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Summary

Lymphatic vessels lie at the interface between peripheral sites of pathogen entry, adaptive
immunity, and the systemic host. Though the paradigm is that their open structure allows for
passive flow of infectious particles from peripheral tissues to lymphoid organs, virus applied to
skin by scarification does not spread to draining lymph nodes. Using cutaneous infection by
scarification we analyzed the effect of viral infection on lymphatic transport and evaluated its role
at the host-pathogen interface. We found that in the absence of lymphatic vessels, canonical lymph
node-dependent immune induction was impaired, resulting in exacerbated pathology and
compensatory, systemic priming. Furthermore, lymphatic vessels decouple fluid and cellular
transport, in an interferon-dependent manner, leading to viral sequestration while maintaining
dendritic cell transport for immune induction. In conclusion, we found that lymphatic vessels
balance immune activation and viral dissemination, and act as an ‘innate-like” component of tissue
host viral defense.
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Loo et al challenge the prevailing view that lymphatic vessels are passive conduits that flush
antigen and pathogens to lymphoid tissue. Rather, the authors demonstrate that lymphatic vessels
are a selective and active barrier that efficiently coordinates immune activation while also limiting
viral spread and subsequent immune pathology.
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Introduction

Application of the orthopoxvirus vaccinia virus (VACV) to superficially injured skin led to
the complete eradication of smallpox (Demkowicz et al., 1996; Hammarlund et al., 2003;
Stewart and Devlin, 2006) and motivated investigation into the CD8* T cell responses that
provide protection (Flesch et al., 2010; Moutaftsi et al., 2006; Tscharke et al., 2005, 2006).
Despite the role cutaneous tissue damage plays in the efficacy of this vaccine (Liu et al.,
2010), very little is known about the associated tissue changes that facilitate the potent,
protective immune response. The current immunological paradigm for antigen and viral
transport from peripheral tissue indicates that the open structure of lymphatic capillaries
allows for rapid, passive propagation of virus and viral antigens to draining lymph nodes
(dLN) for presentation to B and T cells (Allan et al., 2006; Bedoui et al., 2009; Carrasco and
Batista, 2007; Hickman et al., 2008; Pape et al., 2007). Inconsistent with this paradigm,
however, VACV fails to spread to dLNs (Hickman et al., 2013; Khan et al., 2016) and
instead remains restricted to the cutaneous site of infection placing a unique requirement on
lymphatic vessel function for balancing viral sequestration with active antigen transport and
immune induction.

Lymphatic vessels are responsive to their inflamed context (Vigl et al., 2011) and as such
pathogen-induced changes in lymphatic vessel transport may influence the host immune
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response. Persistent lymphatic vessel hyperplasia results following chronic respiratory tract
infection with mycoplasma pulmonis, resulting in bronchial lymphedema, and airflow
obstruction (Baluk et al., 2005; Yao et al., 2010), and sustained inflammation following
Yersinia pseudotuberculosis infection induces lymphatic leakage, insufficient dendritic cell
(DC) trafficking, and persistently compromised canonical mucosal immunity (Fonseca et al.,
2015). Furthermore, corneal herpes simplex 1 (HSV-1) infection induces lymphangiogenesis
driven by the expression of vascular endothelial growth factor A (VEGF-A) from infected
corneal epithelial cells (Wuest and Carr, 2010), leading to enhanced antigen drainage and
CD8* T cell immunity (Gurung et al., 2016). We therefore hypothesized, that in the context
of active viral replication in non-lymphoid tissue, contextual cues influence regional
lymphatic vessel function, downstream immune induction, and host viral defense. In the
present study, we interrogate the role of the dermal lymphatic vasculature in coordinating
both the dissemination of infectious virus and activation of host response to VACV
following cutaneous infection.

Cutaneous viral infection induces moderate lymphatic vessel remodeling

Following cutaneous VACYV infection innate immune cells infiltrate within and around foci
of infected suprabasal keratinocytes while CXCR3*CD8* cytotoxic T cells are excluded
from lesions but eliminate peripheral infected inflammatory monocytes (Hickman et al.,
2013, 2015). The localized and coordinated nature of the host response suggests fine-tuning
by soluble and insoluble factors in infected tissue and yet these accompanying tissue
changes remain largely unexplored. As such, we sought to evaluate the effect of cutaneous
VACYV infection on the lymphatic vasculature, a critical interface for the host-pathogen
response. Following cutaneous infection with VACV, peak viral titers are detected 3 days
post scarification and immune-mediated viral clearance is achieved by day 15 (Khan et al.,
2016). Interestingly, VACYV results in dermal swelling (Hickman et al., 2013) but unlike
multiple models of chronic inflammation and corneal HSV-1 infection (Kim et al., 2014;
Wouest and Carr, 2010), neither an increase in lymphatic nor blood vessel density was
observed in dermis directly-associated with epidermal hyperproliferation (Figure 1A-E).
Rather, dermal lymphatic vessels acquired a more distended, open-lumen morphology
(Figure 1C). Confocal imaging confirmed the absence of overt changes in vessel branching
(Figure 1F) or increased diameter of lymphatic capillaries (Figure 1G). However,
progressive, junctional reorganization of blunt ended lymphatic capillaries was observed,
where the normally oak-leaf shaped endothelial cells (Baluk et al., 2007) appeared to
elongate resulting in a lengthening of capillary tips and formation of small endothelial
sprouts (Figure 1H). Consistent with the limited remodeling observed, vascular endothelial
growth factor C (VEGF-C), the primary growth factor driving VEGFR3-dependent
lymphangiogenesis, was undetectable in tissue during the first week of infection, whereas
levels of VEGF-A (VEGFR1/2 dependent) were elevated (Figure 11). Further, neither blood
(BECs; CD45-CD31*gp38™) (Figure 1J) nor lymphatic endothelial cells (LECs;
CD45-CD31*gp38™) (Figure 1K) demonstrated significant proliferation over sterile infected
controls during the first seven days of infection. Conversely, and consistent with stromal
reprogramming observed in LNs draining HSV-infected skin (Gregory et al., 2017), LNs
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draining VACV-infected tissue demonstrated a greater than 10-fold increase in cell number
over the first two weeks of infection (data not shown), accompanied by significant expansion
of the nodal lymphatic plexus (Figure 1L).

Importantly, the lack of a lymphangiogenic response in peripheral tissue was not due to
direct infection of LECs. Five days following infection with VACV-expressing GFP, we
detected GFP* actively infected keratinocyte foci and GFP~ foci-associated lymphatic
vessels (Suppl. Figure 1A). Furthermore, flow cytometric analysis demonstrated active
infection (GFP*) in CD45-CD31~ keratinocytes and CD457CD11b* monocytes five days
post infection, but not LECs and BECs (Suppl. Figure 1B-F).

Cutaneous viral persistence and pathology in the absence of dermal lymphatic vessels

To specifically evaluate the role of dermal lymphatic vessels in viral control and host-
pathogen responses we employed the use of a transgenic mouse where a VEGFR3-Ig fusion
protein is expressed under the keratin 14 (K14) promoter (Makinen et al., 2001). Transgenic
expression of soluble VEGFR3 from basal keratinocytes results in impaired developmental
VEGF-C signaling and inhibits maturation of the dermal lymphatic plexus. As a result these
mice completely lack a dermal lymphatic vasculature both at steady state (Makinen et al.,
2001) and during tumor-associated inflammation (Lund et al., 2016). When infected, peak
titers were similar between K14 VEGFR3-1g mice and littermate controls. The absence of
dermal lymphatic vessels, however, resulted in significantly delayed viral clearance with
elevated viral titers detected in skin 10 days post infection and remaining detectable to day
15 (Figure 2A). No infectious virus was detected in dLNs or ovaries in K14 VEGFR3-1g
mice at days 10 and 25 post infection. Persistent, cutaneous virus was associated with
significantly enhanced local pathology characterized by increased ear thickness (Figure 2B),
vascular leakiness (Figure 2C), epidermal hyper-proliferation and leukocytic infiltrate
(Figure 2D). Elevated levels of infiltrating neutrophils (Ly6G™), B cells (B220*), and
degranulating mast cells (toluidine blue stain) were observed in skin of K14 VEGFR3-Ig
mice 10 days post infection (Figure 2D), a time point when viral load was not significantly
different from littermate controls.

Lymphatic transport is required to generate efficient adaptive immune responses following
VACYV infection

Given the delay in viral clearance and associated pathology we sought to interrogate the
impact of lymphatic transport on adaptive immune responses following VACYV infection. In
wildtype animals, antigen-specific T cell priming in dLNSs results in significant cutaneous
infiltration of CD8* T cells 7 days post infection that continues through day 15 and resolves
following viral clearance (Suppl. Figure 2A and B). Reactive germinal centers (B220*GL7%)
are evident in dLNs by day 7 and continue to expand through day 25 (Suppl. Figure 2C).
VACV-specific 1gG in serum is first detectable at day 7 and increases in concentration
through 25 days post infection (Suppl. Figure 2D). Importantly, the kinetics of viral
clearance are dependent on the presence of both CD4* and CD8* T cells (Suppl. Figure 2E
and 2F) consistent with previous reports (Hickman et al., 2013; Xu et al., 2004).
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K14 VEGFR3-Ig mice demonstrate impaired fluid transport at steady state (Suppl. Figure
3A) and cellular transport to dLNs following cutaneous challenge with either dibutyl
phthalate (Suppl. Figure 3C) or vaccinia (Suppl. Figure 3D), indicating these mice would
have an impaired ability to deliver peripherally-restricted antigen for immune priming.
Response to systemic challenge, however, remains in tact (Suppl. Figure 4A-E). Evaluation
of cutaneous infiltrates 7 days post infection in K14 VEGFR3-1g mice revealed similar
levels of total leukocytes (Figure 3A) but a significant reduction in CD8* and CD4* T cells
(Figure 3B and C). Longitudinal evaluation of the immunodominant H2-KP B8Rq.57-
specific CD8* T cells in blood demonstrated a delay in T cell priming and quantitatively
lower numbers of peak expanded T cells (Figure 3D). To specifically demonstrate impaired
de novo CD8* T cell priming in various tissue compartments we transferred 25,000 TCR-tg
P14 CD8* T cells, specific to the class I-restricted H2-DP-GP3333.41 epitope of LCMV, into
mice one day prior to infection with VACV expressing GP33 (VACV-GP33). Mice were
euthanized 7, 10, and 15 days post infection and expanded P14 CD8* T cells were quantified
in lymphoid and cutaneous tissues. While P14 CD8" T cells expanded in dLNs of
littermates, with peak numbers observed 10 days post infection and contraction through day
15, P14 CD8™ T cells were not detected in dLNs of K14 VEGFR3-1g mice at any time point
(Figure 3E). In littermates, newly primed CD8" T cells redistributed to and accumulated in
spleens and infiltrated infected cutaneous tissue (Figure 3F and G), however, at early time
points, K14 VEGFR3-Ig mice lacked systemic and infiltrating cutaneous P14 CD8* T cells
(Figure 3F and G). By day 15, however, detectable populations of P14 CD8" T cells began
accumulating in spleens and infected skin, indicating compensatory, LN-independent
priming. Similarly, in the absence of dermal lymphatic vessels, reactive germinal centers are
not detected at days 15 and 25 post infection inf dLNs (Figure 3H) and consistently, serum
anti-VACV 1gG in K14-VEGFR3-Ig mice is undetectable at day 10 when significant levels
have accumulated in controls (Figure 31). As seen with cellular immunity, anti-VACV IgG
accumulates in serum by day 15 and persists at similar levels to littermate controls for at
least 60 days post infection.

Adaptive immune priming in mice lacking dermal lymphatic vessels occurs outside of
draining lymph nodes

The previous observations indicate that adaptive immunity following cutaneous infection in
the absence of dermal lymphatic vessels may bypass canonical, LN-dependent activation.
We hypothesized that antigen escape into blood, perhaps driven by the observed increase in
vascular permeability (Figure 2C), might allow for this non-canonical immune activation. To
specifically demonstrate that antigen escape from infected skin lacking dermal lymphatic
vessels leads to priming at a site distal to the dLN we utilized TCR-tg P14 CD8* T cells
lacking L-selectin (CD62L). CD62L, normally expressed by both naive and central memory
T cells, is required for binding to peripheral node addressins and homing across high
endothelial venules into secondary lymphoid organs (Bruehl et al., 2000). TCR-tg P14 CD8*
T cells (25,000) were transferred one day prior to infection of either littermate or K14
VEGFR3-Ig animals and peripheral expansion followed in blood for 25 days. Wildtype
(WT) but not CD62L~"~ (LKO) P14 CD8* T cells expanded in littermate hosts, with peak
numbers reached at day 15 (Figure 4A). In K14 VEGFR3-1Ig mice, however, both the WT
and LKO P14 CD8™* T cells expanded to similar levels (Figure 4B), demonstrating that
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CD8* T cell priming in these mice occurred independent of LN-homing and activation.
Importantly, regardless of P14 transfer, the expansion of endogenous H2-KP B8Ryg.27-
specific CD8* T cells mirrored the response observed in Figure 3 (data not shown).
Furthermore, analysis of spleens 10 days post infection, just prior to detection of serum
VACV-specific IgG in K14 VEGFR3-1g mice, revealed the presence of activated germinal
centers (B220*GL7%) in K14 VEGFR3-Ig mice but not littermate controls (Figure 4C),
indicating the spleen as a potential site of LN-independent priming. Importantly, when CD8*
T cell immunity was primed outside of dLNs the normally robust conversion to central
memory of H2-KP B8Ryg.»7-specific endogenous T cells following scarification was
impaired (Figure 4D), indicating a functional difference in memory induction when priming
is compartmentalized outside of LNs.

The generation of systemic immunity to LCMV in K14 VEGFR3-1g mice (Suppl. Figure 4)
indicated we could evaluate the protective capacity of a pre-existing memory population in
cutaneous tissue lacking dermal lymphatic vessels and therefore the requirement to re-prime
memory cells in dLNs. At memory time points following LCMV-Armstrong infection (>40
days post infection) K14 VEGFR3-1g mice generated equivalent levels of circulating
memory as compared to controls, despite slightly reduced peripheral CD8* T cell numbers
(Suppl. Figure 4F-K). To test the protective capacity of this circulating memory population
in the absence of LN priming, we infected mice at memory time points with VACV-GP33 by
scarification. Three days post infection with VACV-GP33, systemic levels of P14 CD8* T
cells were equivalent (Figure 4E) but re-expansion in dLNs was only observed in littermate
controls (Figure 4F), indicating that again in the absence of draining lymphatic vessels,
antigen-presentation in LNs is completely impaired. Even without LN re-priming, however,
memory endogenous and P14 CD8* T cells accumulated in skin of K14 VEGFR3-Ig mice 3
days post VACV infection (Figure 4G and H) and significantly controlled viral replication to
similar levels as littermate controls (Figure 41), indicating both that the dermal
microenvironment of K14 VEGFR3-Ig mice supports CD8* T cell infiltration and that while
protective immunity does not require LN priming (Nolz and Harty, 2014), the ability to re-
prime may lead to boosted infiltrating numbers over time.

Cutaneous viral infection impairs lymphatic fluid transport

Given the requirement for lymphatic transport in efficient viral control and adaptive immune
induction, we sought to understand how the virus itself might alter aspects of lymphatic
vessel function within cutaneous tissue in wildtype mice. The accumulation of protein rich
interstitial fluid leading to tissue swelling is a hallmark of regional inflammation that may
result from the combined effects of enhanced vascular leak, altered lymphatic drainage,
hyperproliferation, and leuckocytic infiltration. To evaluate lymphatic vessel function we
performed fluorescence microlymphangiography with fluorescent dextran (FITC, 155kDa)
1, 4 and 7 days post infection. We saw a marked reduction in the number of lymphatic
vessels in infected skin draining fluorescent dextran at each time point assayed (Figure 5A).
Furthermore, quantitative analysis of lymphatic transport by extraction of Evans Blue dye in
dLNs following intradermal administration demonstrated a progressive reduction in fluid
transport over the first 7 days of infection (Figure 5B). This was coincident with increased
vascular permeability (Figure 5C).
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We hypothesized that reduced lymphatic transport would lead to impaired dLN viral
dissemination in this model. To test the role of lymphatic transport in viral dissemination we
administered a VEGFR3-specific form of VEGF-C (VEGF-Ccysi5sgser) that has previously
been shown to induce lymphatic vessel hyperplasia and reduce ultraviolet-induced edema
(Kajiya et al., 2009). Daily intradermal injections of VEGF-C (100ng, 1ul) resulted in a
slightly reduced viral load in infected skin (Figure 5D) and was sufficient to slightly reduce
ear thickness at early time points but did not completely reverse the infection-associated
swelling (Figure 5E). No changes in epidermal thickness, CD45* and F4/80" infiltrates, or
CD31" blood vessel density were observed in treated skin (Suppl. Figure 5). Rather, analysis
of infected ears treated with VEGF-Ccys156ser demonstrated an increase in lymphatic vessel
area (Figure 5F), and importantly as a result of these injections, infectious virus normally
restricted to cutaneous tissue was detectable in dLNs (Figure 5H). This data supports the
hypothesis that reduced lymphatic transport prevents viral dissemination and demonstrates
that increased interstitial fluid pressures resulting from injection, interestingly with
(VEGFC) or without (PBS) coincident lymphatic vessel remodeling, overcomes the active
lymphatic barrier established following infection.

The surprising reduction of fluid transport may result in altered kinetics of soluble antigen
delivery to dLNs where T cell priming is known to occur. We evaluated cutaneous
endothelial cell populations by flow cytometry to quantify infection-dependent cell surface
expression of the adhesion molecules ICAM-1, P-selectin (CD62P), E-selectin (CD62E) and
VCAM-1 on BECs and LECs (Figure 6A and B) to quantify endothelial cell viability and
response to local context. At time points where fluid transport was significantly reduced,
LECs remained viable and displayed a typical inflammation-associated activation phenotype
previously reported to facilitate DC transmigration and LN trafficking (Miteva et al., 2010;
Teijeira et al., 2014). Levels of the homeostatic chemokine CCL21, required for DC
trafficking, were reduced in dLNs three days post infection (Figure 6C). While LN CCL21
expression is driven by multiple factors, this observation is interestingly consistent with the
inductive role of fluid flow in CCL21-expression by fibroblastic reticular cells of the LN
(Tomei et al., 2009).

During the first four days post infection, migratory DCs (MHCIINCD11¢i") accumulated in
LNs draining infected skin (Figure 6D). To directly demonstrate active migration from
cutaneous tissue we applied FITC (5% in DMSO) to infected skin 24 hours prior to sacrifice
at each indicated time point post infection. Approximately 200 FITC-bearing DCs were
observed entering dLNs during each 24 hour period of the first 4 days of infection (Figure
6E), consistent with numbers reported for DC trafficking from HSV-1 infected skin (Allan et
al., 2006), but significantly less than that induced by the irritant dibutyl phthalate (Figure
6E). As such, DC trafficking from virally infected tissue is maintained during the first four
days of infection when lymphatic fluid transport is progressively decreasing.

Interferon-alpha/beta receptor blockade reverses infection-associated lymphatic
remodeling and induces viral dissemination

Given that lymphatic vessel integrity remained intact (Figure 1 and 6), we hypothesized that
antiviral mechanisms, e.g. type I interferons (IFN-I), may signal to regulate lymphatic vessel
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transport and consequent viral sequestration. IFN-I signaling maintains lymphatic vessel
integrity in the context of HSV-1-induced corneal lymphangiogenesis (Bryant-Hudson et al.,
2013) and thus might impact lymphatic function in our model. We blocked IFN-1 signaling
through systemic administration of interferon-alpha/beta receptor alpha chain (IFNARZ)
blocking antibody (intraperitoneal, 500pg; MAR1-5A3) prior to and during infection.
Antibody-mediated blockade of IFNARL1 did not significantly increase viral titers in infected
skin (Figure 7A), nor did it impact lymphatic vessel density (Figure 7B and C). Significant
changes were observed in the shape of dermal lymphatic vessels, however, where in
MARZ1-5A3 treated skin vessels adopted a more distended, rounded morphology as
compared to isotype treated mice (Figure 7D). Consistent with these changes, confocal
analysis of lymphatic capillary blunt ends revealed a loss of infection-induced blunt end
remodeling (Figure 7E), with a return to the naive blunt phenotype. Lymphangiography
performed 3 days post infection again revealed a pronounced reduction of lymphatic vessel
drainage in infected skin as compared to naive animals but administration of IFNAR1
blocking antibodies appeared to rescue lymphatic drainage in at least some animals (Figure
7F and G). Furthermore, quantification of Evan’s blue in dLN following intradermal
injection demonstrated an increased delivery of the injected dye to dLN as compared to
isotype treated controls (Figure 7H). Given the improvement in lymphatic transport, we
evaluated the presence of infectious virus by plaque assay and observed LN spread of virus
in the presence of IFNAR1-blockade (Figure 71). Furthermore, in dLNs of mice treated with
IFNAR1 blocking antibodies virally expressed GFP (VACV-GFP) was detectable in the
subcapsular sinus, defined by a LYVE1" lymphatic endothelial cell lining and CD169*
subcapsular macrophages (Figure 7J). These data indicate that when lymphatic transport is
restored, virus escapes to dLNs and largely localizes to the subcapsular sinus, as previously
reported following subcutaneous injection (lannacone et al., 2010; Kastenmdiller et al.,
2012). As such, viral-dependent remodeling of lymphatic transport function may contribute
to the dermal sequestration of infectious virus preventing dissemination.

Discussion

The lymphatic vasculature is a critical interface between peripheral (non-lymphoid)
pathogenic challenge and host immunity, and likely a bottleneck that can permit or limit
dissemination while also providing the necessary route for antigen presentation and adaptive
immunity. The prevailing view that lymphatic vessels are passive conduits that flush antigen
and pathogens to lymphoid tissue following challenge is modified by our work, which
demonstrates that lymphatic vessels respond to anti-viral signals and reduce fluid transport.
Our findings reveal a “innate-like” role for lymphatic vessels in the control and coordination
of host responses to VACYV, indicating that lymphatic vessels provide an important barrier,
for restricting viral spread upstream of innate defenses in the LN such as the subcapsular
macrophage (Hickman et al., 2008; Junt et al., 2007). Furthermore, we demonstrate in a
robust model of cutaneous infection that LN-dependent, canonical T cell activation is
absolutely dependent upon functional lymphatic transport but can be overcome in its
absence through systemic compensation.

In contrast to the VEGF-A-induced lymphangiogenesis observed following corneal HSV-1
infection (Wuest and Carr, 2010), we did not observe robust lymphatic vessel remodeling or
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lymphangiogenesis. Interestingly, VEGF-C, the growth factor required for lymphatic
development (Zheng et al., 2014) and classic inducer of pathologic lymphangiogenesis
(Skobe et al., 2001), was not detected in infected tissue. The normally avascular cornea, an
immune privileged site, may require robust mechanisms of lymphatic vessel ingrowth to
induce host response to infection whereas the pre-existing cutaneous lymphatic vasculature
is sufficient for this response. Interestingly, angiogenesis may also be antagonized by type |
interferons where down regulation of the receptor is necessary for VEGF-induced
angiogenesis (Zheng et al., 2011), indicating anti-viral responses may directly limit
angiogenic responses in vascularized tissues.

Lymphatic vessels deliver lymph to the subcapsular sinus where large particulate antigens
are captured by interfollicular dendritic cells (Hickman et al., 2008) and subcapsular
macrophages (Junt et al., 2007) and soluble proteins are filtered into paracortical conduits
for sampling by lymphoid resident DCs (Sixt et al., 2005). Current models of lymphatic
transport suggest that soluble antigen delivery to dLNs occurs as early as 30 minutes
following antigen introduction into peripheral tissue by injection (subcutaneous, intradermal,
and intramuscular) (Gonzalez et al., 2010; Hickman et al., 2008; Junt et al., 2007;
Kastenmiiller et al., 2012). It has therefore been proposed that in the absence of active host
defense mechanisms in LNs (lannacone et al., 2010; Kastenmiiller et al., 2012), the open
structure of lymphatic vessels and effects of bulk flow would allow for the passive flushing
of pathogens into circulation and distant sites. However, lymphatic vessels actively respond
to their inflammatory context resulting in altered junctional morphology and activation
profiles (Baluk et al., 2005; Vigl et al., 2011). Here we demonstrate that VACV infection,
which does not spread to dLNs (Khan et al., 2016), induces remodeling of interendothelial
junctions coincident with a rapid reduction in fluid transport dependent on IFN-I.

Antibody-mediated blockade of IFNAR1 induced viral dissemination to dLNs where virus
co-localized with the lymphatic lined subcapsular sinus and CD169* subcapsular
macrophages as described following subcutaneous injection (Hickman et al., 2008; Junt et
al., 2007). The infection-dependent reduction in lymphatic transport, as measured by the
dermal lymphatic uptake and delivery Evan’s blue to dLNs, was partially reversed by
IFNARL blockade, indicating that lymphatic vessels actively regulate fluid transport
downstream of anti-viral cues in skin and may limit spread of interstitial components such as
infectious virus particles. While it is still possible that the detection of virus in dLNs is aided
by reduced anti-viral mechanisms following IFNAR blockade, subcapsular macrophages
already exhibit low type | IFN responses to allow viral replication, which is essential for
antigen presentation and induction of adaptive antiviral immune responses (Honke et al.,
2011). Furthermore, the reported observation that virus is immediately detectable in the
subcapsular sinus of wildtype animals following injection (lannacone et al., 2010;
Kastenmiller et al., 2012) indicates that subcapsular macrophages are capable of being
infected in the presence of type | IFN signaling. Thus, our data demonstrate that changes in
lymphatic transport may limit passive viral dissemination to dLN, providing an additional
host defense mechanism upstream of important innate barriers previously described
(lannacone et al., 2010; Junt et al., 2007; Kastenmiiller et al., 2012).
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These results are consistent with the demonstrated requirement for migratory, cross-
presenting DCs in the delivery of peripherally restricted antigen (Allan et al., 2006; Bedoui
et al., 2009; Roberts et al., 2016), but now indicate that lymphatic vessels may actively limit
passive antigen delivery in an IFN-I-dependent manner. Interestingly, in corneal HSV-1
infection, genetic loss of IFNAR1 resulted in reduced lymphatic vessel integrity leading to
progressive vessel loss over time (Bryant-Hudson et al., 2013), consistent with our observed
role of IFN-I in lymphatic vessel remodeling. Still, in both cases, whether IFN-1 directly
signals on lymphatic endothelium to mediate these effects or rather acts through an
intermediary signal remains to be determined. Taken together, VACV-induced lymphatic
vessel remodeling may directly limit pathogen spread while simultaneously promoting
induction of an adaptive immune response through active DC transport.

Our work also indicates that lymphatic vessels may be a critical control point for viral
manipulation of the host response. While reduction in lymphatic transport may limit viral
spread it may also impact the local inflammatory milieu and host response. Saliva from the
Aedes aegypti mosquitoes, responsible for transmitting arboviruses such as Zika and
dengue, induces dramatic local edema leading to viral retention at the bite site and an
inflammatory influx of neutrophils that ultimately enhance infection (Pingen et al., 2016).
Compartmentalization of infectious virus may regulate balance between local immune
pathology, viral persistence, and induction of protective immunity. Consistent with this
hypothesis, in the absence of functional dermal lymphatic vessels we decouple viral
sequestration from adaptive immunity resulting in profound pathology and viral persistence.
We observed elevated infiltration of Ly6G* cells in mice lacking lymphatic vessels, which
demonstrate potent anti-viral activity (Hickman et al., 2013), indicating that neutrophil
infiltration or retention may compensate for delayed adaptive immunity to facilitate viral
clearance.

Interestingly, prolonged inflammation results in enhanced vascular leakiness that allows for
systemic antigen escape and LN-independent priming. Our data indicates that in the absence
of lymphatic transport, the host re-compartmentalizes immune induction to compensate for
lack of access to the dLNs. Importantly, this compensatory activation must either be
dependent upon the robust inflammation induced by viral infection or the potency of viral
antigens as similar compensation was not seen in an implanted model of murine melanoma
(Lund et al., 2016). This data demonstrates the flexibility of the host immune response but
also the impact of altered lymphatic function on the kinetics of regional protective immunity.

Importantly, transgenic mice did not harbor overall immune suppression or increased
susceptibility to viral infection and generated long-lived memaory following systemic
challenge. Memory CD8* T cells are rapidly recruited to inflamed peripheral tissue in an
antigen-independent fashion to provide the first line of defense following re-infection (Ely et
al., 2003). Though central memory T cells reacquire expression of CCR7 and CD62L
(Sallusto et al., 1999), permitting LN homing, the prevailing hypothesis is that “innate-like”
direct recruitment to inflamed tissue may occur in the absence of cognate antigen
presentation by DCs in lymphoid tissue (Nolz and Harty, 2014). Our results support this
model, where systemic LCMV-specific memory was rapidly recruited to VACV-GP33
infected skin and controlled early replication of virus. The slight reduction in numbers of
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P14 TCR-tg CD8" T cells in infected skin in mice lacking dermal lymphatic vessels,
however, may indicate that while re-priming is not necessary for initial recruitment, it does
serve to amplify the memory response, leading to more robust antigen-specific memory
expansion and recruitment over time.

Tissue microenvironments crucially regulate induction and maintenance of immune
responses, compartmentalization of antigen, and accumulation of inflammatory mediators.
The data presented herein demonstrate the complexity of the lymphatic vessel response to
cutaneous viral challenge and their role in the simultaneous sequestration of infectious virus.
Interestingly, it remains to be determined if the virus-induced changes in cutaneous
lymphatic vessel function are long-lasting (Yao et al., 2010), and therefore may impact
future immunity. In the cornea, inflammation-induced lymphatic vessel regrowth is
accelerated following sequential challenge (Kelley et al., 2013), and in lungs the specific
sequence of heterologous virus infection determines efficacy of anti-viral immunity and
extent of immunopathology (Chen et al., 2003); all together indicating that remodeling of
tissue microenvironments can have persistent effects on local immunity with potential
clinical implications from host defense to chronic inflammation and immunotherapy.

Experimental Procedures

Mice, in vivo antibodies, and reagents

Specific pathogen-free C57BL/6 mice were obtained from the Jackson Laboratory. K14
VEGFR3-Ig mice (Méakinen et al., 2001) were a kind gift of Dr. Kari Alitalo and P14 TCR
transgenic mice have been previously described (Hogquist et al., 1994; Pircher et al., 1989).
L-selectin (CD62L)-deficient mice (Xu et al., 1996) were crossed to P14 TCR-tg and
maintained in house. 6—-16-week old, male and female mice were used. All animal
procedures were approved by and performed in accordance with the IACUC Animal Care
and Use Committee. See Supplemental Experimental Procedures for more details.

Viruses and Infections

Mice were infected cutaneously in the ear pinna by 25 pokes with a 29 gauge needle
following administration of 5x10% PFU VACV in 10uL PBS to the ventral side of the ear
pinna (scarification). See Supplemental Experimental Procedures for more details.

Microlymphangiography and DC Trafficking

Mice were administered 1uL of 1% Evan’s Blue or 10mg/mL 155kD FITC-dextran by
injection to the tip of the ear with a Hamilton syringe and imaged with a Zeiss Lumar.V12
Stereo Microscope or iPhone camera. Ears were painted (20ul) with a 5% FITC solution
dissolved in 1:1 acetone: dibutyl phalate or acetone:DMSO 24 hours prior to sacrifice.

BrdU Pulse

Mice received 2mg of of BrdU (Sigma-Aldrich) dissolved in 200uL PBS immediately before
infection (intraperitoneal), then provided with drinking water containing 0.8mg/mL BrdU
for 7 days. See Supplemental Experimental Procedures for more details.
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Flow Cytometry

Single cell suspensions were prepared from ears by collagenase IV (5mg/ml) and DNAse
(50U/ml) digestion (for endothelial cell extraction) or collagenase D (1mg/ml) and DNAse
(50U/ml) (leukocyte extraction) and filtered through 70um nylon cell strainers. See
Supplemental Experimental Procedures for more details.

Anti-VV Serum IgG

Statistics

Vaccinia specific ELISA was carried out using 96 well micro titer plates coated with
vaccinia (WR strain) infected cell lysate. See Supplemental Experimental Procedures for
more details. Antibody titers were determined by log-log transformation of the linear portion
of the curve using 0.1 optical density as the endpoint and performing conversion of the final
values. See Supplemental Experimental Procedures for more details.

Statistical significance was calculated by GraphPad (Prism) using parametric or non-
parametric Student’s ftests, one- and two-way ANOVA for multiple pairway testing or
Fishers exact test as indicated.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Existing, cutaneous lymphatic vessels are sufficient to mediate adaptive
immunity.

Lymphatic vessels are an ‘innate-like” barrier to cutaneous viral
dissemination.

Skin infection limits fluid but not cellular transport in an IFN dependent
manner.

Lymph node independent immune priming occurs in the absence of lymphatic
vessels.
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Figure 1. Infection by scarification induces lymphatic vessel remodeling but not
lymphangiogenesis

C57BI/6 mice infected by skin scarification with 2x10% PFU VACV. (A) Representative
images of lymphatic vessels (LYVE1) (Scale bar=200um) and quantification of (B) vessels
per length of skin and (C) vessel distension (width/length). (D) Representative images of
blood vessels (CD31) (Scale bar=200um) and (E) quantification of vessels per length of
skin. (F) Whole mount images (maximal projection) of skin (scale bar=50um; LYVEL). (G)
Distribution of lymphatic vessel diameters in skin (n=4; >10 measurements per image). (H)
Whole mount images (maximal projection) of lymphatic capillary blunt (scale bar=10um;
LYVEL). (1) VEGF-A (pg per ear). (J and K) Mice were infected and pulsed with BrdU (day
0-7) and percent incorporation in (J) blood endothelial cells (BECs;CD45-CD31*gp38°)
and (K) lymphatic endothelial cells (LECs; CD45-CD31*gp38*). Naive (N) and sterile
infected (M) controls. (Each point represents an individual animal). (L) Images of VACV
dLNs. (Top) Whole lymph nodes and (Bottom) inset of subcapsular and follicular zones.
Lymphatic vessels (LYVEL, green), T cells (CD3e, red), and B cells (B220, blue). (Scale bar
=200um.) Statistical significance determined by one-way ANOVA. *p<0.05, **p<0.01,
***n<0.001. See also Figure S1.
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Figure 2. Viral persistence and exacerbated pathology in the absence of lymphatic vessels
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K14 VEGFR3-Ig (K14) mice and littermate controls (LM) were infected with VACV by skin

scarification. (A) Virus quantified in infected skin (plaque forming units; PFU). (B)

Quantification of ear thickness (n>10). (C) Mile’s Assay for vascular permeability ten days
post infection (dpi) in LM and K14 mice. (D) Tissue histology (representative images; left)

and quantification (right) in infected skin 10 dpi. Total leukocytes (CD45), neutrophils

(Ly6G), B cells (B220), and degranulating mast cells (toluidine blue). Statistics determined
by students unpaired t-test or Fisher’s exact test. *p<0.05, **p<0.01, ***p<0.001. Each

point represents an individual mouse.
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Figure 3. Delayed anti-viral adaptive immune responses in mice lacking dermal lymphatic
vessels following scarification

K14 VEGFR3-Ig (K14) mice or littermate controls (LM) were infected by skin scarification
with VACV-GP33 (n=4). Quantification of (A) total leukocytes (CD45* %live) and (B)
CD8" and (C) CD4* T cells (%CD45) in skin 7 days post infection (dpi). (D) Endogenous
H2-K9 B8Ryg.o7-specific CD8+ T cells in blood. (E and F) 25K TCR-tg P14 Thy1.1*CD8*
T cells transferred in K14 or LM mice one day prior to infection. (E-G) Representative flow
plots of Thy1.1*CD8* P14 T cells 7 dpi (left; gated on live lymphocytes) and (right)
absolute cell numbers on 7, 10 and 15 dpi in (E) draining lymph nodes (dLN), (F) spleen,
and (G) infected skin (n=4). (H) DLNs from K14 VEGFR3-1g mice and littermate controls
imaged by immunofluorescence at 15 and 25 dpi (Scale bar = 200um, B220, blue; GL7,
red). (1) Serum VACV-specific 1gG from K14 VEGFR3-1g mice and littermate controls
(Each line is an animal). Dotted line indicates limit of detection. Statistics determined by
unpaired students t-test and two-way ANOVA at day 10. *p<0.05, **p<0.01, ***p<0.001.
See also Figure S2 and 3.
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Figure 4. Lymph node independent adaptive immune priming in the absence of dermal
lymphatic drainage

Either wildtype (WT) or CD62L knockout (LKO) TCR-tg P14 CD8* T cells transferred into
K14 VEGFR3-Ig (K14) mice or littermate (LM) controls one day prior to infection by
scarification with VACV-GP33. (A) Representative plots of circulating Thy1.1* P14 T cells
10 days post infection (dpi) and (B) quantification in blood (Thy1.1*/live) (n=4). (C)
Spleens from K14 and LM mice evaluated 10 days dpi for reactive germinal centers (Scale
bar = 200um, B220, blue; GL7, green; CD33, red). (D) Acquisition of a central memory
phenotype (CD44*CD62L*KLRG1") by circulating H2-K9 B8Ry(.,7-specific endogenous
CD8* T cells in K14 and LM mice. (E-1) LCMV immune mice were infected with VACV-
GP33. (E) Number of splenic and (F) lymph node (LN) TCR-tg P14 CD8* T cells. Number
of (G) total endogenous CD8* T cells or (H) TCR-tg P14 CD8* T cells in skin 3 dpi. (1)
Plaque forming units (PFU) from skin 3 dpi of naive or LCMV-immune K14 and LM. Data
from representative experiment. Statistics determined by unpaired students t-test or one-way
ANOVA. *p<0.05, **p<0.01, ***p<0.001. Each point indicates an individual animal. See
also Figure S4.
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Figure 5. Cutaneous viral infection reduces lymphatic fluid transport
C57BI/6 mice were infected by skin scarification with VACV. (A) Fluorescence

microlymphangiography (155kDa FITC dextran) following scarification (Scale bar=500um).
Arrows indicate draining lymphatic vessels. (B) Quantification of lymphatic drainage
following intradermal injection of Evan’s Blue and quantification in draining lymph nodes
(dLN). (C) Miles’ assay for vascular leakiness. (D-I) Intradermal injections of 100ng (1ul)
VEGF- C(Cys156Ser) daily starting on the first day of scarification with VACV. (D)
Quantification of virus in skin 5 days post infection (dpi) (plaque forming units; PFU). (E)
Measurement of ear thickness (n=6). (F) Representative images (left) and quantification
(right) of cutaneous lymphatic vessels (purple; LYVEZL) following intradermal VEGF-C or
PBS (Scale bar=200um). (I) PFU in dLNs 5 dpi. Statistics determined by one-way ANOVA
or Fisher’s exact test. *p<0.05, **p<0.01, ***p<0.001. See also Figure S5.
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Figure 6. Lymphatic endothelial cells are activated following infection and allow for dendritic cell
migration to draining lymph nodes

Wildtype C57BL/6 mice were infected by cutaneous scarification with VACV-GP33. (A)
Representative flow cytometry (gated on CD45-CD31*) of cutaneous endothelial cells at 0,
3 and 7 days post infection. (B) Quantification of activation markers on blood endothelial
cells (BEC; CD45-CD31*gp38™) and lymphatic endothelial cells
(LEC;CD45-CD31*gp38*) (n=6). (C) Quantification of CCL21 in draining lymph nodes
(dLN) (n=4). (D) Quantification of migratory DCs present in dLNs following cutaneous
VACYV infection at the indicated time points or 24 hours following administration of dibutyl
phthalate (DBP). (E) Quantification of FITC* migratory DCs present in dLNs. 5% FITC
dissolved in DMSO:Acetone painted on skin 24 hours prior to each time point. FITC
dissolved in the skin irritant dibutyl phthalate (DBP):acetone used as a positive control.
Statistics determined by students unpaired t test. *p<0.05, **p<0.01, ***p<0.001. Each
point is an individual mouse.
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Figure 7. Type I IFN signaling regulates lymphatic remodeling, transport, and viral spread

following cutaneous infection
Antibodies blocking the interferon-alpha/beta receptor alpha chain (i.p. 500ug; MAR1-5A3)

or isotype control were administered 0 and 2 days post infection (dpi). (A) Quantification of
virus in skin 5 dpi (plaque forming unit; PFU). (B) Representative images of lymphatic
vessels in infected skin with MAR1-5A3 (alFNAR1) or isotype control (LYVEL; Scale bar
=200um). (C) Lymphatic vessel density (vessels per mm length) and (D) lymphatic vessel
distension (width/length) (n=7). (E) Whole mount images (maximal projection) of skin 5 dpi
(scale bar=50um; LYVEL, green). (F) Evan’s blue lymphangiography (3 dpi). Representative
images and (G) incidence of drainage. (H) Quantification of Evan’s blue dye in draining
lymph nodes (dLN) following intradermal injection (2 dpi). (I) PFU in dLNs (5 dpi). Dotted
line indicates limit of detection. (J) Fluorescent imaging of subcapsular GFP in draining
lymph nodes 5 dpi with VACV-GFP. (LYVEL, red; CD169, purple; GFP, green; scale bar =
200um). Statistical significance determined by students unpaired t test or Fishers exact test.
*p<0.05, **p<0.01, ***p<0.001. Each point represents an individual animal.
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