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Abstract

Lymph nodes (LNs) capture microorganisms that breach the body’s external barriers and enter 

draining lymphatics, limiting the systemic spread of pathogens1. Recent work has shown that 

CD11b+CD169+ macrophages, which populate the subcapsular sinus (SCS) of LNs, are critical for 

clearance of viruses from the lymph and for initiating antiviral humoral immune responses2,3,4. 

Using vesicular stomatitis virus (VSV), a relative of rabies virus transmitted by insect bites, we 

show here that SCS macrophages perform a third vital function: they prevent lymph-borne 

neurotropic viruses from infecting the CNS. Upon local depletion of LN macrophages, ~60% of 

mice developed ascending paralysis and died 7–10 days after subcutaneous infection with a small 

dose of VSV, while macrophage-sufficient animals remained asymptomatic and cleared the virus. 

VSV gained access to the nervous system via peripheral nerves in macrophage-depleted LNs. In 

contrast, within macrophage-sufficient LNs VSV replicated preferentially within SCS 

macrophages but not in adjacent nerves. Removal of SCS macrophages did not compromise 

adaptive immune responses against VSV, but reduced type I interferon (IFN-I) production within 

infected LNs. VSV-infected macrophages recruited IFN-I producing plasmacytoid dendritic cells 

to the SCS and additionally were a major source of IFN-I themselves. Experiments in bone 

marrow chimeric mice revealed that IFN-I must act on both hematopoietic and stromal 

compartments, including the intranodal nerves, to prevent lethal VSV infection. These results 
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identify SCS macrophages as crucial gatekeepers to the CNS that prevent fatal viral neuroinvasion 

upon peripheral infection.

To explore how neurotropic viruses spread from their entry site to the CNS, we studied 

VSV, an arthropod-borne rhabdovirus that causes fatal paralytic disease in mammals, 

including mice5. While numerous studies have investigated immune responses to 

intravenous VSV infection6, the immunological consequences elicited by the more natural 

subcutaneous (sc) route are incompletely understood. Previous work has shown that, 

following peripheral inoculation, VSV is captured by macrophages in draining LNs, 

preventing hematogenous dissemination2. Here, we asked whether this macrophage filter 

affects the ability of neurotropic viruses to access the CNS.

C57BL/6 mice were injected sc with clodronate liposomes (CLL) into one hind footpad, 

which selectively eliminated CD11b+CD169+ macrophages in the draining popliteal LN, but 

not in distal LNs or the spleen2. Six days later, mice were challenged in the ipsilateral or 

contralateral footpad using a low dose (104 pfu) of VSV-Indiana. While this dose was 

cleared by virtually all untreated and contralaterally-infected mice, ~60% of CLL-treated 

ipsilaterally-infected animals developed ascending CNS pathology starting with ipsilateral 

hindleg paralysis and progressing to death 7–10 days after infection (Fig. 1a). Equivalent 

results were obtained using Balb/c mice or VSV-New Jersey (Suppl. Fig. 1). CLL-dependent 

susceptibility to fatal neuropathology was a direct consequence of viral CNS invasion, since 

infectious virus and virus-induced pathology became detectable in the brain (Fig. 1b) and 

spinal cord (Suppl. Fig. 2) exclusively in symptomatic CLL-treated mice.

To confirm that CLL promoted VSV neuroinvasion through macrophage depletion and not 

by other mechanisms, we sought an alternative approach to eliminate LN-resident 

macrophages. LN macrophages express moderate levels of CD11c2 and are susceptible to 

the toxic effects of diphtheria toxin (DT) in CD11c-DTR mice7. Indeed, footpad injection of 

DT eliminated CD169+ LN macrophages in the draining LN, while leaving paracortical 

CD11c+ dendritic cells unchanged (Suppl. Fig. 3). DT treatment rendered CD11c-DTR mice 

susceptible to fatal VSV infection with a clinical course and mortality similar to CLL-treated 

animals (Fig. 1c). These results, based on two mechanistically distinct approaches, indicate 

that CLL-sensitive CD11c+ phagocytes are essential for neuroprotection following 

peripheral VSV infection.

To pinpoint the site of viral susceptibility, we considered four candidate access routes for 

viral neuroinvasion following sc infection in CLL-treated mice: (1) direct entry across the 

blood-brain barrier either by free circulating virions8 or (2) by virus-bearing migratory cells 

or (3) entry via peripheral nerves in the infected footpad and/or (4) the draining LNs.

Following sc VSV deposition, viral particles rapidly drain to regional LNs where 

macrophages capture lymph-borne virions2. Since CLL eliminates this macrophage filter, 

infectious virions can reach the blood via efferent lymphatics2. However, at the low VSV 

dose (104 pfu) used here, we did not detect a ‘spillover’ of infectious virus in blood (Suppl. 

Fig. 6c). Moreover, CLL-treated animals survived intravenous injections of 104 pfu VSV 

(Fig. 1d), consistent with earlier reports that the median lethal dose for i.v. injected VSV is 
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~108 pfu in C57BL/6 mice9. Therefore, hematogenous dissemination seemed an unlikely 

pathway for infectious virions to access the CNS. However, it remained theoretically 

possible that migratory cells infected in the hindleg acted as “Trojan horses” by transporting 

VSV via the blood into the CNS. To distinguish between this candidate pathway and the 

alternative access route, peripheral nerves in the hindleg, we resected sciatic nerves in CLL-

treated mice prior to VSV infection. Indeed, ispliateral denervation, but not contralateral or 

sham denervation, protected CLL-treated mice against VSV neuroinvasion (Fig. 1e), 

indicating that VSV does not enter the CNS hematogenously, but through distal branches of 

the sciatic nerve within anatomic regions that contain CLL-sensitive CD11c+ phagocytes 

and that are directly exposed to VSV as well as CLL, i.e. the footpad and/or the draining 

LNs.

Since the CLL injection site developed a myeloid infiltrate during the first week (Fig. 1f), 

we asked whether this inflammatory response might enhance the susceptibility of nearby 

nerves to VSV injected into the same site. Thus, we modified our approach such that the 

only CLL-exposed (and hence macrophage-depleted) environment encountered by VSV was 

the popliteal LN. Because this LN receives lymph from the entire lower leg, we could 

deplete LN-resident CD11b+CD169+ macrophages by sc injection of CLL into the calf 

while leaving the footpad unaffected (Fig. 1f and Suppl. Fig. 4a,b). When VSV was injected 

into essentially normal footpads, mice treated with CLL in the calf recapitulated the 

increased mortality observed when both injections were given in the footpad (Fig. 1g). Mice 

also remained susceptible to VSV neuroinvasion when they were infected 60 days after CLL 

footpad injection (Suppl. Fig. 4c). At this time point, the inflammatory infiltrate in the 

footpad had resolved, while LN macrophages remained depleted (Suppl. Fig. 4d,e)10. We 

conclude that VSV-draining LNs are the principal sites of viral neuroinvasion, and LN 

macrophages are critical mediators of neuroprotection.

To visualize viral replication, we infected macrophage-sufficient mice with VSV-eGFP, 

which drives GFP expression selectively within infected cells11. Consistent with a recent 

report12, VSV replicated selectively in LN macrophages (Fig. 2a,b), however, viral 

replication was anatomically restricted; only CD169hi SCS macrophages were GFP+, while 

CD169dim medullary macrophages showed no evidence of viral replication (Fig. 2a and 

Suppl. Fig. 5). Accordingly, when macrophage-depleted animals were infected with VSV-

eGFP, draining LNs were almost completely devoid of GFP+ cells (Fig. 2c and Suppl. Fig. 

5).

To locate peripheral nerves in popliteal LNs, we stained popliteal LNs for β3-tubulin, which 

revealed a branched network of peripheral nerves in the capsule and SCS (Fig. 2d and Suppl. 

Movies 1&2). In VSV-eGFP-infected control animals, these nerves were surrounded by 

infected (i.e. GFP+) SCS macrophages, but the nerves themselves showed little evidence of 

VSV replication (Fig. 2e). In contrast, in macrophage-depleted LNs, VSV-eGFP replicated 

within nerves in and around the SCS. Indeed, the GFP signal colocalized exclusively with β3 

tubulin, indicating that VSV replicated selectively in nerves and no other cell types (Fig. 

2f,g).
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Having established that SCS macrophages protect peripheral nerves against viral 

neuroinvasion, we investigated three plausible, non-exclusive mechanisms for this vital 

function: 1) macrophages might phagocytose and destroy viral particles; 2) they might 

promote adaptive antiviral immune responses; or 3) they might exert innate immune 

activities thwarting viral entry or replication in nerves. Because SCS macrophages actively 

replicate VSV (Fig. 2a,b,e), direct macrophage-mediated viral destruction seemed doubtful. 

Indeed, viral titers were much higher in macrophage-sufficient popliteal LNs than in CLL-

treated LNs during the first 36h after infection (Fig. 2h). Both groups had similarly low viral 

titers in downstream inguinal LNs (Suppl. Fig. 6a), and VSV was never detectable in the 

spleen or blood (Suppl. Fig. 6b,c). Thus, SCS macrophages actually boosted the overall viral 

burden, presumably by providing a preferred substrate for VSV replication, which is at odds 

with the idea that these cells prevent viral neuroinvasion by destroying infectious virions.

Previous work had identified SCS macrophages as critical initiators of B cell activation in 

LNs2,3,4, and humoral immunity is considered essential for VSV clearance13,14. However, 

the neutralizing antibody response in macrophage-depleted mice was not impaired, but 

rather enhanced as compared to control animals (Fig. 2i). Similarly, both CD4 and CD8 T 

cell responses were normal or even greater in macrophage-depleted mice (Suppl. Fig. 7). 

Thus, CLL-mediated removal of LN macrophages does not compromise adaptive immunity 

to peripheral infection with low-dose VSV. In fact, even though SCS macrophages are 

needed to initiate B cell activation during the first 6 hours after VSV challenge2, the overall 

VSV-specific adaptive immune response was enhanced one week after CLL treatment. This 

may have been due, at least in part, to increased trafficking of antigen-presenting dendritic 

cells from the inflamed CLL-treated footpad to the draining LN (not shown).

Although CLL-treated mice mounted a supranormal adaptive response to VSV, the majority 

nevertheless succumbed to VSV-induced neuropathology (Fig. 1a and Suppl. Fig 2b,d), 

indicating that adaptive immunity is insufficient for protection, at least in settings that mimic 

the natural route and dose of VSV infection. CLL-sensitive LN macrophages apparently 

make essential contributions to antiviral immunity by one or more innate immune 

mechanisms. Type I interferon (IFN-I) is critical in many viral infections, including VSV9. 

Strikingly, upon VSV infection macrophage-depleted LNs contained ~90% less IFNα than 

control LNs (Fig. 3a). Accordingly, mRNA levels of interferon-inducible genes, such as 

OAS and ISG15, were reduced after macrophage depletion (data not shown).

Next, we asked how macrophage depletion compromised VSV-induced IFN-I production. 

Conceivably, infected SCS macrophages could produce the cytokine. Alternatively, they 

could indirectly stimulate IFN-I release by other cells, such as plasmacytoid dendritic cells 

(pDCs), which recognize VSV through Toll-like receptor (TLR)7 and represent a major 

source of IFN-I in many conditions15,16. The number of LN-resident pDCs was not affected 

by CLL treatment (Suppl. Fig. 8a,b) and, unlike SCS macrophages, pDCs were not 

productively infected by VSV (Suppl. Fig. 8c). However, when pDCs were depleted prior to 

VSV infection (Suppl. Fig. 8b) IFNα levels were 52±0.9% lower than in pDC-sufficient 

controls (Fig. 3a). Moreover, combined depletion of both pDCs and macrophages abolished 

IFNα production (96±0.7% reduction). Thus, while pDCs produce IFNα upon sc VSV 

infection, ~half of the IFN-I is contributed by CLL-sensitive non-pDCs.
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To determine whether VSV induces IFN-I production by SCS macrophages, we infected 

mice with VSV-eGFP and FACS-sorted GFP+ infected macrophages and GFP− non-infected 

LN cells 4h later (Suppl. Fig. 9a). After culturing equivalent numbers of sorted cells, 

infected macrophage supernatant contained ~4-fold more IFNα than non-infected cells 

supernatant (Fig. 3b). Although the non-infected population contained IFNα-producing 

pDCs, the detected IFNα concentration was low presumably because pDCs are relatively 

rare among the multitude of other GFP− cells. Indeed, when we compared GFP+ SCS 

macrophages against sorted CD11c+GFP− DCs (Suppl. Fig. 9b), the two cell populations 

produced similar amounts of IFNα (Fig. 3c). These in vitro results fit well with our in vivo 

findings in cell-depleted LNs and establish infected SCS macrophages and pDCs as the two 

critical sources of VSV-induced IFN-I in peripheral LNs. The relative contribution of other 

cell types, such as medullary macrophages, to IFN-I production remains to be determined.

Of note, CLL-induced macrophage depletion alone reduced IFNα production almost as 

efficiently as combined depletion of pDCs and macrophages together (Fig. 3a), suggesting 

that LN macrophages are required for IFN-I production by pDCs. Because pDCs are not 

infected themselves (Suppl. Fig. 8c), they must localize to LN areas where viral material is 

accessible for detection by TLR7. Thus, we speculated that macrophages recruit pDCs to the 

medulla and SCS where macrophages capture and retain lymph-borne virions2. To visualize 

pDCs, we transplanted mixed bone marrow (BM) from wildtype and DPE-GFPxRAG2−/− 

mice17 into irradiated wildtype recipients to generate mixed BM chimeras in which ~30% of 

LN pDCs were GFP+ (Suppl. Fig. 10). In steady-state LNs, most pDCs were located in the T 

cell zone with the remainder in the medulla and peri-follicular area (Fig. 3d–i), whereas 

pDCs were rarely found in the SCS. Upon infection, pDCs peripheralized from the deep 

cortex towards the SCS and medulla. However, following macrophage depletion, pDCs in 

VSV-infected LNs did not depart from the T cell area and remained scarce in the SCS (Fig. 

3g–i and Suppl. Figs. 11,12). These results suggest that interactions of LN macrophages 

with VSV lead to pDC relocalization to the site of viral capture and/or infection, presumably 

due to the release of unidentified chemoattractants. Additionally, it is conceivable that virus-

exposed macrophages prevent pDC egress into efferent lymph, thus promoting pDC 

retention in sinus-proximal regions.

In contrast to macrophage depletion, antibody depletion of pDCs prior to VSV infection did 

not result in increased mortality in either control or macrophage-depleted mice (Fig. 3j), 

suggesting that the localized IFN-I production by SCS macrophages alone is 

neuroprotective. IFN-I from pDCs appears dispensable for survival after VSV, but may 

contribute to other aspects of antiviral immunity, like the development of adaptive 

responses.

Having determined that macrophage-derived IFN-I is critical, we asked where IFN-I must 

act to prevent neuroinvasion. We made use of IFN-I receptor-deficient (IFNαβR−/−) mice, 

which are exquisitely sensitive to VSV infection9; following VSV footpad infection, these 

animals succumbed rapidly within 4–5 days (Fig. 3k), however, without developing the 

ascending paralysis observed in CLL-treated wild-type mice. To characterize this difference 

in disease progression, we generated BM chimeras that lacked IFNαβR in either 

hematopoietic or non-hematopoietic cells. Upon sc infection, mice lacking hematopoietic 
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IFNαβR recapitulated the phenotype of IFNαβR−/− mice, dying abruptly after 4–5 days 

without developing ascending paralysis (Suppl. Fig. 13a). By contrast, mice lacking stromal 

(including peripheral nerve) IFNαβR exhibited slowly ascending CNS pathology, starting 

with ipsilateral hindlimb paralysis, resembling the disease in macrophage-depleted wild-type 

mice. Interestingly, viral replication was always restricted to SCS macrophages when 

hematopoietic cells expressed IFNαβR, while mice lacking hematopoietic IFNαβR 

replicated VSV also in other LN cells (Suppl. Fig. 13b–e). By contrast, macrophage 

depletion in LNs containing IFNαβR-sufficient hematopoietic cells did not result in 

enhanced or aberrant viral replication in LN cells other than peripheral nerves (Fig. 2f,g), 

indicating that the residual IFN-I produced in CLL-treated wild-type animals is sufficient to 

protect hematopoietic but not stromal cells.

Based on these results, we can reconstruct the chain of events that ensues following 

subcutaneous deposition of VSV: initially, viral particles enter local lymphatics and are 

transported to draining LNs. Here, two macrophage populations, one in the SCS the other in 

the medulla, capture and retain lymph-borne virions2. While medullary macrophages do not 

replicate VSV, SCS macrophages replicate the virus and secrete IFN-I. VSV capture by both 

macrophage subsets triggers production of unidentified chemoattractant(s) for pDC, which 

migrate from the deep cortex toward the SCS and medulla where they encounter VSV and 

produce additional IFN-I. A modest amount of macrophage-independent IFN-I is sufficient 

to protect other hematopoietic LN cells. Higher concentrations and/or localized production 

of IFN-I are required to prevent viral replication in LN peripheral nerves. Neuroprotective 

concentrations of IFN-I are only achieved when SCS macrophages are present (and 

presumably infected by VSV). It remains to be determined whether IFN-I exerts its 

protective function by preventing viral entry into or replication within peripheral nerves or 

the CNS18, and whether IFN-I acts on neurons or on accessory cells, such as Schwann cells. 

It will be relevant to explore the clinical implications of our findings, particularly for rabies 

infections and other arthropod-borne neurotropic viruses, such as West Nile virus8.

Method Summary

C57BL/6, BALB/c, CD11c-DTR GFP19, Tg720, DPE-GFP21, and IFNαβR−/−9 mice were 

used. VSV, serotypes Indiana (Mudd-Summers derived clone, in vitro rescued22 and plaque 

purified), New Jersey (Pringle Isolate, plaque purified), and VSV-eGFP11 were propagated 

on BSRT7 cells, and purified as described2. LN macrophages were depleted by injections in 

the footpad or in the calf of clodronate liposomes (CLL23) or diphtheria toxin 6 days or 60 

days prior to infection. In other experiments pDCs were depleted by intravenous injection of 

anti-PDCA-1 MAb 24h prior to infection. VSV titers from organs of infected mice were 

determined by plaque assay on Vero cells. Serum of infected or control mice was assessed 

for the presence of neutralizing antibody titers as described2. After footpad infection, 

draining popliteal LNs were harvested for whole mount immunofluorescence multiphoton 

microscopy analysis, for flow cytometry analysis, or to generate frozen sections for 

immunostaining and confocal microscopy. LN protein extracts and supernatants from sorted 

VSV-infected cells were assayed for IFNα using an IFNα ELISA kit (PBL 

InterferonSource). For sciatic nerve resection, the nerve was exposed through an incision on 

the lateral aspect of the mid thigh, resected and the distal and proximal nerve stumps were 
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separately tucked into adjacent intermuscular spaces to prevent nerve regeneration. Results 

are expressed as mean ± s.e.m. Means between two groups were compared using two-tailed 

t-test. Means among three or more groups were compared using one-way analysis of 

variance with Bonferroni’s post-test. Kaplan-Meier survival curves were compared using the 

Log-rank (Mantel-Cox) test.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Lymph node macrophages confer resistance to fatal CNS invasion upon peripheral 
low-dose VSV infection
a, Survival curves of control mice (n=68) and mice that received ipsilateral (n=77) or 

contralateral (n=10) CLL injection prior to VSV infection. CLL ipsilateral versus control, 

P<0.0001. b, VSV titers in the brain of control and CLL-treated mice, 7d after VSV 

infection. Red squares identify paralytic animals. P=0.024. c, Survival curves of CD11c-

DTR mice (n=8); P=0.0256. d, Survival curves of control and CLL-treated mice after 

intravenous VSV infection (n=10). e, Survival curves of CLL-treated VSV infected mice 

after ipsilateral (n=10) or contralateral (n=7) sciatic nerve resection. P=0.007. f, FACS plots 

of digested footpads (top) and the popliteal LN (bottom) of control and CLL footpad- or 

calf-injected mice. Numbers represent the percentage of CD45+ cells within each gate. Plots 

are representative of 2 experiments (n=3 mice/experiment). g, Survival curves in control 

(n=10) and calf CLL-treated mice (n=11). P=0.0411.
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Figure 2. SCS macrophages are the primary targets for lymph-borne VSV and prevent infection 
of adjacent nerves
a–c, Representative micrographs of macrophage-sufficient (a,b) or CLL-treated (c) popliteal 

LNs after VSV-eGFP infection. Scale bars reflect 150μm (a,c) or 20μm (b). d–f, 
Representative MP-IVM micrographs of uninfected (d) or VSV-eGFP-infected LNs (e,f). 
VSV-eGFP infection of macrophage-sufficient LNs (e) induced GFP expression in 

macrophages but not in nerves (red), whereas nerves in CLL-treated LNs (f) expressed GFP 

(Suppl. Movies 1,2). Scale bars reflect 100μm. Blue depicts second harmonic signal from 

collagen in the LN capsule. g, Ratio of mean fluorescent intensities (MFI) in the green 

(488nm) and red channel (568nm) depicting GFP expression and β3-tubulin staining, 

respectively, in peripheral nerves. n=3, P<0.0001 (VSV versus CLL+VSV). h, VSV titers in 

popliteal LNs of control and CLL-treated mice. n=4, P=0.0010 (6h), P<0.0001 (12h), 
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P=0.1043 (24h), P=0.0765 (36h). i, Serum neutralizing Ig titers in control and CLL-treated 

infected mice. n=4, P=0.0053 (d4), P=0.0138 (d7), P=0.0022 (d10), P=0.0054 (d26).
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Figure 3. Regulation of VSV-induced IFN-I production by SCS macrophages
a, VSV-induced IFNα production in LNs (n=3); *, P<0.05, **, P<0.001 versus uninfected. 

b,c, IFNα concentrations in supernatants of FACS-sorted LN cells after VSV-eGFP 

infection (Suppl. Fig. 9a,b). Results are from one (of 3) representative experiment. d–g, 

Micrographs of popliteal LN sections from BM chimeric mice with 30% GFP+ pDCs 

(Suppl. Fig. 10) that were either left untreated (d) or sacrificed 8h after VSV infection (e–g) 

without (e,f) or with CLL pretreatment (g). Scale bars reflect 150μm (d, e, g) or 20μm (f). h, 

pDC frequency in the T cell area (n=4 mice/group). **, P<0.001 versus control. i, Relative 

pDC frequency distribution in LNs cross-sections (Suppl. Fig. 12). VSV versus control, 

P<0.05. j, Effect of depletion of LN macrophages, pDCs or both on survival upon VSV 

infection; a-PDCA1 versus control, ns; CLL versus CLL+a-PDCA1, ns. i, Survival curves of 

wild-type (WT), IFNαβR−/− or irradiated IFNαβR−/− mice that were reconstituted with WT 

BM upon VSV infection. n=8. WT BM→IFNαβR−/− versus WT+CLL, ns; WT BM → 

IFNαβR−/− versus IFNαβR−/−, P=0.0001.
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