
J. Exp. Med. 2018 Vol. 215 No. 12 2972–2983
https://doi.org/10.1084/jem.20180344 2972Rockefeller University Press

B R I E F D E FI N ITIV E R E P O RT

Immunoglobulin M (IgM) is the first type of antibody produced during acute infections and thus provides an early line of 
specific defense against pathogens. Being produced in secondary lymphoid organs, IgM must rapidly be exported to the blood 
circulation. However, it is currently unknown how such large pentameric molecules are released from lymph nodes (LNs). 
Here, we show that upon immunization, IgM transiently gains access to the luminal side of the conduit system, a reticular 
infrastructure enabling fast delivery of tissue-derived soluble substances to the LN parenchyma. Using microinjections of 
purified IgM, we demonstrate that conduit-associated IgM is delivered by neither the afferent lymph nor the blood, but 
is locally conveyed by conduits. Exploiting in vivo models, we further demonstrate that conduit-associated IgM is locally 
and transiently produced by activated, antigen-specific B cells migrating in the T cell zone. Thus, our study reveals that the 
conduit system is coopted by B cells to rapidly export secreted IgM out of LNs.
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Introduction
It is widely accepted that IgM provides a first line of defense 
during viral, bacterial, and parasitic infections, before the gener-
ation of high-affinity IgG responses that are important for long-
lived immunity and immunological memory (Baumgarth et al., 
2000; Diamond et al., 2003; Salinas-Carmona and Pérez-Rivera, 
2004; Couper et al., 2005; Racine and Winslow, 2009). Antigen 
(Ag)-specific IgM is secreted by plasmablasts in secondary lym-
phoid organs and can be detected in the efferent lymph, leaving 
reactive LNs as soon as 4 d following immunization (Cahill et al., 
1974; Gohin et al., 1997; Haig et al., 1999). At that time, B cells re-
cruited into extrafollicular responses are still located in the T cell 
zone and the medullary cords (Luther et al., 1997a,b). Since they 
weigh ∼1,000 kD and are assembled in pentamers, IgM molecules 
should poorly diffuse in the LN parenchyma. This apparent dis-
crepancy raises the question of how such large molecules are 
rapidly exported out of reactive LNs.

The LN is equipped with a three-dimensional (3D) mesh-
work of reticular fibers known as the conduit system (Anderson 
and Anderson, 1975; Sainte-Marie and Peng, 1986; Gretz et al., 
1996), an infrastructure that emerges from the subcapsular sinus 
(SCS) and extends throughout the parenchyma. This system al-
lows the fast delivery of lymph-borne soluble substances such 
as cytokines (Gretz et al., 2000) and Ag (Sixt et al., 2005) from 
the SCS to the T cell zone. Conduits, therefore, constantly proj-

ect the immune status of peripheral tissues to their most proxi-
mal draining LNs (dLNs). Once they have entered the conduits, 
lymph-borne molecules migrate unidirectionally from the SCS to 
the deep parenchyma, where they are eventually discharged into 
high endothelial venules (HEVs) and the medullary sinus (Gretz 
et al., 2000). In the SCS, sinus-lining cells act as a molecular 
sieve for lymph-borne molecules, preventing large components 
weighing more than 70 kD from entering the conduits (Gretz et 
al., 2000; Rantakari et al., 2015). Thus, any lymph-borne mole-
cule exceeding 70 kD cannot access the conduit system and re-
mains in the SCS.

Here, we have explored cellular and structural mechanisms 
that control the transport of IgM within the LN parenchyma. 
We show that soluble IgM transiently locates within the conduit 
system in immunized LNs, despite its size. We further demon-
strate that conduit-associated IgM originates from neither the 
lymph nor the blood of immunized mice and that IgM injected 
directly into the LN parenchyma accesses and is conveyed by the 
conduit system. Finally, we designed different mouse models to 
track Ag-specific IgM produced in reactive LNs and confirmed 
that the conduit system physiologically transports IgM secreted 
in the LN parenchyma during an immune response. Collectively, 
our results reveal that B cells use the conduit system to rapidly 
export the first wave of protective Ig to the periphery.
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Results and discussion
IgM localizes within the conduit system of reactive LNs
After being secreted by plasmablasts located in the T cell area 
and the medulla of reactive LNs, IgM reaches the efferent lymph 
and eventually the blood circulation. Previous experiments per-
formed in sheep demonstrated that Ag-specific IgM can be mea-
sured in the efferent lymph of reactive LNs a few days following 
infection (Gohin et al., 1997). How IgM secreted in the intersti-
tial milieu of the LN reaches the efferent lymphatic vessel and 
the blood circulation is presently unknown. We hypothesized 
that free dispersion of such large molecules would represent an 
inefficient way to rapidly export IgM. To locate any structural 
infrastructure devoted to this purpose, we first immunized WT 
(C57BL/6J) and B cell–deficient (JHT; Gu et al., 1993) mice with 
CFA and performed immunostainings at the peak of the IgM 
response. As expected, IgM signal was absent from the LNs of 
B cell–deficient mice and colocalized with follicular B cells in 
control and reactive LNs of WT mice (Fig. 1 A). In reactive WT 
LNs, a second reticular pattern of IgM signal was observed in 
the T cell zone. As this area is supported by a 3D meshwork of 
reticular fibers known as the conduit system, we stained LN sec-
tions for collagen IV expression, an extracellular matrix mole-
cule abundantly present in this infrastructure (Sixt et al., 2005). 
Data shown in Fig. 1 A indicate that IgM and collagen IV signals 
indeed colocalized. To determine whether IgM was positioned in 
the luminal side of the conduits, where the lymph circulates, or 
adsorbed on the surface of the fibroblastic reticular cells (FRCs) 
that enwrap the conduits, we took advantage of Ccl19​-Cre:​RosatdT 
mice in which FRCs are fluorescent (Chai et al., 2013). Immunos-
taining of reactive LNs harvested from these mice revealed that 
IgM was not adsorbed on FRCs but located in the lumen of the col-
lagen IV–expressing conduits (Fig. 1 B), a result that we further 
confirmed by electron microscopy (EM; Fig. 1 C). Taken together, 
these findings indicate that despite its large size and pentameric 
assembly, IgM can access the conduit system of reactive LNs.

Conduit-associated IgM originates from neither the 
lymph nor the blood
IgM found in the conduit system could have three origins. Tissue 
inflammation induces local vascular permeability and leakage of 
large plasma molecules (Ono et al., 2017). Therefore, serum IgM 
might have been drained to the proximal LN via the lymph. Ad-
ditionally, LN blood vessels such as HEVs and the primary feed-
ing arteriole are highly sensitive to tissue-derived inflammatory 
signals (Soderberg et al., 2005; Mondor et al., 2016; Ager, 2017). 
Thus, increased permeability of these vessels might allow IgM 
access to the conduits. Finally, plasmablasts undergoing prolif-
eration in the T cell zone and medullary cords might have locally 
produced the IgM (MacLennan et al., 2003). When injected in the 
skin, molecules weighing >70 kD are transported via the lymph 
to the proximal dLN and discharged in its SCS, but are unable 
to enter the underlying conduit system (Fig. S1 A; Gretz et al., 
2000). This limitation is imposed by a filtration system con-
trolled by the plasmalemma vesicle–associated protein, an endo-
thelial protein produced by the sinus-lining cells (Rantakari et 
al., 2015). In agreement with this, we observed that IgM injected 
s.c. in the ears of control or CFA-preimmunized JHT mice was un-

able to cross the SCS, whereas a coinjected, smaller fluorescent 
tracer, wheat germ agglutinin (WGA; 38 kD), was readily able to 
enter the conduit system (Fig. 2 A). SCS macrophages reside in 
the SCS and are known to transfer lymph-borne Ag and immune 
complexes to follicular B cells (Carrasco and Batista, 2007; Junt 
et al., 2007; Phan et al., 2007). Because SCS macrophages are re-
duced in the absence of B cells (Phan et al., 2009; Moseman et al., 
2012), we reasoned that the inability of IgM to cross the SCS of 
JHT mice might result from the lack of SCS macrophages. To test 
this hypothesis, we took advantage of DHLMP2A mice (Casola et 
al., 2004), in which the JH segment of the IgH locus is replaced 
by the EBV-derived LMP2A protein that functions as a surrogate 
survival signal for B cells. Therefore, DHLMP2A mice retain B 
cells, SCS macrophages, and normal lymphoid tissue architecture 
but are devoid of surface-expressed and secreted Ig (Moseman 
et al., 2012). Subcutaneous delivery of purified IgM and WGA to 
DHLMP2A mice yielded identical results as in JHT mice (Fig. S1, 
B and C), indicating that conduit-associated IgM could not have 
been carried by the afferent lymph. The absence of IgM in the 
conduits of nondraining LNs (ndLNs) of CFA-immunized mice 
(Fig. 1 B) suggested that conduit-associated IgM does not origi-
nate from the blood either. To formally exclude this possibility in 
reactive LNs, whose vasculature might be more permeable than 
at steady state, we injected the serum of CFA-preimmunized WT 
mice in the bloodstream of CFA-immunized JHT and DHLMP2A 
mice together with fluorescent WGA. Although IgM and WGA 
were both found in the SCS and large blood vessels of enlarged 
LNs, only WGA reached the conduit system, ruling out a blood 
origin for conduit-associated IgM (Figs. 2 B and S1 D).

The conduit system transports large molecules delivered 
in the parenchyma
We hypothesized that conduit-associated IgM observed in reac-
tive LNs is produced locally by plasmablasts. As a first attempt to 
test this assumption, we compared the ability of IgM and WGA 
to diffuse via the conduit system upon direct delivery into the 
LN parenchyma. To this end, commercially available, purified 
IgM and fluorescent WGA were coinjected directly into the en-
larged dLNs of JHT mice immunized with CFA 10 d before. As 
expected based on its small molecular weight, WGA diffused in 
the numerous ramifications of the conduit system (Fig. 3 A). De-
spite its size, IgM also displayed a similar pattern of diffusion, 
suggesting that IgM secreted in the parenchyma could also ac-
cess and be conveyed by the conduit system. Microinjections of 
fresh serum from immunized WT mice in reactive inguinal LNs 
of JHT mice yielded the same results (data not shown). We then 
tested the specificity of IgM uptake by injecting a fluorescent 
dextran weighing 150 kD. As indicated in Fig. 3 B, this large dex-
tran that was unable to reach the conduit system when injected 
s.c. (Fig. S1 A) was efficiently transported to the conduits upon 
intranodal delivery. Additionally, similar results were obtained 
in DHLMP2A mice (Fig. S2, A and B). To exclude the possibility 
that the fixation protocol cross-linked proteins, including IgM, 
in the conduit lumen in an unspecific manner, we conjugated pu-
rified IgM molecules to fluorescent probes and injected them in 
combination with labeled WGA into the reactive LNs of WT mice 
(Fig. S2, C and D). Fresh, unfixed LNs were then sectioned using 
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Figure 1. IgM localizes within the conduit system of reactive LNs. (A) Confocal imaging of reactive and steady state auricular LNs from WT (C57BL/6J) or B 
cell–deficient (JHT) mice, 10 d after intradermal CFA immunization in the ears. Sections were stained for CD3, B220, collagen IV (col.IV), and IgM. Insets display 
high-magnification views of collagen IV+ conduits in the T cell zone. Bars, 100 µm (left panels); 10 µm (right panels). Data are representative of three experiments 
(two mice per condition and experiment). (B) Confocal imaging of auricular dLNs and contralateral ndLNs from Ccl19​-Cre:​RosatdT mice, 10 d after intradermal 
CFA injection in one ear. Sections were stained for collagen IV and IgM. tdT, tdTomato. Bars, 5 µm. Pictures are representative of three experiments (two mice 
per experiment). (C) Representative EM pictures of FRCs and conduits in steady state and auricular reactive LNs of WT and JHT mice, 10 d after intradermal 
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a vibratome and immediately imaged by confocal microscopy. 
Using this approach, fluorescent IgM and WGA distributed into 
the conduit system, just as in fixed sections.

Finally, in order to estimate the speed and directionality of 
molecules transported by the conduit system, which should ap-
proximately reflect the transport rate of IgM molecules, we per-
formed s.c. injections of fluorescent WGA in immunized WT mice 
and compared the distribution at different time points (Fig. S2, E 
and F). Within a minute, the fluorescent tracer reached the SCS 
and the follicular conduits. 4 min later, it propagated from B cell 
follicles to the T cell zone conduits, ∼150 µm deeper in the pa-
renchyma, at a speed of ∼35 µm/min. Therefore, small and large 
molecules present in the LN parenchyma have access to and are 
rapidly transported by the conduit system in a nonspecific man-
ner from the SCS to the deep parenchyma.

The conduit system transports locally secreted IgM during an 
immune response
Intranodal injection might alter the stromal network and inter-
fere with the physiological flow of lymph in the parenchyma. 
This raises the question of whether paracortical IgM also en-
ters the conduit system under physiological conditions. To track 
Ag-specific IgM normally produced during an immune response, 
we designed two sets of experiments. In the first one, we used 
MD4 mice in which all B cells express a BCR specific for hen egg 
lysozyme (HEL; Goodnow et al., 1988). As the MD4 BCR was origi-
nally cloned in a Balb/c strain, C57BL/6 MD4 B cells still carry the 
“a” allotype of IgM (IgMa) expressed in Balb/c, whereas the poly-
clonal B cells of a C57BL/6 WT mouse carry the “b” allotype of IgM 
(IgMb). Taking advantage of this allotypic difference, we adop-
tively cotransferred C57BL/6 mice with MD4 B cells and OVA-spe-
cific OT-II CD4+ T helper cells (Barnden et al., 1998). Recipient 
mice were then immunized with an emulsion of CFA containing 
an HEL-OVA chimeric protein. This protocol induced robust ex-
trafollicular proliferation of MD4 B cells (Garside et al., 1998) and 
a concomitant HEL-specific IgMa response as early as 4 d later 
(Fig. 4). Although IgMa was detected on the surface of adoptively 
transferred MD4 cells in ndLNs and dLNs, an additional reticular 
signal appeared in dLNs when extrafollicular MD4 B cells were 
relocated to the T cell zone. Data shown in Fig. 4 A indicate that 
IgMa colocalized with collagen IV+ conduits. We then performed 
similar experiments in Ccl19​-Cre:​RosatdT mice harboring fluores-
cent FRCs and confirmed that soluble IgMa was in the luminal 
side of conduits, supporting the ability of this system to channel 
locally secreted IgM also during an immune response (Fig. 4 B).

In the second experimental model, we analyzed the ability of 
the conduit system to transport IgM upon viral infection. Vesic-
ular stomatitis virus (VSV) is a cytopathic virus that is rapidly 
controlled by a strong, early, initially T cell–independent neu-
tralizing IgM response that switches to a T cell–dependent IgG re-
sponse after 4–6 d (Ochsenbein et al., 2000). We took advantage 
of VSV-specific BCR transgenic mice (referred to as VI10YEN; 

Hangartner et al., 2003) to track VSV-specific IgM in situ (Fig. 5). 
VI10YEN B cells were adoptively transferred into Ig-deficient 
DHLMP2A mice. In this experimental setting, IgM can originate 
only from the activated VI10YEN B cells and hence is specific for 
VSV. Recipient mice were infected s.c. with VSV, and their reac-
tive LNs were analyzed 4 and 7 d later by imaging (Fig. 5). As ex-
pected, no IgM signal was detected in LNs from mice that did not 
receive VI10YEN B cells, even after VSV infection (Fig. 5, upper 
panels). In mice that were transferred with VI10YEN B cells, but 
not infected with VSV, IgM signal was exclusively detected on 
the surface of VSV-specific B cells (Fig. 5, lower panels). Upon 
VSV infection, VI10YEN B cells massively proliferated and relo-
cated to the T/B interface at day 4, a time when they are known to 
secrete abundant levels of soluble IgM (Ochsenbein et al., 1999; 
Hangartner et al., 2003). Closer examination indicated that these 
IgM molecules were associated with the conduit system (Fig. 5, 
lower panels). This association was transient, as conduit-associ-
ated IgM disappeared from the dLNs at day 7, suggesting that the 
early protective wave of neutralizing IgM was already exported 
from the LNs at that time. Interestingly, 4 d after infection, IgM 
also associated with peripheral node addressin (PNAd)–express-
ing HEVs and Lyve1-expressing lymphatic endothelial cells of 
cortical and medullary sinusoids in LNs (Fig. S3 A). Because these 
vascular structures show connectivity and continuity with the 
conduit system (Anderson and Anderson, 1975; Huang et al., 
2018; Fig. S3, B and C), HEVs and lymphatic sinusoids could both 
represent an exit route for IgM from LNs. The relative impor-
tance of these two exit routes remains to be determined.

Collectively, these results indicate that IgM produced during 
an early antiviral response is also channeled by the conduit sys-
tem to be rapidly exported from the LN.

Concluding remarks
The first wave of neutralizing IgM produced in LNs must rap-
idly gain access to the periphery to exert its protective functions. 
Considering the large size and the multimerization of IgM, we 
reasoned that passive diffusion of such molecules from the LN 
parenchyma to the efferent lymphatics would hamper the ef-
ficiency of this process. Here, we provide an alternative sce-
nario by showing that the export of IgM from the LN relies on 
the conduit system, a 3D meshwork of reticular fibers devoted 
to the fast transport of lymph-borne molecules throughout 
the LN paracortex.

Conduits are formed by multiple, concentric layers of vari-
ous extracellular matrix molecules ensheathed by a cellular rim 
of FRC (Sixt et al., 2005). This system is thought to be sealed in 
order to (a) prevent spread of lymph-borne Ag to the LN cortex 
and (b) ensure fast delivery of inflammatory soluble mediators 
to HEVs (Gretz et al., 2000). However, Sixt et al. (2005) sug-
gested that dendritic cells associated with the reticular fibers 
can sample the content of the conduit system, whereas an EM 
study revealed that ∼10% of the conduit system is not actually 

CFA injection in one ear. Ultrathin sections were stained with 6-nm gold nanobeads specific for mouse IgM (highlighted with arrowheads), and the average 
number of beads located in the conduit lumen was evaluated for each condition. Bars, 2 µm (upper panels); 200 nm (lower panels). Data are representative of 
two experiments (one individual per condition and experiment). Results are expressed as mean ± SEM. *, P < 0.05; ****, P < 0.0001.
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Figure 2. Lymph- and blood-borne soluble IgM does not access the conduit system. (A) Unimmunized JHT mice or animals that received an intradermal 
injection of CFA 10 d before in one ear were injected s.c. with fluorescent WGA (∼38 kD) with or without purified mouse IgM (∼1,000 kD) and their auricular 
dLNs were harvested at the indicated time points. LN sections were stained for collagen IV (Col.IV) and IgM. Arrowheads indicate SCS. Insets show high-mag-
nification views of the SCS and the underlying cortex. Bars, 100 µm (left panels); 20 µm (right panels). Data are representative of three experiments (two mice 
per condition and experiment). (B) JHT and WT mice were injected intradermally with CFA in one ear. 10 d later, JHT mice were supplemented with the serum 
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covered by FRCs (Hayakawa et al., 1988). Therefore, it is possible 
that the conduit system possesses discrete physical access points 
for parenchymal molecules (Ushiki et al., 1995). As plasmablasts 
tend to migrate randomly with long free paths in the LN paren-
chyma before reaching the medullary cords (Fooksman et al., 
2010), they might use the FRC network as a migration scaffold 
and release their IgM in these putative access points. This pro-
cess would be consistent with the reported ability of B cells to 
sample lymph-borne Ag from conduits in B follicles (Roozendaal 
et al., 2009). The fact that inert, large molecules such as dextran 
can also access the conduit system when delivered intranodally 
suggests that the entry of IgM into the conduits does not require 
a dedicated system such as Fc receptors, but rather favors a model 
in which any soluble molecule present in the interstitial milieu 
of the parenchyma would be drained by this process. LNs are 
densely packed organs in which 95% of the cells continuously 
migrate (Bajénoff, 2012). We anticipate that such cellular pack-
ing and constant fluid motion would induce significantly higher 
pressure in the parenchyma (compared with the conduit lumen), 
hence enabling interstitial fluids to flow into the conduits where 
a lower hydrostatic pressure would exist.

Our results confirmed that the inability of lymph-borne IgM 
to enter the conduit system is largely dictated by the filtering 
system present in the sinus lining floor of the SCS (Rantakari et 
al., 2015) and not linked to collagen fibers and fibrils located in 
the conduit lumen as previously proposed (Gretz et al., 1997). We 
believe that this restriction represents an important aspect of 
the efficacy of the IgM export system. Knowing that any delay 
in antibody response exposes the host to pathogen dissemina-
tion and susceptibility (Kalinke et al., 1996; Lutz et al., 1998), the 
first wave of IgM produced in the LN should rapidly reach the 
infected tissue via the blood. While conduit-mediated transport 
of IgM within a single LN represents an efficient way to export 
IgM to the efferent lymphatics, this mode of transportation be-
comes highly effective at an organismal level in combination 
with the filtering system present in the SCS: LNs are associated 
in chains in which the efferent lymphatic content of a given LN 
is discharged in the SCS of the downstream LN. If IgM molecules 
were able to enter the conduit system of all the LNs present in 
the chain, their release in the thoracic duct would be dramati-
cally slowed down. In the presence of this molecular sieve, how-
ever, IgM arriving in the SCS of every downstream LN only flows 
through the SCS and the medullary sinuses, which represents the 
fastest delivery route to the thoracic duct.

Subcutaneously injected soluble factors such as chemokines 
are rapidly delivered to the luminal side of the HEV via the con-
duit system (Anderson and Anderson, 1975; Gretz et al., 2000). 
This process is thought to ensure an immediate modulation of 
lymphocyte trafficking in inflamed LN. Moreover, experimental 
and computational studies have suggested that under baseline 
conditions, some of the fluid flows from lymphatic passageways 
to blood vessels in LNs (Adair and Guyton, 1983; Jafarnejad et al., 

2015). In agreement with this notion, we observed anti-VSV IgM 
associating with the conduits directly surrounding the HEVs of 
reactive LNs following VSV infection. It remains possible, there-
fore, that a fraction of IgM antibodies is directly released in the 
blood vessels of the LN via the conduits, ensuring its most rapid 
delivery to the infected tissue.

In summary, we studied how the first wave of Ig produced 
upon infection, IgM, is exported from the LN. We found that this 
export occurs through the conduit system and thereby identified 
a novel biological function for this network, underlining its im-
portance beyond structural support.

Materials and methods
Mice
All mice were 8–12 wk of age on a C57BL/6 background. WT 
C57BL/6J mice were purchased from Janvier Labs. B cell–defi-
cient JHT mice (B6.129P2-Igh-Jtm1Cgn; Gu et al., 1993) and MD4 
mice (B6​.BALB/​c​-Tg(IghelMD4)4Ccg; Goodnow et al., 1988) 
were a gift from N. Fazilleau (Centre de Physiopathologie de 
Toulouse Purpan, INS​ERM U1043, CNRS UMR5282, Université 
Toulouse III Paul-Sabatier, Toulouse, France). Prox1-CreERT2 
mice (B6.129S1-Prox1tm3(cre/ERT2)Gco; Bazigou et al., 2011) were a 
gift from T. Makinen (Department of Immunology, Genetics and 
Pathology, Uppsala University, Uppsala, Sweden). Ccl19-Cre mice 
(C57BL/6N-Tg(Ccl19-cre)489Biat; Chai et al., 2013) were pur-
chased from the European Mouse Mutant Archive (INF​RAF​RON​
TIER). RosatdT mice (B6.Cg-Gt(ROSA)26Sortm14(CAG-tdTomato)Hze,  
also known as Ai14; Madisen et al., 2010) were obtained from 
JAX. OT-II mice (B6.129S6-Tg(TcraTcrb)425Cbn; Barnden et al., 
1998) were purchased from Taconic Biosciences. DHLMP2A mice 
(B6​.BALB/​c​-Ightm5​.1Cgn; Casola et al., 2004), backcrossed for >10 
generations against C57BL/6 mice, were provided by M. Ian-
nacone (Milan, Italy). Heavy-chain knock-in and light-chain 
BCR transgenic mice specific for VSV Indiana (VI10YEN; B6.Cg- 
Igh-Jtm1(VDJ-VI10)Zbz; Hangartner et al., 2003) were obtained 
through the European Virus Archive. Mice were bred and main-
tained under specific pathogen–free conditions at the Centre 
d’Immunologie de Marseille Luminy (Marseille, France). Mice 
were housed under a standard 12-h/12-h light–dark cycle with 
food and water ad libitum. Age- and sex-matched littermate 
mice were used. Experimental procedures were conducted in 
accordance with French and European guidelines for animal 
care under the permission number 5-01022012 following review 
and approval by the local animal ethics committee in Marseille. 
Experiments involving the DHLMP2A and VI10YEN strains were 
performed at the San Raffaele Scientific Institute (Milan, Italy) 
following approval by the local ethics committee.

Antibodies and specific reagents
For immunostaining and confocal imaging, purified anti–colla-
gen IV (polyclonal rabbit IgG) was obtained from Abcam. Lyve1 

of the immunized WT mice over a 24-h period and injected i.v. with fluorescent WGA 5 min before the harvest of reactive and contralateral auricular LNs. Data 
show confocal images from LN sections stained for collagen IV, PNAd, and IgM. Insets display high-magnification views of PNAd+ HEVs (yellow dashed line) 
and surrounding conduits. Bars, 200 µm (left panels); 50 µm (right panels). Data are representative of two experiments (three mice per experiment).
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monoclonal antibody (ALY7) was from eBiosciences. Antibodies 
directed against mouse IgM or rat IgG and rabbit IgG were pur-
chased from Jackson ImmunoResearch and BioLegend. Specific 
antibodies recognizing mouse CD3 (17A2), B220 (RA3-6B2), and 
IgMa (MA-69) were purchased from BioLegend and visualized 
by direct coupling to phycoerythrin, Pacific Blue, and FITC, re-
spectively. For transmission EM and gold nanobead immuno-
labeling, goat IgG conjugated to 6-nm gold nanoparticles and 
directed against the µ-chain of mouse IgM was purchased from 
Aurion (806.033). For injection experiments, purified mouse 
IgM was purchased from BD PharMingen (G155-228) and Rock-
land Immunochemicals (010–0107). Soluble tracers such as 
WGA coupled to Alexa Fluor 488 (AF488) or AF555 and 10-kD 
dextran (Dex10kD) coupled to tetramethylrhodamine (TMR) were 
obtained from Thermo Fisher Scientific, and 150-kD dextran 
(Dex150kD) coupled to FITC was from Sigma-Aldrich. According 

to the provider’s instructions, we estimated the total molecular 
weight of fluorescent tracers as follows: 39–41 kD for AF488-WGA 
and AF555-WGA, 10–11 kD for TMR-Dex10kD, and 151–157 kD for 
FITC-Dex150kD. For injection of soluble IgM conjugated to fluo-
rescent probe, polyclonal purified mouse IgM was labeled with 
AF647 N-hydroxysuccinimide ester from Thermo Fisher Scien-
tific (A200006). For cell isolation and adoptive transfer, bioti-
nylated antibodies directed against mouse CD8 (H35-17.2) and 
B220 (RA3-6B2) were purchased from eBioscience; biotinylated 
anti-CD3 (17A2) and anti-CD11b (M1/70) were from BioLegend. 
Anti-biotin magnetic beads were obtained from Miltenyi Biotec.

Immunogens, immunization, and infection protocols
CFA, HEL, and chicken OVA were purchased from Sigma-Aldrich. 
For regular CFA immunization, 20 µl of an emulsion of PBS and 
CFA (1:1) was intradermally injected either in the ear pinna or 

Figure 3. The conduit system transports soluble IgM upon intranodal injection. (A and B) JHT mice were injected intradermally with CFA at the base of 
the tail. 10 d later, draining inguinal LNs were surgically exposed and microinjected with fluorescent WGA with or without purified mouse IgM (A) or 150-kD 
fluorescent dextran (DEX; B). Data show confocal images from inguinal LN sections stained for collagen IV (Col.IV) and IgM. Insets display high-magnification 
views of conduits from the diffusion front. Bars, 100 µm (left panels); 10 µm (right panels). Data are representative of three experiments (two mice per condition 
and experiment) in A and B.
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at the base of the tail of anesthetized mice. Draining auricular 
or inguinal LNs were harvested at the indicated time points. For 
immunization with an emulsion of CFA containing HEL-OVA 
chimeric protein, equimolar amounts of HEL and chicken OVA 
protein were combined in 0.0235% glutaraldehyde solution in 
phosphate buffer (pH 7.5) for 1 h at room temperature. After di-
alysis against PBS, the coupling product was filter-sterilized (0.2 

µm) and stored at 4°C. Mice were intradermally injected in the 
ear pinna with 20 µl of an emulsion of PBS and CFA (1:1) contain-
ing 130 µg HEL-OVA conjugate. dLNs and contralateral ndLNs 
were harvested at the indicated time points. For VSV infection, 
mice were infected s.c. with 105 PFUs of VSV serotype Indiana 
dissolved in 10 µl PBS. Draining and nondraining popliteal or au-
ricular LNs were collected at the indicated time points after in-

Figure 4. Locally produced, Ag-specific IgM localizes within the conduit system of reactive LNs. (A) HEL-specific MD4 IgMa
+ B cells and OVA-specific OT-II 

CD4+ T cells were adoptively transferred into WT mice. The next day, recipient mice were injected intradermally with an HEL-OVA chimeric protein emulsified in 
CFA, in one ear. 4 d later, auricular dLNs and contralateral ndLNs were harvested. Sections were stained for collagen IV (Col.IV), B220, and IgMa and imaged by 
confocal microscopy. tdT, tdTomato. Bars, 200 µm (left panels); 10 µm (right panels). Data are representative of three experiments (two mice per experiment). 
(B) Confocal imaging of reactive and contralateral LNs from Ccl19​-Cre:​RosatdT recipient mice treated as described in A. Bars, 5 µm. Data are representative of 
two experiments (two mice per experiment).
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fection for confocal imaging. All infectious work was performed 
in designated biosafety level (BSL)-2 and BSL-3 workspaces in 
accordance with institutional guidelines.

Subcutaneous tracer injections
20 µl PBS containing 10 µg fluorescent WGA ± 10 µg purified 
IgM was injected in the ear pinna of unimmunized mice or an-

Figure 5. Antiviral IgM localizes within the conduit system of reactive LNs. VSV-specific VI10YEN B cells were adoptively transferred in antibody-deficient 
DHLMP2A mice. Recipients were either infected s.c. with VSV in the footpad or left untreated. 4 and 7 d later, reactive (popliteal) and steady state LNs were 
harvested. Mice that were not adoptively transferred with B cells served as controls. Sections were stained for collagen IV, B220, and IgM and analyzed by 
confocal microscopy. Insets show high-magnification views of conduits from the T cell zone. Bars, 200 µm (left panels); 10 µm (right panels). Data are repre-
sentative of two experiments (at least one individual per condition and experiment).
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imals that received an intradermal injection of CFA 10 d before. 
dLNs and contralateral ndLNs were harvested at the indicated 
time points following injection. In experiments involving soluble 
dextran, 20 µl PBS containing 150 or 100 µg fluorescent dextran 
weighing 10 kD and 150 kD, respectively, was injected.

Intranodal injections
Mice were immunized with an emulsion of CFA at the base of the 
tail. 10 d later, animals were anesthetized using a combination of 
ketamine and xylazine. Reactive inguinal LNs were exposed, and 
1 µl PBS containing 0.3 µg fluorescent WGA ± purified IgM (0.3 
µg; Figs. 3 A and S2 A) or fluorescent IgM (0.6 µg; Fig. 2, C and D) 
was injected into LNs with a 2.5-µl Hamilton syringe mounted 
with a 33G needle. In experiments involving fluorescent 150-kD 
dextran, 0.5 µl PBS containing 1.25 µg soluble dextran was in-
jected. Reactive LNs were harvested 5 min following injection.

Transfer of immune sera
WT and JHT mice were immunized with an intradermal injection 
of CFA in the ear pinna. On day 10, WT mice were sacrificed, and 
the blood was pooled and allowed to clot. Serum was then col-
lected by centrifugation at 10,000 g for 6 min. JHT mice were sup-
plemented with 1 ml WT immune sera in multiple i.v. injections 
over a 24-h period. Serum and 200 µg fluorescent WGA were 
coadministered for the last injection, 5 min before the harvest of 
reactive and contralateral LNs.

Adoptive transfer experiments
For HEL-OVA immunization, LNs and spleens from OT-II and 
MD4 mice were minced with scissors and digested for 30 min 
at 37°C in RPMI medium containing 0.1 mg/ml DNase I (Sigma) 
and 1 mg/ml liberase (Roche). OT-II T cells and MD4 B cells were 
purified by negative selection using, respectively, CD11b/CD8/
B220 and CD11b/CD3 biotin-conjugated antibodies followed by 
anti-biotin microbeads (Miltenyi Biotec). Ten million purified 
OT-II T cells and 3 × 107 MD4 B cells were injected i.v. in recipient 
mice 24 h before immunization with an emulsion of CFA con-
taining HEL-OVA chimeric protein. For VSV infection, naive B 
cells from spleens of VI10YEN mice were negatively selected by 
magnetic isolation with CD43 beads (Miltenyi Biotec). The purity 
was ∼98% as determined by B220 staining. Five million B cells 
were injected i.v. into the indicated recipient animals 18 h before 
virus infection.

Tamoxifen treatment of Prox1​-CreERT2:​RosatdT mice
Mice were orally treated with 200 µl corn oil containing 5 mg 
tamoxifen (Sigma-Aldrich) 1 wk before immunization with CFA.

Immunostaining and confocal microscopy
LNs were fixed in AntigenFix (Microm Microtech) for 2  h at 
4°C in the dark, washed in phosphate buffer, and dehydrated in 
30% sucrose in 0.1 M phosphate buffer for 12 h. Samples were 
embedded in Tissue Freezing Medium (Triangle Biomedical Sci-
ences), snap frozen, and sectioned (35 µm) on a cryostat (Leica 
Microsystems). Immunostaining was realized in 0.1 M UltraPure 
Tris Buffer (Thermo Fisher Scientific) containing 0.5% BSA and 
1% Triton X-100. Confocal imaging was performed with a Zeiss 

LSM 880 confocal microscope. Separate images were collected 
for each fluorochrome and overlaid to obtain a multicolor image. 
Final image processing and 3D reconstruction were performed 
with Imaris software (Bitplane). For unfixed LN slice prepara-
tion, fresh LNs were embedded in 4% low-melting-temperature 
agarose (type VII-A; Sigma-Aldrich), sectioned in 300-µm-thick 
slices using a vibratome (Leica VT1200) in a bath of ice-cold PBS, 
and immediately imaged by confocal microscopy.

EM
LNs were fixed in AntigenFix for 2 h at 4°C and washed in 0.1 M 
phosphate buffer for 30 min. Samples were embedded in 4% 
agarose and sliced with a vibratome (Leica VT1200). 200-µm-
thick sections were blocked for 30 min in 0.1 M UltraPure Tris 
Buffer containing 5% BSA and 5% goat serum (Jackson Immu-
noResearch). Immunolabeling for mouse IgM was performed 
during 2 h. Sections were then washed in PBS and postfixed in 
PBS containing 2% PFA and 2.5% glutaraldehyde at 4°C overnight. 
The next day, samples were postfixed in aqueous 1% OsO4 for 1 h 
and incubated overnight in aqueous 1% uranyl acetate. 1 d later, 
sections were dehydrated in graded series of ethanol baths (10 
min each) and infiltrated with epon resin in ethanol (1:3, 2:2, 3:1, 
2 h each and pure resin overnight). They were then embedded in 
fresh pure epon resin and cured for 48 h at 60°C. 70-nm ultrathin 
sections were performed on a Leica UCT Ultramicrotome and de-
posited on formvar-coated slot grids. The grids were contrasted 
using lead citrate and observed in an FEI Tecnai G2 at 200 kV. 
Imaging was performed on a Veleta camera (Olympus). Image 
processing and conduit area measurement were performed in 
ImageJ (National Institutes of Health).

Transport rate within the conduit system
To assess the transport rate of soluble material within the con-
duits, 5 µl PBS containing 5 µg fluorescent AF555-WGA was in-
jected in the ear pinna of WT mice that received an intradermal 
injection of CFA 4 d before. Draining reactive auricular LNs from 
anesthetized mice were surgically exposed and harvested at the 
indicated time. The distance between the SCS and the migration 
front of WGA was calculated using ImageJ, while the percentage 
of the conduit system filled with WGA (from the SCS to 400 µm 
below) was calculated using the skeleton (3D) plugin of ImageJ. 
In brief, for each picture, we summed the total length of WGA-
filled collagen IV fibers and divided it by the total length of col-
lagen IV fibers.

Statistical analysis
Results are expressed as mean ± SEM. All statistical analyses were 
performed in Prism 7 (GraphPad Software). Groups were compared 
two-by-two using nonparametric two-tailed Mann–Whitney test.

Online supplemental material
Fig. S1 shows lymph- and blood-borne tracer dispersal in LNs 
from JHT and DHLMP2A mice. Fig. S2 demonstrates the ability of 
the conduit system to transport soluble IgM and large molecules 
upon intranodal injection in reactive LNs. Fig. S3 highlights the 
connectivity between the conduit system and the cortical and 
medullary sinusoids.
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