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We	previously	demonstrated	that	artificial	lymph	nodes	(aLNs)	could	be	generated	in	mice	by	the	implantation	
of	stromal	cell–embedded	biocompatible	scaffolds	into	their	renal	subcapsular	spaces.	T	and	B	cell	domains	
that	form	in	aLNs	have	immune	response	functions	similar	to	those	of	follicles	of	normal	lymphoid	tissue.	
In	the	present	study,	we	show	that	the	aLNs	were	transplantable	to	normal	as	well	as	SCID	mice,	where	they	
efficiently	induced	secondary	immune	responses.	Antigen-specific	secondary	responses	were	strongly	induced	
in	aLNs	even	4	weeks	after	their	transplantation.	The	antigen-specific	antibody	responses	in	lymphocyte-defi-
cient	SCID	mice	receiving	transplanted	aLNs	were	substantial.	The	cells	from	the	aLNs	migrated	to	the	SCID	
mouse	spleen	and	BM,	where	they	expanded	to	generate	large	numbers	of	antigen-specific	antibody-forming	
cells.	Secondary	responses	were	maintained	over	time	after	immunization	(i.e.,	antigen	challenge),	indicating	
that	aLNs	can	support	the	development	of	memory	B	cells	and	long-lived	plasma	cells.	Memory	CD4+	T	cells	
were	enriched	in	the	aLNs	and	spleens	of	aLN-transplanted	SCID	mice.	Our	results	indicate	that	aLNs	support	
strong	antigen-specific	secondary	antibody	responses	in	immunodeficient	mice	and	suggest	the	possibility	of	
future	clinical	applications.

Introduction
The host immune response has evolved to resist a wide variety 
of invading pathogens, and among vertebrates, this process is 
augmented by the existence of highly organized lymphoid tis-
sues. These structures function at multiple levels. First, they 
help ensure an encounter between rare antigen-specific T or 
B cells and the small number of pathogens that infiltrate the 
lymph nodes and Peyer’s patches, often carried there by DCs or 
captured in the marginal zone of the spleen. Second, specialized 
trafficking systems, which are orchestrated by components of 
the addressin, integrin, and chemokine families, direct the flow 
of cells into appropriate organs and to sites of inflammation. 
Lymph nodes are organs formed along the lymphatic vessels and 
are strategically located to perform immunologic surveillance 
by capturing free or DC-bound processed foreign antigens and 
rapidly generating an immune response (1).

The secondary lymphoid tissues are organized into a highly spe-
cialized microarchitecture consisting of B and T cell domains that 
promote the interaction of lymphocytes with cognate antigen as well 
as the collaboration of B and T cells to generate T cell–dependent 
antibody responses. The B cell domain, or follicle, is the site where 
with T cell help, antigen-stimulated B cells multiply and form germi-
nal centers. A special cell type, the follicular DC (FDC), extends pro-
jections into the center of a follicle and forms a network structure. 
The vascular system in the secondary lymphoid tissues also contrib-

utes to immune surveillance. In particular, there are high endothelial 
venules through which lymphocytes enter the lymph nodes (2).

Studies using gene targeting and spontaneous mouse mutants 
have identified factors important for the development of second-
ary lymphoid tissues and maintenance of the normal microarchi-
tecture. This was first shown for the TNF family member lympho-
toxin α (LTα). There were no Peyer’s patches in the LTα knockout 
mouse and greatly decreased numbers of lymph nodes (3, 4). The 
lymphotoxin β receptor–deficient (LTβR-deficient) mouse has 
a more severe phenotype, with a complete loss of lymph nodes 
throughout the body (5–7). The alymphoplasia (aly) mouse muta-
tion results in a complete loss of Peyer’s patches and lymph nodes. 
The aly defect is caused by a point mutation in NF-κB–inducing 
kinase, a signaling molecule downstream of the LTβR (8). Because 
normal immune responses do not occur in mice with no lymph 
nodes, the aly mice are severely immunodeficient.

We previously demonstrated that artificial  lymph node–like 
(aLN-like)  tissues  could  be  generated  by  implanting  stromal 
cell–embedded biocompatible scaffolds into the renal subcap-
sular spaces of mice. These aLNs possess a well-organized tissue 
structure similar to that of the secondary lymphoid organs (9). As 
in natural lymph nodes, there are T cells, B cells, and DCs; T and 
B cell domains are clearly distinguishable; and follicles develop. 
Germinal centers develop in the aLNs following immunization, 
an important feature of a secondary lymphoid organ, and there is 
vigorous B cell proliferation and plasma cell generation. T and B 
cell domains that form in the aLNs are not simply nonspecific cel-
lular aggregates, but function in the immune response in a man-
ner similar to the follicles of normal lymphoid tissue. The aLNs are 
transplantable to naive as well as SCID mice and efficiently induce 
secondary immune responses.

Here we report the further analyses of immune functions medi-
ated by the aLNs. The aLNs supported extremely potent antigen-
specific secondary antibody responses in SCID mice. Cells in the 
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transplanted aLNs also migrated to the SCID mouse spleen and 
BM, where they expanded to generate large numbers of antigen-
specific antibody-forming cells (AFCs). Our results indicated 
that movement of cells from the aLNs to the spleen is mediated 
through signaling from pertussis toxin–sensitive (PTX-sensitive) 
G protein–coupled receptors, including chemokine receptors and 
sphingosine-1-phosphate (S1P) receptors. The number of anti-
gen-specific AFCs was maintained over time after immunization 
(i.e., antigen challenge), indicating that aLNs can support devel-
opment of memory B cells and long-lived plasma cells. Memory-
type CD4+ T cells were enriched in the aLNs and in spleens of 
recipient SCID mice. T cells positive for CD127 (also referred to as 
IL-7 receptor α) were also enriched in the aLNs. During the initial 
stages of aLN formation, a massive accumulation of FDC-M1– 
positive, FDC-like cells was observed. The appearance of these 
FDC-like cells preceded the formation of T cell areas and B cell 
follicles and thus may be involved in establishing the ground-
work for the lymph node microarchitecture.

Results
Effective induction of secondary antibody response in aLN-transplanted 
naive mice. Cells from the stromal cell line TEL-2–LTα (9, 10) as 
well as BM-derived mature DCs (11) embedded in scaffolds were 
implanted into the renal subcapsular spaces of BALB/c mice pre-
immunized with alum-precipitated  (4-hydroxy-3-nitrophenyl) 
acetyl–OVA (NP-OVA). Three weeks after implantation, aLNs had 
formed in the recipient mice, as reported previously (9). These 
newly formed aLNs were then removed and transplanted into the 
renal subcapsular spaces of naive BALB/c mice. After 3–4 weeks, the 
recipient mice were immunized by i.v. injection of NP-OVA (100 
μg/mouse), and 5 days after immunization, the histology of the 
transferred aLNs was examined by immunofluorescence staining. 

The structure of aLNs was intact, with clearly segregated T and B 
cell areas, in naive recipient mice even 4 weeks after transplantation 
(Figure 1A). Large numbers of IgG1 AFCs, but few IgM AFCs, were 
detected in B cell areas of the transplanted aLNs (Figure 1, B and C),  
whereas the inverse was observed in spleens of the recipient mice 
(Figure 1, D–F). At this time point, a large amount of IgG1 NP-spe-
cific antibody (500–800 μg/ml) was detected in the sera of recipi-
ent mice (Figure 1, G and H). These data indicate that the tertiary 
structure of the aLNs is stable and persistent even 4 weeks after 
transplantation and that a potent antigen-specific IgG1 secondary 
antibody response could be induced specifically within aLNs.

We next performed transplantation experiments using aLNs 
formed in enhanced green fluorescent protein (EGFP) transgenic 
mice, which allowed the unambiguous identification of donor and 
recipient cells. The aLNs were generated in the renal subcapsular 
spaces of EGFP transgenic mice by the implantation of collagen 
sponges containing stromal cells, TEL-2–LTα cells, and DCs gen-
erated from normal BALB/c BM cells. Most of the immune cells in 
the aLNs were found to be host derived and EGFP positive (Figure 
2, A−F). Both T and B cell areas were formed by EGFP-positive 
cells (Figure 2, A and D–F), and EGFP-positive DCs were scattered 
in both T and B cell areas (Figure 2C). FDC networks were detect-
ed in the B cell area, all of which appeared to be EGFP positive 
(Figure 2B). These data indicate that most of the immune cells 
that comprise the aLNs are derived from the recipient mouse.

The kinetics of aLN formation were next examined. There was a 
massive influx of FDCs in scaffolds 3 days after implantation of the 
TEL-2 stromal cell–embedded collagen sponge into renal subcap-
sular spaces in BALB/c mice (Figure 3, B and F) prior to the infil-
tration of any host lymphocytes (Figure 3, A and E), and this was 
followed by formation of distinct T and B cell areas (Figure 3, B–D 
and F–H). Some FDC-M1–positive cells were initially present in T 

Figure 1
Antigen-specific secondary IgG responses are induced in transplanted aLNs, but not in the spleens, of normal naive recipients even 4 weeks 
after transplantation. The aLNs were formed first in NP-OVA–preimmunized BALB/c mice. After their formation, aLNs were removed and trans-
planted into renal subcapsular regions of naive, nonimmunized BALB/c mice. Mice were kept in cages for 3 weeks and then immunized i.v. 
with NP-OVA antigen (100 μg/mouse). Tissue sections of aLNs and sera of the recipient mice were collected 5 days after immunization. (A−F) 
Immunohistochemical staining of aLNs (A–C) and spleens of aLN-transplanted mice (D−F) 4 weeks after transplantation. Antibodies used were 
as follows: FITC-labeled anti-mouse CD3, biotin-labeled anti-mouse B220, and Qdot 605 streptavidin conjugate (A and D); FITC-labeled anti-
mouse CD3, biotin-labeled anti-mouse IgG1, and Qdot 605–labeled streptavidin (B and E); FITC-labeled anti-mouse IgM, biotin-labeled anti-
mouse CD3, and Qdot 605 streptavidin conjugate (C and F). T, T cell; B, B cell; IgG1, IgG1 AFC; IgM, IgM AFC. Original magnification, ×100. (G) 
IgG1 NP-specific antibody titers in sera of aLN-transplanted BALB/c mice without immunization (Con) or immunized with NP-OVA. (H) Number 
of IgG1 NP-specific AFCs in aLNs and spleens of recipient BALB/c mice after immunization with NP-OVA.
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cell areas, but these became strictly localized in the B cell region 
(Figure 3, D and H). These observations strongly suggest that the 
appearance of FDC-like cells at an early stage of the aLN formation 
may play a crucial role in the formation of not only B cell follicles 
but also the T cell region in aLNs. Staining of small vessels and cap-
illaries with tomato lectin showed that the aLNs were highly vascu-
larized, with blood vessels connected to the major blood vessels in 
the kidney capsules (Supplemental Figure 1; supplemental material 
available online with this article; doi:10.1172/JCI30379DS1).

Induction of strong secondary antibody responses in immunodeficient 
hosts with aLNs. To examine whether aLNs restore immune function 
in immunodeficient hosts, we performed transplantation experi-
ments using SCID mice as recipients. aLNs generated in NP-OVA–
preimmunized BALB/c mice were removed and transplanted into 
the renal subcapsular spaces of SCID mice (assigned as day 0). On 
day 1, 100 μg NP-OVA was administered i.v. to the recipient mice, 
and on day 7, the mice were boosted i.v. with 10 μg NP-OVA. High- 
and low-affinity IgG1 NP-specific AFCs were detected (with NP3-
OVA and NP30-OVA, respectively, as detecting antigens) by enzyme-
linked immunospot assay (ELISPOT) in the transferred aLNs as 
well as spleens and BM of the recipient mice 5 days after the second 
immunization. As shown in Figure 4A, many high-affinity IgG1 
NP-specific AFCs were detected in the aLNs after both NP-OVA 
injections. At this time point, a substantial amount of high-affinity 
IgG1 NP-specific antibody (7,258.9 ± 707.9 μg/ml) was found in the 
sera of recipient mice (Table 1). Since the amount of serum NP-spe-
cific antibodies produced by aLNs in the recipient naive mice was 
at most about 500–800 μg/ml (Figure 1G), these large amounts of  

NP-specific antibodies could not be explained solely by their produc-
tion from aLNs. To clarify the origin of these antibodies, the num-
ber of IgG1 NP-specific AFCs was determined in the spleens and BM 
of the recipient SCID mice by ELISPOT. A large number of IgG1 
NP-specific AFCs were detected in the spleens of aLN-transplant-
ed SCID mice after the second i.v. injection of NP-OVA (Table 2).  
Amazingly, one-third of the splenic lymphocytes in these mice were 
high-affinity IgG1 class NP-specific AFCs. In addition, the number 
of IgG1 NP-specific AFCs increased over time both in the aLNs and 
in the spleens of the recipient SCID mice over 2 weeks after the 
second immunization, comprising almost half the spleen cells (Fig-
ure 4, A and B). Similarly, a large number of NP-specific AFCs was 
detected in BM cells of the recipient mice (Figure 4C). Only a small 
number of IgG1 NP-specific AFCs were detected in the spleens of 
aLN-transplanted SCID mice after the first injection of NP-OVA, 
but few were detected in spleens after the first or second injection 
of NP-OVA in naive aLN-transplanted mice (Figure 4D). We also 
examined the effect of varying the time of the first immunization 
after transplantation on subsequent antibody responses. NP-OVA 
was administered i.v. to the SCID mice on the seventh day after aLN 
transplantation. Regardless of the time of first immunization, the 
increase in AFCs after the second immunization showed the same 
behavior in aLNs and spleens (Figure 4, E and F).

We next performed similar transplantation experiments using 
aLNs formed in NP-OVA–preimmunized EGFP transgenic mice 
and SCID mice as recipients. Following transplantation, NP-OVA 
was administered i.v. to the recipient mice 2 times with a 1-week 
interval. Large numbers of EGFP-positive cells were detected in 

Figure 2
Generation of aLNs. Immunohistochemical staining 
shows that aLNs formed in NP-OVA–preimmunized 
EGFP transgenic BALB/c mice (A−F). After their for-
mation, aLNs were removed and transplanted into 
renal subcapsular regions of SCID mice, and then 
mice were immunized intravenously with NP-OVA. 
Immunohistochemical staining in the spleens of SCID 
mouse recipients carrying aLNs (G and H). Spleen 
cells were examined after the second immunization 
with NP-OVA. Increased numbers of IgG1 AFCs (G), 
compared with few IgG2 AFCs (H), were observed in 
SCID mouse spleens. Antibodies used were as fol-
lows: biotin-labeled anti-mouse B220 and Qdot 605 
streptavidin conjugate (A); anti-mouse FDC-M1 and 
Alexa Fluor 594 conjugate (B); biotin-labeled anti-
mouse CD11c and Qdot 605 streptavidin conjugate 
(C); biotin-labeled anti-mouse CD3 and Qdot 605 
streptavidin conjugate; biotin-labeled anti-mouse 
CD4 and Qdot 605 streptavidin conjugate (E); biotin-
labeled anti-mouse CD8 and Qdot 605 streptavidin 
conjugate (F); biotin-labeled anti-mouse IgG1 and 
Qdot 605 streptavidin conjugate (G); biotin-labeled 
anti-mouse IgG2b and Qdot 605 streptavidin con-
jugate (H). (C) The area circled in yellow shows the  
T cell area. Original magnification, ×100.
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the spleens of SCID mice after the second immunization. In the 
SCID mouse spleens, most of the EGFP-positive B cells were IgG1 
positive, but a few IgG2-producing cells were found in the B cell 
areas (Figure 2, G and H). On the other hand, only small numbers 
of EGFP-positive cells were detected in the spleens of aLN-trans-
planted SCID mice after the first injection of NP-OVA. The EGFP-
positive IgG1-producing cells rapidly and explosively appeared in 
spleens and BM shortly after the second i.v. injection of NP-OVA. 
Taken together, these results indicate that most of the AFCs in aLNs 
remained within these structures when they were transplanted into 
naive normal recipients. However, when the aLNs were transplant-
ed into SCID mice, which have lymphocyte-free immune tissues, 
the B and T cells migrated from the aLNs into their spleens and 
BM, expanded explosively, and rapidly matured to become antigen-
specific IgG class antibody–secreting plasma cells.

VH gene diversity of the NP-specific antibodies produced by aLNs trans-
planted into SCID mice. Since large numbers of NP-specific AFCs 
were obtained by transfer of aLNs into SCID mice followed by i.v. 
immunization, antigen-specific hybridomas could be easily estab-
lished by fusion between plasmacytoma cells and aLN-derived cells 
or spleen cells of aLN-transplanted SCID mice. Almost all of the 
spleen cell–derived hybridomas were found to produce high-affini-
ty IgG1 NP-specific antibodies (data not shown). The VH genes used 
by these IgG1 NP-specific antibodies were determined for 146 of the 
hybridomas. The IgG1 antibodies were classified into 8 groups by 
comparing their D-J regions (Table 3). About 70% of the sequences 
fell into group 1. There were few differences between complemen-
tary determining region 1 (CDR1) and CDR2, and no differences 
in CDR3, when the VH gene sequences within group 1 were com-
pared (Figure 5), suggesting that the diversity of the high-affinity 
NP-specific antibodies produced by aLNs was highly restricted and 

oligoclonal. The κ light chain was used by all investigated hybrid-
omas (data not shown). These data indicate that vigorous somatic 
hypermutation and affinity maturation in the single B cell clone 
specific for NP-hapten could be induced in aLNs or aLN-derived  
B cells in SCID mouse spleen.

Accumulation of memory-type CD4+ T cells and memory B cells in aLNs. 
TEL-2–LTα cells and activated DCs embedded in scaffolds were 
transplanted into BALB/c mice that had been preimmunized with 
alum-precipitated NP-OVA. Three weeks after the transplantation, 
the aLNs and endogenous recipient mouse lymph nodes were col-
lected and examined by FACS or immunohistochemistry. No differ-
ence in the ratio of CD4+ to CD8+ T cells was observed between aLNs 
and recipient lymph nodes. Surprisingly, however, the population 
of CD44-high, CD62 ligand–low (CD44hiCD62Llo) memory-type 
CD4+ T cells was enriched in aLNs (Figure 6A). In aLNs, 80.1% of 
CD4+ T cells were of the CD44hiCD62Llo memory type, compared 
with 16.5% in the host lymph nodes. In other experiments, aLNs 

Table 1
IgG1 NP-specific antibody in serum

	 IgG1	NP-specific	antibody	(μg/ml)
aLN-transplanted SCID  0.61 ± 0.32
 (nonimmunized)
aLN-transplanted SCID  7,258.9 ± 707.9
 (immunized twice)
SCID (immunized twice) 2.8 ± 0.0
Preimmunized BALB/c  673.3 ± 271.8
 (immunized twice)

Values are mean ± SEM.

Figure 3
Kinetics of aLN formation. Immunohistochemical staining of the cells in TEL-2–LTα stromal cell–embedded collagen sponges in BALB/c mice. 
The time course of aLN formation was examined 3, 9, 13, and 18 days after inoculation of collagen sponge into renal subcapsular space in 
BALB/c mice. Antibodies were as follows: FITC-labeled anti-mouse CD3, anti-mouse FDC-M1, and Alexa Fluor 594–conjugated anti-rat IgG 
(A−D); FITC-labeled anti-mouse B220, anti-mouse FDC-M1, and Alexa Fluor 594–conjugated anti-rat IgG (E–H).
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formed in BALB/c mice were transplanted into SCID mice, and then 
NP-OVA was administered twice i.v. The number of CD44hiCD62Llo 
memory-type CD4+ T cells was also enriched, up to 60% in spleens 
of aLN-transplanted SCID mice (Figure 6B). CD127+ T cells were 
barely detectable in the lymph nodes of aLN-transplanted BALB/c 
mice, but were highly enriched in aLNs (Figure 6C).

Accumulation of germinal center B cells and memory B cells in the 
aLN-derived spleen cells of SCID mice. The B cell profile in spleens of 
aLN-transplanted SCID mice showed a large num-
ber of germinal center B cells (CD38loIgG1+) and 
an enrichment of memory B cells (CD38hiIgG1+) 
as well as a large number of IgG NP-specific AFCs 
[IgG1+ and (4-hydroxy-3-iodo-5-nitrophenyl) ace-
tyl–BSA–positive; NIP-BSA+] after the second anti-
gen stimulation (Figure 7).

Lymphocyte migration from aLNs into SCID recipient 
lymphoid tissues. Various receptors transduce signals 
in immune cells by associating with G proteins, 
and the signals modulate cellular motility (e.g., S1P 
and chemokine receptors; refs. 12, 13). PTX from 

Bordetella pertussis is an ADP-ribosylating toxin that prevents G 
protein–coupled receptor activation and consequently disrupts 
the signal transduction cascade for lymphocyte egress (14, 15). In 
order to clarify whether G protein–coupled receptors are involved 
in the migration of lymphocytes from aLNs to peripheral lym-
phoid tissues in SCID mice, aLNs were produced in BALB/c mice 
that had been immunized with alum-precipitated NP-OVA. The 
aLNs were then cultured in vitro for 3 hours in medium contain-

Figure 4
Increased number of IgG1 NP-specific 
AFCs in aLN-transplanted SCID mice 
after immunization with NP-OVA. (A and 
B) Number of NP-specific IgG AFCs in 
aLNs (A) or spleens (B) of aLN-trans-
planted SCID mice. Mice were immunized 
i.v. with NP-OVA on days 1 and 7 (100 
μg/mouse and 10 μg/mouse, respec-
tively) after transplantation of aLNs into 
SCID mice on day 0. The number of lym-
phocytes in spleens of aLN-transplanted 
SCID mice before and after NP-OVA 
immunization is denoted by the line (B). 
(C) Upon the second antigen stimulation, 
large numbers of IgG1 NP-specific AFCs 
were also detected in the BM of aLN-
transplanted SCID mice. (D) Number of 
NP-specific IgG AFCs in spleens of recip-
ient SCID and BALB/c mice. (E and F) 
Number of NP-specific IgG AFCs in aLNs 
(E) or spleens (F) of aLN-transplanted 
SCID mice immunized i.v. with NP-OVA 
on days 7 and 14 (100 μg/mouse and 10 
μg/mouse, respectively) after transplan-
tation of aLNs into SCID mice on day 0. 
The number of lymphocytes in spleens of 
aLN-transplanted SCID mice before and 
after NP-OVA immunization is denoted by 
the line (F).

Table 2
IgG1 NP-specific AFCs in aLN-transplanted SCID mice

	 No.	of	IgG1	NP-specific	AFCs	(per	1	× 105	cells)
	 IgG1	(NP3)	 IgG1	(NP30)	 IgM	(NP30)
Spleen (nonimmunized) 7 ± 4 34 ± 15 302 ± 77
Spleen (immunized twice) 31,496 ± 6,774 37,744 ± 6,936 2,384 ± 242
aLN (immunized twice) 1,046 ± 126 991 ± 182 261 ± 120

Values are mean ± SEM. 
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ing PTX before transplantation into SCID mice. After 2 i.v. immu-
nizations with NP-OVA as described above, aLNs, spleens, and 
BM cells of recipient mice were collected. The number of IgG1 
NP-specific AFCs in aLNs was greatly increased by treatment with 
PTX before transfer into SCID mice (Figure 8A). Conversely, the 
number of IgG1 NP-specific AFCs in spleens or BM of recipient 
mice was decreased (Figure 8, B and C). As an independent experi-
mental approach, we used  the  immunosuppressant FTY720. 
The phosphorylated form of FTY720 binds to 4 of the 5 known 
S1P receptors on target cells (16, 17), which results in a marked 
downregulation of the receptors and inhibition of lymphocyte 
emigration  from secondary  lymphoid  tissues  (18). We  trans-
planted aLNs generated in BALB/c mice that were preimmunized 
with alum-precipitated NP-OVA into SCID mice, and NP-OVA 
was then administered i.v. twice with a 1-week interval. FTY720 
was administered 3 times after the first NP-OVA immunization. 
The number of IgG1 NP-specific AFCs in aLNs increased when 
FTY720 was administered 3 times after the first immunization 
(Figure 8D), suggesting that S1P receptors are  important for 
lymphocyte migration from aLNs into the lymphoid tissues of 
the SCID mice. We also examined expression of several chemo-
kine receptors in the presence or absence of the initial NP-OVA 
immunization by FACS analysis. After the first immunization, 
expression of CC chemokine receptor 7 (CCR7) and CXC che-
mokine receptor 5 (CXCR5) decreased in the T and B cells in the 
aLNs of SCID recipient mice, but not in those of aLNs of normal 
BALB/c recipient mice (Figure 9A). We also examined expression 
of chemokine receptors by a quantitative RT-PCR method. The 
expression of CCR5, CXCR6, and CX3C chemokine receptor 1 
(CX3CR1) in cells of aLNs of SCID recipient mice was slightly 
but significantly decreased after NP-OVA immunization, while 
the expression of the same receptors was slightly increased after 
immunization in aLNs of naive BALB/c recipient mice (Figure 
9B). By contrast, expression of the S1P receptor was unchanged 
following antigen stimulation. Taken together, these results indi-
cate that signals from PTX-sensitive G protein–coupled receptors, 
including chemokine receptors and S1P receptors, play a pivotal 
role in the regulation of lymphocyte migration from the aLNs to 
the spleens and BM of SCID mice.

Discussion
We have previously demonstrated that transplantation into the 
renal subcapsular spaces of mice of a thymus-derived stromal cell 

line embedded along with DCs in a biocompatible scaffold 
can efficiently generate lymphoid tissue-like organoids (e.g., 
aLNs).  Structures  resembling  high  endothelial  venules, 
which are crucial for cellular migration in secondary lym-
phoid organs, have also been observed in the aLN (9), and we 
recently detected the formation of lymph vessels. The nor-
mal generation of lymph nodes requires the passage of vari-
ous cell types through the blood and lymphatic vasculature 
into the developing organ. Vascular growth is also important 
in the generation of aLNs, and the initial vascular growth in 
the aLN appears to be associated with the thymus-derived 
stromal cell line embedded along with DCs into the biocom-
patible scaffold (9, 19) (Supplemental Figure 1).

It is a common finding that tissues that harbor the tar-
get antigen of chronic immune responses are infiltrated by 
cellular effectors of the immune system, mainly T cells and 
macrophages, but also DCs, B cells, and plasma cells. Intrigu-

ingly, it has been observed that these cellular elements can organize 
themselves microanatomically, as do secondary lymphoid organs, 
leading to the de novo formation of B cell follicles and T cell areas, 
a phenomenon referred to as lymphoid neogenesis or tertiary lym-
phoid organ formation (20–26). Tertiary lymphoid organs resolve 
completely after therapeutic treatment (27), but the aLNs did not 
resolve in vivo for a long time and retained antigen-specific AFCs 
even several weeks after antigen stimulation. It thus appears that an 
aLN is functionally different from a tertiary lymphoid organ.

aLNs generated in preimmunized recipient mice promoted the 
production of large numbers of antigen-specific high-affinity IgG1 
AFCs. The aLN structure and antibody-producing capacity were 
maintained even after transfer into naive or SCID mice for more 
than 2 weeks after immunization. We confirmed that antigen-spe-
cific high-affinity IgG1 AFCs were found in abundance in spleens 
and BM of aLN-transplanted SCID recipient mice. We also exam-
ined the mechanisms of lymphocyte migration from an aLN to the 
spleen. It has previously been reported that S1P is a biologically 
active lysophospholipid that transmits signals through a family of 
G protein–coupled receptors to control the trafficking of lympho-
cytes in secondary lymphoid organs and the migration of B cells 
into splenic follicles (28, 29). Our data suggest that a signal from 
a S1P receptor and decreased expression of chemokine receptors 
participate in the lymphocyte migration from aLNs to spleen we 
observed in SCID mice. In addition, our data suggest that antigen 
stimulation is the trigger for lymphocyte migration from aLNs. Sev-
eral chemokine receptors on T cells showed a slight but significant 
decrease in expression upon antigen stimulation: CCR7 and CXCR5 
(assessed by FACS), which are expressed on naive T cells and B cells, 
respectively, and CCR5, CXCR6, and CX3CR1 (assessed by quanti-
tative PCR), which are expressed on Th1 cells, memory T cells, and 
CD8+ T cells, respectively. On the other hand, expression of those 
chemokine receptors was unchanged or upregulated in cells from 
aLNs transplanted into normal mice, in which no migration of aLN 
cells to host lymphoid organs occurred. These changes in chemokine 
receptor expression are likely involved in regulating the different pat-
terns of lymphocyte migration from aLNs into SCID lymphoid tis-
sues, although the precise mechanism is as yet unknown. We propose 
that the small numbers of T and B cells (IgG1 class-switched memory 
B cells) that migrated from the aLNs to the spleens and BM after 
the first immunization undergo a massive clonal expansion with a 
restricted VH gene diversity upon the second immunization in SCID 
mice, which possess large empty niches for lymphocyte proliferation. 

Table 3
Classification of VH genes of IgG1 antibodies based on V, D, and J gene 
segment usage

Group	 V	 D	 J	 No.	of	clones	
	 	 	 	 (%	of	total	clones)
1 IGHV1S128 (J558c) ST4 JH2 104 (71)
2 IGHV1S133 (J558i) FL16.1 JH2 14 (10)
3 IGHV1S128 (J588c) FL16.1 JH1 6 (4)
4 IGHV1–7 (IGHV1S26,H30) Q52 JH3 6 (4)
5 IGHV5S16 (98-3G) SP2.13 JH4 2 (1)
6 IGHV1–67 (IGHV1S137,J558n) FL16.1 JH4 4 (3)
7 IGHV1–48 (IGHV1S8,V108A) SP2.9 JH4 2 (1)
8 IGHV1–48 (IGHV1S8,V108A) SP2.2 JH4 8 (5)

A total of 146 clones were counted.
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Figure 5
VH gene sequence comparison of IgG1 antibodies (analyzed with IMGT/V-QUEST; see Methods) produced by hybridomas that were derived 
from the cell fusion of splenocytes with P3U1 plasmacytoma cells. Alignment of VH gene sequences in group 1 of Table 3. CDRs are underlined. 
Blue, CDR1; red, CDR2; green, CDR3. 
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In support of this notion, large amounts of antigen-specific antibody 
were found in the serum of aLN-transplanted SCID mice (Table 1). 
Interestingly, autoantibodies such as antibody to double-stranded 
DNA were not detected in the sera of aLN-transplanted SCID mice 
(data not shown), indicating that normal immunoregulatory mech-
anisms are intact in the context of the aLN. Other features of the 
aLN system are noteworthy but enigmatic: (a) Memory-type CD4+ 
T cells (CD44+CD62Llo) were enriched in aLNs as well as spleens of 
SCID recipient mice. After transplantation of aLNs into SCID mice, 
memory-type CD4+ T cells in aLNs migrated to the SCID spleens as 
a result of immunization, leading to enrichment of these cells in the 
spleen. (b) CD4+ T cells positive for CD127 (also referred to as IL-7 
receptor α) were also enriched in aLNs, but were barely detectable 

in the lymph nodes of recipient mice. Although 
the  relationship between  IL-7 and memory-
type CD4+ T cells is poorly understood, there 
are reports that IL-7 contributes to the main-
tenance of CD4 and CD8 T cell memory pools 
(30, 31), suggesting that memory CD4+ T cells 
may be enriched in aLNs. (c) The B cell profile in 
spleens of aLN-transplanted SCID mice after the 
second immunization showed a high frequency 
of IgG1 NP-specific AFCs and germinal center 
B cells as well as an enrichment of memory-type 
B cells, consistent with their presence in normal 
secondary lymphoid tissues (32, 33).

Analysis of VH gene sequences of IgG1 NP-
specific antibodies produced in aLNs and aLN-
derived spleen cells in SCID mice showed that 
extensive somatic hypermutation occurred in 
the single VDJ-rearranged B cell clone, and 
monoclonal or oligoclonal AFCs secreting a 
high-affinity antibody were expanded, sug-
gesting the induction of efficient affinity mat-
uration in aLNs.

Perhaps the most striking feature of our model is the rapid pro-
duction of very large amounts of antigen-specific isotype-switched 
antibody upon transplantation of aLNs into SCID mice. In the 
future, appropriate modifications of the aLNs may be considered 
as a therapeutic option for immunodeficiency states, as a treat-
ment of refractory infectious diseases, and as a new immunointer-
vention method against cancer.

Methods
Antibodies and antigens. Fluorescein-, phycoerythrin-, or biotin-labeled or 
unlabeled anti-B220 (RA3-6B2), anti-CD4 (RM4-5), anti-CD8a (53-6.7), 
anti-CD44, anti-CD62L, anti-CD3, anti-CD38, anti-CD127, anti-CCR7, 
anti-CXCR5, anti–FDC-M1, anti-IgG1, and goat anti-hamster IgG as well 

Figure 6
Enrichment of memory-type (CD44hiCD62Llo) 
CD4+ T cells in aLNs or spleens of aLN-trans-
planted SCID mice. (A) FACS plots demonstrat-
ing an increase in the CD44hiCD62Llo memory-
type CD4+ T cell population in aLNs compared 
with that in lymph nodes of recipient BALB/c 
mice. Downward pointing arrows indicate the 
CD44/CD62L profile of cells within the CD4+ T cell 
gate. (B) FACS plots demonstrating an increase 
in the CD44hiCD62Llo memory-type CD4+ T cell 
population in the spleens of aLN-transplanted 
SCID mice, regardless of antigen stimulation, 
compared with that of lymph nodes or spleens 
in normal BALB/c mouse preimmunized with the 
same doses of NP-OVA. Numbers in the plots in 
A and B indicate the percentage of cells within the 
CD62Llo/CD44+ gate. (C) Immunohistochemical 
staining of CD127+ T cells in aLNs. Three weeks 
after aLNs were formed in NP-OVA preimmunized 
BALB/c mice, aLNs and lymph nodes of recipient 
BALB/c mice were stained with FITC-labeled anti-
mouse CD3, anti-mouse CD127 antibodies, and 
Alexa Fluor 594–conjugated anti-rat IgG. Most 
CD3+ T cells were also CD127+.
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as fluorescein- or phycoerythrin-labeled streptavidin were all purchased 
from BD Biosciences — Pharmingen. Qdot 605 streptavidin conjugate and 
Alexa Fluor 594–conjugated anti-rat IgG were purchased from Invitrogen. 
NP-OVA and NIP-BSA were purchased from Biosearch Technologies. PTX 
was provided by S. Fagarasan (RIKEN Institute, Yokohama, Japan). FTY720 
was a gift from Aventis Pharmaceutical Co.

Mice. BALB/cAnNcrj mice and SCID mice (C.B-17/IcrCrj-scid/scid) 
were purchased from Charles River Japan Inc. EGFP transgenic mice 
[C57BL/6Tg14(act-EGFP) Osb Y01] on the BALB/c background were 
obtained from H. Kiyono (Tokyo University, Tokyo, Japan). All mice were 
housed under specific pathogen–free conditions in the RCAI animal 
facility. All experiments using mice described herein were approved by 
the RCAI animal use committee and were performed in accordance with 
the applicable guidelines and regulations.

Immunization. For primary immunization, 100 μg NP15-OVA precipitated 
in alum was injected i.p. into 7- to 10-week-old BALB/c mice. After 4 or more 
weeks, mice were used as donors for the generation of aLNs. For immunization 
of naive BALB/c or SCID mice that had received transplanted aLNs, NP15-OVA 
(100 or 10 μg) was injected i.v. at 1 day to 4 weeks after transfer of aLNs.

Stromal cell line. The BALB/c thymus-derived stromal cell line expressing 
LTα, TEL-2–LTα (9, 10), was cultured in RPMI 1640 supplemented with 
10% fetal bovine serum.

BM-derived DCs. BM-derived DCs were prepared as previously described 
(11), with slight modifications. Briefly, BM cells were collected from tibias 
and femurs of BALB/c mice (7–12 weeks old) by flushing with PBS, after 
which the cell suspension was filtered through nylon mesh to remove 
small tissue pieces and debris. BM cells (2 × 105/ml) were cultured in RPMI 
1640 with 10% fetal calf serum supplemented with 5 ng/ml recombinant 
mouse GM-CSF (PeproTech). The medium was changed every 4 days, and 
nonadherent cells were harvested after 7–9 days of culture. Final matura-
tion of DCs was induced by incubation of the nonadherent cells with LPS 
(Sigma-Aldrich) at 1 μg/ml for the final 17–24 hours of culture. NP-OVA 
(100 μg/ml) was added during the final incubation together with LPS to 
pulse the DCs with antigen. DCs were extensively washed before renal sub-
capsular transplantation to avoid trace LPS carryover.

Figure 7
B cell profile in spleens of aLN-transplanted SCID mice. FACS plots 
show germinal center B cells (R1), memory B cells (R2), and IgG1 NP-
specific AFCs (R3) after the first and second immunizations. Numbers 
in the plots are the percentage of cells within the indicated gates.

Figure 8
Effect of PTX and FTY720 on the 
distribution of NP-specific AFCs 
after aLN transplant into SCID mice. 
(A–C) Number of NP-specific AFCs 
in aLNs (A), spleens (B), or BM (C) 
of recipient SCID mice transplanted 
with aLNs with or without PTX treat-
ment. (D) Number of NP-specific 
AFCs in aLNs of SCID mice that 
received FTY720 administration on 
days 0, 6, and/or 14 relative to aLN 
transplantation (day 0). –, without 
PTX treatment and without NP-
OVA stimulation.
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Generation of aLNs. Mixtures of TEL-2–LTα stromal cells and activated 
DCs were absorbed into a cubic sponge-like collagenous scaffold (Collagen 
Sponge, CS-35; KOKEN). This matrix is made of insoluble collagen pre-
pared from bovine Achilles tendon by a freeze-dry method and is used pri-
marily for the purpose of in vitro 3D or high-density cell culture. The shape 
of the pores of the matrix is not uniform, but the estimated pore size is 
50–300 μm. The collagen sponge, which has the appearance of 1-mm-thick 
filter paper, was cut into square pieces of approximately 3 mm2, a size that 
was kept constant for all experiments. The stromal cells were harvested by 
trypsin/EDTA and washed once with culture media and twice with PBS. 
The mature activated BM-derived DCs were extensively washed 2 times 
with culture media and 3 times with PBS to avoid trace LPS. The cells, a 
mixture of 1 × 106 stromal cells and 1 × 106 DCs per sponge, were suspend-
ed in 10 μl of PBS. The cell suspension was then placed onto a piece of the 
collagen sponge, which was squeezed several times to absorb cells into the 
scaffold. The matrix-embedded cells were maintained on ice and kept moist 
throughout this procedure and immediately implanted into the renal sub-
capsular spaces of NP15-OVA preimmunized BALB/c mice. In most cases, 
cells were placed at the upper and lower poles of each kidney (4 transplants 
per mouse). Three weeks later, the generated aLNs were removed from the 
mice, and the mouse sera were collected for further analyses. For transfer 
experiments, aLNs were harvested from the renal subcapsular space, kept 
on ice in PBS, and then transplanted into the renal subcapsular spaces of 
naive or SCID mice. One day after the transplantation, 100 μg of NP15-
OVA was administered i.v., and sera were collected 4 days later. The aLNs 
were also recovered and subjected to immunohistochemical analysis. In 
the case of aLN transplantation into SCID mice, 100 μg of NP15-OVA was 

administered i.v., and a second i.v. immunization with 10 μg of NP15-OVA 
was performed 1 week later. Four days after the second NP-OVA injection, 
sera were collected and aLNs were harvested.

Immunohistochemical staining. Lymphoid organs and transplanted aLNs 
were embedded in Tissue-Tek OCT compound (Sakura), and snap frozen 
in liquid nitrogen. 5-μm-thick cryostat sections were prepared and placed 
on APS-coated glass slides (Matsunami Glass Ind. Ltd.). Sections were fixed 
with cold acetone for 5 minutes, dried, and kept at –80°C until use. After 
blocking with 5% normal rat serum and 1% BSA in TBS-T (Tris-buffered 
saline with 0.005% Tween20) for 1 hour at 20°C, sections were incubated 
for 1 hour at 20°C with appropriate antibodies or streptavidin-fluoro-
chrome reagent diluted in the blocking buffer and were washed in PBS at 
each stage 3 times every 5 minutes.

ELISPOT. The frequency of high- and low-affinity NP-specific AFCs 
among splenocytes or cells collected from the aLNs was estimated by 
ELISPOT using NP3-BSA– and NP30-BSA–coated filter plates (for high- 
and low-affinity AFCs, respectively). Hydrophobic PVDF filters on Multi-
ScreenIP Filter Plates (MAIPS4510; Millipore) were coated with 50 μg/ml 
NP3-BSA, NP30-BSA, or BSA in PBS at 4°C overnight, and then blocked 
with 1% BSA in PBS. Splenocytes (105 cells/well) or cells from transplants 
(0.2–1 × 105 cells/well) were incubated for 2 hours and washed once with 
PBS containing 50 mM EDTA, twice with TBS-T, and once with PBS. After 
washing, filters were visualized with BCIP/NBT (Chemicon International) 
and AEC (BD Biosciences — Pharmingen).

Measurement of serum NP-specific IgG1 and IgM isotype antibodies. Antibod-
ies specific for the NP-hapten were measured by ELISA. In brief, 96-well 
assay plates were coated with 50 μg/ml NP3- or NP30-BSA in PBSN (PBS 

Figure 9
Decreased expression of chemokine receptors on lymphocytes in aLNs (transplanted into SCID mice after the first immunization) by i.v. injection 
of NP-OVA. (A) CCR7 and CXCR5 expression FACS profiles on lymphocytes in aLNs of recipient SCID or naive BALB/c mice. (B) Changes in 
chemokine receptor RNA levels as assessed by quantitative RT-PCR in aLNs of recipient SCID or naive BALB/c mice after antigen stimulation.  
−, no antigen stimulation; +, immunization with NP-OVA (100 μg/mouse). The y axis shows numbers of cells (A) and the relative RNA levels (B). 
The expression of each receptor RNA level was normalized to the expression of glyceradehyde-3-phosphate dehydrogenase (gapdh). *P < 0.1. 
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containing 0.05% NaN3) at 4°C overnight and blocked with 0.5% BSA in 
TBS-T. Serially diluted sera were added to each well and incubated at 4°C 
overnight or at 37°C for 1 hour. On each plate, serially diluted sera pooled 
from primary immunized mice and those boosted once with NP15-OVA 
were also included as controls. After washing with TBS-T, plates were incu-
bated with HRP-conjugated goat anti-mouse IgG1 at 20°C for 2 hours. 
HRP activity was detected using a TMB Microwell Peroxidase Substrate 
System (KPL), and optical densities were determined at 450 nm. The con-
centration of IgG1 NP-specific antibody was estimated by comparison to 
standard curves created from the pooled IgG1 NP-specific Ig on each plate, 
used as a positive control.

RT-PCR for amplification of the NP-specific VH gene and sequencing. Total RNA 
was purified from hybridomas using TRIzol (Invitrogen). Each cDNA, syn-
thesized from 3 μg of total RNA using oligo(dT)-primed reverse transcrip-
tion, was used as a PCR template. The upstream PCR primer was 5′-AGGT-
GTCCACTCCCAGGTC-3′  (for VH2), and the downstream primer was 
5′-CAGGTCACTGTCACTGGCTC-3′ (for mCg1-4). PCR was performed 
with KOD DNA polymerase (TOYOBO) for 40 cycles of 15 seconds at 94°C, 
30 seconds at 63°C, and 40 seconds at 68°C. The PCR products was cloned 
into PCR 4Blunt-TOPO (Invitrogen) and transformed into TOP 10 bacteria. 
Resultant colonies were randomly picked, and the VH gene sequences were 
obtained by direct plasmid sequencing using the Big Dye Terminator v3.1 
Cycle Sequencing Kit (Applied Biosystems). The VH gene sequences were 
analyzed with IMGT/V-QUEST (http://imgt.cines.fr/textes/vquest/).

Real-time PCR for S1P or chemokine receptor mRNA quantitation.  Total 
RNA was purified from spleen cells of SCID or naive mice using TRIzol 
(Invitrogen). Each cDNA, synthesized using High-Capacity cDNA Reverse 
Transcription Kits (Applied Biosystems), was used as a PCR template. PCR 
was performed using TaqMan gene expression assays and TaqMan PreAmp 
Master Mix Kit (Applied Biosystems).

Statistics.  All  the  statistical  analyses  were  performed  by  using  an 
unpaired 2-tailed Student’s t test. A P value of less than 0.1 was con-
sidered significant. 
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