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Abstract  
Lymph node stromal cells (LNSC) regulate immunity through constructing lymphocyte 

niches. LNSC produced Laminin a5 (Lama5) regulates CD4 T cells but the underlying 

mechanisms of its functions are poorly understood. Here we showed depleting Lama5 in LNSC 

resulted in decreased Lama5 protein in the LN cortical ridge (CR) and around high endothelial 

venules (HEV). Lama5 depletion affected LN structure with increased HEV, upregulated 

chemokines and cell adhesion molecules, and led to greater numbers of Treg in T cell zone. 

Mouse and human T cell transendothelial migration and T cell entry to LN were suppressed by 

Lama5 through the receptors a6 integrin and a-dystroglycan. During immune responses and 

allograft transplantation, depleting Lama5 promoted antigen specific CD4 T cell entry to the CR 

through HEV, suppressed T cell activation and altered T cell differentiation to suppressive 

regulatory phenotypes. Enhanced allograft acceptance resulted from depleting Lama5 or 

blockade of T cell Lama5 receptors. Lama5 and Lama4:Lama5 ratios in allografts were associated 

with the rejection severity. Overall, our results demonstrated that stromal Lama5 regulated 

immune responses through altering LN structures and T cell behaviors. The study delineated a 

stromal Lama5-T cell receptors axis that can be targeted for immune tolerance modulation. 

 
Introduction 

The LN is the central hub that exchanges antigen presenting cells and immune cells with 

peripheral tissues or blood, permitting T cells to encounter cognate antigens and orchestrating T 

lymphocyte immune responses (1, 2). LN architecture is primarily constructed by a group of 

nonhematopoietic stromal cells, which constitute approximately ~1% of LN cellularity and 

establish specialized niches(3, 4). The lymph node stromal cells (LNSC) framework directs 

immune cell trafficking within designated compartments, which dictate leukocyte functions (5, 

6).The LN 3-dimensional structure is compartmentalized by LNSC and identified as: (i) the 

superficial cortex constituted by follicles and interfollicular cortex; (ii) the paracortex constituted 

by deep cortical units; and (iii) the medulla constituted by medullary cords and medullary sinuses 

(7). The cortical ridge (CR) in the paracortex is the region where T lymphocytes enter from the 

blood and initially encounter antigen presenting cells (8). The high endothelial venules (HEV) and 

lymphatic vessels cross these compartments and are crucial tunnels exchanging cells and 

antigens between the LN and other organs and tissues (9).  

Based on expression of the glycoprotein podoplanin (gp38) and the adhesion molecule 

CD31 (PECAM-1), LNSC are mainly classified as fibroblast reticular cells (FRC, CD45-CD31-

gp38+), blood endothelial cells (BEC, CD45-CD31+gp38-), and lymphatic endothelial cells (LEC, 
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CD45-CD31+gp38+)(10). FRC provide a structural scaffold by producing extracellular matrix 

proteins such as laminins, ER-TR7 and collagen (2, 11). FRC ensheath a conduit network that 

bridges the subcapsular sinus (SCS) and cortex, enabling small molecules to be delivered into 

the LN paracortex (12–14). FRC also produce an array of cytokines or chemokines, including IL-

7, IL-15, IL-33, CXCL2, CXCL9, CXCL10, CXCL12, CXCL13, CCL19, and CCL21 (15, 16) and 

adhesion molecules, including I-CAM-1 and VCAM-1 (11, 17, 18), which are responsible for 

immune cell migration, survival and activation (19). FRC express peripheral tissue antigens (PTA) 

such as pre-proinsulin 2, Gad67, MHC I and MHC II to restrict self-reactive T cells, thereby 

preventing autoimmune disease (20–22). These observations highlight the profound importance 

of the LNSC, particularly FRC, for the LN and T cell responses. 

Laminin a4 (Lama4) and  Laminin a5 (Lama5) are primary extracellular matrix 

components expressed on basement membranes (13, 17, 23) and are expressed by LNSC 

subsets including FRC, BEC and LEC (22). Rodda et al. identified nine peripheral LN non-

endothelial stromal cell clusters using droplet-based single-cell RNA sequencing, defining distinct 

LNSCs that likely support niche-restricted immune functions and provide evidence that many SCs 

are in an activated state. Lama4 and Lama5 genes are widely expressed by these nine peripheral 

LNSC clusters (17). The changes to the Lama4: Lama5 ratios in CR and around the HEV are 

associated with immunity versus tolerance, with Lama4 associated with tolerance while Lama5 is 

associated with immunity (8, 24). Alterations in laminin expression are associated with human 

diseases such as allergic asthma and inflammatory bowel disease (25, 26), suggesting laminins 

may be therapeutic targets. 

We investigated the effect of LN stromal Lama5 on T cell migration and function, and on 

immune responses during immunity and tolerance induction and after cardiac transplantation. 

Lama4 promoted while Lama5 inhibited migration of a variety of subsets of mouse and human T 

cells across endothelial cells. In a Lama5 conditional KO mouse model, Lama5flox/flox x Pdgfrb-

Cre+/-, depleting stromal Lama5 created a tolerogenic niche in the LN and hindered alloimmunity, 

through affecting LN structures, promoting T cell trafficking, and channeling T cell activation 

toward suppression tolerance and away from inflammation. Blockade of Lama5 receptors using 

mAbs had similar effects and worked additively with Lama5 depletion to improve graft acceptance. 

Our study reveals the critical role of LN stromal Lama5 in modulating LN structure and T cell 

behaviors, showing how the choice between immunity and tolerance is guided by stromal cell 

determinants of the LN microenvironment. 

Results 
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Depleting LN stromal Lama5 alters LN regulatory T cell distribution 
We measured the expression of Lama4 and Lama5 in various cell types in mouse LN by 

flow cytometry. Lama4 and Lama5 were widely expressed intracellularly and extracellularly in 

FRC, BEC and LEC (Supplementary Figure S1A-B). Lama5 was also detected intracellularly in 

CD4 and CD8 T cells, B cells, and DC (Supplementary Figure S1C-D). These results are 

commensurate with reports showing that Lama5 can be secreted by stromal cells and 

lymphocytes (17, 22, 27). 

To clarify the mechanisms of how laminin modulates immunity, and since complete 

genetic ablation of the Lama5 gene caused embryonic lethality (28), we created a Lama5 stromal 

cell KO by breeding Pdgfrb-Cre+/- (29) with Lama5flox/flox mice (28). Lama5-floxed and Pdgfrb-Cre 

DNA sequences were confirmed by genotyping (Supplementary Figure S2), and Pdgfrb-Cre-/- x 

Lama5flox/flox (WT) mice were used as littermate controls. LNSC were isolated and qRT-PCR 

showed that Lama5 transcripts were completely depleted in FRC and partially depleted in BEC 

and LEC, but Lama4 was not affected (Figure 1A). There were no differences in Lama4 and 

Lama5 expression in CD4 and CD8 T cells, B cells and DC cells in WT and Lama5 KO mice 

(Supplementary Figure S3). By fluorescent immunohistochemistry, Lama5 was depleted in CR 

and HEV, but Lama4 was not affected, resulting a significant increase in the Lama4:Lama5 ratio. 

In contrast, neither Lama4 nor Lama5 were depleted in spleen (Figure 1B and 1C). There were 

no differences in the numbers or percentages of various leukocyte subsets, including CD3 and 

CD8 T cells, B cells, and DC in the LN, spleen, and thymus (Supplementary Figure S4), indicating 

no major shifts in cell numbers and distribution. 

Since the Lama4:Lama5 protein ratio was associated with the choice of tolerance versus 

immunity and the induction of suppressive, regulatory, Foxp3+ Treg in the LN (8), we assessed 

whether genetic ablation of stromal Lama5, which increased the ratio, would influence the number 

or distribution of Treg. The natural Treg (nTreg, Foxp3+Helios+) percentage was slightly increased, 

but there was no significant difference in the percentage of total Treg and peripherally induced 

Treg (iTreg, Foxp3+Helios-) in KO compared to WT LN or spleen (Supplementary Figure S5). 

However, by immunohistochemistry, Treg were significantly increased in the LN T cell zone 

(CD3+), but not in the B cell zone (B220+), germinal center (Peanut agglutinin+) (Figure 1D), or 

subcapsular sinus (Supplementary Figure S6). In the CR and around HEV of Lama5 KO LN, there 

were also more CD11c+ DC detected (Supplementary Figure S7A-S7B), though no significant 

difference in the total LN percentage between WT and KO (Supplementary Figure S4). This 

observation is commensurate with our prior report that plasmacytoid DC in the CR present 

alloantigen to induce iTreg (30).  
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Depleting Lama5 alters LN structures and molecules favorable for T cell migration 
The number and size of HEV (CD31+, PNAd+) increased in KO LN particularly in 

paracortex area (Figure 2A and 2B). Transcripts for VEGF-A, VEGF-C and VEGF-D, which 

are mediators of LN endothelial cell proliferation (31), were measured. VEGF-A mRNA was 

increased in Lama5 KO FRC, while VEGF-C and VEGF-D were not affected (Figure 2C). Notably, 

the increased numbers of Treg were highly colocalized with PNAd+ HEV in peripheral LN (pLN) 

and mesenteric LN (mLN) (Figure 2B, Supplementary Figure S8), suggesting that the increased 

Treg may have accumulated due to enhanced migration through blood and/or retention within the 

CR. Hence, we analyzed the chemokines, including CCL19, CCL21, and CXCL12, which drive T 

cell entry to LN through HEV. In Lama5 KO mice, CXCL12 and CCL21 expression were increased 

around the CR of pLN and mLN (Figure 3A, Supplementary Figure S9), while CCL19 

(Supplementary Figure S10), CXCL9, and CXCL10 (data not shown) showed no differences. 

CCL21 and CXCL12 mRNA increased in FRC but not in BEC and LEC (Figure 3A, right bottom 

panel). FRC express intercellular adhesion molecule-1 (ICAM-1) and vascular cell adhesion 

molecule-1 (VCAM-1), and mucosal vascular addressin cell adhesion molecule-1 (MAdCAM-1), 

which play important roles in T cell migration (32). In the LN of Lama5 KO mice, VCAM-1 protein 

expression was increased in CR and around HEV; and the mRNA of VCAM-1 and ICAM-1 but 

not MadCAM-1 were increased in FRC (Figure 3B-3C). Taken together, these results showed 

that depletion of Lama5 in LN stromal cells created a favorable microenvironment for Treg 

enrichment, including more HEV, enhanced chemokine expression, and increased VCAM-1, 

allowing for increased Treg presence in the cortical T cell zones. 

Lama5 regulates T cell transendothelial migration through a6 integrin and a-dystroglycan 
receptors 

In order to delineate the direct effects of laminins on migration of various mouse and 

human T cells, different in vitro cell migration models and conditions were included. We firstly 

investigated the effects of the two main laminin isoforms a4b1g1 (411) and laminin a5b1g1 (511) 

on CD4 T cell migration on laminin-coated plates by measuring length (distance migrated) and 

velocity with real-time live imaging. Laminin 411 promoted both increased length of migration 

pathways and velocity, while laminin 511 inhibited these responses (Figure 4A, Supplementary 

Video 1). We next studied the role of the receptors a6 integrin (itg) and a-dystroglycan (aDG) in 

Lama5 regulated T cell migration. The a6 integrin has been widely recognized for being 

expressed on lymphocytes and bone marrow cells (27, 33). aDG gene expression was confirmed 

in various T cells subsets (Figure 4B). Pretreating CD4 T cells with blocking mAbs against a6 
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integrin or aDG prevented laminin 511 inhibitory effects and preserved length and velocity (Figure 

4C), indicating that laminin 511 affects CD4 T cell migration independently through both a6 

integrin and aDG receptors. 

CD4 T cells were cultured on laminin 411 and/or 511 coated plates and cell attachment 

was measured. Both anti-CD3 activated and non-activated cells bound more to laminin 511 than 

411, however the binding was only transient, not influenced by anti-CD3 activation, and returned 

to baseline within 60 minutes (Figure 4D). With the addition of CCL21 to stimulate chemokine 

receptors, cell attachment was increased, but the effects of laminins were diminished (Figure 4D). 

Similarly, there was no increased binding under shear flow conditions in the presence of BEC 

(Figure 5H-5J). Blocking a6 integrin or aDG did not inhibit the transient T cell binding (data not 

shown). Together, these data showed that inhibition of migration by laminin 511 was not due to 

simple high affinity binding to Lama5. 

Transwell assays were conducted using a Boyden chamber coated with BEC monolayers 

and a CCL21 gradient (Figure 5A). Naïve CD4, T memory, T effector, nTreg, iTreg, and CD8 T 

cell subsets behaved similarly: laminin 411 promoted and laminin 511 inhibited their migration 

(Figure 5B and 5C). The combination of 411 plus 511 resulted in mutual inhibitory effects. The 

Lama5 inhibitory effects were attenuated with blocking a6 integrin or aDG mAbs (Figure 5B, 

Supplementary Figure S11), indicating that many different T cells recognize Lama5 through  a6 

integrin and aDG. Additionally, laminin 421 and 521 trimers displayed similar stimulatory and 

inhibitory effects as laminin 411 and 511, respectively (Figure 5D), indicating that the laminin a 

chain was responsible for these functions. Moreover, laminin 411 promoted while 511 suppressed 

the TEM of human Treg and activated CD4 T cells, which also recognized laminin 511 through 

a6 integrin and aDG (Figure 5E and 5F). 

In vitro shear flow was performed using the Bioflux system to model in vivo blood vessel 

laminar flow (Figure 5G). The flow channel was coated with a BEC monolayer along with CCL21 

over a coating of laminin 411 and/or 511. Shear was applied to the channels by laminar flow and 

T cells attaching to the endothelial layer were recorded in intervals by real-time imaging. As 

compared with the PBS coated control group, laminin 411 favored the attachment and TEM of 

CD4 T cells and iTreg, while laminin 511 inhibited this response (Figure 5H). The laminin 511 

inhibition was attenuated by adding laminin 411 to the coating or by pretreating the T cells with 

mAbs against a6 integrin or aDG (Figure 5I). A turbulent flow device supplying higher shear force 

(4 dynes/cm2) (34) was used to confirm the effects of laminins 411 and 511 on TEM. Laminin 411 

promoted but laminin 511 inhibited both CD4 and CD8 T cell TEM (Figure 5J). Overall, these data 
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showed that Lama4 promoted while Lama5 inhibited many parameters of T cell TEM toward 

chemokine signaling, and T cells recognize laminin 511 through a6 integrin and aDG. 

Lama5 restricts CD4 T cell and Treg migration in vivo 
Since the LN of Lama5 deficient mice contained more chemokines, cell adhesion 

molecules, HEV, and Treg in the CR, and since laminins regulated numerous aspects of T cell 

migration, we hypothesized that laminins directly regulated migration of T cells and Treg to the 

HEV and CR. To test this, naïve CD4 T cells and iTreg were labeled with eFluor670 and CFSE, 

respectively, and adoptively transferred into Lama5 KO and WT mice. After 16 hours, T cell 

entrance in LN was evaluated through immunohistochemistry. In Lama5 KO mice, transferred 

naïve CD4 T cells and iTreg were both increased 2-fold in CR and 4-fold in HEV compared to WT 

(Figure 6A). To test T cell retention in LN, blocking mAbs to CD62L were administered 18 hours 

after T cell transfer. The cells remaining in LN were assessed 18 hours after mAb administration. 

The results showed that there was CD4 T cell egress, with cells egressing slightly more from KO 

compared to WT LN. In contrast, iTreg were relatively retained in LN and there was no difference 

between WT and KO LN (Supplementary Figure S12). Overall, these results suggest that the 

relatively higher concentration of CD4 T cells or Treg in the CR and HEV of KO LN was due to 

primarily to increased migration into the LN rather than increased retention. 

Naïve CD4 T cells and iTreg were pretreated with blocking mAbs against aDG or a6 

integrin before adoptive transfer to WT recipients. Both blocking mAbs significantly increased 

naïve CD4 T cell and iTreg migration into LN compared to the isotype controls (Figure 6B). More 

transferred naïve CD4 T cells and iTreg were detected in CR and around HEV (Figure 6C). These 

findings further demonstrated that Lama5 regulates T cell entrance into LN via receptors aDG 

and a6 integrin. Our results also show that these mAbs do not deplete T cells, so that their 

immunomodulatory effects (vide infra) were not due to simple depletion of T cells. Indeed, 

intravenous injection of anti-aDG or anti-a6 integrin resulted in increased numbers of Treg and 

CD4 T cells in the CR and around HEV (Figure 7A-7D), while there were no significant differences 

in CD8 T cells, DC, or B cells (Supplementary Figure S13). These results indicated that 

systemically blocking Lama5 receptors aDG or a6 integrin altered the trafficking of endogenous 

CD4 T cells and nTreg without depletion of or interference with other leukocytes. 

Overall, the in vivo migration of CD4 T cells and iTreg from blood to LN was facilitated 

through either genetically depleting LN stromal Lama5 gene or pharmacologically blocking Lama5 

receptors. In this niche, T cells migrated through and interact with Lama5 via aDG and anti-a6 

integrin, and Lama5 was a key component of the microenvironment that restricted T cell migration. 
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Lama5 regulates antigen specific T cell responses to alloantigen 
The effect of Lama5 on antigen specific CD4 T cell responses during immunity and 

tolerance induction was assessed. Lama5 KO and WT (all C57BL/6 [H-2b] background) mice were 

immunized with BALB/c (H-2d) DST or tolerized with anti-CD40L mAb plus DST. Recipients had 

adoptive transfer from CD45.1 T cell receptor transgenic (TCR Tg) CD4 T cells from TEa mice 

that recognize donor I-Ed (Ea antigen) presented by recipient I-Ab (35). After three and five days, 

TEa T cell enrichment, activation, and polarization in pLN, mLN and spleen were analyzed. Under 

both immune or tolerant conditions, more transferred cells were detected in secondary lymphoid 

organs (SLO) than in naïve conditions without DST or anti-CD40L after 3 days of injection. Notably, 

there were also more TEa cells in Lama5 KO than in WT SLO (Figure 8A). In immune and tolerant 

conditions more transferred cells were observed in the KO LN around HEV (Figure 8B). In 

immunity, the activation of alloantigen specific CD4 T cells determined by CD44hiCD69+ 

expression was lower in Lama5 KO LN compared to WT, after 3 and 5 days of injection. There 

was a similar trend in tolerogenic conditions (Figure 9A), indicating that depleting Lama5 may 

have an inhibitory effect on T cell activation. In tolerance and immunity, there was a higher 

Treg:Th17 ratio in Lama5 KO SLO, with significant values in tolerance. This indicate that depleting 

stromal Lama5 favored Treg differentiation (Figure 9B). These results showed that stromal Lama5 

functioned in vivo during the response to alloantigen, and deficiency of Lama5 created a 

tolerogenic niche with more Treg. 

Depletion of LN stromal Lama5 promotes tolerance 
Lama5 KO and WT mice received cardiac allografts from BALB/c donor mice. Without 

immunosuppression, all allografts were acutely rejected by both groups with identical kinetics 

(median survival time (MST) =6.5 days), indicating that the conditional knock out does not affect 

acute allograft rejection to a strong complete histocompatibility difference (Figure 10A). Next, we 

assessed clinically relevant, but non-tolerogenic, immunosuppressive protocols. Starting on the 

day of transplantation, mice received either tacrolimus (2 mg/kg/d s.c.) or a single dose of anti-

CD40L mAb (250 µg i.v.). Graft function was monitored until rejection. Lama5 KO recipients 

treated with tacrolimus had significantly longer survival than WT (MST 89 vs 27.5 days, p<.002, 

Figure 10B). A trend for prolongation of graft survival was also observed with anti-CD40L (MST 

155 vs 91 days, p=0.07, Figure 10C). Therefore, conditional deletion of LN Lama5 promoted 

longer graft acceptance with single immunosuppression regimens with a calcineurin inhibitor or 

costimulatory blockade treatment. 
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Since Lama5 regulates T cells through aDG or a6 integrin, and since not all Lama5 was 

depleted in the conditional KO, we hypothesized that blocking these receptors would be 

immunosuppressive and have additive effects in Lama5 KO mice. As noted above, these 

antibodies were not depleting, so that any influence on graft survival would not be due to depletion 

of effector cells. Lama5 KO and WT recipients received anti-a6 integrin (10 µg i.v., isotype IgG) 

or anti-aDG (10 µg i.v., isotype IgM) mAb every 3 days. Compared with the isotype control group, 

WT recipients treated with anti-a6 integrin had a small but significant prolongation of allograft 

survival (MST 10 vs 7 days, p<0.001), while Lama5 deficient recipients displayed further 

prolongation (MST 12 days, p<0.05, compared to WT, Figure 10D). Lama5 KO mice treated with 

aDG had the most prolonged allograft survival (MST: 13 vs 7 days, p<0.003, Figure 10E), as 

compared with WT recipients which showed similar allograft survival to the isotype controls (MST 

7 days). Administration of both anti-a6 integrin plus anti-aDG to WT recipients increased MST up 

to 15 days compared to isotype controls (MST 8 days). Notably, the Lama5 KO recipients treated 

with anti-aDG plus anti-a6 integrin displayed a further increase in MST to 27.5 days (Figure 10F). 

These observations indicated that depletion of LN stromal Lama5 and systemic blockade of the 

laminin 511 receptors aDG and/or a6 integrin prolonged allograft survival and those strategies 

work additively. 

We also investigated the influence of blocking Lama5 receptors together with tacrolimus. 

Mice receiving tacrolimus plus anti-a6 integrin had longer graft survival than controls (MST 67.5 

vs 28.5 days, P<0.005, Figure 10G). Similarly, tacrolimus plus aDG treatment also significantly 

increased graft survival (MST from 19 to 63.5 days, p<0.001, Figure 10H). These results are 

commensurate with generically depleting stromal Lama5 (Figure 10B), again confirmed the role 

of Lama5 in chronic graft alloimmunity. 

Since stromal Lama4 and Lama5 are expressed around blood vessels (36), we asked if 

there were changes in their distribution in the allograft as a result of the different treatments. As 

compared to healthy BALB/c hearts, Lama4 was slightly increased (2-fold), but Lama5 increased 

more dramatically by 4-fold in the rejected heart, leading to a reduced Lama4:Lama5 ratio (Figure 

11A and 11B). Further, the grafts of recipients without immunosuppressor were rejected at day-9 

of transplantation. In rejected grafts, Lama5 increased to 8-fold as normal hearts and 2-fold as 

non-rejected grafts (day-6), while Lama4 did not show further increase compared with non-

rejected grafts, leading to decreased Lama4:Lama5 ratio. Nevertheless, in the anti-CD40L treated 

recipients, grafts were not rejected at day-9, the Lama4 and Lama5 levels was comparable to that 
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of day6 recipients. Overall, these results showed that a decreased Lama4:Lama5 ratio in tissues 

was also associated with the severity of rejection. 

LN stromal Lama5 regulates alloantigen specific T cell responses during transplantation 

On the day of cardiac transplantation, CD45.1 CD4 TEa cells were transferred into the 

recipients treated with anti-CD40L. After 3 or 5 days, TEa cell migration, activation and 

differentiation within recipient SLO were analyzed. At day 3 after transplantation, more TEa cells 

were detected in SLO compared to non-transplanted controls injected with TEa cells only, and 

more TEa cells were detected in Lama5 KO than in WT recipient SLO (Figure 12A). TEa cell 

activation marked by CD44hiCD69+ was decreased in Lama5 KO recipient LN (Figure 12B). 

Higher Treg:Th17 ratios were detected in Lama5 KO recipient LN (Figure 12C). Together, those 

results demonstrated that LN stromal Lama5 regulated antigen specific CD4 T cell migration and 

activation, and played a role in balancing tolerance versus immunity, thereby affecting allograft 

survival and transplantation outcomes. 

Discussion  
We established a conditional Lama5 KO mouse model in which Lama5 transcripts were 

depleted completely in FRC, and partially in BEC and LEC. The Lama5 protein was decreased 

and the Lama4:Lama5 protein ratios were increased in CR and around HEV, with upregulated 

numbers of Treg, expression of the cell migration-related chemokines CCL21 and CXCL21, and 

expression of VCAM-1 also in the CR and around the HEV (Figure 13). Under both static and 

shear stress flow conditions, the TEM of various mouse and human T cell subsets was enhanced 

by laminin 411. In contrast, laminin 511 inhibited T cell TEM. In vivo LN trafficking was regulated 

by Lama5 through the T cell receptors a6 integrin and aDG, and inhibiting these receptors also 

resulted in enhanced migration of Treg into the CR, similar to genetic ablation of Lama5. Depleting 

stromal Lama5 promoted antigen-specific T cell migration into the LN, interfered with their 

activation, and altered their differentiation under both immune and tolerant conditions, and during 

allograft transplantation. Prolonged allograft acceptance was obtained by modulating Lama5 

expression genetically or function pharmacologically, with both strategies working additively. 

Together, our study illustrated that LN stromal Lama5 regulated the immune response through T 

cell migration and function. 

Depleting LN stromal Lama5 did not change total CD4 T cell, CD8 T cell, B cell, or DC 

percentages in thymus, LN, or spleen. However, depleting stromal Lama5 led to increased type 

2 innate lymphoid cells (ILC2s) but decreased ILC3s in peripheral LN (Supplementary Figure S14). 

LNSC percentages were also not altered, but HEV structures marked by CD31 and PNAd were 
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increased in the KO LN. HEV neogenesis requires the interaction between lymphoid tissue 

organizer (LTo) cells and the lymphoid tissue inducer (LTi) cells. During the interaction, the 

endothelial LTo cells express adhesion molecules like ICAM-1, VCAM-1 and chemokines 

including CCL19, CCL21 to attract the LTi cells (37, 38). We showed CCL21 and VCAM-1 were 

upregulated in Lama5 KO LN, which may be involved in the LTo-LTi cell interaction and promote 

the enhanced generation of HEV (39). Further, HEV maintenance relies on CD11c+ DC (40–43) 

producing vascular endothelial growth factor to induce HEV growth (43) and also stimulating FRC 

to secrete VEGF in an LTβR dependent manner (31). DC migration from the blood through HEV 

relies on HEV expressing CCL21 (30), while Lama5 suppresses DC motility (36). The present 

study showed depleting stromal Lama5 upregulated CCL21 and more CD11c+ DC were found 

around HEV (Supplementary S7A-S7B). The increased CCL21 may facilitate DC recruitment to 

LN paracortex and thus promote HEV neogenesis. Increased complexity of ER-TR7+ fibers 

branching around the HEV is associated with more Treg in the CR, enhanced tolerance, and 

prolonged allograft survival (44), suggesting the increased HEV structures and enhanced 

lymphocyte trafficking work positively to promote immune regulation and tolerance. Taken 

together, our results demonstrated depleting Lama5 in stromal cells, particularly in FRC, affected 

specific LN structures that resulted in increased T cell and Treg migration to the LN. 

The CCR7-CCL19/CCL21 axis is the primary signaling driving LN homing, including naïve 

T cells, Treg, and DC (45, 46). Both CCL21 and CXCL12 play crucial roles in endothelial 

transmigration and intranodal distribution of T cells (47). CCL21 is abundantly produced by HEV, 

while CXCL12 is mainly produced by FRC (48). This is supportive of our data showing CCL21 is 

highly located around HEV and CXCL12 dominantly distributed in the CR. After L-selectin 

regulated rolling and tethering, CCL21 immobilized on the HEV luminal surface by heparan 

sulfates is responsible for the activation-induced arrest of lymphocytes, as well as the subsequent 

transendothelial migration (49). CCL21 triggers LFA1 activation on the rolling lymphocytes, 

thereby transitioning to adhesion status of the lymphocytes (48). Here we detected greater 

numbers of Treg in Lama5 KO CR and around HEV. In Lama5 KO LN, the chemokines CCL21 

and CXCL12, and cell adhesion molecule VCAM-1 were increased, suggesting that depleting LN 

stromal Lama5 promoted T cells to enter the LN by upregulating these migration related 

molecules. Lymphocyte migration and enhanced chemokine production may function in a positive 

feedback loop so that enhanced lymphocyte flow driven by chemokines then stimulates stromal 

cells to produce more chemokines (50). DC enhance stromal cell production of CCL21, which in 

turn facilitates lymphocyte migration (41). We also showed that while Lama5 enhanced T cell 

migration into the LN, it did not regulate LN retention. Thus, adoptively transferred iTreg and naïve 
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CD4 T cells were increased in Lama5 KO CR and HEV (Figure 6A), yet blocking CD62L results 

in similar LN egress in WT and KO LN (Supplementary Figure S12).  

In considering the relatively increase abundance of Treg in the KO LN, it is worth noting 

that both Treg and naïve CD4 T cells express CCR7 (receptor for CCL21 and CCL19) and CXCR4 

(CXCL12 receptor) (51). This is commensurate with our in vivo migration data showing no 

difference between naïve CD4 and Treg (Figure 5). However, Treg have a different pattern of 

chemokine receptor expression compared to effector cells (e.g., TH1, TH2, TH17) which rarely 

express CCR7 and CXCR4 (51). Therefore, CCL19, CCL21 and CXCL12 may selectively drive 

naïve T cells and Treg into the LN. As we previously showed (52), those naïve T cells are driven 

to differentiate into Treg in a tolerant environment. Furthermore, in the present study, we detected 

a difference in the retention of naïve CD4 T cells compared to Treg in the cell egress assay. After 

blocking entrance of cells into LN using anti-CD62 mAb, both endogenous and adoptively 

transferred Treg were retained in LN compared to naïve CD4 T cells which exited the LN (Figure 

S12), leading to higher levels of Treg in LN. 

Lymphocyte location in LN microdomains is associated with distinct cell fates. The CR 

contains a higher concentration of FRC and is a site for T cell and DC interactions crucial for 

tolerance induction and maintenance (53). Th17 and Treg are primed in the CR and the choice 

between immunity and tolerance may depend on other local factors, such as stromal laminin 

signals as shown here (54). Induction of adaptive iTreg occurred preferentially in the CR 

compared to spleen (Figure 7C), consistent with the earlier report showing iTreg induction occurs 

preferentially in LN (55). CCL21 on HEV serves as the major chemotactic force for recruiting pDC 

from blood to trigger iTreg generation (30). In contrast, the spleen does not have HEV structures, 

again emphasizing the integral role of LN in adaptive tolerance. The Treg:Th17 ratio was 

increased in Lama5 KO CR in both suppressed and immune conditions (Figure 7C and 9C). This 

accords well with our in vitro data showing that Lama5 promotes Th17 while suppressing Treg 

differentiation (56). Our findings also demonstrate that the laminin signals can be dominant 

regardless if the environment is pro-immunogenic or pro-regulatory. With the addition of 

pharmacologic immunosuppressants, prolonged allograft acceptance was obtained by genetically 

depleting stromal Lama5 or blocking the T cell Lama5 receptors, indicating that suppressing 

Lama5 expression or function favors long term immune regulation and suppression. In our 

previous study, a robust alloantibody response in the cardiac transplantation model was not 

observed (24), indicating that the enhanced cardiac graft survival due to deletion of Lama5 was 

mostly likely dependent on inhibition of cellular immunity. Further, the Lama5 KO mice and the 

anti-Lama5 receptor treated mice appeared as healthy as the WT or untreated, and did not have 
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cytokine storms or other types of pathologic responses, as assessed by the clinical condition of 

the animals, to account for the inhibition of immunity caused by interfering with Lama5 function or 

expression. These observations excluded other pathological or serological variables that 

accounted for changes to graft survival. The strategy of modulating tolerance through suppressing 

Lama5 may be translatable to humans with mAbs directed to Lama5, a6 integrin, or aDG. 

This study for the first time demonstrated the in vivo role of LN stromal Lama5, especially 

expressed by FRC in immune regulation. Lama5 depletion altered LN structure and chemokine 

and integrin regional expression, and thus promoted T cell migration into the LN while 

simultaneously channeling T cell differentiation. Manipulating Lama5 expression or function 

created a suppressive niche in the LN that promoted allograft acceptance identifying an effective 

therapeutic target to modulate immunity. The LN scaffold components such as stromal collagens 

and other fibers, ERTR7, cytokines, chemokines, and adhesion molecules comprise the LN 

microenvironment that regulate the behavior of trafficking T cells. Depleting Lama5 affected the 

expression of neighboring molecules on FRC and other stromal cells and leukocytes. Further 

studies will be required to tease out additional molecules processes that underlie the changes in 

LN structures and function. For example, how laminins interact with the CD40-CD40L cascade 

and LTab-LTβR and NF-κB signaling pathways may be particularly revealing. 

Methods 
Mice: C57BL/6 (H-2b), BALB/c (H-2d) mice were from The Jackson Laboratories (Bar Harbor, ME). 

Pdgfrb-Cre+/- mice (29), a gift from Dr. Ralf Adams (Max Planck Institute for Molecular Biomedicine, 

Muenster, Germany) were crossed with Lama5 floxed mice (28), a gift from Dr. Jeff Miner 

(Washington University School of Medicine, St. Louis, MO) and backcrossed with C57BL/6 for 10 

generations. The Lama5 conditional KO mice (Pdgfrb-Cre+/- x Lama5fl/fl) are healthy, fertile, and 

without abnormal findings when aging, such as colitis, alopecia, weight loss or other signs of 

infection or autoimmunity. T cell receptor transgenic mice expressing the TEa TCR (recognizing 

I-Ae antigen in the context of I-Ab) were acquired from Dr. A.Y. Rudensky (Memorial Sloan 

Kettering Cancer Center, New York, NY). Experiments were conducted with age- and sex-

matched mice aged at 8-12 weeks. All animals were housed under specific-pathogen-free 

conditions and all protocols were approved by the University of Maryland School of Medicine 

Institutional Animal Care and Use Committee (IACUC). 

Reagents and antibodies: Laminin 411 and laminin 511 were from Biolamina (Sundbyberg 

Sweden). CFSE and efluor670 were from Molecular Probes (Eugene, OR). Tacrolimus (USP 

grade) was from Sigma-Aldrich (St. Louis, MO). IL-2 and TGFb were from Invitrogen (Sino 
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Biological, PA), and mouse and human CCL21 were from R&D systems (Minneapolis, MN). The 

antibodies used in this study are shown in Supplementary Table 1. 

Cell preparations: CD4 and CD8 T cells were isolated from LN and spleen using EasySep™ 

Mouse CD4 T cell isolation kit (Catalog No. 19852, Stemcell Technologies, Vancouver, Canada) 

and EasySep™ Mouse CD8 T cell isolation kit (Catalog No. 19853A, Stemcell Technologies), 

respectively. DC and B cells were obtained through sorting CD11c+ and B220+ cell populations, 

respectively. The splenocytes isolated from BALB/c mice spleen were used for donor specific 

transfusion. CD4 TEa cells were isolated from CD45.1-TEa TCR transgenic mice using mouse 

CD4 T cell isolation kit. nTreg (CD4+CD25hi) and memory CD4 T cells (CD4+CD44hi) from naïve 

C57BL/6 mice were isolated with flow cytometry sorting. For iTreg, CD4 T cells isolated from 

Foxp3-GFP mouse (5x104 cells per well) were cultured for 5 days in pro-Treg medium containing 

IL-2 (20 ng/ml, ThemoFisher), anti-CD3e mAb (1 mg/ml), anti-CD28 (1 mg/ml) human TGF-b1 (10 

ng/ml, Sino Biological). GFP+ cell populations were sorted. FRC (CD31-GP38+), BEC 

(CD31+GP38-) and LEC (CD31+GP38+) were sorted from the stromal cells harvested 

through enzymatic digestion of mouse LN as described by Fletcher et al (10).  

Human Treg were isolated from peripheral blood mononuclear cells using anti-CD25 

microbeads (Miltenyi Biotec, Bergisch Gladbach, Germany). The nTreg 

(CD4+CD25highCD127−CD45RA+) and naïve CD4 T cells (CD4+CD25-CD127+CD45RA+) were 

sorted. The purified nTreg were stimulated with irradiated KT64/86 cells cultured in XVivo-15 

(BioWhittaker, Walkersville, MD) media containing 10% human AB serum (Valley Biomedical, 

Winchester, VA), Pen/Strep (Invitrogen, Carlsbad, CA), N-acetyl cysteine (USP), and 

recombinant IL-2 (300 IU/mL; Chiron, Emeryville, CA) for 14 days. Before using, frozen nTreg 

and CD4 T cell were thawed and re-stimulated with anti-CD3/CD28 mAb-Dynabeads (Life 

Technologies, Carlsbad, CA) at 1:3 (cell to bead) plus recombinant IL-2 (300 U/ml) for 10 days 

before experiment (57). 

Immunosuppression and tolerogenic regimens: For immunosuppression, mice were treated 

with one dose of anti-CD40L mAb (MR1, 0.25 mg i.v., BioXCell, West Lebanon, NH), or received 

daily tacrolimus (2 mg/kg/d sc). To block Lama5 receptors, anti-a6 integrin mAb (clone GoH3, 

Biolegend, San Diego, CA), or anti-a-dystroglycan mAb (clone IIH6C4, Merck Millipore, Darstadt, 

Germany) was administered at 10 µg i.v. every 3 days. Tolerance and immunity were induced as 

previously described (44). Briefly, Mice were tolerized intravenously (i.v.) with 1x107 donor 

splenocytes and 250 µg anti-CD40L mAb. Immune mice received DST only. 106 CD45.1 CD4 

TEa cells were adoptively transferred at the time of immune or tolerance induction. Immunity and 
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tolerance or suppression were assessed by measuring T cell responses including proliferation, 

activation (CD44HiCD69+), transcription factors (Foxp3), and cytokines (IL-17). Foxp3+ Treg and 

IL17+ Th17 cells were measured through flow cytometry to indicate tolerance and immunity, 

respectively. Data were presented as Treg: Th17 ratios to indicate the balance of tolerance versus 

immunity. 

Cardiac allograft transplantation: Lama5 KO or WT mice (C57BL/6) were transplanted with 

heterotopic cardiac allograft from sex-matched donor BALB/c mice as previously described (58). 

On the day of transplantation, mice were treated with anti-CD40L or received daily tacrolimus. To 

block Lama5 receptors, recipients were treated with anti-a6 integrin mAb or isotype control (rat 

IgG2a), or anti-aDG mAb or isotype control (IgM) every 3 or 7 days. 5-8 mice per group were 

transplanted as indicated by n-values in Figure 10. Graft function was monitored daily by 

abdominal palpation until rejection.  

Flow cytometry: Mouse LN and spleen were passed through 70-mm nylon mesh screens (Fisher 

Scientific) to produce single-cell suspensions (59). Cell suspensions were treated with anti-

CD16/32 (clone 93, eBioscience, San Diego, CA) to block Fc receptors, then stained with 

antibodies to surface molecules and washed two times in FACS buffer (PBS with 0.5% w/v BSA). 

Flow cytometry antibody clones, fluorochromes, concentrations, vendors and catalogue numbers 

are listed in Supplementary Table 1. Samples were analyzed with an LSR Fortessa Cell Analyzer 

(BD Biosciences, San Diego, CA). Data were analyzed with FlowJo software version 10.6 (Tree 

Star, Ashland, OR). 

Immunohistochemistry: LN isolated from mice were excised and frozen in OCT (Sakura Finetek, 

Torrance, CA) on dry ice. The LN cryosections were cut in triplicate at 6 µm using a Microm HM 

550 cryostat (ThermoFisher Scientific, Waltham, MA). Sections attached on slides were fixed with 

cold acetone/ethanol (1:1) solution and washed in PBS buffer (Lonza, Walkersville, MD). Primary 

antibodies and isotype controls are shown in Supplementary Table 1 and diluted according to the 

manufacturer’s protocol and added to slides for 1 hour. Sections were washed with PBS, blocked 

with 5% monkey serum, and incubated with secondary antibodies for 90 minutes. Slides were 

then fixed with 4% paraformaldehyde (PFA)/PBS solution (Alfa Aesar, Tewksbury, MA) for 5 min. 

After washing slides in PBS for 15 minutes, the sections were incubated with 1% glycerol for 5 

minutes. Prolong Gold Antifade Mountant with or without DAPI (Thermofisher Scientific) was 

added before covering the sections with cover slides. Images were acquired under EVOS FL Auto 

2 Imaging system and analyzed with Volocity image analysis software (PerkinElmer, Waltham, 
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MA). The percentage positive staining area was quantified based on at least three independent 

experiments with 3 mice/group, 3 LN/mouse, 3 sections/LN, 3-5 fields/section. 

Real time 2-dimensional imaging: CD4 T cells were stained with Cell Trace™ CFSE Cell 

Proliferation Kit (Thermo Fisher Scientific). 5 x 105 CFSE+ CD4 T cells were seeded into each 

well of a 24 well plate coated with laminin 411 (2 µg/ml) or laminin 511 (1 µg/ml). CD4 T cell 

motility and migration were visualized with an EVOS™ FL Auto Imaging System (Life 

Technologies, Carlsbad, CA) with a 20× objective. One image was captured every 5 minutes for 

2 hours. Distance from origin and velocity were analyzed with Volocity version 6.1.1 (Perkin 

Elmer). 

Transmigration assay: Laminin 411 or 511 were diluted in 0.2% gelatin/DPBS to 30 μg/ml and 

coated onto 5-μm porous transwell inserts set in a 24-well plate (Costar, Corning Inc., Corning, 

NY) at 37°C for 2 hours (8). 2-3 days before the transmigration assay, MS-1 BEC (ATCC® CRL-

2279™) in 10% DMEM were seeded into the top of the laminin-coated transwell insert and grown 

to confluence. 0.5 μg/ml CCL21 (R and D Systems, Minneapolis, MN) in 600 μl fresh 0.5% BSA 

media was added to the bottom well; 5 × 105 CFSE-labeled CD4 T cells were added to the top of 

the insert, and the plate was incubated at 37°C in 5% CO2 for 3 hours. Cells were quantified in 

the bottom wells to assess migration across inserts.  

Cell perfusion assay: A BioFlux 1000 system (Fluxion Biosciences, Alameda, CA) coupled with 

an automated Axio Observer Z1 microscope (Carl Zeiss, Oberkochen, Germany) was used to 

perform cell perfusion assay (Warren et. Al. 2014). CD4 T cells were stained with Cell Trace™ 

CFSE Cell Proliferation Kit (catalog No. C34554), 100 µl CFSE+ T cells (3.0 × 106 cells/ml) were 

perfused through channels under shear flow force of 0.5 dynes/cm2 at 37°C. 

Additionally, a multi-functional fluid flow device (34) that supplies turbulent shear flow over 

BEC was used. Briefly, each well of a 96 well plate was coated with 50 µl fibronectin (Sigma-

Aldrich), 5 ug/ml)/well for 1 hour at 37°C, then 50 µl of laminin 411 (30 μg/ml) or 511 (30 μg/ml) 

or both were incubated for 2 hours at 37°C, then 3x105 MS-1 cells were placed in each well and 

cultured 24 hours to obtain confluent monolayers, then 100 µl CCL21 (0.5 μg/ml) was incubated 

in the wells for 6h. 10 ml CFSE+ T cells (3.0 × 105 cells/ml) were perfused over the MS-1 

monolayer with a syringe pump (Braintree Scientific, Inc.) at 3.5 ml/min (4 dynes/cm2). The 

number of CD4 T cells attached to endothelial cell monolayer was analyzed through quantifying 

the fluorescent images using ImageJ software version 1.5. Four representative fields were taken 



 17 

in each well, at least 4 wells for each condition, and data were analyzed based on three 

independent experiments. 

In vivo migration assay: In vivo blood migration assays were performed to evaluate T cell 

migration as previously published (60). Briefly, mice were intravenously injected with 2x106 CFSE 

stained naïve CD4 T cells and 2x106 eFluor 670 stained iTreg, with staining protocols following 

the manufacture’s instruction. The mice were euthanized 16 hours post injection. LN were 

harvested for cryosections and labelled T cell entrance into LN was analyzed through 

immunohistochemistry as described above. 

Quantitative Real-Time PCR: Lama5 mRNA expression levels were quantified by real-time PCR 

(qRT-PCR) using the SYBR Green PCR kit (QIAGEN, Valencia, CA) and Applied Biosystems 

7900HT Fast Real-time PCR System (Life Technologies, Grand Island, NY). RNA isolation, 

reverse transcription, PCR, were conducted as described previously (59). Primer sequences 

were: Lama5 forward 5’-GGACCTCTACTGCAAGCTGGT-3’ and reverse 5’-

ATAGGCCACATGGAACACCTG-3’; Lama4 forward 5’-AAGCCTCAAGAAAGGGTATGC-3’ and 

reverse 5’-AAATGTTGCCCTATGGCTTG-3’. CCL19 forward 5’-ATGCGGAAGACTGCTGCC-3’ 

and reverse 5’-CGGAAGGCTTTCACGATGTT-3’. CCL21 forward 5’-

TCCCGGCAATCCTGTTCTT-3’ and reverse 5’-CCTTCCTCAGGGTTTGCACA-3’. CXCL12 

forward 5’-CTCTGCATCAGTGACGGTAA-3’ and reverse 5’-CTTCAGCCGTGCAACAATCT-3’. 

VCAM-1 forward 5’-GCAGGATGCCGGCATATACG-3’ and reverse 5’-

TGCGCAGTAGAGTGCAAGGA-3’. ICAM-1 forward 5’- CACCCCAAGGACCCCAAGGAGAT-3’ 

and reverse 5’-CGACGCCGCTCAGAAGAACCA-3’. MAdCAM-1 forward 5’-

AGAAGAGGAGATACAAGAGG-3’ and reverse 5’-TAGTGTCTGGGCGAGGACC-3’. VEGF-A 

forward 5’- TTACTGCTGTACCTCCACC-3’ and reverse 5’- ACAGGACGGCTTGAAGATG-3’. 

VEGF-C forward 5’-ACCGTGTGCGAATCGACTG-3’ and reverse 5’-

AATACGATGGGACACAGCGG-3’. VEGF-D forward 5’- TTGACCTAGTGTCATGGTAAAGC-3’ 

and reverse 5’- TCAGTGAACTGGGGAATCAC-3’. Cyclophilin A forward 5’-

AGGGTGGTGACTTTACACGC-3’ and reverse 5’-ATCCAGCCATTCAGTCTTGG-3’; aDG 

forward 5’-CTGGAAGAACCAGCTTGAGG-3’ and reverse 5’-ATGACTGTGTGGGTCCCAGT-3’. 

PCR consisted of a 15 minute 95⁰C denaturation step followed by 45 cycles of 15s at 94⁰C, 20s 

at 56⁰C, and 20s at 72 ⁰C. Normalized values for specific gene expression were calculated as 

follows: 2-ddCt. Each RNA sample was run in triplicate, and each experimental group consisted 

of three individual samples. 
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Statistics: All in vitro experiments were conducted at least three times individually with triplicate 

samples. In vivo migration experiments (3 mice/group) were performed at least 2 times. All 

transplantation experiments were performed three times. Immunohistochemistry was performed 

at least three times, 3 mice each group, at least 3 LN collected from each mouse, 3 sections/LN, 

and over 5 fields/section were acquired. Fluorescence images were analyzed using Velocity 

software 6.1 for fluorescence density quantification and cell counting. Figures were organized 

using GraphPad Prism Software (version 8, GraphPad Software, Inc., La Jolla, CA) and presented 

as the mean ± SEM. Statistical analyses were performed using Student’s t test for single variable 

differences, or One-way ANOVA with Tukey’s multiple comparisons test for multiple 

comparisons. Statistical analysis of graft survival data was assessed by Log- rank (Mantel-Cox) 

test. *P < 0.05 was considered statistically significant. 

Study approval: All animal experiments were performed in accordance with Institutional Animal 
Care and Use Committee approved protocols. 
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Figures and figure legends 

 
Figure 1. Characterization of Lama5 conditional KO mice. A. Lama4 and Lama5 gene expression in 
FRC, BEC and LEC in Lama5 KO and WT mice. Stromal cell subsets sorted from LN of Lama5 KO and 
WT mice; Lama4 and Lama5 transcripts relative to cyclophilin A measured by qRT-PCR (n=7). B-C. Lama4 
and Lama5 expression in peripheral LN from Lama5 KO and WT mice. B. LN sections stained for Lama4 
and Lama5; representative images at 20X magnification, scale bar 100 µm. C. Percentages of Lama4 and 
Lama5 positive areas, and Lama4: Lama5 ratios in the CR and around HEV (n=30). D. pLN stained for 
Foxp3, CD3, peanut agglutinin, and B220. Left panel, representative images, scale bar 200 µm; right panel, 
quantification of Treg in whole section and T cell zones (n=30). A-D: At least 3 independent experiments, 
3 mice/group, 3 LN/mouse, 3 sections/LN and 3-5 fields/section. Student’s unpaired 2-tailed t tests. Mean 
± SEM, *p < 0.05, **p < 0.01, ***p < 0.001. 
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Figure 2. Depleting stromal Lama5 increases LN Treg and HEV. A. LN stained for ERTR7 and CD31. 
B. LN stained for PNAd and Foxp3 and co-localization between Foxp3 and PNAd analyzed by Pearson’s 
correlation coefficient (PCC). A-B: scale bars 200 µm (left), 50 µm (right). A-B. Whole section scanning 
images; 20x. Left panels, representative images; right panels, staining percentages (n=30). C. VEGF-A, 
VEGF-C and VEGF-D gene expression in FRC, BEC and LEC in Lama5 KO and WT mice (n=3). A-C, data 
is representative of 3 independent experiments with 3 mice/group, 3 LN/mouse, 3 sections/LN and 3-5 
fields/section. Student’s unpaired 2-tailed t tests. Mean ± SEM, *p < 0.05, **p < 0.01, ***p < 0.001. 
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Figure 3. Depleting stromal Lama5 increases CCL21, CXCL12 and VCAM-1. A. CCL21 and CXCL12 
protein expression in CR and around HEV (n=30), scale bar: 200 µm; and gene expression in FRC, BEC 
and LEC in Lama5 KO and WT mice (n=3). B. VCAM-1 and ICAM-1 protein expression in CR and around 
HEV (n=30), scale bar 50 µm. C. VCAM-1, ICAM-1 and MAdCAM-1 gene expression in FRC, BEC and 
LEC in Lama5 KO and WT mice (n=3). A. Whole section scanning images; 20x; B. 20x images. Left panels, 
representative images; right panels, staining percentages (n=30). A-C, data is representative of 3 
independent experiments with 3 mice/group, 3 LN/mouse, 3 sections/LN and 3-5 fields/section. Student’s 
unpaired 2-tailed t tests. Mean ± SEM, *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 4. Lama5 regulates T cell migration via a6 integrin and aDG. A. CD4 T cell track length and 
velocity migrating on laminin a4b1g1 (411) and/or a5b1g1 (511) coated surfaces (2 µg/ml each) measured 
with real-time live imaging (n=6). B. aDG gene transcripts in various T cell subsets relative to hypoxanthine 
phosphoribosyltransferase (HPRT) measured by qRT-PCR (n=4). C. Track length and velocity of CD4 T 
cells treated with blocking mAbs against a6 (10 µg/ml, isotype IgG) integrin or aDG (5 µg/ml, isotype IgM). 
(n=6). D. CD4 T cell binding to laminin 411 and/or 511 (2 µg/ml each), plus anti-CD3 (50 µg/ml) or CCL21 
(500 ng/ml) coated flat bottom 96 well plates (n=8). A-D, data is representative of 3 experiments. Mean ± 
SEM. *p < 0.05, **p < 0.01, ***p < 0.001. 
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Figure 5. Lama5 inhibits CD4 T cell and iTreg transendothelial migration via a6-integrin and aDG. 
A. Schematic representation of transwell assay. Boyden chambers coated with 30 µg laminins; BEC line 
MS-1 monolayers coated on inserts. 2x105 T cells loaded into upper chamber, 500 ng/ml CCL21 added to 
bottom chamber. Percentage of migrated cells to bottom chamber after 3 hours. B. Percentage of migrated 
CD4 T cells; anti-a6 integrin or anti-aDG pretreatment of T cells. C. Migration of CD4 T effector and memory 
cells, natural and induced Treg, and CD8 T cells. D. CD4 T cell migration across laminin 421 or/and laminin 
521. E-F. Migration efficiency of human CD4 iTreg and T effector cells; anti-a6 integrin or anti-aDG 
pretreatment. B-F, n=6, G. Schematic representation of T cell migration in laminar flow channels with shear 
force using BioFlux. Laminar flow channels coated with 30 µg/ml laminin 411 and/or 511. BEC MS-1 cells 
grown to confluence. 500 ng/ml CCL21 passed through laminar flow channels and incubated at 37oC for 6 
hours. CD4 T cells or iTreg passed through flow channels at 0.5 dynes/cm2. H. Adherence of CD4 T cells 
or iTreg imaged at 1 min intervals for 30 minutes. I. CD4 T cells pretreated with anti-a6 integrin or anti-aDG. 
H and I, n=3. J: Adherence of CD4 T cells or CD8 T cells after three minutes of cell perfusion over BEC 
layers in a flow device (n=6). Mean ± SEM from 3 independent experiments. *p < 0.05, **p < 0.01, ***p < 
0.001.  
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Figure 6. Lama5 regulates CD4 T cell and Treg entry to LN via aDG and a6 integrin. A. 2x106 CFSE-
labeled iTreg and 2x106 eFlour 670 labeled CD4+ cells transferred i.v. to Lama5 KO or WT mice. After 16 
hours, LN stained for ER-TR7 and DAPI and analyzed for the transferred cells. Left panels: representative 
whole section scanning images, 20X, arrows indicate HEV, scale bars 200 µm (left), 50 µm (right); right 
panels, quantification of naïve CD4 T cells and iTreg in CR and HEV (n=30). B-C. T cells pretreated with 
anti-aDG (2.5 µg mAb/106 cells, isotype IgM) or anti-a6 integrin (itg) (5 µg mAb/106 cells, isotype IgG) 
before transfer. After 16 hours, LN harvested for immunohistochemistry and flow cytometry. B. Upper 
panels: gating strategy; lower panel: number of transferred naïve CD4 T cells (eFlour 670+) and iTreg 
(CFSE+) per 106 total CD4+ T cells or total Foxp3+ cells (n=6). C. Upper panels, representative scanning 
images, 20X. LN stained for ER-TR7 and DAPI and analyzed for transferred cells, scale bar 50 µm. Bottom 
panels: Quantification of transferred naïve CD4 T cells (eFlour 670+) and iTreg (CFSE+) in CR and HEV 
(n=30). Three independent experiments with 3 mice/group; for immunohistochemistry 5 LN/mouse, 3 
sections/LN and 3-5 fields/section. Student’s unpaired 2-tailed t tests. Mean ± SEM, *p < 0.05, **p < 0.01, 
***p < 0.001. 
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Figure 7. Systemically blocking aDG and a6 integrin increases CD4 T cell and nTreg accumulation 
in LN. C57BL/6 mice injected i.v. with 10 µg anti-aDG (isotype IgM) or 10 µg anti-a6 integrin (itg) (isotype 
IgG); after 16 hours LN harvested. A. Representative whole section scanning images, 20X, scale bars 200 
µm (upper), 50 µm (bottom). Sections stained for Foxp3 and ERTR7, arrows indicate HEV. B. Quantification 
of nTreg in CR and HEV (n=30). C: Gating strategy for CD4 T cells and nTreg, values show population 
percentage. D. Number of CD4 T cells and nTreg in each LN (n=10). A-D: Data based on at least 3 
independent experiments with 3 mice/group; for immunohistochemistry, 3 LN/mouse, 3 sections/LN and 3-
5 fields/section, for flowcytometry, 5 LN/mouse. Student’s unpaired 2-tailed t tests. Mean ± SEM, *p < 0.05, 
**p < 0.01, ***p < 0.001. 
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Figure 8. LN stromal Lama5 regulates antigen specific CD4 T cell distribution in LN in immunity and 
tolerance. 106 CD45.1 CD4+ TEa cells injected i.v. into immune (+107 DST) or tolerant (+107 DST + 250 
µg anti-CD40L) Lama5 KO and WT mice. WT mice only injected with TEa cells as negative control (naive). 
A. Number of TEa cells out of 106 CD4 T cells in LN 3 days after injection (n=6-8). B. Left panels: 
representative whole section scanning, 20X, scale bars 200 µm (upper), 50 µm (bottom). LN harvested 3 
days after injection and sections stained for ER-TR7, B220 and CD45.1, arrow indicates HEV; right panels: 
quantification of TEa cells (CD45.1+) in CR and HEV (n=30). A-B: Data is representative of 2 independent 
experiments. For immunohistochemistry, 5 LN/mouse, 3 sections/LN and 3-5 fields/section; for flow 
cytometry, 5 LN/mouse. One-way ANOVA with Tukey’s multiple comparisons test for multiple variable 
differences (A) and student’s unpaired 2-tailed t tests for single variable differences (B). Mean ± SEM, *p < 
0.05, **p < 0.01, ***p < 0.001.
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Figure 9. LN stromal Lama5 regulates antigen specific CD4 T cell responses in immunity and 
tolerance. 106 CD45.1 CD4+ TEa cells injected i.v. into immune (+107 DST) or tolerant (+107 DST + 250 
µg anti-CD40L) Lama5 KO and WT mice. WT mice only injected with TEa cells as negative control (naive). 
A. CD44 and CD69 expression on TEa cells 3- and 5-days after injection; left graph: gating strategy with 
WT pLN, values show population percentage. Right panels: CD44HiCD69+ populations in pLN and mLN 
(n=3-5). B. TEa cell differentiation to Treg or Th17 3- and 5-days after injection. Left panels: gating strategy 
with WT pLN with DST+anti-CD40L, values show population percentage. Right panels: Treg:Th17 ratios in 
SLOs under immunity and tolerance induction (n=3). A-B, Mean ± SEM, data is representative of 2 
independent experiments. Student’s unpaired 2-tailed t tests. *p < 0.05, **p < 0.01, ***p < 0.001. 
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Figure 10. LN stromal Lama5 regulates alloimmunity. A. Lama5 KO and WT mice received BALB/c 
cardiac allografts alone, B. with tacrolimus (2 mg/kg/day s.c.), or C. with anti-CD40L mAb (250 µg i.v. day 
0). D-F. Anti-a6 integrin mAb, anti-aDG mAb, or isotype controls (10 µg each i.v.) administered every 3 
days. G-H. Anti-a6 integrin, anti-aDG mAb or isotype control (10 µg i.v., every 7 days) with tacrolimus (2 
mg/kg/day s.c.). Graft survival with log-rank comparisons. 6-8 mice/group. Median survival time (MST) was 
calculated. A-H, n-values indicate numbers of transplanted mice. P <0.05 or less were considered 
statistically significant.
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Figure 11. Lama4 and Lama5 in graft are associated with rejection severity. Normal hearts, 
transplanted hearts at day 6 (not yet rejected) and day 9 (no treatment: rejected; anti-CD40L treated, not 
yet rejected) stained for Lama4, Lama5, CD31 and DAPI. A. representative whole section scanned images 
(20x), scale bar 800 µm. B. quantification of Lama4 and Lama5 positive areas and Lama5:Lama4 ratios 
(n=45); DAPI negative ventricular lumen omitted. A-B, representative data out of 3 independent 
experiments with 3 mice/group; 3 sections/graft. Mean ± SEM, One-way ANOVA with Tukey’s multiple 
comparisons test for multiple variable differences. *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 12. LN stromal Lama5 regulates graft reactive cell responses. 106 CD45.1 CD4+ TEa cells and 
250 µg anti-CD40L injected i.v. into Lama5 KO and WT recipients on the day of BALB/c heart 
transplantation. WT mice only injected with TEa cells without transplantation as negative controls (naive). 
LN harvested after 3 and 5 days. A. Number of TEa cells out of 106 CD4 T cells 3 days after transplantation. 
Left panels: gating strategy for CD4 T cells and TEa cells in WT pLN (n=6). B. CD44 and CD69 expression 
by TEa cells at 3- and 5-days after transplantation. Left panels: representative graphs with WT and Lama5 
KO pLN, values show population percentage (n=3). C. TEa cell differentiation to Treg and Th17 3 and 5 
days after transplantation. Left panels: gating strategy for TEa-Foxp3+ and TEa-IL17+ cells in WT pLN, 
values indicate population percentage; right panels: Treg:Th17 ratios (n=3). A-C, mean ± SEM, data is 
representative of 2 independent experiments. One-way ANOVA with Tukey’s multiple comparisons test for 
multiple variable differences (A) and student’s unpaired 2-tailed t tests for single variable differences (B-C). 
A-C, *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 13: Schematic presentation of the role of Lama5 in T cell migration and CD4 T cell 
differentiation in LN. ① Lama5 inhibits CD4 T cell and Treg migration across HEV to enter the 

LN cortical ridge through a6 integrin and aDG receptors on T cells. ② Depleting Lama5 

increases the number of HEV and upregulates CCL21, CXCL12, and VCAM-1, which regulate T 

cell trafficking in the LN. ③ Lama5 promotes CD4 T cell differentiation to Th17 cells, and 

inhibits the differentiation to Treg. 
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Supplementary Table 1: Antibodies used for flow and immunohistochemistry 
Antibodies Host Clone Application Vendor 

Anti-CD3e Rabbit 145-2C11 activation eBioscience 

Anti-CD28 Syrian 
hamster 

37.51 IHC eBioscience 

Anti-CD3 Rabbit Polyclonal IHC abcam 

Anti-CD4 Rat GK1.5 FACS Biolegend 

Anti-Lama4 Rat 775830 IHC R&D 

Anti-Lama5 Rabbit Polyclonal IHC Novus Biological 

Anti-PNAd Rat MECA-79 IHC BD Biosciences 

Anti-ER-TR7 Rat sc-73355 IHC Santa Cruz 

Anti-Rabbit IgG Goat Polyclonal IHC Jackson Immunoresearch 

Anti-Rat IgG Goat Polyclonal IHC Jackson Immunoresearch 

Anti-Rabbit IgG Donkey Polyclonal IHC Jackson Immunoresearch 

Anti-Rat IgM Goat Polyclonal IHC Jackson Immunoresearch 

Alexa Fluor 405 
Anti-Rabbit 

Donkey Polyclonal IHC Jackson Immunoresearch 

Alexa Fluor 488 
Anti-rat 

Donkey Polyclonal IHC Jackson Immunoresearch 

Alexa Fluor 568 
Anti-Goat 

Donkey Polyclonal IHC Jackson Immunoresearch 

Alexa Fluor 647 

Anti-rabbit 

Donkey Polyclonal IHC Jackson Immunoresearch 

Anti-CXCL9 Rabbit 11H1L14 IHC Invitrogen 

Anti-CXCL10 Goat Polyclonal IHC R&D 

Anti-CXCL12 Rabbit Polyclonal IHC Invitrogen 

Anti-CXCL12 Mouse #79018 FACS R&D 

Anti-CCL21 Rat # 59106 FACS R&D 

Anti-CD31 Rabbit Polyclonal IHC abcam 

Anti-B220 Rat RA3-6B2 FACS eBioscience 

Anti-FoxP3 Rat NRRF-30 IHC Invitrogen 

Anti-CD11c HL3 Armenian 
Hamster 

IHC BD Biosciences 

Anti-Lyve1 Rat ALY7 IHC R&D systems 

Anti-mouse-IL4 Rat 11B11 Inhibition eBioscience 

Anti-CD69-PE-Cy7  Armenian 
hamster 

H1.2F3 FACS eBioscience 

Anti-CD25-PE Rat PC61.5 FACS eBioscience 
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Anti-CD44-APC Rat IM7 FACS eBioscience 

Anti-Foxp3-APC Rat PCH101 FACS Thermofisher Scientific 

Anti-a6 integrin Rat GoH3 Inhibition  Biolegend 

anti-a-dystroglycan Rabbit IIH6C4 Inhibition MilliporeSigma 

Anti-CD40L Armenian 
Hamster 

MR-1 Inhibition Bio X Cell 

Anti-CD62L Rat MEL-14 Inhibition BioXcell 
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