A− IFNγ+ ex-Th17 cells (Fig. 7C). Therefore, Th17 cells continuously require integrin 

α3 to expand and maintain IL-17A expression.

To uncover how integrin α3 affects Th17 cell stability, we performed RNA-seq comparing 

WTIl17a and KOIl17a 2D2 ZG+ CD4+ T cells sorted from the iLNs of EAE-induced 

Tcra−/− recipients 7 days post-immunization (Fig. 7, A and D). The majority of DEGs 

were downregulated upon Itga3 deletion (Fig. 7D), including a striking abundance of Th17 

effector and signature genes (e.g., Rorc, Rora, Irf4, Ahr, Il17re, Il23r, Il9r, Il1r1, and Il22) 

(Fig. 7, D and E), consistent with a broad depletion of Th17 features in the absence of 

Itga3. Conversely, Th1-related genes (e.g., Tbx21 and Il12rb2) were upregulated with Itga3 
deletion (Fig. 7, D and E). Consistently, evaluation of the dysregulated transcriptome in 

KOIl17a 2D2 ZG+ CD4+ T cells using gene set enrichment analysis (GSEA) revealed that the 

most downregulated genes were significantly enriched for Th17 signature genes, whereas 

the most upregulated genes were enriched for Th1 signature genes (Fig. 7F). These global 

alterations in effector program reveal that integrin α3 supports Th17 cell identity during 

EAE induction.

Pathway analysis of the top DEGs revealed a downregulation of the neuroinflammation 

signaling pathway, highlighting that integrin α3 drives CNS autoimmunity (Fig. 7G). 

Together, pathway analysis and GSEA support the role of integrin α3 in Th17 cell 

differentiation as pathways related to Th17 cell polarization (e.g., IL-6/JAK/STAT3, HIF1α, 

IL-23, TGF-β, and GM-CSF signaling) were significantly downregulated in KOIl17a ZG+ 

CD4+ T cells (Fig. 7, F and G). T-cell activation and TCR signaling pathways—including 

MAPK activation—were downregulated in KOIl17a ZG+ CD4+ T cells (Fig. 7, F and 

G), supporting that integrin α3 enhances TCR signal intensity or duration to promote 

proliferation and maintain Th17 cell identity.

Significantly enriched pathways related to cell transmigration and GPCR signaling were 

also downregulated in KOIl17a ZG+ CD4+ T cells (Fig. 7, F and G). GPCR signals 

activate chemokine receptors and downstream cell migration. In particular, the expression 

of numerous chemokines (e.g., Ccl6, Ccl8, and Ccl24), chemokine receptors (e.g., Ccr4, 

Ccr6, and Cxcr4), and integrins (e.g., Itgav and Itgb3) was depleted (Fig. 7E), indicating that 

integrin α3 engagement impacts broader chemotaxis and migration programs in Th17 cells, 

and that Itga3-deletion may result in multiple defects in the migration of encephalitogenic 
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Th17 cells. Of note, integrin αvβ3 (product of Itgav and Itgb3) (40) and CCR6 (34) 

contribute to Th17 cell CNS infiltration during EAE.

Lastly, cell death-related pathways were suppressed in KOIl17a ZG+ CD4+ T cells (Fig. 

7G), encompassing significant reductions in the expression of pro-apoptotic genes including 

apoptosome factor Apaf1, transcriptional repressor Rbl2, TNF receptors (Tnfrsf1b and 

Tnfrsf25), and Bcl2l11 (). This suggests that the decreased relative frequency of KOIl17a 

ZG+ CD4+ T cells in EAE-induced Tcra−/− recipients is attributable to reduced expansion 

and not enhanced cell death. Collectively, these findings support a model in which Itga3 
loss in Th17 cells alters the global transcriptome regulating Th17 cell polarization, T-cell 

activation, and migration.

Integrin α3 promotes Th17 cell infiltration into the CNS.

Integrins regulate cell migration via adhesion to the extracellular matrix or blood vessel 

endothelium, and initiation of intracellular signals that reorganize cytoskeletal structure (78). 

Pathway analyses highlight that integrin α3 promotes the expression of migration-related 

genes in encephalitogenic Th17 cells (Fig. 7, F and G). To specifically address whether 

integrin α3 is required for the CNS transmigration of Th17 cells during EAE, we used the 

naïve 2D2 CD4+ T cell WTIl17a:KOIl17a competitive transfer model described in Fig. 7A. 

When EAE-induced Tcra−/− recipient mice reached a clinical score of 1.5, we analyzed 

the relative contribution of KOIl17a cells within the ZG+ CD4+ T cell compartment across 

different organs. We observed a striking and significant decrease in the relative proportion 

of KOIl17a ZG+ 2D2 CD4+ T cells in the spinal cord compared to the blood and spleen 

(Fig. 8A). This decrease of KOIl17a CD4+ T cells in the CNS supports the hypothesis 

that Itga3-deficient Th17 cells do not efficiently migrate into the spinal cord and instead, 

accumulate in the periphery.

To bypass the role of integrin α3 during in vivo T cell priming and Th17 cell induction, 

we employed a competitive passive EAE model. We transferred in vitro-polarized 2D2 

pTh17 cells—with WT 2D2 (CD45.1+) and KOCD4 2D2 (CD45.1−) cells at a 1:1 ratio—

into Tcra−/− mice (Fig. 8B) and assessed the relative proportion of KOCD4 cells in the 

periphery and CNS at day 14. The relative percentage of KOCD4 cells in the spinal cord 

was significantly decreased compared to that in the spleen or blood, comprising only 24% 

of CD4+ T cells (Fig. 8B). Importantly, this reduction does not reflect a defect in pTh17 

cell survival as KOCD4 cells did not undergo increased apoptotic cell death compared to WT 
cells in the spinal cord (fig. S7). Rather, WT cells displayed greater apoptotic markers in the 

spleen and spinal cord (fig. S7), consistent with the reduced cell death signatures in KOIl17a 

ZG+ CD4+ T cells (Fig. 7G). The relative accumulation of KOCD4 cells in the spleen and 

blood highlights the essential role of integrin α3 in permitting CNS infiltration of pTh17 

cells, independent of its function in Th17 cell priming and development in vivo.

We next investigated whether the role of integrin α3 is specific to the CNS or if it is 

generally required for Th17 cell immunity and migration into inflamed tissues. For this, we 

orally infected WT and KOCD4 mice with Citrobacter rodentium, which elicits inflammatory 

Th17 cells required for bacterial clearance in the colon (79, 80). In comparing WT and 

KOCD4 mice at 1, 2, and 3 weeks post infection, both genotypes displayed similar C. 
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rodentium bacterial loads and clearance in the colon and feces (fig. S6A). Notably, integrin 

α3 expression by colonic Th17, Th1, and Treg cells 3 weeks post infection was low relative 

to maximal levels observed during EAE (fig. S6B and Fig. 2B). CD4+ T cells significantly 

expanded in the colon during C. rodentium infection (fig. S6C), with no difference in the 

frequencies and numbers of Th1, Th17, Treg, or total CD4+ T cells between WT and KOCD4 

mice (fig. S6C and S6D). Therefore, in contrast to its role in EAE pathogenesis, integrin α3 

is not essential for the expansion, migration, or effector function of Th17 cells for protective 

immunity during colonic inflammation.

Inside-out activation of integrins mediates lymphocyte arrest on the vascular endothelium 

(81). The detection of VLA-3 ligands on DCs (Fig. 6, A and B), prompted us to investigate 

whether vascular endothelial cells also express VLA-3-interacting adhesion molecules. We 

confirmed that b.End3 cells, a mouse brain vascular endothelial cell line, express adhesion 

molecules that bind to rVLA-3 (Fig. 8, C and D), suggesting that integrin α3 directly 

facilitates Th17 cell arrest on vascular endothelium.

Following lymphocyte arrest, ECM ligand-induced outside-in integrin signaling can promote 

lymphocyte migration via cytoskeletal remodeling (82). The perivascular space is bordered 

by basement membranes rich in laminins α4, α5, α1, and α2 (Fig. 4C). Thus, integrin 

α3-expressing Th17 cells can respond to laminin α5 as they penetrate the BBB. We 

therefore investigated whether laminin α5 can stimulate integrin α3 on Th17 cells to 

promote cell motility using a transwell migration assay. Pre-coating transwells with laminin 

α5 significantly enhanced WT Th17 and pTh17 cell migration (Fig. 8E). This was largely 

integrin α3-dependent as Itga3 deficiency significantly reduced the migration of KOCD4 

compared to WT Th17 and pTh17 cells. Similarly, laminin α5 also promoted human Th17 

cell migration, and blockade using inhibitory anti-integrin α3 antibody (P1B5) significantly 

reduced migration across the transwell (Fig. 8F). Therefore, laminin α5-mediated outside-

in activation of integrin α3 promotes Th17 cell migration. Moreover, Th17 and pTh17 

cells cultured with plate-bound laminin α5 underwent morphological changes such as the 

elongation of cell bodies, suggesting that integrin α3 stimulation induces active cytoskeletal 

rearrangements (fig. S8). These findings collectively support a model whereby integrin 

α3-ligand interactions promote Th17 cell infiltration into the spinal cord during EAE 

pathogenesis.

Discussion

The CNS is an immune-privileged site where the BBB restricts leukocyte infiltration. 

Nevertheless, encephalitogenic leukocytes penetrate the barrier and exacerbate CNS 

inflammation in MS and EAE. Integrins and adhesion molecules facilitate CD4+ T cell CNS 

infiltration; however, factors that selectively mediate the migration of encephalitogenic Th17 

cells are less characterized (29–31, 40, 83). Here, we define integrin α3 as a nonredundant 

and selective regulator of Th17 cell pathology in the context of neuroinflammation. We 

demonstrate that integrin α3 promotes Th17 cell polarization, proliferation, and infiltration 

into the CNS during EAE, and, as such propose integrin α3 as a potential therapeutic target 

for MS treatment.
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Despite well-defined roles for integrin α3 in organogenesis and tumorigenesis (43–45, 

54, 55), its function in immune cells—in lymphocytes, in particular—remains largely 

unexplored. Among CD4+ T cells, we found integrin α3 expression selectively induced 

during mouse and human Th17 cell differentiation in vitro, and on pTh17 cells in the 

context of EAE in vivo. This specific expression can be attributed to the direct coregulation 

of Itga3 by Th17 cell specification factors, including JunB, BATF, IRF4, STAT3, and 

RORγt (59, 60, 84–87) and upstream Th17-inducing signals. Indeed, we show TCR signals 

(upstream of BATF and IRF4) and the IL-6 pathway (upstream of JunB and STAT3 activity) 

are necessary for the activation of Itga3 expression. Conversely, TGF-β antagonizes Itga3 
expression. Mechanistically, TGF-β-induced signals, such as via Smad3, can interfere with 

the transcriptional activities of Itga3 regulators STAT3 (88) and RORγt (89). While TGF-β 
is indispensable for encephalitogenic Th17 cell induction and EAE pathogenesis (90, 91), 

nonlimiting levels of TGF-β favor the differentiation of non-pathogenic Th17 cells (12). 

Thus, the TGF-β axis may fine-tune integrin a3 expression maximizing levels on pTh17 

cells.

Integrin α3 is required for Th17 cell pathogenicity during EAE via several mechanisms, 

including promoting effective Th17 cell polarization and proliferation. Similar to JunB 

(59), integrin α3 is selectively required for pathogenic Th17 cell induction, but not for 

homeostatic Th17 cell differentiation. In this context, integrin α3 is continuously required 

to maintain IL-17A expression in Th17 cells elicited in EAE; rather, Itga3-deficient Th17 

cells express IFNγ. This effector shift is supported by attenuated RORγt expression, 

enhanced T-bet proportions, and weaker TCR signaling in Itga3-deficiency. Indeed, TCR 

signaling strength impacts CD4+ T cell effector differentiation (92, 93). Nevertheless, this 

shift is not simply enhanced conversion of Th17 cells into pathogenic Th1-like effectors 

typical of EAE as Itga3-deficiency downregulates pathogenesis-associated gene signatures 

for neuroinflammation, TCR signaling, and migration. Taken together, integrin α3 promotes 

the effective induction and maintenance of the pathogenic Th17 cell program.

We demonstrate that integrin α3 facilitates effective Th17 cell differentiation and 

proliferation via cell-cell interaction, and iLN DCs and BMDCs express adhesion molecules 

that engage with integrin α3 on Th17 cells. Indeed, integrins interact with various 

non-integrin cell adhesion molecules expressed on immune cells and endothelial cells, 

such as ICAMs, VCAM-1, MadCAM-1, selectins, and JAMs (94). In particular, the trans-

heterophilic interactions between integrins (e.g., LFA-1 and VLA-4) and adhesion molecules 

(e.g., ICAM-1, VCAM-1, and JAM-A) play a crucial role in the formation of the IS and 

consequent T cell polarization (74–77). Similarly, we found that integrin α3 enhances IS 

formation and p-ERK1/2 signaling in pTh17 cells upon contact with BMDCs. Therefore, 

VLA-3-mediated cell-cell interaction favors Th17 cell polarization and proliferation by 

strengthening the IS (92, 93).

Integrin α3β1 signals may also enhance Th17 cell polarization and proliferation via 

crosstalk with TCR signals. Integrin α3 signals via PI3K and ERK (50, 95), whereas 

integrin β chains can activate Syk, ZAP-70, ERK, Akt, and NF-κB pathways (96–98), all of 

which are critical components of TCR signaling. Notably, integrin α3-stimulating ligands, 

such as laminins, collagens, and fibronectins, are available in the LN environment (57, 99). 

Park et al. Page 12

Sci Immunol. Author manuscript; available in PMC 2024 January 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



It is tempting to speculate that signaling downstream of integrin α3 engagement enhances 

TCR signals to promote Th17 cell polarization and proliferation. Additionally, via its effect 

on Th17 cell motility, integrin α3 activation may increase the contact frequency between 

Th17 cells and APCs to enhance Th17 cell induction. In support of such synergy, loss of 

integrin α3 downregulates a TCR signaling signature in Th17 cells.

Integrin α3 enables Th17 cell pathogenicity by promoting CNS transmigration. In a 

competitive EAE setting, Itga3-deficient 2D2 Th17 cells are disadvantaged relative to WT 
cells in spinal cord entry. Itga3-deficient CD4+ T cells also show greater retention in the 

blood vessel perivascular space and reduced infiltration into the spinal cord parenchyma. 

Importantly, the basement membranes of BBB vessels are rich in integrin α3 ligands, 

including laminin α5 (58), providing a mechanistic rationale for integrin α3-promoted Th17 

cell CNS infiltration. Indeed, laminin α5 enhances Th17 cell motility in vitro, and the 

laminin-rich structure of the BBB may similarly enhance Th17 cell infiltration. Interestingly, 

laminin α5 can play a protective role in EAE by promoting BBB integrity, and consequently 

limiting CNS infiltration of lymphocytes (58, 100). While we show that integrin α3 can 

be exploited for effective penetration of the BBB, this likely relies on an array of ligands 

in addition to laminin α5. Furthermore, integrin α3 could promote Th17 cell arrest on 

the BBB endothelium given that b.End3 brain vascular endothelial cells express adhesion 

molecules that bind rVLA-3. Thus, further investigation is needed to identify these integrin 

α3-interaction targets. Lastly, integrin α3 deficiency in Th17 cells results in the reduced 

expression of other integrins (e.g., Itgav and Itgb3) and chemokine receptors (e.g., Ccr4, 

Ccr6, and Cxcr4), some with known roles in EAE pathogenesis (101). Thus, integrin α3 

engagement licenses a broader migration program in Th17 cells, the global downregulation 

of which likely contributes to CNS infiltration defects.

The requirement for integrin α3 in inflammatory Th17 cell effector function is context-

dependent. Integrin α3 is expressed by Th17 cells induced in both the chronic autoimmune 

context of EAE and protective immunity to C. rodentium. However, in contrast to EAE, 

Th17 cell migration to the colon elicited by C. rodentium is integrin α3-independent. 

Several distinctions between EAE and C. rodentium infection may account for this 

difference. First, the CD4+ T cell response could be more robust in infection versus EAE as 

foreign antigens generally trigger stronger TCR stimulation than autoantigens (102), thereby 

potentially overcoming the dependence on auxiliary interactions. Second, the intestine is 

more accessible than the CNS, which is tightly secured by the BBB. Lastly, the intestine 

has different barrier structures (e.g., MAdCAM-1, selectins, and collagens) from the BBB 

(103), thus lymphocytes require distinct machineries for migration into the intestine (e.g., 

integrins α4β7, α4β1, αEβ7, and CCR9) (104–106), which may compensate for the loss of 

integrin α3. Lastly, colonic CD4+ T cells express low levels of integrin α3. This may be 

attributable to the high-TGF-β-environment of the colon (107), which can suppress integrin 

α3 expression, resulting in a less significant role for integrin α3 in colon compared to CNS 

inflammation.

Our findings support the therapeutic potential of targeting integrin α3 to block Th17 

cell CNS infiltration in MS. Considering that pathogenic Th1 cells in EAE are mainly 

derived from Th17 cell conversion (14) and that human Th17 cells promote BBB disruption 
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and possess greater migration potential than Th1 cells (21), the development of therapies 

specifically targeting Th17 cell migration via integrin α3 blockade may improve clinical 

outcomes in MS, either alone or in combination with natalizumab treatment. Indeed, using 

a passive EAE model, we demonstrate integrin α3 selectively promotes Th17 cell CNS 

migration; whereas Th17 cells require integrin α3 to elicit severe EAE, Th1 cells are 

completely independent of integrin α3 for pathogenesis. As a proof-of-principle in support 

of integrin α3 as a therapeutic target, we show that an inhibitory integrin α3 antibody 

diminishes human Th17 cell transmigration in vitro. However, lack of a commercial 

inhibitory antibody for mouse integrin α3 has precluded assessment of the therapeutic 

benefit of integrin α3 blockade in EAE, which is an important future goal. In this regard, as 

integrin α3 is expressed by various myeloid cells (52, 53, 108), it will be critical to evaluate 

possible off-target effects of integrin α3 blockade in pre-clinical studies. Taken together, we 

have identified integrin α3 as a selective and critical determinant of pathogenic Th17 cell 

differentiation, expansion, and CNS infiltration during EAE. As such, integrin α3 represents 

a potential target for therapeutic intervention in MS.

Materials and methods

Study design

We aimed to determine the role of integrin α3 in Th17 cell pathogenicity during 

autoimmune neuroinflammation. We used the EAE disease model, in conjunction with 

transgenic and conditional knock-out mice to validate the requirements of integrin α3 in 

Th17 cell polarization and migration. Data were analyzed using flow cytometry, microscopy, 

RT-qPCR, Western blot, and RNA-seq methods. No data points or outliers were excluded. 

For C. rodentium infection, mice that produced colonies from steady-state fecal material on 

MacConkey Agar were not used in experiments evaluating bacterial clearance. The numbers 

of independent experiments, pooling of multiple experiments, and statistical methods are 

indicated in the figure legends. Required sample size for hypothesis testing in mouse 

experiments was determined by Mead’s equation. Mice were assigned to experimental 

groups by block randomization taking into consideration sex, age range, and cage for 

cohousing WT and KO genotypes. Samples were unblinded. Reagents used in this study 

are provided in table S1. The study follows ARRIVE 2.0 Guidelines for pre-clinical animal 

study reporting.

Human T cell samples

Peripheral blood from deidentified healthy adult donors were obtained with informed 

consent by the Duke Substrate Services Core with approval from the Duke University Health 

System Institutional Review Board.

Mice

Itga3fl/fl (#008818), Il17aCre/+ (#016879), CD4-Cre (#022071), Rosa26lsl-Zsgreen/WT 

(#007906), 2D2 TCR transgenic (#006912), CD45.1+ congenic (#002014), Stat3fl/fl 

(#016923), and Tcra KO (#002116) mice were obtained from the Jackson Laboratory. Mice 

were bred and maintained in specific-pathogen-free facilities at Duke University and used 

in accordance with the Duke Institutional Animal Care and Use Committee guidelines. 
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Experimental mice were used between 8 and 14 weeks of age with no preference for sex, 

except for adoptive transfer of CD4+ T cells, where donors and recipients were sex-matched. 

Co-housed experimental mice and littermate controls were used.

BMDC culture and antigen pulse

Mouse BM cells were differentiated into DCs. Briefly, BM cells (1X105/ml) were cultured 

in RPMI 1640 supplemented with 10% FBS, HEPES (10 mM), sodium pyruvate (1 mM), 

glutamine (2 mM), penicillin (10 U/ml), streptomycin (10 μg/ml), gentamicin (50 μg/ml), 

and β-mercaptoethanol (55 μM) (complete RPMI) plus GM-CSF (20 ng/ml). At day 7, 

loosely adherent cells were harvested. To pulse BMDCs with MOG35–55 peptide, BMDCs 

(5X106/ml) were incubated in the presence of MOG35–55 peptide (100 μg/ml) and LPS (200 

ng/ml) for 24 h.

pTh17 cell-BMDC co-culture

3X104 in vitro-cultured 2D2 pTh17 cells were co-cultured with 3X104 MOG35–55 

peptide-pulsed BMDCs at 37°C for 5 min for phospho-ERK1/2 analysis or 30 min for 

immunofluorescence imaging. For immunofluorescence, cells were fixed with PFA (4%) 

for 30 min at room temperature, stained with Alexa Fluor 488-anti-CD3ε and Alexa Fluor 

647-anti-MHCII, imaged by confocal microscopy, and analyzed using ImageJ software. Cell 

conjugation percentage was calculated by dividing the number of T cells interacting with 

BMDCs by the number of total T cells. The IS formation was analyzed by dividing CD3ε 
MFI at the synapse by CD3ε MFI at the non-synapse.

VLA-3 binding assay

iLN cells from day 7 EAE-induced mice, BMDCs, or b.End3 cells were surface-stained 

with antibodies for 15 min at 4°C: MHCII, CD3ε, CD19, CD11c, and CD11b for iLN 

cells; CD11c for BMDCs; ICAM-1 for b.End3 cells. Cells were washed with staining buffer, 

incubated with 6X His-tagged rVLA-3 (R&D Systems, #9374-A3–050) in staining buffer 

at room temperature for 20 min, washed with staining buffer, and then stained with an 

APC-anti-His tag antibody for 10 min at room temperature. rVLA-3 binding was assessed 

using flow cytometry or fluorescent live cell imaging.

Active EAE

10–14-week-old mice were injected subcutaneously on day 0 with MOG35–55 peptide (200 

μg, United Biosystems) emulsified in CFA supplemented with heat-killed Mycobacterium 
tuberculosis (2 mg/ml, VGD, Inc./Voigt Global). Mice were injected intraperitoneally with 

pertussis toxin (200 ng, List Biologicals) on days 0 and 2. Mice were assessed daily for 

symptoms and scored as follows: 0, no symptoms; 0.5, limp tail tip; 1.0, limp tail; 1.5, 

weakened hind limb movement; 2.0, partial paralysis of one hind limb; 2.5, partial paralysis 

of both hind limbs; 3.0, severe paralysis of both hind limbs with some movement of hind 

feet but not hind legs; 3.5, complete hind limb paralysis; 4.0, complete hind and partial front 

paralysis; 4.5, complete hind and front paralysis or death. Mice that reached score of 4.5 

were deemed moribund and euthanized.
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Passive EAE

2D2 pTh17 cells or Th1 cells were adoptively transferred into Tcra−/− mice. Naïve 2D2 

CD4+ T cells from 2D2 Itga3fl/fl CD4-Cre or 2D2 Itga3fl/fl mice were cultured in vitro in 

pTh17- or Th1-polarizing conditions. After 5 days, cells were washed with PBS three times 

and resuspended in PBS. 2X106 cells were retro-orbitally injected into Tcra−/− mice. Some 

mice developed atypical EAE (109), and were scored as follows: 0, no symptoms; 1.0, mild 

ataxia and/or poor hind limb coordination; 1.5, weakened hind limb movement; 2.0, partial 

paralysis of one hind limb; 2.5, partial paralysis of both hind limbs; 3.0, inability to walk 

on a straight line (severe ataxia); 3.5, laying on side or complete hind limb paralysis; 4.0, 

rolling continuously unless supported; 4.5, moribund or death.

Transmigration assays

Transwell filters (5 μm, Costar) were coated with rhlaminin-511 (BioLamina), 

rhlaminin-521 (Thermo Fisher Scientific), or BSA in HBSS containing calcium and 

magnesium (HBSS+CaMg) (0.2 μg/cm2) at 37°C for 2 h, and washed with HBSS+CaMg. 

72-h-in vitro-polarized mouse pTh17, Th17, or 6-d-in vitro-polarized human Th17 cells in 

RPMI 1640 media supplemented with HEPES (10 mM), sodium pyruvate (1 mM), penicillin 

(10 U/ml), streptomycin (10 μg/ml), gentamicin (50 μg/ml), and β-mercaptoethanol (55 μM) 

(incomplete RPMI) were added to the transwell filters. Transmigration was induced with 

complete RPMI in the bottom chamber. To limit the contribution of CCR6, we used FBS 

as a general chemoattractant instead of CCL20. After 6 h at 37°C, the transmigrated cells 

were counted and expressed as a percentage of total cells added to the upper chamber. 

To neutralize human integrin α3, human Th17 cells were incubated in the presence of 

anti-integrin α3 antibody (Sigma-Aldrich, P1B5, 20 ng/ml) for 15 min at 37°C before 

addition to the transwell filters.

RNA-seq

2D2 naïve CD4+ T cells from WTIl17a R26ZG 2D2 (CD45.1+) and KOIl17a R26ZG 2D2 

(CD45.1−) mice were transferred into Tcra−/− mice at a 1:1 ratio. EAE was induced on the 

following day. 7 days post immunization, iLNs from 10 recipients were pooled into one 

replicate. Three total replicates were prepared per genotype, and ZG+ CD45.1+ CD4+ T cells 

(WT) or ZG+ CD45.1− CD4+ T cells (KO) were FACS-sorted. RNA was purified using the 

RNeasy Plus Micro Kit (Qiagen). The Duke Sequencing and Genomic Technologies Shared 

Resource facility preprepared libraries using SMARTer v3/v4 Ultra Low Input RNA-seq Kit 

(Takara Biosciences). Libraries were sequenced on the Illumina NextSeq 500 using 50-bp 

single-end mode at a depth of 160–170 million reads per sample.

RNA-seq differential expression analysis

RNA-seq samples were validated using FastQC v0.11.2 (Babraham Institute). The removal 

of adapters and bases from raw reads were performed with average quality score (Q; 

Phred33) of <20 using a 4-bp sliding window (SlidingWindow:4:20) with Trimmomatic 

v0.32 (110). STAR v2.4.1a (111) was used to align trimmed reads to the primary assembly 

of the GRCm38 mouse genome, and alignments containing noncanonical splice junctions 

were removed (--outFilterIntronMotifs RemoveNoncanonical).
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Aligned reads were assigned to genes in the GENCODE vM13 comprehensive gene 

annotation (112) using featureCounts (v1.4.6-p4) with default settings (113). Differential 

expression analysis was performed (DESeq2, v1.22.0) (114) on R (v3.5.1). Genes with low 

or no expression were removed from raw counts. DESeq function was used to normalize 

filtered counts by computing estimated size factors and dispersions for Negative Binomial 

distributed data. Significant DEGs were found using the nbinomWaldTest which tests the 

coefficients in the fitted Negative Binomial GLM using the previously calculated size factors 

and dispersion estimates. Genes having a Benjamini–Hochberg FDR <0.05 were considered 

significant. Log2(fold change) values were shrunk toward zero using the shrinkage estimator 

from the apeglm R package (115). For transcript abundance, the rsem-calculate-expression 

function in the RSEM v1.2.21 package was used to compute transcripts per million (TPM) 

values (116).

Further RNA seq analysis is described in supplementary materials and methods.

Statistical analysis

Data were analyzed using GraphPad Prism. Two-tailed unpaired or paired Student’s t-test 

were used to compare differences between groups with normal distribution. Mann-Whitney 

U test was used to compare differences between groups that are not normally distributed. 

One-way or two-way ANOVA tests were used for multiple comparisons between groups. 

To compare EAE clinical severity, the area under the curve (AUC) of EAE clinical scores 

was calculated for each mouse using the trapezoidal rule. For correlation analysis, Pearson’s 

correlation test was used to calculate correlation coefficients (r) and p-values (p). p < 0.05 

was considered statistically significant. *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 

0.0001; ns, not significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Integrin α3 is exclusively expressed by Th17 cells.
(A) Volcano plot showing DEGs in Junb+/+ CD4-Cre (WT) and Junbfl/fl CD4-Cre (Junb 
KO) Th17 cells polarized in vitro for 48 h. Genes with FC > 2 and FDR < 0.05 are in 

orange, and select migration-related genes are labeled and highlighted in blue. Triangles 

indicate genes with FDR < 10−20 or Log2(FC) > 5 or < −5. Expression of integrin α3 in 

72 h polarization cultures was detected by (B) qPCR (n = 4 mice/subset, pooled from 3 

independent experiments), (C) Western blot (representative of 3 independent experiments), 

and (D) flow cytometry (n = 7–8 mice/subset, pooled from 4 independent experiments). 

KO Ctrl, negative staining control is Itga3-deficient Th1 culture (Itga3fl/fl CD4-Cre). mRNA 

expression is presented relative to Actb expression and normalized over naïve CD4+ T cells. 

(E) Integrin α3 expression for day 6 cultures of human (h) naïve CD4+ T cells polarized 

as indicated. n = 3 donors/subset, pooled from 3 independent experiments. (F) Bar plot 

of RPKM expression values of Itga3 transcripts in TF-knock-out (TF KO, Batf−/−, Irf4−/−, 

Stat3fl/fl CD4-Cre, Rorc(t)GFP/GFP) vs wild-type (WT) 48 h Th17 cell polarization cultures 

(differential expression, FDR < 10−5). (G) ChIP-seq tracks for TFs and p300 peaks enriched 

at Itga3-proximal putative enhancers (shaded green) in 48 h Th17 cell cultures. gMFI 

presented as fold over Naïve (D) or Isotype (E). Data are summarized as mean ± SEM. 
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One-way ANOVA test. *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001; ns, not 

significant. Datasets for (f) and (g) from GSE40918 and GSE98414.
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Fig. 2. CNS-infiltrating Th17 cells express integrin α3 during EAE pathogenesis.
Flow cytometric analysis of integrin α3 expression on CD4+ T cell subsets isolated from the 

spinal cord of EAE-induced Itga3fl/fl CD4-Cre (KOCD4) or wildtype control mice (A) at 

the onset (day 13, n = 5–6 mice/genotype) or (B) at the peak (day 14, n = 5 mice/genotype). 

CD4+ T cell subsets: Th17, IL-17A+ IFN-γ−; Th17.1, IL-17A+ IFN-γ+; Th1, IL-17A− 

IFN-γ+; Treg, IL-17A− Foxp3+. (C) Flow cytometric analysis of integrin α3 expression on 

ZG+ or ZG− IFN-γ-producing CD4+ T cells isolated from the spinal cord of WTIl17a R26ZG 

or KOIl17a R26ZG (KO Ctrl) mice at the peak of EAE (day 17, n = 5–6 mice/genotype). EAE 

inductions in (A, B, and C) were performed independently, once with biological replicates. 

(D) Plot showing select migration-related DEGs in CSF CD4+ T cells versus blood CD4+ T 

cells from MS patients. Dashed lines represent FDR = 0.05 and fold change = −1.5 or 1.5. 

RNA-seq data is replotted from (64). gMFI presented as fold over KO (A and B). Data are 

summarized as mean ± SEM (A and B) or represented by lines connecting data from the 

same mouse (C). Unpaired Student’s t-test (A, B, and C) and paired Student’s t-test (C). *, p 
< 0.05; **, p < 0.01; ***, p < 0.001; ns, not significant.
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Fig. 3. Integrin α3 expression is induced by the IL-6-Stat3 pathway.
(A) Flow cytometric analysis of integrin α3 expression by CD4+ T cells cultured for 72 h in 

the presence of IL-6 (0–5.0 ng/ml). n = 3 mice, representative of 3 independent experiments. 

(B) qPCR analysis of Itga3 transcript in Stat3+/+ CD4-Cre and Stat3fl/fl CD4-Cre naïve 

CD4+ T cells cultured for 18 h in the presence of IL-6 (10 ng/ml). Naïve CD4+ T cells from 

Itga3fl/fl CD4-Cre mice serve as a negative Itga3 control. mRNA expression is presented 

relative to Actb expression and normalized over Stat3+/+ CD4-Cre naïve CD4+ T cells 

(Naïve). n = 4 mice/genotype, pooled from 3 independent experiments. ND, not detectable. 

(C) Flow cytometric analysis of integrin α3 in naïve CD4+ T cells cultured for 72 h in the 

presence of indicated cytokines (IL-6, 10 ng/ml; IL-1β, 20 ng/ml; IL-23, 25 ng/ml). n = 3 

mice, representative of 3 independent experiments. (D) Flow cytometric analysis of integrin 

α3 expression in pTh17 cells cultured for 72 h in the presence of TGF-β (0–0.6 ng/ml). 

n = 7 mice, pooled from 2 independent experiments. r, Pearson’s correlation coefficient 

calculated for cultures treated with 0–0.5 ng/mL of IL-6 (A) and with 0–0.6 ng/mL of 

TGF-β (D). Naïve CD4+ T cells isolated from Itga3fl/fl CD4-Cre mice and cultured without 

cytokines served as a negative staining control (KOCD4 Ctrl) (A and D). gMFI presented 

as fold over KOCD4 cells cultured under identical conditions (A, C, and D). Data are 

summarized as mean ± SEM. Unpaired Student’s t-test (B) or one-way ANOVA test (C). *, 

p < 0.05; **, p < 0.01; ***, p < 0.001; ns, not significant.

Park et al. Page 28

Sci Immunol. Author manuscript; available in PMC 2024 January 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 4. Deletion of integrin α3 in CD4+ T cells attenuates EAE.
(A) Clinical score of EAE from WT (n = 10) and KOCD4 (n = 11) mice, pooled from 

2 independent experiments. The area under the curve (AUC) values calculated from EAE 

clinical scores were compared. (B) Representative flow cytometric analysis of CD4+ T 

cells isolated from the spinal cords of EAE-induced mice at disease peak (day 16). (C) 
The frequencies and numbers of CD4+ T cell subsets in the spinal cords of EAE-induced 

mice at disease peak (day 16, n = 5–6 mice/genotype, representative of 2 independent 

experiments). CD4+ T cell subsets: Th17, IL-17A+; Th1, IFN-γ+; Treg, Foxp3+. (D) Spinal 
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cord infiltration of CD4+ T cells at disease peak (day 16) imaged by confocal microscopy. 

n = 3 mice/genotype, representative of 2 independent experiments. (Left) Schematic image 

of perivascular cuff depicts the accumulation of leukocytes in the perivascular space between 

basement membranes. The perivascular space is surrounded by the endothelial and the 

parenchymal basement membranes that are visualized by pan-laminin (green). (Right) 

Representative immunofluorescence images selected from three different regions of spinal 

cord sections. CD4, red; pan-laminin, green. Perivascular spaces in the immunofluorescence 

images are marked by yellow arrowheads. (E) Clinical score of EAE from WTIl17a R26ZG 

(n = 17) and KOIl17a R26ZG mice (n = 12) mice, pooled from 2 independent experiments. 

(F) Clinical score of passive EAE induced by adoptive transfer of in vitro cultured WT or 

KOCD4 2D2 pTh17 cells into Tcra−/− mice (WT pTh17 cells, n = 8; KOCD4 pTh17 cells, n = 

5, representative of 2 independent experiments). (G) Clinical score of passive EAE induced 

by adoptive transfer of in vitro cultured WT or KOCD4 2D2 Th1 cells into Tcra−/− mice (WT 
Th1 cells, n = 7; KOCD4 Th1 cells, n = 5, representative of 2 independent experiments). Data 

are summarized as mean ± SEM. Mann-Whitney U-test or Unpaired Student’s t-test (D). *, 

p < 0.05; **, p < 0.01; ***, p < 0.001; ns, not significant.
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Fig. 5. Integrin α3 is required for the polarization and expansion of Th17 cells in vivo.
(A) Schematic of EAE induction in Tcra−/− mice and adoptive transfer of naïve CD4+ T 

cells. Naïve CD4+ T cells obtained from WT 2D2 (CD45.1+) and KOCD4 2D2 (CD45.1−) 

mice were mixed at a 1:1 ratio and adoptively transferred into EAE-induced Tcra−/− mice. 

CD4+ T cells were loaded with proliferation dye prior to the adoptive transfer. CD4+ T 

cells in iLNs were analyzed at (C) 24 h, (D) 60 h, and (E) 7 days post EAE induction. 

(B) Plot showing the percentage of KOCD4 2D2 CD4+ T cells within total CD4+ T cells in 

iLNs of EAE-induced or naïve Tcra−/− mice. n = 3–4 mice, representative of 2 independent 

experiments. (C) Flow cytometric analysis of CD62L and CD44 expression on CD4+ T 

cells isolated from iLNs of Tcra−/− mice at 24 h post EAE induction. n = 6 mice, pooled 

from 2 independent experiments. (D) Flow cytometric analysis of TF expression in CD4+ 

T cells isolated from iLNs of Tcra−/− mice at 2.5 days post EAE induction. n = 7 mice, 

representative of 2 independent experiments. Horizontal lines indicate mean values. G0–6, 

generations 0–6. (E) Flow cytometric analysis of CD4+ T cells isolated from iLNs of Tcra−/− 

mice at 7 days post EAE induction. n = 4 mice, representative of 2 independent experiments. 
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CD4+ T cell subsets: Th17, IL-17A+; Th1, IFN-γ+; Treg, Foxp3+. Data are summarized as 

mean ± SEM. Mean values (B) or data acquired from the same recipient mouse (C-E) are 

connected by lines. One-way ANOVA test (B) and paired Student’s t-test (C-E). *, p < 0.05; 

**, p < 0.01; ****, p < 0.0001; ns, not significant.
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Fig. 6. Integrin α3 promotes T cell stimulation by facilitating T cell-APC interaction.
Flow cytometric analysis of recombinant integrin α3β1 (rVLA-3) binding to (A) cells 

isolated from iLNs of EAE-induced mice (day 7, n = 5 mice, representative 2 independent 

experiments) or (B) CD11c+ BMDCs (n = 4 mice, pooled from 2 independent experiments). 

T cells, MHCII− CD3ε+; B cells, MHCII+ CD3ε− CD19+; Dendritic cells, MHCII+ CD3ε− 

CD19− CD11c+. Cells incubated without rVLA-3 were used as a negative staining control 

(Ctrl). WT or KOCD4 2D2 pTh17 cells were co-cultured with MOG35–55 peptide-pulsed 

BMDCs for 30 min (C and D) or 5 min (E). (C) The percentage of 2D2 pTh17 cells making 

conjugations with BMDCs. n = 3 mice/genotype, pooled from 3 independent experiments. 

(D) The immunological synapse formation between 2D2 pTh17 cells and BMDCs (WT 
2D2 pTh17 cells, n = 115; KOCD4 2D2 pTh17 cells, n = 90, pooled from 4 independent 

experiments). (E) Flow cytometric analysis of p-ERK1/2 in 2D2 pTh17 cells. Pooled from 

4 independent experiments. Data are summarized as mean ± SEM. Unpaired Student’s t-test 

(A-D) or two-way ANOVA test (E). *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 

0.0001; ns, not significant.
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Fig. 7. Integrin α3 promotes the maintenance of Th17 cell identity.
(A) Schematic of EAE induction in Tcra−/− mice post adoptive transfer of naïve CD4+ T 

cells. Naïve CD4+ T cells obtained from WTIl17a R26ZG 2D2 (CD45.1+) and KOll17a R26ZG 

2D2 (CD45.1−) mice were mixed at a 1:1 ratio and adoptively transferred into Tcra−/− mice. 

EAE was induced on the following day. Organs were harvested at clinical score of 1.5 for 

the analysis of frequency and cytokine expression profiles of ZG+ cells (B-C). 7 days post 

immunization, ZG+ WTIl17a 2D2 or ZG+ KOIl17a 2D2 cells were FACS-sorted from iLNs to 

perform RNA-seq (D-G). (B) The frequency of ZG+ populations in CD4+ T cells of each 
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genotype was analyzed for indicated tissues. n = 6 mice, representative of 2 independent 

experiments. (C) Cytokine expression profiles of ZG+ CD4+ T cells of each genotype were 

analyzed for indicated tissues. n = 6 mice, representative of 2 independent experiments. (D) 
Volcano plot showing DEGs in ZG+ KOIl17a 2D2 vs ZG+ WTIl17a 2D2 RNA-seq analysis. 

Genes considered significant (FC > 1.2 and FDR < 0.05) are in orange, and select genes 

are labeled and highlighted in blue. FDR capped at 10−15. Log2 (FC) capped at −2.5 or 2.5. 

Triangles indicate genes with FDR < 10−15 or Log2 (FC) > 2.5 or < −2.5. (E) Bar plots 

showing the RNA-seq expression level (TPM) of select genes. (F) GSEA plots enriched in 

various gene sets for ranked genes in ZG+ KOIl17a 2D2 vs ZG+ WTIl17a 2D2 RNA-seq. (G) 
Ingenuity pathway analysis for DEGs (FDR < 0.05) in ZG+ KOIl17a 2D2 vs ZG+ WTIl17a 

2D2 RNA-seq. Dashed line represents p-value = 0.05. Data acquired from the same recipient 

mouse are connected by lines (B and C). Paired Student’s t-test (B and C). *, p < 0.05; **, p 
< 0.01; ns, not significant.
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Fig. 8. Integrin α3 promotes the infiltration of Th17 cells into the CNS.
(A) The percentage of WTIl17a R26ZG 2D2 (CD45.1+) and KOIl17a R26ZG 2D2 (CD45.1−) 

cells among ZG+ CD4+ T cells for the transfer experiment performed as in Fig. 6B was 

analyzed for indicated tissues. n = 6 mice, representative of 2 independent experiments. (B) 
The percentage of WT and KOCD4 CD4+ T cells was analyzed for indicated tissues at day 14 

post adoptive transfer of in vitro-cultured WT (CD45.1+) or KOCD4 (CD45.1−) 2D2 pTh17 

mixed at a 1:1 ratio (Recipient mice: Tcra−/−, n = 6, clinical score: 1.5 ± 0.55, representative 

of 3 independent experiments). (C) Flow cytometric analysis of rVLA-3 binding to b.End3 
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cells (pooled from 3 independent experiments). (D) Fluorescent live cell images showing 

rVLA-3 binding to b.End3 cells, representative of 2 independent experiments. Phase contrast 

is overlaid to highlight cell morphology. (E) Summary of transwell migration assay showing 

the percentage of Th17 or pTh17 cells that migrated to the bottom chamber filled with 

complete RPMI 1640 media after 6 h. n = 4 mice/genotype, pooled from 4 independent 

experiments. (F) Summary of transwell migration assay showing the percentage of hTh17 

cells that migrated to bottom chamber filled with complete RPMI 1640 media after 6 h. n 
= 3 donors, pooled from 3 independent experiments. Data acquired from the same recipient 

mouse are connected by lines (WTIl17a R26ZG 2D2 of A and B). Data are summarized as 

mean ± SEM. Unpaired Student’s t-test (B-D) or paired Student’s t-test (A and B: between 

different organs). Two-way ANOVA test (E and F). *, p < 0.05; **, p < 0.01; ***, p < 0.001; 

****, p < 0.0001; ns, not significant.
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