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Abstract

A major pathway for B cell acquisition of lymph-borne particulate antigens relies on antigen
capture by subcapsular sinus macrophages of the lymph node. Here we tested whether this
mechanism is also important for humoral immunity to inactivated influenza virus. By multiple
approaches, including multiphoton intravital imaging, we found that antigen capture by sinus-
lining macrophages was important for limiting the systemic spread of virus but not for the
generation of influenza-specific humoral immunity. Instead, we found that dendritic cells residing
in the lymph node medulla use the lectin receptor SIGN-R1 to capture lymph-borne influenza
virus and promote humoral immunity. Thus, our results have important implications for the
generation of durable humoral immunity to viral pathogens through vaccination.

Vaccines can protect against viral and bacterial pathogens®. An important component of an
effective vaccine against a virus such as influenza is the induction of a strong neutralizing
antibody response2. Therefore, understanding how the immune system first recognizes the
vaccine and processes it for durable humoral immunity is of fundamental importance.
Vaccines, which are administered intra-muscularly or subcutaneously, drain into the
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regional lymph nodes, where circulating T cells and B cells scan for their cognate antigen3.
The highly ordered architecture of the lymph node maximizes the chance that a lymphocyte
will encounter cognate antigen. B cells acquire antigen from specialized stromal cells called
“follicular dendritic cells’ (FDCs)#, which are a chief source of B cell chemokines and
survival factors®. These cells promote the formation of germinal centers, where B cells
differentiate into memory and antibody- producing cells®.

Published imaging studies have provided insight into how B cells acquire antigen’11,
Particulate antigen and large immune complexes are captured from the lymph by
subcapsular sinus macrophages (SSMs)’:8.10.12_ Antigens are shuttled across the SSM
surface to the underlying B cell compartment, where cognate B cells bind the antigen and
migrate to the outer follicular zone for presentation of the antigen to T cells. Alternatively,
immune complexes that are bound by complement C3 are captured by naive B cells through
the CD21-CD35 receptor®11 and are subsequently transported to FDCs. Notably, small
soluble antigens access the B cell compartment via conduits!:13 or gaps in the floor of the
subcapsular sinust?.

Macrophages lining the medulla also filter draining lymph. Medullary macrophages are
phenotypically similar to SSMs but are unique in their expression of the surface marker
F4/80 (refs. 15,16). Although their role in the capture of B cell antigen is less well known,
medullary macrophages are more phagocytic than are SSMs6:17 and are phenotypically
similar to SIGN-R1*F4/80" marginal-zone macrophages of the spleen!8. SIGN-R1 is a C-
type lectin that shares homology with the human dendritic cell (DC)-specific intercellular
adhesion molecule DC-SIGN19, SIGN-R1 is expressed by macrophages in the marginal
zone of the spleen and medullary region of lymph nodes and is known to bind carbohydrate
structures such as dextran20 and capture pathogens from the blood such as yeast?! and
encapsulated bacteria such as Streptococcus pneumoniaé®?. In addition to their well-
described role in the uptake and processing of antigen for presentation to T cells, DCs are
possible transporters of B cell antigen®23-25, A subset of CD11b* DCs with mannose
receptor-binding activity (CR-Fc* cells) has been found to localize in splenic follicles,
which suggests that they may transfer antigen to B cells?4.

We sought to determine how a model influenza vaccine is handled in the draining lymph
node and whether sinus-lining macrophages are required for humoral immunity. We found
that virus was opsonized by mannan-binding lectin (MBL) in lymph and was rapidly
endocytosed by SSMs and medullary macrophages. Notably, macrophages were not
required for an effective humoral response. Instead, we found that capture of influenza virus
strain A/PR/8/34 (PR8) by DCs residing in the lymph node medulla was required. This
capture was SIGN-R1 dependent.

Sinus-lining macrophages capture lymph-borne influenza virus

To identify the mechanism by which lymph-borne influenza virus is captured, we injected
mice in the footpad with fluorescence-labeled PR8 inactivated by ultraviolet irradiation.
Cryosections of popliteal lymph nodes showed localization of PR8 together with CD169*
SSMs and medullary macrophages!®:16 within 30 min of injection (Fig. 1a). We confirmed
rapid uptake of virus in real time by multiphoton intra-vital microscopy (MP-IVM; Fig. 1b
and Supplementary Movie 1). Electron microscopy of the subcapsular sinus confirmed that
PR8 was indeed internalized by resident macrophages (Fig. 1¢ and Supplementary Fig. 1).
Thus, as reported before, influenza virus was captured from draining lymph by SSMs but, in
contrast to published studies of vesicular stomatis virus’, the influenza virus was rapidly
internalized.
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Macrophages are dispensable for humoral immunity to influenza

Given published studies showing that MBL binds influenza virus?® and our own work
showing direct binding of mouse MBL to PR8 (Supplementary Fig. 2a—c), we examined the
capture of PR8 by lymph node macrophages in MBL-deficient mice (Mb/2"~; called
‘MbI'=" here)?7. Imaging by MP-IVM demonstrated that virus drained into the lymph nodes
in Mbl'~ mice, but in contrast to results obtained with control mice, it was not retained in
the subcapsular sinus region (Supplementary Fig. 2d). This finding indicated that
opsonization of PR8 by MBL was required for capture by SSMs. To determine whether this
population was important for eliciting humoral immunity to influenza, we evaluated the
antibody response to PR8 after immunization of Mb/ '~ mice. We found that Mb/ '~ mice
responded in a manner similar to that of wild-type mice after immunization with PR8
(Supplementary Fig. 2e—g), which suggested that virus capture by SSMs was not required
for the humoral response to PR8. We also evaluated the capture of PR8 by SSMs using a
mannose- functionalized dendrimer, which blocks the binding of MBL to influenza virus
(Supplementary Fig. 2b,c). The administration of mannose- dendrimer 1 h before injection
of PR8 resulted in a pattern of uptake similar to that of Mb//~ mice, in which virus rapidly
associated with medullary macrophages in the draining lymph nodes (Fig. 2a—c,
Supplementary Fig. 2h and Supplementary Movie 2). Notably, blocking virus uptake by
SSMs with dendrimer resulted in higher titers of immunoglobulin M (IgM) but had no effect
on the titers of 1gG2a and 1gG2b antibody to PR8 (anti-PR8; Fig. 2d—f). Similarly, enzyme-
linked immunospot analysis of popliteal lymph nodes from dendrimer-treated mice showed
more antibody-secreting cells, consistent with the higher total immunoglobulin serum
concentrations (Fig. 2g). Notably, mannose-dendrimer did not impart a general adjuvant
effect, as its administration did not alter the antibody response to phycoerythrin immune
complexes relative to the response obtained with antigen alone (Supplementary Fig. 2i).
Additionally, naive B cells did not seem to transport PR8 as immune complexes in this
model (Supplementary Fig. 2j). Moreover, the virus response remained localized to the
draining lymph node despite the lack of virus binding by SSMs (Fig. 2h.i).

In published reports, SSMs have been shown to capture viral and particulate antigens and
shuttle these to B cells in the underlying follicle”-10. To determine whether the capture of
virus by SSMs was important for uptake by PR8-specific B cells, we pretreated B1-8 mice
(which have a targeted knock-in replacement of their /g/ locus with a nitrophenyl (NP)-
specific heavy-chain gene) with dendrimer and injected them with NP-conjugated-labeled
PR8. Flow cytometry demonstrated a similar extent of NP-virus uptake by hapten-specific B
cells in dendrimer-treated and untreated mice (Fig. 2j).

To determine whether the antibody response to influenza virus was dependent on medullary
macrophages, we injected mice with clodronate liposomes (CLLs), which eliminate
macrophages from the lymphoid compartment’. Using confocal microscopy to analyze
lymph nodes at day 5 after CLL injection, we confirmed that mice were depleted of SSMs as
well as medullary macrophages (Supplementary Fig. 3a—d). Notably, we found that a more
robust humoral response developed in CLL-treated mice than in mice that received PR8
alone (Fig. 3a—c). In contrast to control mice, in which the response remained localized to
draining lymph nodes, CLL-treated mice had virus-specific antibody-secreting cells in
downstream lumbar lymph nodes and the spleen (Fig. 3d—f). Together, these results indicate
that SSMs and medullary macrophages function to contain PR8 within the draining lymph
node but are dispensable for humoral immunity to inactivated influenza virus.

Lymph node DCs capture influenza in the medulla

The finding that macrophages were not required for an efficient humoral response to PR8
suggested that other cell types, such as DCs, might be involved in handling PR8 and
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possibly delivering virus to the B cell compartment?8:2%, To determine whether DCs capture
and process PR8, we isolated lymph node CD11chi cells at various times after PR8
immunization and cultured them together with naive hemagglutinin-specific CD4* T cells®0.
DCs from the draining lymph nodes of PR8-immunized mice were indeed able to stimulate
proliferation of the virus-specific T cells as early as 2 h after injection and became even
more stimulatory by 12 h after injection (Fig. 4a). These results demonstrate that DCs have
access to viral antigen at very early time points after immunization.

Next, we sought to determine by flow cytometry which subset(s) of DCs captured the virus.
We distinguished three distinct subsets of CD11c™ cells on the basis of expression of CD11b
and SIGN-R1 (Fig. 4b). All three subsets were associated with PR8 at 2 h after injection;
however, the CD11b*SIGN-R1* DC subset seemed to have the predominant role in
capturing lymph-borne virus, as ~50% of cells in this population contained PR8, whereas
only a small percentage of CD11b*SIGN-R1™ and CD11b~SIGN-R1~ DCs contained virus
(Fig. 4b). Moreover, CD11b*SIGN-R1* DCs contained much more PR8 per cell, with 7-fold
more virus than CD11b*SIGN-R1~ DCs and 40-fold more virus than CD11b™SIGN-R1~
DCs (Fig. 4c). Notably, injection of PR8 did not alter the abundance of CD11c™ cells in the
draining lymph nodes during this 2-hour time window (PBS, 2.37% + 0.8%; PR3, 3.06% +
0.1%; Fig. 4b), which suggested that the virus-bearing DCs represented lymph node-
resident DCs rather than newly emigrated tissue-derived DCs.

As SIGN-R1* DCs have not been well characterized in popliteal lymph nodes, we next
wanted to determine where these cells normally reside. Analysis of immunostained
cryosections indicated that SIGN-R1* cells, including SIGN-R1*CD11c* DCs, resided
almost exclusively in the medullary region of the popliteal lymph node (Supplementary Fig.
4a). These data suggest that SIGN-R1* DCs have an important role in capturing lymph-
borne influenza virus from the lymph node medulla within the first few hours after
immunization.

SIGN-R1 mediates influenza binding by lymph node DCs

Published studies have determined that SIGN-R1 expressed on DCs, splenic marginal zone
macrophages and medullary macrophages is a major polysaccharide receptor2%:22, Given our
results on the binding of MBL to influenza and our finding that SIGN-R1* DCs bound virus
in draining lymph nodes, we reasoned that SIGN-R1 might also recognize PR8. Thus, we
sought to test the function of SIGN-R1 in the capture of PR8 by lymph node DCs by
pretreating the cells with a SIGN-R1-specific blocking antibody (22D1)31 24 h before PR8
administration. The antibody 22D1 induces SIGN-R1 down-regulation but not the
elimination of resident DCs or macrophages, as described before?2. By flow cytometry, we
found that treatment with 22D1 resulted in substantially less capture of PR8 by lymph node
DCs (Supplementary Fig. 4b). The residual PR8 binding observed in 22D1-treated mice
probably represented virus bound via other receptors, as found with SSMs or incomplete
SIGN-R1 downregulation before vaccination.

Next, we used MP-IVM to evaluate whether SIGN-R1 mediates the capture of influenza
virus by DCs residing in the lymph node medulla. We used CD11c-enhanced yellow
fluorescent protein (CD11c-eYFP) mice, in which DCs can be imaged by MP-1VM because
of their high expression of eYFP. For this, we injected CD11c-eYFP mice with
fluorescence-labeled PR8 and visualized virus binding in popliteal lymph nodes. PR8
associated with e YFP™ cells (eYFP fluorescence corresponds to CD11cM DCs32) and eYFP~
cells (Fig. 4d,e) within 10 min of injection, and tracking of the virus-bearing eYFP* cells
demonstrated that the binding was stable, as DCs retained virus for at least 2 h (Fig. 4e).
Treatment with 22D1 decreased the percentage of DC-bound virus in the lymph node
medulla from approximately 60% to 13% at 2 h after injection (Fig. 4e and Supplementary
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Movie 3). Together, these results suggest that lymph node-resident medullary DCs use
SIGN-R1 to capture influenza virus.

DCs are required for humoral immunity to influenza virus

Next, we sought to determine whether DCs promote the humoral response to PR8 using the
CD11c—diphtheria toxin receptor (CD11c-DTR) mouse model, in which conventional DCs
can be ablated after administration of diphtheria toxin. We prepared bone marrow—chimeric
mice using bone marrow from CD11c-DTR-transgenic or wild-type C57BL/6 (B6) mice
and transferred the bone marrow into irradiated wild-type B6 mice. We allowed the chimeric
mice to ‘rest’ for 6 weeks and then injected them once with diphtheria toxin to deplete
CD11c* cells from lymph node and spleen 24 h before injection with virus33. Under these
conditions, conventional DCs are eliminated from spleen and lymph nodes, along with
ablation of marginal-zone and metallophilic macrophages34. Evaluation of serum titers of
anti-PR8 immunoglobulin at day 10 indicated a negligible total immunoglobulin and IgM
response in diphtheria toxin—treated B6 mice that received CD11c-DTR bone marrow
compared with that of B6 mice that received B6 bone marrow (Supplementary Fig. 5a,b).
Similarly, the number of total immunoglobulin antibody—secreting cells in draining lymph
nodes of diphtheria toxin-treated B6 mice that received CD11c-DTR bone marrow was
almost undetectable relative to that of B6 control mice that received B6 bone marrow
(Supplementary Fig. 5c). Given the normal robust T cell-independent response to
influenza3®36, our finding that local IgM titers were also impaired in DC-depleted mice
suggested that DCs are important not only for activating virus-specific T cells but also for
eliciting the PR8-specific humoral response.

Medullary DCs carry influenza to FDC area

Expression of the ligand for the cysteine-rich domain of the mannose receptor identifies a
subset of DCs that transports antigen into B cell follicles?. In our studies, staining of
CD11c* cells with a fusion protein of the cysteine-rich domain and Fc (CR-Fc) identified
~65% of SIGN-R1* DC in untreated mice (data not shown). Notably, the abundance of this
subset was unaffected by PR8 immunization, and approximately 50% of virus-bearing
CD11b*SIGN-R1* DCs bound CR-Fc compared with control staining with a mutant form
(W117A) of CR-Fc that diminishes CR-Fc binding3” (Supplementary Fig. 4c). This result
raised the possibility that a subset of lymph node-resident DCs involved in capturing lymph-
borne PR8 may deliver virus from the medulla to B cell follicles.

Resident DCs that line the medullary sinus adjacent to medullary macrophages are thought
to be relatively sessile32. To determine whether binding of virus allows DCs to gain motility,
we used CD11c-eYFP mice to monitor by MP-IVM DC motility in the popliteal lymph
nodes before and after immunization. For this, we pretreated CD11c-eYFP mice with anti-
CD35 to identify the FDC region and imaged the lymph nodes by MP-1VM for 60 min
before subcutaneous injection of fluorescence-labeled PR8. In agreement with earlier
reports32, we found that DCs were relatively immobile during this time. Similarly, after PR8
injection, the virus-negative DCs remained relatively non-motile. In contrast, the motility of
virus-bearing DCs was over fourfold higher than that of DCs that had not bound virus (Fig.
5a). To ascertain whether virus-bearing DCs migrated toward the FDC area, we randomly
selected DCs from the medullary region adjacent to B cell follicles and tracked them over 60
min (Supplementary Fig. 6a-d). We calculated a net vector of migration for all tracks38:39,
The results indicated that virus-bearing DCs migrated toward the FDC area in a nonrandom
manner, whereas virus-negative DCs and DCs tracked before virus injection migrated
randomly (Fig. 5b—d, Supplementary Fig. 6e,f and Supplementary Movie 4). In further
support of the idea of directed migration, the virus-bearing DCs demonstrated greater
displacement and a lower angle of migration than those of the other two groups (Fig. 5e,f).
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Thus, DCs lining the medullary sinus captured lymph-borne virus either from medullary
macrophages or directly from lymph via SIGN-R1 (Supplementary Fig. 7a,b) and
subsequently migrated in a directional manner toward FDCs.

Humoral immunity to influenza requires SIGN-R1

The finding that both macrophages and DCs lining the subcapsular and medullary sinuses
captured PR8 via SIGN-R1 suggested an important role for this receptor in local humoral
immunity. To directly determine whether SIGN-R1 is required for the humoral response to
PR8, we pretreated Mb/~ mice with anti-SIGN-R1 and then immunized them
subcutaneously the next day with fluorescence-labeled PR8. As expected, PR8 uptake in
MbI'= mice was limited to the medullary region, whereas there was negligible binding in
the popliteal lymph nodes in Mb/~ mice treated with anti-SIGN-R1 (Fig. 6a—c and
Supplementary Movie 5). Thus, most uptake of lymph-borne PR8 is mediated by MBL and
SIGN-R1. Characterization of the humoral response of the treated mice at day 10 after
immunization showed no substantial difference in overall immunoglobulin titers among the
four groups (Fig. 6d). In contrast, enzyme-linked immuno-spot analysis of the number of
antibody-secreting cells in the local popliteal lymph nodes identified a negligible response in
the nodes of Mb/~ mice treated with anti-SIGN-R1 relative to that of Mb/-'~ mice without
treatment (untreated, 29 + 23; anti-SIGN-R1-treated, 9 £ 7; Fig. 6e). In summary, our results
have demonstrated that SIGN-R1-mediated capture of influenza virus by medullary DCs is
essential for humoral immunity in draining lymph nodes.

DISCUSSION

Published studies have identified a pathway by which SSMs of the draining lymph node and
marginal zone sinus in the spleen capture particulate antigen and immune complexes for
transfer to the B cell compartment. Our finding that SSMs were not required for humoral
immunity to influenza virus was unexpected, given published observations that they can
transfer particulate antigen from the lymph to cognate B cells”-19. One explanation for the
difference is that in our model, PR8 was opsonized with MBL and possibly complement C3
(ref. 40). Thus, the combination of MBL, complement and viral surface antigen may trigger
internalization by SSMs. In contrast, in published models, immune complexes alone or
coated with C3 do not promote internalization but are shuttled to the underlying B cell
compartment16,

SSMs and medullary macrophages have been linked to the prevention of systemic
dissemination of virus such as vesicular stomatitis virus’. Similarly, we found that PR8 also
reached organs beyond the lymph nodes draining the site of immunization after CLL
treatment. Here we demonstrated that depletion of lymph node macrophages with CLLs
resulted in an enhanced (local or systemic) humoral response to PR8. Furthermore, we
showed that PR8 was not disseminated systemically when viral uptake by SSMs was
selectively blocked, leaving medullary macrophage function intact. The administration of
dendrimer to prevent PR8 uptake by SSMs did not affect I1gG titers but did result in much
higher IgM titers than those of mice immunized without dendrimer. Although dendrimer did
not demonstrate a direct adjuvant effect (data not shown), inhibiting viral uptake by SSMs
could result in greater antigen abundance in the medulla and consequently an improved
humoral response. Together, our results have identified an essential role for medullary
macrophages as scavengers of the lymphatic system. Furthermore, the viral uptake via MBL
suggests a distinct role for SSMs in response to PR8.

Our findings that lymph-borne influenza virus was trapped in the lymph node medulla but
that medullary macrophages were dispensable for humoral immunity to PR8 raised the
possibility that another medullary cell was involved in promoting the antibody response. Our
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observations that DCs resided in the lymph node medulla and captured lymph-borne virus
within hours of immunization suggested that lymph node-resident DCs might snare virus in
the medulla and in turn promote humoral immunity. DCs in lymph nodes can be sub-
categorized into two types on the basis of tissue origin®. One type is migratory DCs, which
sample antigen in the periphery and transport it to draining lymph nodes; the other is lymph
node—resident DCs, whose life history is restricted to one lymphoid organ. The
understanding of antigen sampling by lymph node-resident DCs is relatively limited. A
CD11b* subset of lymph node-resident DCs residing in close proximity to FRCs in the
paracortex has been found to sample small lymph-borne antigens arriving via conduits*2:43,
The CD8* DC subset, which also resides mainly in the paracortex, seems to acquire antigen
from tissue-derived DCs once they migrate into the lymph node. Our studies have identified
a previously unknown population of DCs that reside in the lymph node medulla adjacent to
medullary macrophages and rapidly capture lymph-borne influenza virus. These findings
suggest that medullary DCs have a function complementary to that of conduit-lining DCs
localized in the paracortex. As CLL treatment did not alter humoral immunity in the
draining lymph node, this suggests that this subset of DCs captures PR8 independently of
local macrophages, possibly by directly sampling the lymph. However, we cannot rule out
the possibility of transfer of antigen from medullary macrophages to DCs.

Published work has shown not only that resident DCs localized in the lymph node
paracortex can sample soluble antigen from lymph shortly after administration into the
footpad but also that presentation of this early wave of antigen results in tolerance®2. In
contrast, DCs that migrate into the lymph node from the site of antigen administration
(within 12 h) present antigen in an immunogenic manner®2. In our study, sampling of
lymph-borne virus by SIGN-R1* medullary resident DCs occurred almost immediately after
the arrival of antigen in the lymph node and led to an efficient humoral response. The ability
of lymph node DCs to trigger activation of hemagglutinin-specific CD4" T cells was
detectable by 2 h and increased over the next 10 h. This enhanced stimulatory capacity could
have been due to greater exposure time of lymph node-resident DCs to PR8 or to the arrival
of migratory DCs contributing viral antigen from the periphery.

Published studies using MP-IVM have observed migrating DCs as they travel into lymph
nodes and concentrate around high endothelial venules, where they transfer antigen to
arriving cognate B cells®. Although those studies support the idea of a role for DCs, they do
not show actual capture of antigen from draining lymph or migration into B cell follicles. In
our model, up to 5% of cognate B cells specific for NP-PR8 contained virus; however, the
amount of virus per cell was negligible compared with that of lymph node-resident DCs.
Therefore, it remains to be elucidated if such transfer happens and, if so, whether it leads to
B cell transport of viral material or results in only extrafollicular accumulation and
subsequent helper response, as seen before®.

On the basis of published observations that SSMs shuttle immune complexes to naive B
cells’, we expected that if DCs were involved, their role would be limited to the transfer of
virus to B cells. The importance of immune-complex transfer by naive lymph node follicular
B cells has been shown to occur in a CD21- and CD35-dependent manner8. That report and
others have shown that splenic marginal zone B cells similarly transport immune complexes
into the follicles and off-load them to FDCs by a mechanism that is complement
dependent#4-47. Thus, B cell transport of immune complexes coated with activated C3 is a
well-characterized pathway for targeting antigen to FDCs. In contrast, we did not observe
substantial uptake of virus by naive B cells even in mice in which the MBL lectin pathway
was intact. Instead, we found that a population of relatively sessile DCs residing in the
medullary region rapidly took up PR8 from the draining lymph via SIGN-R1. SIGN-R1 has
been identified as the main receptor for Streptococcus pneumonia, as pretreatment of mice
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intraperitoneally with anti-SIGN-R1 results in a much lower humoral response and
diminished survival after intravenous infection2231, In our model, pretreatment of mice
subcutaneously with anti-SIGN-R1 resulted in much less uptake of PR8 by popliteal lymph
node-resident DCs, as shown by various techniques, including flow cytometry of lymph
node DCs and /n situ MP-1IVM analysis of popliteal lymph nodes of CD11c-eYFP* and
MbIF'~ mice. Notably, blockade of SIGN-R1 in Mb/~ mice resulted in a much lower local
humoral response to PR8. Although the overall serum immunoglobulin titer was not lower,
this result was expected, as the virus was no longer retained in the popliteal lymph nodes,
and subcutaneous treatment with anti-SIGNR-1 would be unlikely to efficiently block PR8
binding in the spleen. Further support for the idea of a role for DCs in the transport of PR8
to the B cell follicles was the finding that elimination of DCs resulted in much lower serum
IgM and total immunoglobulin responses to PR8. Moreover, the lower serum titers correlate
with negligible PR8-specific antibody—secreting cells in the popliteal lymph nodes. Thus, as
a large fraction of the IgM response is T cell independent3°:36, the impaired primary
response in diphtheria toxin—treated B6 chimeras given CD11c-DTR bone marrow was most
probably due to blockade of viral transport into the B cell follicles.

Our results have demonstrated that SIGN-R1-mediated capture of influenza virus triggered a
substantial increase in the motility of virus-bearing DCs and endowed these cells with the
ability to migrate in a directed manner toward FDCs. Thus, the uptake of PR8 by resident
DCs via SIGN-R1 represents a previously unknown pathway for capture of lymph-borne
viral pathogens and delivery to the B cell follicles. It remains to be elucidated whether these
migratory virus-containing cells are identical to the CR-Fc* DCs found in the follicle in
published studies?4. Future experiments should also determine whether SIGN-R1 binds
directly to specific carbohydrate ligands exposed on the inactive virus or binds indirectly
after opsonization in the lymph and whether this binding is sufficient to induce directed
migration. A slowing of the migration of cognate B cells has been seen before after injection
of vesicular stomatitis virus into the footpad’, even in CLL-treated mice. The authors of that
study’ proposed that the pan-follicular effect is due to uptake of soluble vesicular stomatitis
virus protein exposed to the B cell follicle by gaps in the sinus-lining floor, as described
earlier!4. An alternative explanation for the effect in CLL-treated mice is that intact virus is
delivered to the follicles by lymph node-resident DCs.

In summary, we found that SSMs and medullary macrophages were important for binding
inactive influenza virus in draining lymph nodes and preventing the dissemination of virus
to distal tissues. However, lymph node macrophages were dispensable for the development
of humoral immunity to influenza virus. In contrast, uptake of influenza virus via SIGN-R1
promoted the migration of DCs from the lymph node medulla toward B cell follicles and
was essential for local humoral immunity. Our results have implications for the generation
of durable humoral immunity to viral pathogens through vaccination.

ONLINE METHODS

Mice

Mice were bred in house or were from Jackson Laboratories or Charles River Laboratory.
The following strains were used: wild type (C57BL/6 and BALB/c), CD11c-eYFP32, B1-8
heavy-chain knock-in%8, CD11c-DTR4® and Mb/~ (ref. 27). All mice were on the C56BL/6
background. Mice were maintained in specific pathogen—free facilities at Immune Disease
Institute, Dana Farber Cancer Institute or Harvard Medical School. All animal experiments
were in accordance with protocols approved by the Subcommittee on Research Animals
Care at Harvard Medical School and The Immune Disease Institute, and were in accordance
with guidelines set by the National Institutes of Health.
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Growth and purification of PR8

Antibodies

Influenza A/PR/8/34 was provided by A. Garcia-Sastre. Virus was grown and purified as
described>0. All PR8 was inactivated by 15 min of ultraviolet irradiation at 25 °C.
Additional information is in the Supplementary Methods.

The following antibodies were from BD Bioscience: anti-immunoglobulin-A1 (R11-153)
and anti-DC (33D1). The following antibodies were from BioLegend: anti-lgM?2 (DS-1),
anti-B220 (RA3-6B2), anti-CD11c (N418), anti-CD11b (M1/70), anti-CD8a. (53-6.7), anti-
CD4 (RM4-5 and GK1.5), anti-CD40 (1C10), anti-CD80 (1610-Al), anti-NK1.1 (PK136),
anti-CD19 (6D5) and anti-CD3e (145-2C11). Anti-LYVE-1 (223322) was from R&D
Systems, and CD68 (FA-11) and CD169 (36.112 and MOMA-1) were from AbD Serotec.
Anti-CD35 (8C12), anti-SIGN-R1 (22D1), anti-CD11b (M1/70), anti-F4/80 (HB-198;
American Type Culture Collection), anti-IgD (1.3-5) and anti-hemagglutinin (H36-4-5-2)
were produced in-house and were purified by affinity chromatography®. Secondary
antibodies, including streptavidin—Alexa Fluor 488 (S11223), streptavidin—Alexa Fluor 568
(S11226), streptavidin—Alexa Fluor 633 (521375) and Alexa Fluor 633—conjugated anti-rat
(A21094; all from Invitrogen); and DyLight 488—conjugated anti—Armenian hamster (127—
485-160), indocarbocyanine-conjugated anti-Armenian hamster (127-165-160) and
tetramethylrhodamine isothiocyanate—conjugated anti-human (709-026-098; all from
Jackson Immunoresearch). Purified antibodies were labeled with Alexa Fluor 488 (A10235),
Alexa Fluor 568 (A10238), Alexa Fluor 633 (A20170), Alexa Fluor 680 (A20172) or Pacific
blue (P30012) according to the manufacturer’s instructions (Invitrogen).

Mouse pretreatment

For dendrimer studies, dendrimer was prepared as described® and 40 pg in a volume of 10
pl was injected into the footpad at 1 h before experimentation. For depletion of lymph node
macrophages, C57BL/6J mice were injected with clodronate-encapulated liposomes (CLLsS)
or empty liposomes (Encapsula NanoSciences) 5 d before experimentation. BALB/c mice
required a further injection at 3 d before PR8 injection. For anti-SIGN-R1 treatment, 50 j.g
of 22D1 was injected into footpads 1-2 d before experimentation?2. For labeling of FDCs,
mice received 5 pg anti-CD35 intraperitoneally 24 h before MP-1VM. For labeling of SSMs
in vivo, 1 pg fluorescence-labeled CD169 or 1 g CR-Fc reagent, followed by 1 g
fluorescence- labeled secondary anti-human (A568), was injected into the footpad 3-5 h
before MP-1VM.

Enzyme-linked immunosorbent and immunospot assays

Mice were immunized with 1 x 10° PR8 virions subcutaneously. At day 10, blood was
collected and serum was obtained. Enzyme-linked immunosorbent assays were done as
described>0. For enzyme-linked immunospot assays, popliteal lymph nodes, lumbar lymph
nodes and spleens were removed aseptically and disrupted by passage through 70-ium mesh,
and antibody-secreting cells were quantified as described®3.

Isolation and proliferative responses of hemagglutinin-specific transgenic CD4* T cells

Lymph nodes were collected from T cell antigen receptor—transgenic mice (6.5) on a
recombination-activation gene 1-deficient background with expression of an app T cell
antigen receptor specific for influenza hemagglutinin peptide (amino acids 110-120)
presented by I-E9, and single-cell suspensions were prepared. After lysis of red blood cells
by ammonium chloride—potassium bicarbonate buffer (BioWhittaker), cells were labeled for
10 min with 5 mM CFSE (carboxyfluorescein diacetate succinimidyl ester; Invitrogen) and
washed thoroughly. Hemagglutinin-specific CD4* T cells (2 x 10°) were cultured for 72 h
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together with DCs (5 x 10%) and CD4* T cell proliferation was measured by flow cytometry
(presented as division index).

Isolation of DCs

DCs were isolated from lymph node by digestion for 20 min with collagenase or Liberase
(Roche Diagnostics) and DNAse | (Sigma) and were sieved to produce single-cell
suspensions. In some experiments, samples were enriched for CD11c* cells by magnetic
separation with CD11c microbeads and LS25 columns (Miltenyi Biotech). Purity was
typically higher than 85%.

Flow cytometry, data analysis and statistics

A FACSCanto Il, FACSCalibur or FACSAria (BD Biosciences) was used for flow
cytometry. Dead cells were excluded by Hoechst 33342 dye or 7-amino-actinomycin D
(Invitrogen). Data were analyzed with FlowJo software (Tristar), including calculation of
division indices. Prism 4 (Graphpad Software) was used for statistical analyses.

Virus injection

Anesthetized mice were injected with approximately 1 x 10° to 4 x 10° labeled PR8 virions
per footpad (in a volume of 10 wl). At various time points, draining and nondraining lymph
nodes were isolated for analysis of virus trafficking and PR8-specific immune responses.

Histology and microscopy

Cryosections of lymph nodes embedded in optimal cutting temperature compound
(TissueTek) were prepared, then sections were washed with Hank’s balanced salt solution
and incubated with anti-FcR (2.4G2) before incubation with antibody as described!1.
Transmission electron microscopy of lymph nodes injected with influenza virus was done as
described!!. MP-1VM was done as described®®. For all mouse pretreatments, footpads were
injected with a volume of no more than 10 pl. Additional information is available in the
Supplementary Methods.

Generation of bone marrow chimeras

Recipient mice were irradiated two doses of 650 Gy, and 24 h later, 2 x 108 bone marrow
cells were injected intravenously. Before injection, bone marrow was depleted of T cells,
natural Killer cells and B cells with anti-CD3e (145-2C11), anti-CD19 (6D5) and anti-NK1.1
(PK136) by magnetic-activated cell sorting. Recipient mice received antibiotic (Baytril) for
the first 4 weeks after irradiation and were used for experimentation 6-8 weeks after
receiving bone marrow.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Lymph-borne influenza virus is captured by macrophages in the subcapsular sinus and
medulla of the draining lymph node. (a) Confocal microscopy of the localization of PR8
(blue) in the popliteal lymph node 30 min after footpad injection, in a lymph node
cryosection stained with anti-CD169 (green) to identify medullary (M) and subcapsular
sinus (SCS) macrophages. Scale bars, 200 um. Results are representative of four
independent experiments with four mice. (b) MP-1IVM of the entry of PR8 (red) into the
popliteal lymph node after pretreatment with anti-CD169 (green; subcapsular sinus and
medulla) and anti-F4/80 (blue; medulla). Numbers in top right corners indicate time after
virus injection. Scale bars, 200 um. Additional images, Supplementary Movie 1. Results are
representative of six independent experiments with six mice. () Transmission electron
microscopy (middle, right) of PR8 in the subcapsular sinus of a popliteal lymph node 30 min
after injection. Left, diagram of middle image (boxed area is enlarged at right). Arrowheads
(right) indicate phagocytosed virus particles. Scale bars, 2 wm (middle) or 500 nm (right).
Mg, macrophage. Results are representative of three independent experiments with three
mice.
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Figure 2.

SSMs are not required for humoral immunity to influenza virus. (a—c) MP-IVM of PR8 (red)
in a popliteal lymph node after treatment with dendrimer and anti-CD169 (green) and anti-
CD35 (blue). Numbers in top right corners indicate time after virus injection. Scale bar, 200
pm. Results are representative of four independent experiments with four mice. (d—f) Serum
titers of PR8-specific 1gG2a (d), 1gG2b (e) or IgM (f) at 10 d in mice pretreated with PR8
alone (PR8) or dendrimer and PR8 (Den + PR8) or injected with PBS alone (PBS). Results
are representative of three experiments with five mice per group. (g-i) Antibody-secreting
cells (ASC) in the popliteal lymph nodes (LN; g), lumbar lymph nodes (h) and spleen (per 1
x 106 spleen cells; i) at 10 d after injection as described in d—f. *~ = 0.005 (unpaired £test).
Results are representative of three experiments with five mice per group. In d-i, each
symbol represents an individual mouse; small horizontal lines indicate the mean. (j)
Frequency of B1-8 B cells (B220*IgM&" immunoglobulin-A1-positive (IgA1*) cells) that
bound NP-conjugated PR8 in dendrimer-treated mice at 2 h and 8 h after injection of virus.
Each symbol represents an individual mouse. Results are from one experiment (mean of two
mice per group at each time point).
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Figure 3.

Medullary macrophages are not required for humoral immunity to influenza virus. (a—c)
Serum titers of PR8-specific total immunoglobulin (Ig; a), IgM (b) or 1gG2b () at 10 d after
injection of PR8 into mice treated with CLLs (CLL), empty liposomes (CLL con) or PR8
alone (PR8) or injected with PBS only (PBS). (d—f) Antibody-secreting cells in the popliteal
lymph nodes (d), lumbar lymph nodes (€) and spleen (per 1 x 106 spleen cells; ) at 10 d
after injection of PR8 into mice treated as described in a—c. Each symbol represents an
individual mouse; small horizontal lines indicate the mean. *~=0.005 (unpaired ~test).
Results are representative of three experiments with five mice per group.
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CD11b*SIGN-R1* lymph node-resident DCs bind lymph-borne PR8 in the medulla. (a)
Proliferation of naive hemagglutinin-specific CD4* T cells labeled with the cytosolic dye
CFSE and cultured alone (No DC), with DCs purified from the popliteal or lumbar lymph
nodes at 2 h and 12 h after PR8 or PBS injection or with DCs left untreated (No antigen) or
pulsed with hemagglutinin (HA) peptide, assessed by CFSE dilution after 72 h (division
index). *P< 0.05, **P< 0.005 and ***P< 0.0005 (unpaired #test). Results are
representative of four independent experiments (error bars, s.d. of three mice). (b)
Cytofluorometry of the surface expression of CD11b and SIGN-R1 (middle) by CD11c*
cells (top) in popliteal lymph nodes 2 h after injection of PBS or PRS8, identifying three
distinct DC populations (bottom). Numbers adjacent to outlined areas indicate percent
CD11c* cells (top row), or percent CD11b~SIGN-R1™ cells (bottom left, middle row),
CD11b*SIGN-R1~ cells (top left, middle row) or CD11b*SIGN-R1* cells (top right, middle
row); numbers above bracketed lines (bottom) indicate DC populations that captured PR8
(solid lines) relative to those of PBS-injected mice (gray filled histograms). Results are
representative of five independent experiments with five mice. (c) Virus uptake by DC
subsets, presented as mean fluorescence intensity (MFI). Each symbol represents an
individual mouse; small horizontal lines indicate the mean. Data are representative of three
experiments with three mice per condition. (d) MP-1VM of the capture of PR8 by DCs in the
medulla of popliteal lymph nodes from untreated and anti-SIGN-R1-treated mice at 100 min
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after virus injection (additional images, Supplementary Movie 3). Arrows indicate virus-
bearing eYFP* DCs; #, virus not bound by eYFP* DCs. Scale bars, 200 um (top) or 100 um
(middle and bottom). Results are representative of four independent experiments with eight
mice. () Quantification of PR8 capture by DCs in the medulla of popliteal lymph nodes
from mice left untreated (No PR8) or injected with PR8 alone (PR8) or after anti-SIGN-R1
treatment (Anti-SIGN-R1 + PR8). Results are representative of two independent
experiments with two mice (untreated) or four independent experiments with four mice
(PR8 and PR8 plus anti-SIGN-R1; error bars, s.e.m.).
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Figureb5.

CD11c* cells bind lymph-borne influenza virus in the medulla of the lymph node and
increase their velocity toward the FDC area. (a) Velocity of eYFP* DCs in the medulla of
popliteal lymph nodes 60 min before (Pre-virus) and after injection of PR8, for eYFP* DCs
that bound virus (Virus* DCs) or did not bind virus (Virus~ DCs). Each symbol represents
an individual cell; small horizontal lines indicate the mean. *£< 0.001 (unpaired #test).
Results are representative of four independent experiments with 200 cells per group. (b—f)
Vector analysis of the net and angular displacement of DCs in the medulla of popliteal
lymph nodes 60 min before and after injection of PR8. (b—d) Displacement of 50 randomly
selected eYFP* DCs per group from their point of origin (x,)y= 0,0); blue lines indicate
mean vector. Scale bar, 200 wm. (e,f) Summary of net displacement (€) and angular
displacement (f) for the DCs described in a. Each symbol represents an individual cell; small
horizontal lines indicate the mean. *~< 0.001 (unpaired £test). Results are representative of
four independent experiments with four mice (b—d) or four mice and 200 cells per group

().
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Figure6.

MBL is required for PR8 capture in the lymph node subcapsular sinus, whereas SIGN-R1
mediates PR8 capture in the lymph node medulla. (a) MP-1VM of the capture of PR8 (red)
at 45 min in wild-type mice (WT), Mb/~ mice and anti-SIGN-R1-treated Mb/"~ mice after
pretreatment with antibody to the metallophilic macrophage—specific marker MOMA-1
(green), anti-F4/80 (blue) and anti-CD35 (8C12; blue). Results are representative of three
independent experiments per treatment. (b,c) Quantification of PR8 capture by MOMA-1*
cells (b) or F4/807 cells (c) in the subcapsular sinus or medullary area, respectively, over the
first 60 min after PR8 injection. Results are representative of three independent experiments
with four mice. (d) Serum titers of PR8-specific total immunoglobulin at 10 d after injection
of PR8 into untreated (U) and anti-SIGN-R1-treated Mb/~ and wild-type mice. Results are
representative of QQ experiments with five mice per group. (e) Antibody-secreting cells in
the popliteal lymph node 10 d after footpad injection of PR8 into untreated and anti-SIGN-
R1-treated Mb/l~ and wild-type mice. *P < 0.05 (unpaired #test). Results are representative
of one experiment with five mice per group.
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