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Lymph nodes (LNs) are crucial sites where immune responses are initiated to combat invading patho-
gens in the body. LNs are organized into distinctive compartments by stromal cells. Stromal cell
subsets constitute special niches supporting the trafficking, activation, differentiation, and crosstalk
of immune cells in LNs. Fibroblastic reticular cells (FRC) are a type of stromal cell that form the
three-dimensional structure networks of the T cell-rich zones in LNs, providing guidance paths for
immigrating T lymphocytes. FRCs imprint immune responses by supporting LN architecture, recruiting
immune cells, coordinating immune cell crosstalk, and presenting antigens. During inflammation, FRCs
exert both spatial and molecular regulation on immune cells through their topological and secretory
responses, thereby steering immune responses. Here, we propose a model in which FRCs regulate immune
responses through a three-part scheme: setting up, supporting, or suppressing immune responses. FRCs
engage in bidirectional interactions that enhance T cell biological efficiency. In addition, FRCs have
profound effects on the innate immune response through phagocytosis. Thus, FRCs in LNs act as
gatekeepers of immune responses. Overall, this study aims to highlight the emerging roles of FRCs
in controlling both innate and adaptive immunity. This collaborative feedback loop mediated by FRCs
may help maintain tissue function during inflammatory responses.
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[35]. Cortical regione B A|E7} 2 EA3t= L O 2 B
zone ©|ZtTE FTH3S). o] Foll= B AE7} FAMEZ
E37F dojue 243 79 follicleo] B4 5= 3ol
7]1% 3}t}. Paracortical area= T MEE°] Y= X2 T
zone ©]2} 371 = F}[35, 37]. BEHL Bo g YT
ZEd ARE I A9AzEo] fhve AR &8
HUH20, 31]. §ZHoA BAEE A2 282ZES

ol AAE AAA e} v 2EAY 2ERZvHA| ot |
2AE FAstE 2EZVAEE AEF wet A Al
7MA 2 F8E 4 =0l lymphatic endothelial lymphoid
tissue organizer (LTo) cells (LEC), blood endothelial LTo
cells (BEC), 78] 2L mesenchymal LTo cells (MC)Z 2
T ATH29, 37]. LECE HEZ#& A #dd + Vs
st gaxto] Y vhitbe A XA 2EZ0H
7I'sE FEITH29, 37]. T 715S ¥ LECE
2 parenchyma | 93 HZ A3 0] AARHA &
| S AU HEd V1Y 23 s As
CHEAHE SQlE e 2xay 92 AR B2
ol floor LEC (fLEC)$} ceiling LEC (cLEC)%5°] 9o 32}
315 (subcapsular sinus, SCS)= 8 4d gHtH29, 37]. SCSNA
fLECS} cLECE= HE ol 23d &< MEY AL SCS
oAl 2o Fde) A AR 7le s 7HA AL T
o|A ¥ LECE 7188 A 715 2l HYuh-gol = 3o
U
BECE HX ™o &
dae] ARl F8 7ee e 2EZVHAIEO|T
BECOl|= F #72] A=zt 214 o wiA, 9=d ¢
&2 T=+= high endothelical cells (HEC)o|2t= M =E7}
Atk FZA 9] AHoA S wtEE dHNIAAEZ
(endothelial cell)2}= THE B4 & Hols 2EZ UM X0
t}. &, HECE peripheral node addressin (PNAd), CCL21,
J18]3 glycosylation-dependent cell adhesion molecule 1
(GLYCAM1)®] 23 -& Z3)| naive lymphocytet 2] dAl
FZ(dendritic cell, DC)2] BZA FUL &A= 7S
ZFA AL A TH29, 39]. 9}l ©HE 3}ih= venous ECEh= Al
Zolt} o] M EE E-selectin, P-selectin, [CAMI, 18] 1
VCAMI12] Bd o7 ZA AXY F98 1329,
37]. Ao F FFRY 2E2vHpEs FE Ve €8
A ol FrtA o2 Addd 7se s ITh
Hrdos dYrlse % 531 dEsE AL
o &3l= 2EZUIAEY) Q. o] &L reticular cellAl €
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A2 FFH 7]FA A f1X] e we} B cell-interacting cell
(BRCs), T cell zone reticular cell (TRCs), medullary reticular
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licle& FABAY 1 FHeA e AF, AR 2l
5¢ %3 B AEe| AES} Balo] YFL v 2ER
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A7l F8 7% S 7FK 3 Jti(Table 1). TRC AE F
FRC< fibronectin, laminin, collagen, 18]l ER-TR7 52
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7139] frames T = I F532 7S @9StL
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Table 1. Diverse RC subsets enrich and support different lymph node regions in mice

Subset Cell Features Localization Reference
Expression of complement and Fc-receptors CXCL12
Light zone follicular — CXCL13 + CD21/CD35 hi, Orchestrate B cell
dendrite cell clustering and follicle formation by CXCL13, Present B zone follicle 40, 43
B cell- (LZ-FDC) antigen via CD16 and CD32, Support B cell survival
interacting via BAFF
reticular cell CXCL12+ CXCL13- CD21/CD35 low Expression of
(BRC) Dark zone follicular lower levels of complement and Fc-receptors
dendrite cell compared with LZ-FDCs, Expression of dendrite B zone, Follicle 40, 43
(DZ-FDC) morphology, Drive B cells to GC DZ via CXCL12,
Form a meshwork in GC DZ
CCL1916w—CXCL9++, activation of antiviral-sensing
Interfollicular programs in myeloid c@lﬂnteractmg IFRC, FO@ a Interfollicular
reticular cell (IFRC) niche where the conduits extend from , transporting region 20, 40
DCs and lymph-borne materials to the inner region &
of associated HEVs
ER-TR7++, CXCL12++, CCL21++, CCL19+ , Drive
T and B cell and DC migration, Support T cells,
Fibroblastic reticular  lymphoid tissue inducer (LTi) cells, DCs, ILCs by Paracortical 14 43
T cell zone cell (FRC) secreting IL-7, IL-15, IL-33. Form a dense irregular region, T zone T
reticular cell netwc.)rk in the cortical region by highly expressing
(TRC) desmin, ER-TR7
T/B border reticular ~ CCL19+ accumulation of B and T cell, accumulation T zone —B zon
cell (TBRC) of the plasma cell via a proliferation-inducing ligand, borc?ere one 40
CXCLI12+, and IL-6+, CCL21+
Medullary reticular MedRCs e?(press high lejvels of the leptin receptor and Det?p cortex
interact with Ab-secreting cells, NK cells, and periphery and 14
cell (MedRC) .
macrophages medullary sinuses
. . N . T .
Perivascular reticular CD34 Madcam. Integrina7+, HEV formation, T zone, HEV 38, 41
cell (PRC) lymphocyte homing
Madcam+ BP3+ RANKL+ CXCL13hi CD21/CD35, Margin of LN
Subcapsular Marginal reticular antigen-transport to lymphocyte, localization and located in the
sinus (SCS) & g P YIpAoCyte, 9, 40

reticular cell

cell (MRC)

migration of immune cells, maintenance of LN
marginal structure

outer edge of
follicles, SCS
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FRC7} in vitrool A LTPR AlZ AL 73 o] ECM matrix
meshworkdl] 719 & char S TH21]. LB AL in vivo©l
A5 J-d¥g A A 4] A (crescentic glomerulonephritis) ol
AY npg20] P o) Ao A ECM A4ite] F71E =
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R0 g o] F UEF FrH13]. A cortical re-
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EW3 B 7] Qla o] 5L
AEAY A=dE + As ,
EHZE conduitghil T} Conduit®] A EE FRC7} £H]
&}+= ER-TR7, laminin, 18] 3 collagen¥} 72 ECMO] <]
3 A AE TH(Fig. 1) [46]. Conduitol = Al E7FQ1o) Afo]
E71Q1E 235ka 1t7, 47]. DCE conduitZF-E] 7=
7HQ13} Aol E7HRIS & 5%t DCE FRC7F ¥HE9] ¥
& conduitE ©] &3t T zone W2 o] F&tH T Az}
HAEZ FEL 59 43980l FEHES Fhrh42].
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22 DCol 93] ZAH £ &9 43 DCE HZTE o
g3t XM o5& AR HZAR o] T
DCE ¥=4 9 A3 A=A parenchymaol] 3+ SCS
B2 50]oa1 o] XolA mxy Y- ko F wigETh
HZH O T zones HF3h= e YHF-E high endothel-
ical venule (HEV)2} 3t} HEVE T zones £3317] wj&
o ¥xd YRE S| Q= naive T AlZ0) tdle] =4
oS 3tk FRCE FEZAH| T zoneoll A LHEH = ~E
2Py Lotk EAH ] ZF A Holl E0]2 DC2} naive T
AZ7F BEZAHL] T zonel B o] E& &foF 3=t oy
CCL199} CCL21 AZTIRI-E o] &gt}s, 33]. FRCE DC
9} T AJ3E9] o] F& ZWA7]= CCL19% CCL21S 1
3t A Z 840 CCR7E 7FAZL T} FRCE SCS7}
2] CCL19%} CCL21& #Hste DC7} vhd &+ A=E &}

DC and T cel Migration &
localization by FRC

“_ (CCL21,CCL19) N4

ECM conduit by FRC
(ER-TR7, laminin, collagen efc)
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Macrophage

Phagocytosis facilitation

FRC relaxation &
LN swelling

(
‘TNFa, LTa. & interaction between DC
‘and FRC via CLEC2 and PDPN (

Fig. 1. FRC control of immunity. Schematic representation of how LN FRC setup, support or suppress immunity. Examples
of how lymphoid tissues engage in Support, Sustain and Suppress framework. Here, we show examples that contrast
control of immunity by FRC in LN. FRC secrete ECM proteins and form a three-dimensional network that serves as
a scaffold for DC migration and T cell migration throughout the T zone of LN. FRC in LN can setup immune responses
through the secretion of CCL19 and CCL21, which allow naive T cells and antigen-loaded DC to rendezvous an initiate
an immune response. Several reports and microarray data suggest that FRC express adhesion molecules, which functions
interaction with both FRC and T cell. FRC assist in supporting an ongoing immune response by diminishing their con-
tractility upon CLEC2 on DC binding to PDPN, which increases space for antigen-specific T cell clonal proliferation.
And FRC constitutively produce IL-7 that promotes T cell survival and T cell homeostasis. FRC suppress activated
T cell proliferation to maintain LN structural microanatomy by limiting T cell proliferation by the release of NOS2.
In addition, FRC facilitates phagocytosis of macrophage. Not only is there crosstalk between FRC and T cells for the
adaptive immune reaction, but also the function of innate immunity of FRC leading to a much effective immune response.
Collectively, it is clear that FRC play influential roles in adaptive immune reactions, predominantly via regulation of
survival, localization and function of T cells and DC and organization of lymphoid tissue architecture. As outlined in
figure 1, fibroblasts in LN can setup, support and suppress immune responses.
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Table 2. Adhesion molecules and chemokines derived from FRC by TNFa expourse

Molecules Systematic ID  GeneSymbol Normalization Description Genebank ACC Reference
A 55 P2020326  Madcaml 38.15727¢  2dhesive interactions with NM 013591 17
Adhesion 04B7 integrin T cell
molecule vati
A 51 P210956  Vcaml 45500627 D T cell activation, Treell )69 15
- = migration -
te, T cell, D
A 52 P638459 Cels 28396307  monocyte, T cell, DC NM_013653 27
attraction, T cell activation
A 51 P363187 Cxcll 24.750534 naive T cell attraction NM 008176 16
Chemokine A 55 P2016462  Cxcll0 8553003 st T cell, monocyte NM 021274 18
T attraction -
macrophage activation,
A 51 P286737 Ccl2 2.0796976 monocyte, DC, T cell NM 011333 24

attraction

"Normalization was the ratio between TNFa treated sample value vs control value

naive T A|Z= HEVE #5314 paracortical zone & &
o] @™ HEV 23 o)A CCL199} CCL21S ¥ & U=
%H Stoh(Fig. 1). CCR790 ligand 232 DC A ZE
AHog o]5S =3ty DCY T AXE T A5
713158 Eo 2o g4 DCT 2ol fFx9A o
HARES o] AZEEE g7, 26]. T E°], FRC&
CXCLI2S 233l T A2} DCE ZF2E & F Yt
[6]. ¥ AAZ FRCO 54 Ate]E7FQIQ] TNFog A&
3l RNAE E 53193 o] & DNA rlo] a2 ojg o] £4
o2 FHo R WY A= AR FAAE 24
3tttk -89l A3 FRCOl TNFag #8]3H91S
CCL5, CXCL1, CXCL10, 18] 3. CCL27} th&#3 Bl
o 2wl o] WHEE Ao Z UEFSTHTable 2). o] A3}
£ FRC7} th<p9] ARIIRIS od EH)ste] T A2 |
A3 E4do] YEPYEES 7o & 3t e ZoE Bel

Aol 2 o R
oo H:I

oﬁu
%

o

FRCE PDPN3} H-2HEz) wtd o 2 DCe} T Al E 7 A
285 SR v A& 2481 setup HYHES< 7]
HEZ M A FRCY 42 H-gHYTHS 435 2
8l Basith FRCY S48l A 23Uy
o] 719 & 3= AL E AEHT FRCE DC 544
st gl A3 AAR T A2t = 4528 gt} FRC7F
DCe} T AEe}e] F528-S a4 Bad AEo]
2 th. DC2} 45 %89l = podoplanin (PDPN, gp38)3} C-
type lectin receptor 2 (CLEC2)7} & &3} t(Fig. 1) [22, 32].
PDPN2 Ejo} 7] @iz} gazo] & 9 243
qeg st Ao® el JTH2]. FRCE Hheha el
PDPNg W ZTH41]. BEZA A= ©]53]2 DC= CELC2
£ 233 1]. CLEC2 Az AdY 34 B39 DCr}

g Y2 ol Bod ASHAIAZ 7]5& 1]
2L AH3 DCe B2 AHE o]53 T FRCY PDPNH
CLEC29 H&&8 02 FRC W HE3t) whahA,
PDPN< DColA &= = CLEC29] ligand©] TH8].
Naive T Al 2= HEVE WA U2 - CCL19¢9F CCL21<
o] &3l FRC 51222 o]%5 2 3t} o|F najve T A|EE
FRCY| H-ZEAES ©]&3le] FRC W F23th T
M 3z utol] WA = = lymphotoxin-p receptor (LTPR)S] &4
3t= o] A FAA 9ES FhFig 1) [21, 23]. &
A A= FRC°ﬂ ASA Aol E7IRQIQl TNFaE #El35ho
RNAZ 53591 ©]2 DNA vlo|az2o]g o] E4o=
Iy 2HEE 2R RS SAsATh 2o A
= FRCO| TNFoE *]18] 3935 7% Madcam1¥} Vcaml
o] & vlmste] 2u) o] %ﬁﬂ(p<0 05)°] == Ao
2 UEF T (Table 2). o] F2AEAES HrlH o= &
&3kl FRC EWd F3ste= 202 At dh o8 g
R0 g FRC FHE DCS T AlZ7} vhd 4 &= &
ES =9 DCY MHC:AgE T MES T cell receptor
(TCR)S Bt} GA AFd F+ U&= FH o] nfd=o] &g
AAREES SUT = A e Ao A"

o% ot

FRC can support the onset and perpetuation of im-
mune responses

FRC =4 32 F3lo] support WY 7]}
)

ﬂ 2=
olo
2

DC T Al 7 dgutg-e Pz Ho) g8 opr|3h
o} ¥4 842 FRC 7+ 94 S 53 vy ~E=Zun}
R

ol FHo] A7]7] A &stH A& E = o= FRCY ¥
B W3lo) ©E A 02 FRC I+ HEHo] AlZAIHA 3t
o] FAHT25]. ozt H= -] 7}4A-2 FRCS PDPN
3} CLEC29l 98 =4 " th(Fig. 1). &, CLEC2$} PDPN2)

]IN



Asto & FRC WHE RhoA/CY Rho-kinased] AT HZ
o715 BalA A=ol= AEFZ 2 actomyosin cytoske-
letone] =<&3S FEHTH3]. o7 /¢S FRC stretching
< sk FRCE] FH W37 doju=& 3t} FRCO
Fe) Wt TAZEVF H2d U2 2o g4 FYE=ES
8ta FRCE| F-ZHEAE o] &3t §32 & DCERH

A& AFREE gy, F2EA F U<l LTAR 4%
O|EAH S E FRCE A=Y dxdo] v A=A ¢
hFig. 1) [4]. &Fo= FA4R Z7F AR b2 =T
U DCe fr8le]l Bot HA 2 F slon =49 3
31732 DCHIESE T AIE 3F HFo] B} FE3HA] o] F

ol + AEF ATH30]

FRCE APl E7R) IL-75 A3t T AE BE} A
Aol o ste] support HGHE-3ol 714

FRCE HXZAoA IL-7 Fde 83 A
2 naive T A|E2] =3 334 FX o 42
1) [30, 36]. [L-7> TCR &]&4] Hk-3-& B3 T 4

= = o1
E3lol= A 9FS v XF Ze=r AT HYukg-
%<k FRCol| 9J3F IL-7 0= DCEHE FUS AlFie

naive T A= Zolo] F23 B35
olwj Ev]H IL-70] ¥Hg-& T3l S5
AEES FAAZIT HE] IL-7 EA] dto] DCAHIZ A&
Yol FAE = AL E YEGTH36). B E], FRCE IL-15
= Qe Ehlete] IL-73 A SAIE T A2z A&
71odgth36]. 283l IL-73 IL-15€ 719 T M= 8433
AEd = 71 TH36].

FRC can suppress immune responses

FRC= 54
press HJuH-g-o]] 7]

FRCE T AMZo A& AsAYES 53t T A= A&

off #A3sta AthE AL fodA dFES A hA T,
FRCE WA E9] 7]5E AT + ATt o] AFLS
oA o]okr]gt Aol gt A Y = ok AL, o]z
A 7];4-,] Wy g|gd AEE vty ZRF uA 3 9
A8l A= WIS AT 4 ATHe6]. FRC
WA el & 4 A npolH 2 7“*‘3}
2 FRC conduit network-S 33 Ht}6].
Auk-g- 2t7] 913 FRCE &A% T A2
12 < Stk
Nitro oxide (NO)= A Z9& 538 £ 1 =23
Aze) Tt AFAE vEd e B S
o NOE ¥ B4 o), AAAEEH
AL 7 e S A2TgA Aot T AlZ2E A
A S 2 nitric oxide synthase 2 (NOS2)9} NOE A A3}

53l sup-

=

b
iml
oﬁl‘ﬂnﬁrﬂ%i

D o

oN & 2 rr
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Macrophage(Raw264.7)

FRC+Macrophage(Raw264.7)

Fig. 2. FRCs potentiate Raw264.7 macrophage phagocytosis
at 24 h. Representative images illustrate phagocytosis
of fluorescent blue latex microbeads (Sigma-0280,
Saint Louis, MO, USA) in Raw264.7 macrophage cells
(control) and co-cultured cells with FRC.

H=ZE T AIE S4& AAATHFig 1) [10]. ©12 NOh
FRCOIM = A HTH28, 34, 47]. &, EA43lE T AlxE
IFNyE 2Hl3k=1] o]Zlo] FRCel 283t NOS2& &3
St=E 3la 43t NO &S X135t T AlX F2
Mif‘{t}aﬁg 1) [6]. FRC-NOS2 &2 n}-§-2 mdof A
o &35 MAEHAT6]. Bl %], FRCE DCOl &
A A= BAE oA 2AE = JTH6]. ©l
+ FRC9} T A 2Z8}9] o284 H =3 T Al
7l

01

Hy=
(<)
s
14
=
(<)

A 3F7] 213 negative feedback loop2] 2H&2

HU oo _—"r: m{o
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