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Germinal centres support antibodyaffinitymaturation andmemory
formation1. Follicular T-helper cells promote proliferation and dif-
ferentiation of antigen-specific B cells inside the follicle2,3. A genetic
deficiency in the inducible co-stimulator (ICOS), a classic CD28
family co-stimulatory molecule highly expressed by follicular
T-helper cells, causes profound germinal centre defects4,5, leading
to the view that ICOS specifically co-stimulates the follicular
T-helper cell differentiation program2,6,7. Here we show that ICOS
directly controls follicular recruitment of activated T-helper cells in
mice. This effect is independent from ICOS ligand (ICOSL)-
mediated co-stimulation provided by antigen-presenting dendritic
cells or cognate B cells, and does not rely on Bcl6-mediated pro-
gramming as an intermediate step. Instead, it requires ICOSL
expression by follicular bystander B cells, which do not present
cognate antigen to T-helper cells but collectively form an ICOS-
engaging field. Dynamic imaging reveals ICOS engagement drives
coordinated pseudopod formation and promotes persistent T-cell
migrationat the borderbetween theT-cell zone and theB-cell follicle
in vivo. When follicular bystander B cells cannot express ICOSL,
otherwise competent T-helper cells fail to develop into follicular
T-helper cells normally, and fail to promote optimal germinal centre
responses. These results demonstrate a co-stimulation-independent
function of ICOS, uncover a key role for bystander B cells in pro-
moting the development of follicular T-helper cells, and reveal
unsuspected sophistication in dynamic T-cell positioning in vivo.
Follicular T-helper cells are localized in the follicle in part owing to

heightened CXCR5 expression3. ICOS-deficient T cells do not upregu-
late CXCR5 normally and fail to migrate into the follicle (Supplemen-
tary Fig. l). To test whether this localization failure is fully accounted
for by inadequate CXCR5 expression, Icos2/2 or Icos1/1OT-II T cells
were retrovirally transduced with a CXCR5-expressing vector and
activated in vivo by immunization with 4-hydroxy-3-nitrophenylacetyl-
conjugated ovalbumin (NP-OVA). As shown in Fig. 1a, althoughmany
Icos1/1OT-II T cellsmigrated deep into the follicle, few Icos2/2T cells
were able to do so. CXCR5 overexpression increased the follicular
presence of Icos1/1 OT-II cells. However, CXCR5-transduced Icos2/2

T cells accumulated towards the border between the T-cell zone and
the B-cell follicle (T–B border), but remained scarce deep inside the
follicle. This was not due to inadequate CXCR5 complementa-
tion, because these Icos2/2 T cells expressed at least twice as much
CXCR5 as their green fluorescent protein (GFP)-transduced wild-type
counterpart (Fig. 1b). The ICOS deficiency seems to reduce specifically
the efficiency with which T cells re-localize from the T–B border into
the follicle (see Supplementary Fig. 2 for typical ICOS expression levels
on T cells used in this and other experiments). Quantitatively, we
calculated the T-cell density in the T–B bordering region (Bdensity),
the density in the adjacent follicle beyond the border (Fdensity), and
then deduced the follicular homing coefficient as the ratio between

Fdensity andBdensity (Fig. 1c). As shown inFig. 1d, although the follicular
homing coefficient of Icos2/2T cells was increased by 50% (0.27 versus
0.18, P, 0.01) after tenfold CXCR5 overexpression (Fig. 1b), it was
still far less than that of Icos1/1 T cells transduced with GFP (0.69,
P, 0.0001), in which the CXCR5 levels were 50% lower (Fig. 1b).
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Figure 1 | Follicular recruitment of activated T cells requires ICOS. OT-II T
cells of indicated genotypes retrovirally transduced with CXCR5 or control
GFP were transferred into B6 mice (53 105 per mouse). a, OT-II T-cell
distribution pattern in lymph nodes 4 days after NP-OVA immunization. Scale
bar, 100mm. b, Surface CXCR5 (top) and CCR7 (bottom) expression by flow
cytometry (mean6 s.e.m. of at least three mice per group). MFI, mean
fluorescence intensity. c, Themethod to derive the follicular homing coefficient
to quantitate homing efficiency. The T–B border region is defined as the region
between endogenous CD31 cells farthest into the follicle (white line, top right)
and endogenous IgD1 cells farthest into the T-cell zone (white line, bottom
left). d, Homing coefficient (HC) of the four groups of OT-II T cells in a. Each
symbol represents one follicle and its associated T–B border. Data pooled from
three experiments, with at least six lymph nodes from at least three mice per
group per experiment. *P, 0.05; **P, 0.01; ***P, 0.0001.
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Kroenke et al., 2012). These molecules play critical roles 
in promoting the activation, di!erentiation, and survival  
of B cells and/or CD4+ T cells. For instance, CD40L res-
cues B cells from apoptosis and promotes their proliferation 
(Tangye et al., 2012), and IL-21 enhances the di!erentiation 
of CD40L-stimulated human B cells, inducing secretion of all 
Ig isotypes (Bryant et al., 2007; Avery et al., 2008; Ettinger 
et al., 2008). Engaging ICOS on CD4+ T cells induces the 
production of B helper cytokines, such as IL-10 and IL-21 
(Hutlo! et al., 1999; Bauquet et al., 2009; Chevalier et al., 
2011), and SAP is necessary for CD4+ T cells to form stable 
contacts with cognate B cells to promote their activation and 
di!erentiation (Qi et al., 2008; Cannons et al., 2010). The im-
portance of these molecules in Tfh function is underscored by 
the "nding that targeted deletion of Cd40/Cd40l, Icos, Il21/
Il21r, or Sh2d1a (encoding SAP) in mice, or loss-of-function 
mutations in ICOS, CD40L, and SH2D1A in humans (Al-Herz 
et al., 2011; 
Crotty, 2011; 
Tangye et al., 
2012), severely 

the T cell zone–homing chemokine receptor CCR7, allows 
Tfh cells to relocate from the T cell zone to the B cell folli-
cles, where they are positioned to directly support B cell ex-
pansion and di!erentiation (Ansel et al., 1999; Hardtke et al., 
2005; Haynes et al., 2007; Fig. 1).

Tfh cells can be distinguished from other CD4+ T cell 
lineages by their low expression levels of cytokines (IFN- , 
IL-4, and IL-17) and transcription factors (T-bet, GATA3, 
and ROR t) characteristic of Th1, Th2, and Th17 cells, re-
spectively (Chtanova et al., 2004; Kim et al., 2004; Rasheed 
et al., 2006; Nurieva et al., 2008; Vogelzang et al., 2008; 
Ma et al., 2009). Furthermore, Tfh cells express a unique 
combination of e!ector molecules that are critical for their  
development and function, including high levels of the surface 
receptors ICOS, CD40 ligand (CD40L), OX40, PD-1, BTLA 
and CD84, the cytokine IL-21, the cytoplasmic adaptor 
protein SLAM-associated protein (SAP), and the transcription 
factors Bcl-6 and c-Maf (Breitfeld et al., 2000; Schaerli et al.,  
2000; Chtanova et al., 2004; Vinuesa et al., 2005a; Rasheed 
et al., 2006; Haynes et al., 2007; Lim and Kim, 2007; 
Johnston et al., 2009; Ma et al., 2009; Deenick et al., 2010; 

Figure 1. Anatomical localization and cellular 
requirements for Tfh cell generation. (A; i) Naive 
CD4+ T cells are activated in interfollicular areas or 
T cell zones of lymphoid tissues after recognition of 
peptide–MHC class II complexes on DCs. (i) DCs 
provide signals that up-regulate CXCR5 and down-
regulate CCR7 on CD4+ T cells allowing them to 
migrate to B cell follicles. (ii) At the T cell–B cell 
border, pre–Tfh cells interact with activated B cells 
presenting cognate Ag. This results in the pre–Tfh 
cells delivering help to the B cells, resulting in their 
differentiation into short-lived extrafollicular plasma-
blasts or their migration into follicles to form GCs. 
Ongoing stimulation and Ag presentation provided 
by B cells drives the full development of Tfh cells. 
(iii) Within GC, Tfh cells continue to provide help  
to the B cells, supporting the GC reaction and  
facilitating the generation of long-lived plasma cells 
and memory B cells. Reciprocal signals provided by 
the B cells are also crucial for sustaining the Tfh 
cells. (B) Initial priming of naive CD4+ T cells by DCs 
induces expression of Bcl-6 and CXCR5; this re-
quires ICOS/ICOS-L interactions. DCs may produce 
IL-6 and IL-27, which promote Bcl-6 and c-Maf 
expression, as well as IL-21 production by CD4+  
T cells, in a STAT3-dependent fashion. CXCR5-mediated 
relocation of Bcl-6+CXCR5+ pre–Tfh cells to the  
T cell–B cell border allows subsequent interactions 
with Ag-speci!c B cells. The Tfh program is  
imprinted after subsequent interactions with B cells 
in the GC. The interactions are dependent on the 
formation of stable T cell–B cell conjugates, which 
requires CD4+ T cell–intrinsic signaling via SAP-
associating receptors (CD84) and involves CD40L/
CD40, ICOS/ICOS-L, and CD28/CD86. IL-21 produced 
by Tfh cells can act in an autocrine manner to main-
tain Tfh cells at various stages of differentiation. 
Similarly, B cell–derived IL-6, and possibly IL-27, 
could contribute to the maintenance of Tfh cells. Tfh 
cells mediate differentiation of GC B cells into 
memory and plasma cells via the provision of CD40L 
and IL-21.
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promote	  localisa?on	  of	  TV	  cells	  
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Germinal centres support antibodyaffinitymaturation andmemory
formation1. Follicular T-helper cells promote proliferation and dif-
ferentiation of antigen-specific B cells inside the follicle2,3. A genetic
deficiency in the inducible co-stimulator (ICOS), a classic CD28
family co-stimulatory molecule highly expressed by follicular
T-helper cells, causes profound germinal centre defects4,5, leading
to the view that ICOS specifically co-stimulates the follicular
T-helper cell differentiation program2,6,7. Here we show that ICOS
directly controls follicular recruitment of activated T-helper cells in
mice. This effect is independent from ICOS ligand (ICOSL)-
mediated co-stimulation provided by antigen-presenting dendritic
cells or cognate B cells, and does not rely on Bcl6-mediated pro-
gramming as an intermediate step. Instead, it requires ICOSL
expression by follicular bystander B cells, which do not present
cognate antigen to T-helper cells but collectively form an ICOS-
engaging field. Dynamic imaging reveals ICOS engagement drives
coordinated pseudopod formation and promotes persistent T-cell
migrationat the borderbetween theT-cell zone and theB-cell follicle
in vivo. When follicular bystander B cells cannot express ICOSL,
otherwise competent T-helper cells fail to develop into follicular
T-helper cells normally, and fail to promote optimal germinal centre
responses. These results demonstrate a co-stimulation-independent
function of ICOS, uncover a key role for bystander B cells in pro-
moting the development of follicular T-helper cells, and reveal
unsuspected sophistication in dynamic T-cell positioning in vivo.
Follicular T-helper cells are localized in the follicle in part owing to

heightened CXCR5 expression3. ICOS-deficient T cells do not upregu-
late CXCR5 normally and fail to migrate into the follicle (Supplemen-
tary Fig. l). To test whether this localization failure is fully accounted
for by inadequate CXCR5 expression, Icos2/2 or Icos1/1OT-II T cells
were retrovirally transduced with a CXCR5-expressing vector and
activated in vivo by immunization with 4-hydroxy-3-nitrophenylacetyl-
conjugated ovalbumin (NP-OVA). As shown in Fig. 1a, althoughmany
Icos1/1OT-II T cellsmigrated deep into the follicle, few Icos2/2T cells
were able to do so. CXCR5 overexpression increased the follicular
presence of Icos1/1 OT-II cells. However, CXCR5-transduced Icos2/2

T cells accumulated towards the border between the T-cell zone and
the B-cell follicle (T–B border), but remained scarce deep inside the
follicle. This was not due to inadequate CXCR5 complementa-
tion, because these Icos2/2 T cells expressed at least twice as much
CXCR5 as their green fluorescent protein (GFP)-transduced wild-type
counterpart (Fig. 1b). The ICOS deficiency seems to reduce specifically
the efficiency with which T cells re-localize from the T–B border into
the follicle (see Supplementary Fig. 2 for typical ICOS expression levels
on T cells used in this and other experiments). Quantitatively, we
calculated the T-cell density in the T–B bordering region (Bdensity),
the density in the adjacent follicle beyond the border (Fdensity), and
then deduced the follicular homing coefficient as the ratio between

Fdensity andBdensity (Fig. 1c). As shown inFig. 1d, although the follicular
homing coefficient of Icos2/2T cells was increased by 50% (0.27 versus
0.18, P, 0.01) after tenfold CXCR5 overexpression (Fig. 1b), it was
still far less than that of Icos1/1 T cells transduced with GFP (0.69,
P, 0.0001), in which the CXCR5 levels were 50% lower (Fig. 1b).
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Figure 1 | Follicular recruitment of activated T cells requires ICOS. OT-II T
cells of indicated genotypes retrovirally transduced with CXCR5 or control
GFP were transferred into B6 mice (53 105 per mouse). a, OT-II T-cell
distribution pattern in lymph nodes 4 days after NP-OVA immunization. Scale
bar, 100mm. b, Surface CXCR5 (top) and CCR7 (bottom) expression by flow
cytometry (mean6 s.e.m. of at least three mice per group). MFI, mean
fluorescence intensity. c, Themethod to derive the follicular homing coefficient
to quantitate homing efficiency. The T–B border region is defined as the region
between endogenous CD31 cells farthest into the follicle (white line, top right)
and endogenous IgD1 cells farthest into the T-cell zone (white line, bottom
left). d, Homing coefficient (HC) of the four groups of OT-II T cells in a. Each
symbol represents one follicle and its associated T–B border. Data pooled from
three experiments, with at least six lymph nodes from at least three mice per
group per experiment. *P, 0.05; **P, 0.01; ***P, 0.0001.
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Germinal centres support antibodyaffinitymaturation andmemory
formation1. Follicular T-helper cells promote proliferation and dif-
ferentiation of antigen-specific B cells inside the follicle2,3. A genetic
deficiency in the inducible co-stimulator (ICOS), a classic CD28
family co-stimulatory molecule highly expressed by follicular
T-helper cells, causes profound germinal centre defects4,5, leading
to the view that ICOS specifically co-stimulates the follicular
T-helper cell differentiation program2,6,7. Here we show that ICOS
directly controls follicular recruitment of activated T-helper cells in
mice. This effect is independent from ICOS ligand (ICOSL)-
mediated co-stimulation provided by antigen-presenting dendritic
cells or cognate B cells, and does not rely on Bcl6-mediated pro-
gramming as an intermediate step. Instead, it requires ICOSL
expression by follicular bystander B cells, which do not present
cognate antigen to T-helper cells but collectively form an ICOS-
engaging field. Dynamic imaging reveals ICOS engagement drives
coordinated pseudopod formation and promotes persistent T-cell
migrationat the borderbetween theT-cell zone and theB-cell follicle
in vivo. When follicular bystander B cells cannot express ICOSL,
otherwise competent T-helper cells fail to develop into follicular
T-helper cells normally, and fail to promote optimal germinal centre
responses. These results demonstrate a co-stimulation-independent
function of ICOS, uncover a key role for bystander B cells in pro-
moting the development of follicular T-helper cells, and reveal
unsuspected sophistication in dynamic T-cell positioning in vivo.
Follicular T-helper cells are localized in the follicle in part owing to

heightened CXCR5 expression3. ICOS-deficient T cells do not upregu-
late CXCR5 normally and fail to migrate into the follicle (Supplemen-
tary Fig. l). To test whether this localization failure is fully accounted
for by inadequate CXCR5 expression, Icos2/2 or Icos1/1OT-II T cells
were retrovirally transduced with a CXCR5-expressing vector and
activated in vivo by immunization with 4-hydroxy-3-nitrophenylacetyl-
conjugated ovalbumin (NP-OVA). As shown in Fig. 1a, althoughmany
Icos1/1OT-II T cellsmigrated deep into the follicle, few Icos2/2T cells
were able to do so. CXCR5 overexpression increased the follicular
presence of Icos1/1 OT-II cells. However, CXCR5-transduced Icos2/2

T cells accumulated towards the border between the T-cell zone and
the B-cell follicle (T–B border), but remained scarce deep inside the
follicle. This was not due to inadequate CXCR5 complementa-
tion, because these Icos2/2 T cells expressed at least twice as much
CXCR5 as their green fluorescent protein (GFP)-transduced wild-type
counterpart (Fig. 1b). The ICOS deficiency seems to reduce specifically
the efficiency with which T cells re-localize from the T–B border into
the follicle (see Supplementary Fig. 2 for typical ICOS expression levels
on T cells used in this and other experiments). Quantitatively, we
calculated the T-cell density in the T–B bordering region (Bdensity),
the density in the adjacent follicle beyond the border (Fdensity), and
then deduced the follicular homing coefficient as the ratio between

Fdensity andBdensity (Fig. 1c). As shown inFig. 1d, although the follicular
homing coefficient of Icos2/2T cells was increased by 50% (0.27 versus
0.18, P, 0.01) after tenfold CXCR5 overexpression (Fig. 1b), it was
still far less than that of Icos1/1 T cells transduced with GFP (0.69,
P, 0.0001), in which the CXCR5 levels were 50% lower (Fig. 1b).
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Figure 1 | Follicular recruitment of activated T cells requires ICOS. OT-II T
cells of indicated genotypes retrovirally transduced with CXCR5 or control
GFP were transferred into B6 mice (53 105 per mouse). a, OT-II T-cell
distribution pattern in lymph nodes 4 days after NP-OVA immunization. Scale
bar, 100mm. b, Surface CXCR5 (top) and CCR7 (bottom) expression by flow
cytometry (mean6 s.e.m. of at least three mice per group). MFI, mean
fluorescence intensity. c, Themethod to derive the follicular homing coefficient
to quantitate homing efficiency. The T–B border region is defined as the region
between endogenous CD31 cells farthest into the follicle (white line, top right)
and endogenous IgD1 cells farthest into the T-cell zone (white line, bottom
left). d, Homing coefficient (HC) of the four groups of OT-II T cells in a. Each
symbol represents one follicle and its associated T–B border. Data pooled from
three experiments, with at least six lymph nodes from at least three mice per
group per experiment. *P, 0.05; **P, 0.01; ***P, 0.0001.
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ICOS	  deficiency	  reduces	  T	  cell	  relocaliza?on	  from	  the	  T–B	  border	  into	  the	  follicle	  

Follicular	  homing	  coefficient	  Retroviral	  transduc?on	  of	  T	  cells	  with	  
CXCR5	  cannot	  fully	  restore	  GC	  homing	  	  

ICOS	  induced	  recruitment	  of	  T	  cells	  into	  the	  germinal	  center	  by	  mechanisms	  different	  from	  CXCR5	  induc?on	  

OT-‐II	  T	  cells	  transduced	  with	  CXCR5	  or	  
GFP	  	  5x10^5	  cells/mouse	  injec?on	  
  NP-‐OVA	  immuniza?on	  sc.	  
  Draining	  LN	  4	  days	  post	  immunisa?on	  
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deficiency in the inducible co-stimulator (ICOS), a classic CD28
family co-stimulatory molecule highly expressed by follicular
T-helper cells, causes profound germinal centre defects4,5, leading
to the view that ICOS specifically co-stimulates the follicular
T-helper cell differentiation program2,6,7. Here we show that ICOS
directly controls follicular recruitment of activated T-helper cells in
mice. This effect is independent from ICOS ligand (ICOSL)-
mediated co-stimulation provided by antigen-presenting dendritic
cells or cognate B cells, and does not rely on Bcl6-mediated pro-
gramming as an intermediate step. Instead, it requires ICOSL
expression by follicular bystander B cells, which do not present
cognate antigen to T-helper cells but collectively form an ICOS-
engaging field. Dynamic imaging reveals ICOS engagement drives
coordinated pseudopod formation and promotes persistent T-cell
migrationat the borderbetween theT-cell zone and theB-cell follicle
in vivo. When follicular bystander B cells cannot express ICOSL,
otherwise competent T-helper cells fail to develop into follicular
T-helper cells normally, and fail to promote optimal germinal centre
responses. These results demonstrate a co-stimulation-independent
function of ICOS, uncover a key role for bystander B cells in pro-
moting the development of follicular T-helper cells, and reveal
unsuspected sophistication in dynamic T-cell positioning in vivo.
Follicular T-helper cells are localized in the follicle in part owing to

heightened CXCR5 expression3. ICOS-deficient T cells do not upregu-
late CXCR5 normally and fail to migrate into the follicle (Supplemen-
tary Fig. l). To test whether this localization failure is fully accounted
for by inadequate CXCR5 expression, Icos2/2 or Icos1/1OT-II T cells
were retrovirally transduced with a CXCR5-expressing vector and
activated in vivo by immunization with 4-hydroxy-3-nitrophenylacetyl-
conjugated ovalbumin (NP-OVA). As shown in Fig. 1a, althoughmany
Icos1/1OT-II T cellsmigrated deep into the follicle, few Icos2/2T cells
were able to do so. CXCR5 overexpression increased the follicular
presence of Icos1/1 OT-II cells. However, CXCR5-transduced Icos2/2

T cells accumulated towards the border between the T-cell zone and
the B-cell follicle (T–B border), but remained scarce deep inside the
follicle. This was not due to inadequate CXCR5 complementa-
tion, because these Icos2/2 T cells expressed at least twice as much
CXCR5 as their green fluorescent protein (GFP)-transduced wild-type
counterpart (Fig. 1b). The ICOS deficiency seems to reduce specifically
the efficiency with which T cells re-localize from the T–B border into
the follicle (see Supplementary Fig. 2 for typical ICOS expression levels
on T cells used in this and other experiments). Quantitatively, we
calculated the T-cell density in the T–B bordering region (Bdensity),
the density in the adjacent follicle beyond the border (Fdensity), and
then deduced the follicular homing coefficient as the ratio between

Fdensity andBdensity (Fig. 1c). As shown inFig. 1d, although the follicular
homing coefficient of Icos2/2T cells was increased by 50% (0.27 versus
0.18, P, 0.01) after tenfold CXCR5 overexpression (Fig. 1b), it was
still far less than that of Icos1/1 T cells transduced with GFP (0.69,
P, 0.0001), in which the CXCR5 levels were 50% lower (Fig. 1b).

1Tsinghua-Peking Center for Life Sciences, Laboratory of Dynamic Immunobiology, School of Medicine, Tsinghua University, Beijing 100084, China. 2Department of Biomedical Engineering, School of
Medicine, Tsinghua University, Beijing 100084, China. 3School of Life Sciences, Tsinghua University, Beijing 100084, China. 4Key Laboratory of Human Disease ComparativeMedicine, Ministry of Health,
Institute of Laboratory Animal Science, Chinese Academy of Medical Sciences & Comparative Medical Center, Peking UnionMedical College, Beijing 100021, China. {Present address: Department of Oral
and Maxillofacial Surgery, The Methodist Hospital Research Institute, Houston, Texas 77030, USA.
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Figure 1 | Follicular recruitment of activated T cells requires ICOS. OT-II T
cells of indicated genotypes retrovirally transduced with CXCR5 or control
GFP were transferred into B6 mice (53 105 per mouse). a, OT-II T-cell
distribution pattern in lymph nodes 4 days after NP-OVA immunization. Scale
bar, 100mm. b, Surface CXCR5 (top) and CCR7 (bottom) expression by flow
cytometry (mean6 s.e.m. of at least three mice per group). MFI, mean
fluorescence intensity. c, Themethod to derive the follicular homing coefficient
to quantitate homing efficiency. The T–B border region is defined as the region
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and endogenous IgD1 cells farthest into the T-cell zone (white line, bottom
left). d, Homing coefficient (HC) of the four groups of OT-II T cells in a. Each
symbol represents one follicle and its associated T–B border. Data pooled from
three experiments, with at least six lymph nodes from at least three mice per
group per experiment. *P, 0.05; **P, 0.01; ***P, 0.0001.
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If	  ICOS	  on	  T	  cells	  is	  important	  –	  Who	  is	  providing	  its	  ligand	  ICOSL?	  



Because CCR7 levels were comparable among all groups (Fig. 1b),
there must be an as yet undefinedmechanism by which ICOS controls
T-cell recruitment fromtheT–Bborder into the follicular parenchyma.
To test whether ICOSL co-stimulation provided by priming den-

dritic cells is involved, adoptively transferred Icos2/2 or Icos1/1OT-II
T cells were activated in vivo by subcutaneously injected Icosl2/2 or
Icosl1/1 dendritic cells thatwerepre-loadedwith the ovalbumin (OVA)
immunodominant peptide OVA323. As shown in Fig. 2a, whereas
Icos2/2 OT-II T cells were defective in follicular recruitment, wild-
type T cells primed by Icosl2/2 dendritic cells were not, indicating that
ICOSL co-stimulation by dendritic cells is not responsible for pro-
gramming the ICOS-dependent follicular recruitment mechanism.
Antigen-presenting B cells are another source of co-stimulating ICOSL.
To test whether co-stimulation by cognate B cells is involved, OT-II
T cells were co-transferred into B6 mice together with Icosl2/2 or
Icosl1/1 hen egg lysozyme (HEL)-specific B-cell receptor transgenic
MD4 B cells. Four days after immunization with HEL-OVA conjugate
antigen, Icos1/1 but not Icos2/2OT-II T cells were abundantly seen in
the follicular area, regardless of whether theMD4 B cells could express
ICOSL or not (Supplementary Fig. 3). Thus, cognate B cells are not
necessarily involved. Bcl6 is a master transcriptional factor that pro-
motes follicular T-helper cell development and thus may drive their
follicular localization feature2,3. To test whether Bcl6-mediated pro-
gramming is an intermediate step in the ICOS-dependent control of
follicular T-cell recruitment, Bcl6 was retrovirally transduced into
Icos2/2 or Icos1/1OT-II T cells, leading to 40–80-fold overexpression
(Supplementary Fig. 4a), and OT-II localization patterns were then
assayed after activation in vivo. As shown in Fig. 2b, whereas Icos1/1

OT-II cells were abundantly recruited into the follicle, Icos2/2 OT-II

cells remained largely blocked from follicular entry despite Bcl6 over-
expression. Importantly, Bcl6 overexpression in Icos1/1 T cells
increased the frequency of CXCR5hi PD-1hi follicular T-helper cells
and enhanced germinal centre formation (Supplementary Fig. 4b),
consistent with previous reports8–10. However, even by the surface
phenotyping criteria, Bcl6 overexpression could not correct the folli-
cular T-helper cell defect of Icos2/2 T cells. Therefore, Bcl6-mediated
programming is not an intermediate step in the ICOS-mediated con-
trol of follicular T-cell recruitment.
Alternatively, ICOS may function beyond classical co-stimulation

and directly promote follicular recruitment of T-helper cells without
concomitant antigen receptor signalling-dependent processes. To
test this, Icos1/1 or Icos2/2 OT-II T cells were activated in vitro,
transduced with CXCR5, and tested for follicular localization 24 h
after transfer into B6 mice that were previously immunized with 4-
hydroxy-3-nitrophenylacetyl-conjugated keyhole limpet haemocy-
anin (NP-KLH) antigen, which cannot stimulate the OT-II T-cell
receptor. CXCR5-transduced Icos1/1 but not Icos2/2 OT-II cells
abundantly migrated deep into the follicle (Fig. 2c), even though the
two groups expressed comparable levels of CXCR5 and CCR7
(Supplementary Fig. 5). Similar results were obtained using T cells
activated by anti-CD3 and anti-CD28 antibodies before adoptive
transfer into naive B6 mice, indicating that neither ICOS-mediated
programming in vitro nor overt inflammation in vivo due to immun-
ization was necessary (Supplementary Fig. 6). Therefore, independent
from antigen receptor signalling, ICOS directly promotes follicular
recruitment of activated T-helper cells.
To identify the requisite source of ICOSL, we considered follicular

bystander B cells, which by definition do not present cognate antigen
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Figure 2 | ICOS-dependent follicular T-cell recruitment does not rely on co-
stimulation or Bcl6. a, Distribution patterns of Icos1/1 or Icos2/2 OT-II T
cells in B6 mice, 3–4 days after activation by subcutaneous-injected OVA323-
pulsed, lipopolysaccharide (LPS)-activated Icosl1/1 or Icosl2/2 dendritic cells
(DC). b, OT-II T cells were retrovirally transduced with Bcl6 or control GFP,
sorted to.90% GFP1 purity, and transferred into B6 mice (53 105 per
mouse). Shown are distribution patterns of OT-II T cells on day 4 after

NP-OVAimmunization. c,OT-IIT cellswere transducedwithCXCR5orGFP, and
then transferred into B6 mice (33 106 sorted GFP1 cells per mouse) that had
been immunized with the antigen NP-KLH. The OT-II distribution pattern
24 h after transfer is shown (each GFP1 cell highlighted with a circle). Scatter
plots show homing coefficient analyses as in Fig. 1d, based on data pooled from
three (a) or two (b, c) experiments involving 2–3 mice per condition per
experiment. Scale bars, 100mm. *P, 0.05; ***P, 0.0001; NS, not significant.
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Is	  ICOSL	  on	  cognate	  B	  cells	  important	  for	  
deep	  GC	  homing?	  

ICOS+	  or	  –	  (sdRed)	  OT-‐II	  T	  cells	  and	  MD4	  B	  cells	  co-‐transferred	  
into	  immunized	  (HEL-‐OVA)	  B6	  mice	  
	  Draining	  LN	  4	  days	  post	  immuniza?on	  	  

Is	  ICOSL	  on	  DCs	  important	  for	  deep	  GC	  
homing?	  

OT-‐II	  T	  cells	  (ICOS+	  or	  -‐)	  adop?vely	  transferred	  	  
ICOSL+	  or	  –	  DC	  pulsed	  with	  OVA323	  (+LPS)	  	  
	  subcutaneous	  injec?on	  
	  Draining	  LN	  4	  days	  post	  subc.	  injec?on	  

Wild	  type	  T	  cells	  primed	  by	  ICOSL-‐deficient	  
DCs	  can	  s?ll	  migrate	  deep	  into	  the	  follicle	  

Likewise,	  wild	  type	  T	  cells	  can	  migrate	  deep	  into	  
the	  follicle	  in	  the	  absence	  of	  ICOSL	  on	  cognate	  B	  
cells.	  



Co-‐s9mula9on-‐independent	  role	  of	  ICOS	  in	  direc?ng	  T	  cells	  
into	  the	  germinal	  center	  

OTII	  T	  cells	  (ICOS+	  or	  -‐)	  adop?vely	  transferred	  into	  
NP-‐KLH	  immunised	  B6	  host	  	  
 Draining	  LN	  4	  days	  post	  subc.	  Injec?on	  

NP-‐KLH	  cannot	  ac?vate	  OT-‐II	  T	  cells	  via	  the	  TCR!	  	  

Because CCR7 levels were comparable among all groups (Fig. 1b),
there must be an as yet undefinedmechanism by which ICOS controls
T-cell recruitment fromtheT–Bborder into the follicular parenchyma.
To test whether ICOSL co-stimulation provided by priming den-

dritic cells is involved, adoptively transferred Icos2/2 or Icos1/1OT-II
T cells were activated in vivo by subcutaneously injected Icosl2/2 or
Icosl1/1 dendritic cells thatwerepre-loadedwith the ovalbumin (OVA)
immunodominant peptide OVA323. As shown in Fig. 2a, whereas
Icos2/2 OT-II T cells were defective in follicular recruitment, wild-
type T cells primed by Icosl2/2 dendritic cells were not, indicating that
ICOSL co-stimulation by dendritic cells is not responsible for pro-
gramming the ICOS-dependent follicular recruitment mechanism.
Antigen-presenting B cells are another source of co-stimulating ICOSL.
To test whether co-stimulation by cognate B cells is involved, OT-II
T cells were co-transferred into B6 mice together with Icosl2/2 or
Icosl1/1 hen egg lysozyme (HEL)-specific B-cell receptor transgenic
MD4 B cells. Four days after immunization with HEL-OVA conjugate
antigen, Icos1/1 but not Icos2/2OT-II T cells were abundantly seen in
the follicular area, regardless of whether theMD4 B cells could express
ICOSL or not (Supplementary Fig. 3). Thus, cognate B cells are not
necessarily involved. Bcl6 is a master transcriptional factor that pro-
motes follicular T-helper cell development and thus may drive their
follicular localization feature2,3. To test whether Bcl6-mediated pro-
gramming is an intermediate step in the ICOS-dependent control of
follicular T-cell recruitment, Bcl6 was retrovirally transduced into
Icos2/2 or Icos1/1OT-II T cells, leading to 40–80-fold overexpression
(Supplementary Fig. 4a), and OT-II localization patterns were then
assayed after activation in vivo. As shown in Fig. 2b, whereas Icos1/1

OT-II cells were abundantly recruited into the follicle, Icos2/2 OT-II

cells remained largely blocked from follicular entry despite Bcl6 over-
expression. Importantly, Bcl6 overexpression in Icos1/1 T cells
increased the frequency of CXCR5hi PD-1hi follicular T-helper cells
and enhanced germinal centre formation (Supplementary Fig. 4b),
consistent with previous reports8–10. However, even by the surface
phenotyping criteria, Bcl6 overexpression could not correct the folli-
cular T-helper cell defect of Icos2/2 T cells. Therefore, Bcl6-mediated
programming is not an intermediate step in the ICOS-mediated con-
trol of follicular T-cell recruitment.
Alternatively, ICOS may function beyond classical co-stimulation

and directly promote follicular recruitment of T-helper cells without
concomitant antigen receptor signalling-dependent processes. To
test this, Icos1/1 or Icos2/2 OT-II T cells were activated in vitro,
transduced with CXCR5, and tested for follicular localization 24 h
after transfer into B6 mice that were previously immunized with 4-
hydroxy-3-nitrophenylacetyl-conjugated keyhole limpet haemocy-
anin (NP-KLH) antigen, which cannot stimulate the OT-II T-cell
receptor. CXCR5-transduced Icos1/1 but not Icos2/2 OT-II cells
abundantly migrated deep into the follicle (Fig. 2c), even though the
two groups expressed comparable levels of CXCR5 and CCR7
(Supplementary Fig. 5). Similar results were obtained using T cells
activated by anti-CD3 and anti-CD28 antibodies before adoptive
transfer into naive B6 mice, indicating that neither ICOS-mediated
programming in vitro nor overt inflammation in vivo due to immun-
ization was necessary (Supplementary Fig. 6). Therefore, independent
from antigen receptor signalling, ICOS directly promotes follicular
recruitment of activated T-helper cells.
To identify the requisite source of ICOSL, we considered follicular

bystander B cells, which by definition do not present cognate antigen
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Figure 2 | ICOS-dependent follicular T-cell recruitment does not rely on co-
stimulation or Bcl6. a, Distribution patterns of Icos1/1 or Icos2/2 OT-II T
cells in B6 mice, 3–4 days after activation by subcutaneous-injected OVA323-
pulsed, lipopolysaccharide (LPS)-activated Icosl1/1 or Icosl2/2 dendritic cells
(DC). b, OT-II T cells were retrovirally transduced with Bcl6 or control GFP,
sorted to.90% GFP1 purity, and transferred into B6 mice (53 105 per
mouse). Shown are distribution patterns of OT-II T cells on day 4 after

NP-OVAimmunization. c,OT-IIT cellswere transducedwithCXCR5orGFP, and
then transferred into B6 mice (33 106 sorted GFP1 cells per mouse) that had
been immunized with the antigen NP-KLH. The OT-II distribution pattern
24 h after transfer is shown (each GFP1 cell highlighted with a circle). Scatter
plots show homing coefficient analyses as in Fig. 1d, based on data pooled from
three (a) or two (b, c) experiments involving 2–3 mice per condition per
experiment. Scale bars, 100mm. *P, 0.05; ***P, 0.0001; NS, not significant.
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In	  order	  to	  being	  recruited	  into	  the	  
follicle,	  T	  cells	  must	  have	  ICOS	  
(and	  CXCR5),	  but	  they	  don’t	  
require	  concomitant	  an9gen	  
receptor-‐signaling	  



Is	  ICOSL	  on	  bystander	  B	  cells	  important	  for	  deep	  GC	  homing?	  

*Ajer	  BM-‐recons?tu?on,	  B	  cells	  are	  either	  
-‐  wild	  type	  
-‐  devoid	  of	  ICOSL	  	  
-‐  devoid	  of	  MHC-‐II	  molecules	  	  congnate	  independent	  

Experimental	  setup:	   Results:	  

to T cells, constitutively express ICOSL11, and as an ensemble form an
ICOS-engaging field in the follicular parenchyma (Supplementary
Fig. 7). To test a potential role for ICOSL on bystander B cells in
promoting follicular T-cell recruitment, we constructed 80:20 mixed
bone marrow chimaeras using mMT (B-cell-deficient) and Icosl2/2

bone marrow cells (see Supplementary Fig. 7 for a diagram) to speci-
fically render B cells ICOSL-deficient in the resulting animals. To
control for B-cell-mediated antigen presentation, OVA323-pulsed den-
dritic cells were used to activate the transferred OT-II T cells, and
the chimaera between mMT and I-A2/2 (also known as H2-Ab12/2

or I-Ab2/2) B cells was tested in parallel. As shown in Fig. 3, whereas
activated OT-II T cells were abundantly recruited into follicles com-
posed of wild-type or I-A2/2 B cells, they were essentially absent in
ICOSL-deficient follicles. These results suggest that, by constitutively
expressing ICOSL without co-displaying agonistic peptide–major
histocompatibility complex (MHC) complexes, follicular bystander
B cells engage ICOS on activated T-helper cells that reach the T–B
border, and promote their subsequent follicular recruitment in a
co-stimulation-independent manner.
How ICOS triggering by the ensemble of bystander B cells promotes

the directional outcome of follicular T-cell recruitment from the T–B
border remains unclear.Whereas follicular re-localization depends on
the net vector of CXCR5- and CCR7-mediated direction-sensing12,
ICOS exerts its effects independently of CXCR5 and CCR7 expression
levels (Figs 1 and 2c) and without changing their sensitivities to res-
pective chemokine ligands (Supplementary Fig. 8). Conversely, direc-
tional migration depends not only on gradient sensing but also on
persistent random motility. This latter process is characterized by
coordinated pseudopod generation in a polarizedmanner, either spon-
taneously or in response to a uniform field, drives cells to move per-
sistently for a certain period before random direction change and
repetition of the motility13,14. As a result, a gradient steers cell migra-
tion by imposing a directional bias onto persistent random motility,
without which cells may sense but cannot efficiently move towards the
desired direction15,16. We thus sought to test whether ICOS triggering
promotes persistent motility of T cells and thereby facilitates follicular
recruitment from the T–B border.
Similar to what was described for human T cells17,18, anti-ICOS

antibody treatment led to mouse T-cell polarization (Supplementary

Fig. 9). To analyse motility in vitro, T cells were transduced with
a Lifeact-based F-actin-binding reporter19 and examined by total
internal reflection fluorescence (TIRF) microscopy on lipid bilayers
that can or cannot trigger ICOS. Under the control condition, T cells
exhibit spontaneous actin dynamics, periodically in a wave-like form
along the membrane to extend pseudopodial extensions in random
directions, whereas the cell body appeared round and without overt
displacement (Fig. 4a and Supplementary Videos 1 and 2). In marked
contrast, on the ICOS-triggering bilayer, T cells exhibited leading
edges, from which actin waves drove pseudopods in a coordinated
left–right fashion, enabling T cells to move persistently (Fig. 4a and
Supplementary Videos 3 and 4). This was reminiscent of spontaneous
motility described for amoebic Dictyostelium and of that induced in
neutrophils by a uniform field14. Quantitatively, ICOS triggering
markedly increased cell displacement (Fig. 4b), centroid speed (by
,40%; Fig. 4c, left), and directional persistence (by ,200%; Fig. 4c,
right). This motility-driving effect required activities of phosphatidy-
linositol-3-OH kinase (PI(3)K), as it was blocked by treatment with
p110d-specific PI(3)K inhibitor CAL-101 (Supplementary Fig. 10 and
Supplementary Videos 5 and 6). Notably, CD28 triggering, which
could also activate the PI(3)K pathway albeit to a lesser extent20, failed
to drive persistent motility even though it increased T-cell membrane
dynamics and polarization (Supplementary Fig. 10 and Supplemen-
tary Videos 6 and 7). Therefore, ICOS triggering uniquely enhances
coordinated pseudopod dynamics in T cells and promotes their per-
sistent motility in a PI(3)K-dependent manner.
To test whether ICOS triggering promotes persistent motility

in vivo, particularly as governed by bystander B cells at the T–B border,
we conducted two-photon intravital imaging analysis (Supplementary
Fig. 11). To capture T cell pseudopod dynamics in detail, we conducted
imaging at one frame per 10 s, with the x–ypixel size at 0.493 0.49mm.
Activated OT-II T cells at the T–B border were seen to extend pseu-
dopods from the leading edge in a left–right coordinated fashion,
approximately every 10–40 s (Supplementary Fig. 12 and Supplemen-
taryVideo 8). Only very occasionally (4–5%of time) would they pause,
exhibit a shape index of less than 2, and display no pseudopod-like
protrusions, that is, in a depolarized state (see also Methods and
Supplementary Fig. 11). When Icos2/2 and wild-type OT-II T cells
reaching the same T–B border were compared, the former was much
more likely to exhibit the depolarized state and to remain so for a
longer period time (Fig. 4d, e and Supplementary Videos 9–11).
Consistent with this decrease in pseudopod dynamics at the single-cell
level, Icos2/2 T cells as a population exhibited reductions in displace-
ment kinetics, speed and persistence (Fig. 4f–h and Supplementary
Videos 9–11; see Supplementary Fig. 13 for details on statistical ana-
lyses). These data suggest ICOS is required for persistent motility of
T cells at the T–B border. To determine whether ICOSL on bystander
B cells is indeed the driving force, we conducted imaging with
mMT:Icosl2/2 (80:20)-mixed bone marrow chimaeras as recipients.
In these hosts, the frequency of wild-type OT-II T cells in the depolar-
ized state increased from,5% to,19%, indistinguishable from their
Icos2/2 counterparts reaching the same T–B border (Fig. 4i, j and
Supplementary Video 12). As a result, the two cell populations became
comparable in displacement kinetics and persistence, with Icos2/2

T cells now being slightly faster (Fig. 4k–m and Supplementary
Video 12). Collectively, these data suggest that ICOS triggering in vivo
by the ensemble of follicular bystander B cells enhances pseudopod
dynamics of activated T cells, increases their persistent motility, and
can thereby promote T-cell recruitment from the T–B border into
the follicle.
Finally, to verify the functional significance of this ICOS-dependent,

bystander B-cell-mediated T-cell recruitment mechanism for the
germinal centre response and follicular T-helper cell development,
mMT:Icosl1/1 and mMT:Icosl2/2 (80:20)-mixed bone marrow chi-
maeras were compared for competency to host an adoptive germinal
centre response by MD4 B cells collaborating with OT-II T cells after
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Figure 3 | ICOSL expressed on bystander B cells is required for follicular
T-helper cell recruitment. Mixed bone marrow chimaeras of indicated types
received 106 naive GFP-expressing OT-II T cells per mouse, and were then
subcutaneously injected with 23 106 OVA323-pulsed dendritic cells.
Representative OT-II tissue distribution patterns 4 days later and quantitative
homing coefficient analyses as in Fig. 1d are shown. Data represent three sets of
mMT:Icosl2/2 chimaeras and two sets of mMT:I-A2/2 chimaeras. WT, wild
type. Scale bar, 100mm. ***P, 0.0001.
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*	  

B	  cells	  engage	  ICOSL	  on	  ac?vated	  T	  cells	  (without	  cognate	  help)	  to	  
induce	  migra?on	  of	  T	  cells	  deep	  into	  the	  follicle	  



How	  does	  ICOS	  engagement	  recruit	  T	  cells	  into	  the	  germinal	  center?	  
ICOS-‐driven	  T	  cell	  mo9lity	  –	  in	  vitro	  

In	  vitro	  s?mula?on	  on	  ICOS-‐engaging	  bilayers	  

ICOS	  engagement	  	  leading	  edges,	  pseudopods,	  coordinated	  lej-‐right	  waves	  
	  
	  
dependent	  on	  PI3K	  (blocking	  with	  CAL-‐101	  reduces	  directed	  movement;	  supp	  fig.	  10)	  



ICOS-‐driven	  T	  cell	  mo9lity	  –	  in	  vivo	  

In	  vivo	  imaging	  by	  2-‐photon	  intravital	  microscopy	  
	  
GPF	  ICOS+/+	  OT-‐II	  T	  cells	  
sdRed	  ICOS-‐/-‐	  OT-‐II	  T	  cells	  

No	  ICOL	  on	  B	  cells	  

ICOS-‐sufficient	  T	  cells	  reduce	  mo?lity	  in	  the	  absence	  of	  ICOSL	  on	  B	  cells	  



GPF	  ICOS+/+	  OT-‐II	  T	  cells	  
(higher	  mo?lity)	  
sdRed	  ICOS-‐/-‐	  OT-‐II	  T	  cells	  
(ojen	  depolarised)	  
	  
	  
	  
At	  the	  B-‐T	  cell	  border	  
	  
Three	  days	  ajer	  ac?va?on	  
by	  s.c.	  injected	  OVA323-‐
pulsed	  DC	  
	  
	  
	  
	  



Conclusions:	  
	  
TV	  require	  ICOS	  engagement	  in	  order	  to	  migrate	  into	  the	  germinal	  center	  
	  
ICOSL	  is	  provided	  by	  B	  cells,	  cognate-‐independently!	  	  Bystander	  func?on	  of	  B	  cells	  
	  
ICOS	  signaling	  in	  TV	  has	  a	  “co-‐s?mula?on-‐independent”	  func?on	  of	  inducing	  mo?lity	  
and	  pseudopod	  forma?on	  
	  
ICOSL	  on	  B	  cells	  can	  engage	  ICOS	  on	  T	  cells	  in	  an	  congnate-‐independent	  fashion	  and	  
induce	  mo?lity	  and	  direc?onal	  movement	  in	  T	  cells.	  
	  
	  
	  
	  
	  
“B	  cell	  compartment	  is	  the	  driver	  for	  the	  development	  of	  their	  own	  helpers”	  	  
	  
“ICOS	  serves	  as	  a	  ‘license’	  for	  T	  cells	  to	  take	  the	  follicular	  residence”	  
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ART I C L ES

The skin is the outermost barrier between the environment and internal 
organs that contains cells of the immune system deployed as sentinels 
that serve as a first line of defense against microbial attacks. The epi-
dermis of mice has two relatively uniform populations of such cells, 
Langerhans cells and dendritic epidermal T cells (DETCs), whereas 
the dermis contains a large variety of leukocytes, including dermal 
dendritic cells (DDCs), macrophages, mast cells and  and  T cells. 
It is believed that most of the productive immune responses to invad-
ing microbes are initiated in the dermis, although the precise lineage 
relationships of dermal leukocyte subsets and their exact functions 
during homeostasis and disease are yet to be defined.

Type 2 cytokine–dependent responses are essential for protection 
against helminth infections but also underlie the development of 
inflammatory allergic diseases, such as atopic dermatitis1. Although 
overproduction of epidermis-associated innate cytokines, such as 
thymic stromal lymphopoietin (TSLP)2, has been associated with 
the development of cutaneous allergic sequelae, the cellular events 
in the skin that could be responsible for biasing subsequent immune 
responses to a T helper type 2 (TH2; atopic) phenotype have not been 
identified. In particular, there is no information about whether an 
innate type 2 sensor is present in the dermis.

A class of innate lymphoid cells (ILCs), the group 2 ILCs (ILC2 
cells)3, has been identified in fat-associated lymphoid tissue and 
mucosa-associated tissues (the respiratory and intestinal tracts) 

on the basis of their responsiveness to interleukin 25 (IL-25) 
and the production of type 2 cytokines, the foremost being IL-13  
(refs. 4–8). Cells that belong to the ILC2 family include natural helper 
cells7, nuocytes8 and innate helper 2 cells9. ILC2 cells are defined as 
lineage-negative (Lin−) CD45+CD90+CD127(IL-7R )+ICOS+ with 
variable expression of the stem-cell-factor receptor CD117 (c-Kit), 
the lineage marker Sca-1 and the IL-33 receptor ST2. Nuocytes have 
been shown to differentiate from common lymphocyte progeni-
tors and to depend on the transcription factor ROR 10. In adult 
mice, ILC2 cells are a rare population that expands in response to 
IL-25 or IL-33 or during helminth infection8 and represent a chief 
source of IL-13, a pleiotropic cytokine that mediates a variety of 
effects, including suppression of cytokine production by mono-
cytes11, mucus production by goblet cells and the recruitment of 
eosinophils by epithelial cells12–14. ILC2 cells can also produce  
IL-5, which has been linked to eosinophil recruitment, as well as 
IL-9 (ref. 15), which is prominent during helminth infections16,17 
and has been linked to atopic disease18. ILC2 cells have been shown 
to be involved in immunity to helminths as well as in allergic condi-
tions such as asthma and chronic sinusitis4,5,7,8 but are also prob-
ably important for maintaining tissue homeostasis6. Despite such 
advances, very little is understood about the activity of ILC2 cells  
in situ, and it remains unclear what other cell types ILC2 cells 
 interact with in vivo.
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Cutaneous immunosurveillance and regulation of 
inflammation by group 2 innate lymphoid cells
Ben Roediger1, Ryan Kyle2, Kwok Ho Yip3, Nital Sumaria1,11, Thomas V Guy1, Brian S Kim4–6,  
Andrew J Mitchell1, Szun S Tay1, Rohit Jain1, Elizabeth Forbes-Blom2, Xi Chen7, Philip L Tong1,8,9,  
Holly A Bolton1, David Artis4,5,10, William E Paul7, Barbara Fazekas de St Groth1,8, Michele A Grimbaldeston3,  
Graham Le Gros2 & Wolfgang Weninger1,8,9

Type 2 immunity is critical for defense against cutaneous infections but also underlies the development of allergic skin diseases. 
We report the identification in normal mouse dermis of an abundant, phenotypically unique group 2 innate lymphoid cell (ILC2) 
subset that depended on interleukin 7 (IL-7) and constitutively produced IL-13. Intravital multiphoton microscopy showed that 
dermal ILC2 cells specifically interacted with mast cells, whose function was suppressed by IL-13. Treatment of mice deficient 
in recombination-activating gene 1 (Rag1−/−) with IL-2 resulted in the population expansion of activated, IL-5-producing dermal 
ILC2 cells, which led to spontaneous dermatitis characterized by eosinophil infiltrates and activated mast cells. Our data show 
that ILC2 cells have both pro- and anti-inflammatory properties and identify a previously unknown interactive pathway between 
two innate populations of cells of the immune system linked to type 2 immunity and allergic diseases.
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Type	  2	  innate	  lymphoid	  cells	  



IDENTIFICATION	  of	  dermal	  ILC2	  cells	  by	  flow	  cytometry	  

CD45+CD90hi	  
CD2-‐CD3-‐	  
	  
ICOS+	  
CD103+	  
IL17RB+	  
	  
Sca-‐1-‐	  
ST2-‐	  
CD25-‐	  
C-‐kit-‐	  





DISTRIBUTION	  of	  ILC2	  

Rela?ve	  abundance	  of	  total	  isolated	  cells	  



DEVELOPMENT	  of	  dermal	  ILC2	  

CD45.2	  BM	  transfer	  into	  sublethally	  irradiated	  
recipients	  	  8	  weeks	  post	  transfer	  
	  
dILC2	  can	  re-‐populate	  the	  dermis	  ajer	  irradia?on	  

dILC2	  are	  radiosensi?ve	  

dILC2	  are	  present	  in	  RAG1-‐/-‐,	  IL-‐25-‐/-‐,	  IL-‐15-‐/-‐,	  bot	  not	  in	  STAT3-‐/-‐	  or	  IL-‐7-‐/-‐	  mice	  

dILC2	  cells	  depend	  on	  IL-‐7	  and	  STAT-‐3	  signaling	  

dILC2	  cells	  depend	  on	  IRAKOS	  



BAC	  used	  to	  generate	  4C13R	  mice	  	  
=	  IL-‐4	  and	  IL-‐13	  reporter!	  

CYTOKINE	  EXPRESSION	  of	  dermal	  ILC2	  

IL-‐13	  produc?on	  in	  the	  steady	  state	  

No	  IL-‐4	  produc?on	  in	  the	  steady	  state,	  livle	  (!)	  upon	  TSLP	  s?mula?on	  

VitaminD	  analogon	  (MC903)	  
  TSLP	  (kera?nocytes)	  
  Induces	  livle	  IL-‐4	  in	  dILC2	  

Normal	  N.	  brasiliensis	  response	  

Lineage?	  

Total	  skin	  
homogenate	  



Cxcr6-‐eGFP	  mice	  can	  be	  used	  to	  visualise	  ILC2	  cells	  in	  the	  skin	  

Specific	  fluorescent	  labeling	  (eGFP)	  of	  ILC2	  cells	  
Transfer	  of	  Rag1−/−Cxcr6+/gfp	  plus	  Rag1+/+	  mT/mG	  (mT+)	  bone	  marrow	  into	  irradiated	  B6	  host	  	  8	  wks	  pt	  

VISUALIZATION	  of	  dermal	  ILC2	  

SHG	  =second-‐harmonic	  genera?on	  
28µm	  dermis,	  blood	  vessels:	  Evans	  blue	  

eGFP+	  cell	  counts	  in	  
Cxcr6-‐eGFP	  mice	  (ear)	  

Most	  of	  the	  eGFP	  signal	  
can	  be	  avributed	  to	  
CD3-‐CD2-‐	  
Minor	  NK	  (CD2+)	  cells	  

Almost	  all	  ILC2	  cells	  will	  
be	  eGFP	  posi?ve,	  BUT	  
also	  others…	  



VELOCITY	  of	  dermal	  ILC2	  

ILC2-‐eGFP	  
T	  cells-‐mT	  
SHG	  
	  

Do	  these	  cells	  interact	  
with	  other	  cells?	  



CELL-‐CELL	  INTERACTION	  of	  dermal	  ILC2	  with	  MAST	  CELLS	  

RFP	  signal	  in	  Brainbow	  mice	  can	  be	  used	  to	  visualise	  mast	  cells	  
(CD11bloFcR1+ckit+)	  in	  the	  skin	  

Brainbow	  RFP–	  mast	  cells	  
Cxcr6-‐eGFP	  –	  ILC2	  

	  What	  is	  the	  func?on	  of	  this	  interac?on	  between	  
ILC2	  and	  mast	  cells?	  

Rag1-‐/-‐Cxcr6+/GFP	  with	  	  Rag1+/+GPF-‐	  BM	  into	  irradiated	  Brainbow	  mice	  
GFP+	  cells	  in	  the	  skin:	  ILC2	  
Red	  cells:	  radio-‐resistant	  mast	  cells	  

Interac?on	  of	  ILC2	  with	  mast	  cells	  ojen	  lasted	  for	  10-‐30	  minutes	  	  



CELL-‐CELL	  INTERACTION	  of	  dermal	  ILC2	  with	  MAST	  CELLS	  

IL-‐13	  causes	  a	  dose-‐dependent	  suppression	  of	  
IgE-‐mediated	  cytokine	  release	  by	  mast	  cells	  

In	  vitro	  s?mula?on	  of	  mast	  cells	  with	  ILC2	  cytokines	  

IL-‐9	  causes	  a	  dose-‐dependent	  ac9va9on	  of	  
IgE-‐mediated	  cytokine	  release	  by	  mast	  cells	  



PHYSIOLOGIC	  ROLE	  of	  dermal	  ILC2	  cells	  

In	  vivo	  s?mula?on	  of	  ILC2	  with	  IL-‐2	  complex	  (JES6-‐1)	  expands	  dILC2	  cells	  

IL-‐2	  causes	  a	  spontaneous	  inflamma9on	  in	  the	  skin	  (2-‐3	  weeks	  treatment)	  





Surface	  profile	  of	  dermal	  ILC2	  cells	  

Presence	  in	  knockout	  strains	   Comparison	  to	  other	  ILC2	  subsets	  


