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Compartmentalized ocular lymphatic
system mediates eye-brainimmunity
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The eye, an anatomical extension of the central nervous system (CNS), exhibits many

molecular and cellular parallels to the brain. Emerging research demonstrates that
changesin the brain are often reflected in the eye, particularly in the retina’. Still, the
possibility of animmunological nexus between the posterior eye and the rest of the
CNStissues remains unexplored. Here, studying immune responses to herpes simplex
virusinthe brain, we observed that intravitrealimmunization protects mice against
intracranial viral challenge. This protection extended to bacteriaand even tumours,
allowing therapeuticimmune responses against glioblastoma through intravitreal
immunization. We further show that the anterior and posterior compartments of the
eye have distinct lymphatic drainage systems, with the latter draining to the deep
cervical lymph nodes through lymphatic vasculature in the optic nerve sheath. This

posterior lymphatic drainage, like that of meningeal lymphatics, could be modulated
by the lymphatic stimulator VEGFC. Conversely, we show that inhibition of [ymphatic
signalling on the optic nerve could overcome a major limitation in gene therapy by

diminishing the immune response to adeno-associated virus and ensuring continued

efficacy after multiple doses. These results reveal ashared lymphatic circuit able to
mount a unified immune response between the posterior eye and the brain,
highlighting an understudied immunological feature of the eye and opening up the
potential for new therapeutic strategies in ocular and CNS diseases.

Herpes simplex virus (HSV) has the propensity to affect many tissues—
including multiple neural tissues such as the dorsal root ganglia, the
eyes and the brain—and is the most common cause of sporadic fatal
encephalitis worldwide?. To understand protective immunity against
HSV in the brain, we vaccinated mice with heat-inactivated HSV-2
through four administration routes—intraperitoneal (i.p.) to induce
systemic immunity, intracranial (i.c.) to induce local brain immunity,
intracameral (anterior chamber (AC)), and intravitreal (posterior cham-
ber (IVT))—with the last two being ocular compartments that have
unique anatomical connections to the nervous system (Fig. 1a). After
alethali.c. HSV-2 challenge, all mice that underwent i.p. immuniza-
tionsuccumbed to theinfection, whereasi.c.immunization protected
about 80% of the mice (Fig. 1b), showing that systemicimmunity is not

sufficientin providing protection against CNSinfection. Remarkably,
IVT immunization also protected the mice, but all AC-immunized mice,
like i.p.-immunized mice, succumbed to the challenge (Fig. 1b), sug-
gesting that IVT immunization drives a protective immune response
in the brain.

Asisthecaseforotherorgans, wereasoned that theimmune response
in the eye-brain axis must be mediated by local lymph nodes (LNs).
To investigate the cellular mechanism facilitating the protection of
thebrain after IVT immunization, we first surgically ligated lymphatic
vessels of the deep cervical LNs (dCLNs), whichare critical to eliciting
immuneresponsesinthebrain. This completely abrogated the protec-
tion provided by IVT immunization, indicating the importance of alocal
CNS-LN circuit that drains antigen to dCLNs (Fig. 1c). Additionally,
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Fig.1|Antigensinthe posterioreye elicitimmuneresponsesinthebrain.
a, Schematic of the schedule of procedures for the experiments described
below. b, Wild-type C57BL/6) mice were immunized using heat-inactivated
HSV-2injectionthroughi.p.,i.c., ACand IVT administration. Survival was
monitored afteri.c. challenge with alethal dose of HSV-230 days later (naive,
n=18;i.p.,n=12;i.c.,.n=6;AC,n=6;1VT,n=18).c,dCLNs of mice were ligated
using a cauterizer. Seven days later, mice were injected through the IVT route
with heat-inactivated HSV-2. Their survival was monitored afteri.c. challenge
withalethaldose of HSV-230 days later (naive, n=5; IVT immunized, n=5; LN
ligation, n = 6).d, Schematic of the parabiosis mouse model and treatment
plans. e, Mice wereinjected through the IVT route with heat-inactivated HSV-2.
Four weeks later, theimmunized mice were joined to naive mice. Theimmunized
mice or naive mice were challenged through thei.c.route with alethal dose of
HSV-2 after 3weeks, and their survival was monitored (naive,n=4;1VT,n=4;
IVT-naive (IVT challenge), n = 6; IVT-naive (naive challenge), n=2; naive-naive

as we ligated the lymphatic vasculature after priming but before
the rechallenge, our results indicated that the lymphatic vessels of
dCLNswererequired to mountarecall response during the challenge
(Extended DataFig. 1b). The effector functions after HSVimmunization
are thought to be mediated by antiviral antibodies and CD4" T cells>.
Consistent with these reports, our observations showed that CD4*
Tcell-depleted or B cell-deficient (1MT) mice were no longer protected
after IVT immunization (Extended DataFig.1a). As efficient differentia-
tion of follicular helper T cells and germinal centre B cellsis required for
the production of long-lived plasma cells and memory B cells that drive
asuperior humoralimmune response following re-exposure to an anti-
gen*’, we quantified antigen-specific germinal centre B cell differentia-
tion by adoptive transfer of B1-8" B cells® after immunizing mice with
NP-OVA through ACor IVT routes. Although bothimmunization routes
can efficiently induce germinal centre B cell differentiation in super-
ficial CLNs (sCLNs), only IVT immunization induces germinal centre
B cell differentiationin dCLNs (Extended Data Fig. 1d-f). Similarly, IVT
immunization significantly increases the level of antigen-specific CD4*
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(naive challenge), n =2).f, Anti-HSV-specific antibody was measured by
enzyme-linked immunosorbent assay after different routes of HSV-2
immunization (i.p.,n=12;i.c.,n=6;AC,n=10;IVT,n=10). Dataareshownas
mean +s.e.m.g, Wild-type C57BL/6) mice were injected with heat-inactivated
HSV-1throughi.p.,i.c., ACor IVT administration. Their survival was monitored
afteri.c.challenge with alethal dose of HSV-130 days later (naive, n=15;i.p.,
n=6;i.c.,n=6;AC,n=6;IVT,n=18).h,Asina,butS. pneumoniae strain TIGR4
was used (naive,n=8;i.p.,n=5;i.c.,n=5,AC,n=8;IVT,n=8).i, Mice were
inoculated through thei.c. route with 50,000 GL261 luciferase-expressing
(GL261-Luc) braintumour cells, treated with irradiated GL261-Luc cells
throughs.c.,i.c., ACorIVT administration (day 7) along with anti-PD1 (RMP1-14)
antibodies (days 7,9 and 11) and monitored for survival (naive,n = 6;s.c.,n=6;
i.c.,n=6;AC,n=6;1VT, n=12). Dataare representative of two independent
experiments. The graphicsina,d were created with BioRender.com.

Tcell proliferationin dCLNs compared to ACimmunization (Extended
DataFig. 1g-i). These data indicate that the generation of localized
antigen-specific CD4" T and B cell responses in dCLNs by IVT immuni-
zationis required for host antiviral CNS protection.
Tofurtheraddress whether the IVT immunization-mediated protec-
tion was developed locally in the brain, we generated parabiotic mouse
pairs with various immunization states (Fig. 1d). When IVT-immunized
mice were paired with naive mice, only the mice that were initially immu-
nized (left) and not their parabiotic partners (right) were protected
against ani.c. challenge (Fig. 1e). Similarly, only the IVT-immunized
mice, but not their naive parabiotic partners, had detectable levels of
anti-HSV-2 antibodies in cerebrospinal fluid (CSF), which indicated that
direct immunization is necessary to acquire anti-HSV-2 antibodies in
CSF (Extended Data Fig. 1c). By contrast, because of the shared blood
circulation, naive mice that were paired with IVT-immunized mice had
a similar amount of anti-HSV-2 antibodies in their serum (Extended
Data Fig. 1c). This suggested that serum antibodies do not mediate
immune protection in the CNS; rather, immune protection occurs
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locally through the CSF. Furthermore, following examination of the
localization of anti-HSV antibodies after differentimmunization routes,
we found that, although all routes ofimmunization led to the presence
ofanti-HSV-2 antibodies inserum, only thei.c.-and IVT-immunized mice
had detectable levels of anti-HSV-2 antibodies in CSF (Fig. 1f). Together,
these data demonstrate that IVT immunization uniquely mediates CNS
protection through alocal antibody-dependent response.

Finally, to determine whether this ocular-brain axis-mediated CNS
protection extends beyond HSV-2, we examined the efficacy of asimilar
vaccination strategy against HSV-1and Streptococcus pneumoniae, the
main causative agent of bacterial meningitis”®. Mice were immunized
with heat-inactivated HSV-1or S. pneumoniaethroughani.p.,i.c.,ACor
IVT route and rechallenged with alethal dose of the same pathogen 30
days later. Similar to the results in the HSV-2 model, the data for both
IVT-and i.c.-immunized mice showed them to have almost complete
protection. By contrast, all of the naive, i.p.-and AC-immunized mice
succumbed to the challenge (Fig. 1g,h). Even in a therapeutic setting
inwhichani.c. tumour was established before the administration of a
cancer cell vaccine, immunization through the IVT ori.c. route resulted
insuperior protection compared to subcutaneous (s.c.) and ACimmu-
nization, which evoked only systemic immunity (Fig. 1li and Extended
Data Fig. 2a). These data were consistent with previously described
findings thatIVT andi.c.immunizationresulted insignificantly greater
proportions and numbers of antigen-specific CD8* T cells compared to
those following AC and s.c.immunization in dCLNs, but notin sCLNs or
inguinal LNs’ (IngLNs; Extended Data Fig. 2b-d). By contrast, inamodel
of cutaneous melanoma, s.c.immunization showed better protection
than IVT ori.c.immunization (Extended Data Fig. 2e), indicating that
IVT andi.c.immunizationinduce alocalized immune response but do
not provide protection against peripheral tumours as well as alocal
immunization method does. Together, these data demonstrate that
the ocular-brainimmunological connection is specifically relevant
and broadly applicable to many CNS diseases.

The eye has acompartmentalized drainage system

Our immunization studies uncovered a divergent immune response
between the AC and vitreous of the eye. It is thought that aqueous
humour flows out from the AC through the conventional outflow
pathway that includes the Schlemm'’s canal and trabecular mesh-
work!®*2, Additionally, a more recently appreciated unconventional
route includes flow through the ciliary muscle and supraciliary and
suprachoroidal spaces™". By contrast, the drainage from the posterior
ocular compartment, particularly the vitreous, is unclear given the
lymphatic vasculature in the eye and is still being explored™.

To investigate the different drainage systems of the anterior and
posterior compartments of the eye, weinjected fluorescently labelled
dextrans through AC or IVT routes and quantified the kinetics of dex-
tran retention (Fig. 2a). The rate of dextran clearance in the eye after
IVT administration (K =1.369) was significantly slower than that after
AC administration (K'=4.267; Fig. 2b). Dextrans with two different
wavelengths of fluorescence and molecular weights were tested to
ensure that this phenomenon was not dye specific. We reasoned that
this observation could be explained by two possibilities; either the
compartments have unique routes of drainage, or the rate-limiting
stepinthe drainage of eachcompartmentis different (that s, diffusion
through the vitreous may be the slowest step). Wereasoned that these
potential explanations could be parsed out by observing dye locali-
zation in vivo. Using a previously described method", we confirmed
that both AC- and IVT-injected dye could be detected in the serum.
However, significantly higher concentrations of dye were detected in
theblood after ACinjection compared to after IVT injection (Extended
Data Fig. 3a). Whereas dye injected into the AC localized to the ipsi-
lateral sCLNs, as previously reported® 2, IVT-injected dye localized
to bilateral dCLNs in addition to the ipsilateral sCLNs (Fig. 2c-e and

Extended DataFig.3b-d). Aswas observed after ACinjection, dye does
notdrainto the dCLNs after subconjunctivalinjection (Extended Data
Fig.3e), indicating that penetration into the posterior eye or vitreous
isrequired for drainage to the dCLNs. To test the requirement of these
local lymphatic structures for drainage of the aqueous and vitreous
humour, we surgically ligated the sCLNs, dCLNs or both. We first con-
firmed that ligation of dCLNs did not result inincreased effluxinto the
sCLNs and vice versa (Extended Data Fig. 3f,g). Ligation of sCLNs, but
not dCLNs, resulted in significantly increased dye retentionin the eye
following ACinjection (Fig. 2f), consistent with the above observation.
For IVT injection, either sSCLN or dCLN ligation alone led to increased
dyeretentioninthe eye (Fig. 2g). Together, these results demonstrate
acompartmentalized drainage system in the eye between the AC and
the vitreous humour with a specific route from the vitreous humour
tothe dCLNs.

Optic nerve sheath harbours functional lymphatics

Macromolecule localization into distinct LNs indicates that a lym-
phatic vessel network is probably mediating drainage from each of
these compartments. Although arecent study described the presence
of anocular glymphatic system in mice, similar to that of the brain®, a
functional network of lymphatic vessels mediating vitreous drainage
hasnotbeenresolved. Therefore, we used a transcriptomic approach
along withimmunolabelling-enabled three-dimensional imaging of
solvent-cleared organs (iDISCO)* to obtain a global view of the lym-
phatic vascular network associated with the optic nerve in different ver-
tebrate species. Spatial transcriptomics helped gather an organ-level
view of lymphatic-like vasculature gene signatures in the eye and the
optic nerve. In addition to the trabecular meshwork'*'? and retina,
which have been found to harbour macrophages expressing some
lymphatic-like gene signatures?, we found that the optic nerve sheath
also contained lymphatic-like gene signatures (Extended Data Fig. 4).
In parallel, iDISCO revealed lymph vessels covering zebrafish, mouse,
rabbit, pig, non-human primate and human optic nerves (Fig. 3a,b and
Extended DataFig. 5), demonstrating an evolutionarily conserved fea-
ture of the lymphatic system. In allmammals, we saw vascular structures
with co-localized staining of LYVE1 and vascular endothelial growth
factor receptor 3 (VEGFR3; white arrows in Extended Data Fig. 5). We
also saw vasculature stained for one but not the other, indicating the
likely presence of LYVE1-negative collecting lymphatic vasculature® or
LYVEI-expressing macrophages (yellow arrows in Extended DataFig. 5).
Notably, the lymphatic vasculature was localized to membranes sur-
rounding the nerve, not the nerveitself, in parallel to what is observed
in the brain and the dural meninges®2.

Toimprove the sensitivity of the stains applied, we dissected out the
opticnerve sheath completely from the optic nerve. Without perfusion
fixation of mice, the optic nerve sheath retracted following enuclea-
tion, resulting in bunching of the lymphatic vasculature towards the
proximal end of the nerve (Extended Data Fig. 5h). To address this,
we carried out perfusion fixation before enucleation, preserving the
anatomy of the lymphatic network along the nerve (Extended Data
Fig. 5i). Using the well-characterized ear lymphatic system as a con-
trol (Extended Data Fig. 6a), we validated the presence of optic nerve
sheath lymphatics using additional markers (VEGFR3, PROX1, LYVEI,
CD31 and podoplanin; Fig. 3c and Extended Data Fig. 6b). To further
characterize these vasculatures using a genetic approach, we used
two different reporter mice enabling highly specific staining of lym-
phatics: VEGFR3-CreER™;R26-mTmG mice, and PROX1-CreER™;CDH5-
Dre;R26-STOP-mCherry mice (Extended Data Fig. 7). Together, these
parallel methods confirmed that lymphatics indeed exist in the optic
nerve sheath.

We then sought to evaluate the functionality of these lymphatics.
Following IVT injection, but not ACinjection, of a fluorescent tracer,
thetracer wasvisualized in VEGFR3" vasculature along the optic nerve
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collected and measured using afluorescence platereader 1 h afterinjection.
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dCLN.d, Dyewasinjectedinto the left eye through the ACor VT route, and
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(Extended Data Fig. 8a). Consistently, IVT-injected LYVE1 antibod-
ies could effectively label optic nerve sheath lymphatics (Extended
Data Fig. 8b,c), suggesting that macromolecules such as proteins
can freely penetrate into these lymphatics from the vitreous. Our
leading hypothesis of how molecules travel into these lymphatics was
based on an understanding of the dural lymphatics of the brain®?.
We reasoned that molecules from the eye pass through the CSF into
the optic nerve sheath lymphatics, similar to how molecules move
from the brain to the durallymphatics. To test this, we examined the
distribution of dye and antibodies after IVT injection. We detected a
trace amount of dye in the CSF after IVT injection compared to after
brainintraventricularinjection (Extended Data Fig. 8d). Furthermore,
antibodiesinjected by the IVT route were not able to sufficiently label
the durallymphatics. These dataindicated that IVT-injected dye prob-
ably entered the local CSF space around the optic nerve and did not
drain to the dCLNs through previously characterized conventional
brain dural meninges (Extended Data Fig. 8e). To parse out how mac-
romolecules reach the lymphatic vasculature around the optic nerve
sheath, we tracked how molecules injected into the vitreous left the
eye invivo. After IVT AF647-OVA injection, we observed that there
was directional flow towards the optic nerve head (Extended Data
Fig. 8f), consistent with previous findings that the pressure gradi-
ent between intraocular and i.c. spaces drives efflux of ocular fluid
through the optic nerve”. Examination at a higher resolution after
sectioning the eye revealed that the tracer was largely concentrated
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at the optic nerve head (Extended Data Fig. 8g), with some diffu-
sion through the retinas. The diffusion through the retina showed a
pattern similar to the previously described glymphatic patterns of
the retinas, a paracellular perpendicular streak across the retina®
(Extended DataFig. 8h).

To validate the ability of these lymphatics to drain the vitreous, we
delivered VEGFC, a lymphatic stimulator??, through three different
compartmentalized routes: AC (targeting lymphatics of the anterior
eye), IVT (targeting the posterior eye, optic nerve and possibly the
anterior eye) or intracisternamagna (ICM; targeting optic nerve). First,
using fluorescent tracers, we confirmed that ICM-injected tracers had
access only to the optic nerve and not to the eye™* (Fig. 3d,e). Two
days after VEGFC delivery, fluorescent dextrans were injected by the
IVT route, and retention was analysed 12 h later (Fig. 3f). AC adminis-
tration of VEGFC did not change dextran drainage from the vitreous,
indicating that the anterior lymphatic stimulation is not sufficient in
driving vitreous drainage. By contrast, IVT and ICM administration
of VEGFC increased dextran drainage from the vitreous, the latter in
adose-dependent manner (Fig. 3g), supporting the observation that
the posterior compartment of the eye drains to the dCLNs through
lymphatic vasculature on the optic nerve sheath. To further confirm
therole of VEGFCinmodulating optic nerve sheath lymphatics, we also
delivered recombinant adeno-associated virus (rAAV)-VEGFC or soluble
VEGFR3 (sVEGFR3) through the IVT route and found that expression
of VEGFC or sVEGFR3 resulted in significant increases or decreases in
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Fig.3|Opticnervesheathlymphatics drain the posterior eye.

a,b, Immunostaining of sections of optic nerve from zebrafish with lymphatics
labelled for Mrcla (white arrows; a, top left) and iDISCO immunolabelling of
meningeal lymphatic vessels of rabbit (a, top right), pig (a, bottom left),
non-human primate (a, bottomright) and human (b) optic nerve and chiasma,
with lymphatics showing colocalization of LYVE1and VEGFR3 (white arrows).
DAPI, 4’,6-diamidino-2-phenylindole. ¢, Whole-mount wild-type mouse optic
nerve sheathsstained for LYVE1, CD31, PROX1and VEGFR3. Theimages at the
bottom show a higher-magnification view of the area highlighted in the merged
image at the topright.Scalebars, 50 um (a, top left; ¢, bottom merged), 500 pm
(a, topright; ¢, top merged), 1,000 pum (a, bottom left and right) and 3,000 pm

opticnerve sheathlymphatic vasculature, respectively (Extended Data
Fig.9a).Insummary, these data highlight the existence of afunctional
lymphatic vessel network on the optic nerve sheath that connects the
posterior eye to aset of LNs unique fromthe rest of the eye but shared
with the rest of the CNS.

Enhancing gene therapy via ocular lymphatics

Having confirmed the immunological importance of this posterior
ocular drainage, we next investigated potential therapeutic applica-
tions that harness this finding. rAAVs are the most commonin vivo gene
delivery vectors owing to their safe and effective transduction®. Addi-
tionally, using AAV2 as a vector to treat patients with RPE65-mediated
inherited retinal dystrophy was the first gene therapy approved by
the US Food and Drug Administration®. However, despite its modi-
fiedimmunological properties, acquired immunity to rAAV limits the
efficacy of its repeated administration®*>>, We first characterized the
rAAV-specific CD8" T cellinductionin LNs and retinas after ACand IVT
administration of rAAV using an ELISpot assay. Althoughboth AC and
IVTinjectioninduced a similaramount of rAAV-specific CD8" T cellsin
the sCLNs, IVT injection specifically induced more rAAV-specific CD8"
T cells in the dCLNs and the retinas, which were not observed after
the AC injection (Fig. 4a,b). We reasoned that lymphatic drainage on

LYVE1 RPROX1

f 1.3. VEGFC
CSF injection ¢ Fekdek

Y

100
1.1. VEGFC NS
AC injection_ —_ o
X 754
v S % S o
T 50
8 % N % i c8 °
2. Dye ° - Q s
injection 2 25 o)) §
1.2.VEGFC ¥ measure o % %
IVT injection 33 . _retention 0 - - o %;D
¥ — > ¥ D S D
COR RO RO INS)
I AN
v \4& QQ’ Oro

(b).d, Schematic ofICMinjection and the eye and optic nerve dissection fore.
e, DyewasICMinjected, and fluorescence signal intensity was measured1h
laterinthe eye and optic nerve (control, n=11; CSFinjection, n =11).****P< 0.0001.
f,Schematic ofinjection methods for g.g, VEGFC was injected through the AC,
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****P<(0.0001;***P<0.0002. Dataare shownas mean + s.e.m. Pvalues were
calculated using aone-way ANOVA with multiple comparisons testing (Dunnett)
or two-tailed unpaired Student’s t-test. The graphicsind,fwere created with
BioRender.com.

the optic nerve contributes to the immunological response to rAAV,
especially for retina-based therapeutic approaches, thereby limiting its
utility. We examined whether ablation of ocular lymphatic vessels could
enable prolonged therapeutic efficacy after repeated rAAV injection
intotheeye. Totest this, we firstadministered the primary dose of rAAV
and, 1 month later, administered asecond dose of RFP-expressing rAAV
(rAAV-RFP). As a baseline control, naive mice were given rAAV-RFP at
the time of the second dose (Fig. 4¢). Similar to the findings of previ-
ous reports and consistent with our observation regarding local CNS
immunity, the level of RFP expression after the secondary infection
was significantly lower thanthat after the primaryinfection (Fig. 4d,e).
Theimportance of ocular lymphatic vessels was confirmed by carrying
outasimilar experiment following either sCLN or dCLN ligation, which
demonstrated that only dCLN ligation was sufficient in mitigating
the immune response to rAAV and recovering secondary rAAV-RFP
transduction efficiency (Fig. 4d,e). Additionally, we confirmed that the
ligation procedure did not affect the primary challenge (Extended Data
Fig. 9b). As surgically ligating the LNs would not be a therapeutically
viable option for treatment, we used an alternative method to inhibit
the molecular activity of lymphatics: IVT administration of sVEGFR3,
which we found to inhibit lymphatic drainage to a similar extent as
surgicalligation (Extended Data Fig. 9c). We saw thatimmune response
to rAAV was further exacerbated by the presence of VEGFC, which is
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known toincrease immune responses by stimulating lymphatic drain-
age®?. Conversely, inhibiting VEGFC signalling during the primary
rAAV transduction using sSVEGFR3 allowed for the second dose to be
just as effective as the primary infection (Fig. 4f,g and Extended Data
Fig.10a-c). These experiments establish the role of posterior ocular
lymphatics in modulating the efficacy of rAAV-based gene therapies
and suggest a platform to overcome current barriers limiting repeated
gene therapy.
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Discussion

We have demonstrated that the posterior compartment of the eye
has a unique lymphatic drainage system that anatomically engages
with the CNS meningeal lymphatic network at the dCLNs. Previous
studies have described the existence of sparse lymphatic capillaries
on humanand non-human primate optic nerves***’; using spatial tran-
scriptomics, severalimaging techniques, genetic manipulationin vivo
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and tracer-injection experiments, we mapped the larger lymphatic
vasculature network in the optic nerve sheath and described its func-
tionality in draining the vitreous to the dCLNs. These results are in
accordance with the known nexus between the eye and CNS'and further
extend this concept by demonstrating a shared immune surveillance
mechanism between the two sites (Extended Data Fig.10d).

Previously, both the eye and brain, which are devoid of tradi-
tional lymphatic vessels, were considered immune-privileged tis-
sues because foreign tissue grafts can survive after implantation®*~.
Furthermore, antigens delivered to both the anterior and posterior
chamber of the eye have been reported to induce peripheralimmune
tolerance'®**° However, our study revealed that pathogenic antigens
delivered to the posterior eye through IVT vaccination can drain to
dCLNs and initiate a local protective immune response in the brain
thatis dependent on CD4" T cells, B cells and local antibodies in the
CNS compartment. Although the use of different disease models and
therapeuticinterventionsin our studies shows the universality of our
findings, it is likely that different pathogens or diseases may skew
towards specific arms of the adaptive immune response. Of note, in
our experiments and those of others, itis not that the sCLNs lack anti-
gens from the CNS; rather drainage into the sCLNs is not sufficient to
mount animmune response in the CNS, and future studies uncover-
ing the fundamental difference between these two LNs may give us
better insight into the observations described here. One possibility
is that sCLNs and dCLNs may differ in their ability to generate effec-
tive brain-homing T cells or brain-resident T cells, which are reported
to provide protection against pathogen reinfection in the brain*"*2,
Besides the protectiverole of local antibodiesin IVT vaccination, it will
be important to investigate whether brain-resident T cells play a role
during challenge.

In addition, the mechanisms that guide these immune responses
tothebrainstill need to be further investigated. The present findings
imply thatimmune tolerance to foreign antigens in the posterior eye
and brainis driven by immune suppression, both passive and active,
andnotduetoalack ofanimmune response. Thus, the posterior drain-
age system of the eye may play a pivotal role in modulating immune
activation and suppression for various diseases involving the CNS.
Current conventional methodsto treat or diagnose diseases of the CNS
areeitherinvasive or fail toinitiate localimmunity. In cases with a sus-
pectedincreased mass effectin the CNS due to infection or malignancy,
itcan often be dangerousto access the CSF through methodssuchasa
lumbar puncture. Although far from clinical applicability, our studies
propose the vitreous as a relatively non-invasive and more accessible
route to elicit CNS immunity.

We use these concepts to illustrate that disruption of the posterior
lymphatic vessels can negate immune response to rAAV delivered to
the posterior eye and thus restore therapeutic benefit. Contrary tothe
notion of immune privilege, rAAV therapy for ocular diseases faces
substantial hurdles due to the cellular and humoralimmune response
that itinitiates®. These findings further confirm that this optic nerve
drainage system identified in our study is responsible for the immu-
nological outcome in response to antigens in the vitreous humour.
The results also signify that the posterior lymphatic drainage system
ofthe eyeisaversatile and accessible target for manipulatingimmune
responses in many different contexts.

Beyond the immunological implications of the posterior drainage
system, how the mechanics of the posterior drainage pathway can
be harnessed to treat ocular diseases merits further study. Specifi-
cally, the identification of a posterior eye lymphatic drainage system
provides a potential efficient drainage route to modulate intraocular
pressure or remove unwanted fluid in disease states such as glaucoma
or macular oedema, respectively. Also, with the recently described
presence of the glymphatic system in the eye”, more work is required
to elucidate how these pathways interact with each other to pro-
vide homoeostasis in the eye, similar to in the brain. Together, the

findings of the present study establish that the connection between
the posterior eye and the brain is not only a neuronal one but also a
sharedimmune circuit that coordinates immunity fromthe periphery
to the CNS.

Why this compartmentalized lymphatic drainage systemin the eye
has evolved poses an interesting question. One possibility is that the
centralization of the CNS and the emergence of lymphatic networks
in vertebrates drove the polarization of the two lymphatic drainage
systems in the eye. A clue to this may be in the lateralization that we
observe during drainage to the sCLNs but not dCLNs, which is prob-
ably a consequence of the anatomical separation of skin, muscle and
tissue surrounding the orbit. Contrarily, bilateral drainage to the dCLNs
fromthe posterior eye occurs through a network of CSF-draining lym-
phatics. The anterior lymphaticsactinsynchrony with the corneaand
conjunctiva, a generalized mucosal surface with constant exposure
to outside invaders that may never have access to the brain. The optic
nerve lymphatics we describe here connect the posterior eye (retina)
with the brain, allowing coordinated immune responses that may pre-
pare the brain forimminent threats. The segregation of eye immune
responsesinto anterior and posterior lymphatic networks may predate
mammals, and future studies in other vertebrates may helpilluminate
when and why this innovation first emerged.
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Methods

Mice

Six- to ten-week-old mixed-sex C57BL/6)J, B6.Cg-Tg(TcraTcrb)425Cbn/)
(OT-I), B6.129P2(C)-Ightm2Cgn/J (B1-8) and B6.129S2-IghtmICgn/J
(LMT) mice were purchased fromJackson Laboratory and Charles River
and subsequently bred and housed at Yale University. PROX1-CreER"™;
CDH5-Dre;R26-STOP-mCherry and VEGFR3-CreER™;R26-mTmG mice
were gifts fromthelaboratory of J.-L.T. All procedures used in this study
complied with federal guidelines and the institutional policies of the
Yale School of Medicine Animal Care and Use Committee. Age- and
sex-matched animals were randomly assigned to control or treatment
groups in each experiment. No statistical methods were used to pre-
determine sample sizes. Sample sizes were empirically determined
based on previously published studies and to ensure sufficient statisti-
cal power. Investigators were not blinded to experimental groups, as
measurements were not subjective.

Cells

GL261-Luc cells were a gift from J. Zhou (Yale Neurosurgery) and
were cultured in RPMI supplemented with 10% FBS, 1% penicillin—
streptomycin and 1% sodium pyruvate. CT2A-BFP cells were a gift
from T. Mathivet (Paris Centre de Recherche Cardiovasculaire).
B16 cells were a gift from N. Palm (Yale Immunobiology). Cells were
negative for mycoplasma contamination.

Bacteria and viruses

The HSV-1KOS strain and HSV-2 strains 186syn " TK™ and 186syn* were
gifts from D. Knipe (Harvard Medical School). These viruses were propa-
gated and titrated on Vero cells (ATCC CCL-81) as previously described®.
Vero cells were negative for mycoplasma contamination.

S. pneumoniae (ATCC 6303) was grown on 10% sheep blood agar
plates (BD Biosciences) overnight at 37 °C (5% CO,). These colonies were
then transferred to Todd Hewitt broth and grown overnight. The num-
ber of bacteria was enumerated using the optical density at 600 nm.

Opticnerve tissues and fluorescence immunocytochemistry
Tg(mrcla:eGFP)** adult male and female 1-year-old zebrafish (n=3)
were provided by B.W. Weinstein at the US National Institutes of Health
(Bethesda, MD). Zebrafish were euthanized by an overdose of MS-222
and whole heads were excised and fixed in 60 mM HEPES-buffered
4% PFA (pH 7.4) overnight at room temperature. Samples were then
decalcified in 10% w/v EDTA solution (pH 7.4) for 5 days at room tem-
perature. Heads were then snap frozen in OCT and 30-pm-thick cry-
osections were obtained. Cryosections containing the optic nerve
were stained with the primary antibodies mouse anti-zebrafish Zns2
(ZIRC, ZDB-ATB-081002-34; 1:50) and chicken anti-GFP (Aves, cata-
logue no. GFP-1010; 1:500) followed by the secondary antibodies
AF488-conjugated goat anti-mouse IgG (Jackson Immuno 115-545-
146) and Cy5-conjugated donkey anti-chicken IgY (Jackson Immuno
703-175-155) with DAPI (5 pg m1™) for nuclear staining. Images were
acquiredinaZeiss LSM.

Eyes fromrabbits and pigs were collected post-mortem from animals
euthanized owing to unrelated health conditions. Eyes were removed
within an hour of death and immersion fixed in 10% neutral-buffered
formalin. Intact eyes from two female rhesus macaques (Macaca
mulatta), between 25-28 years of age and euthanized owing to unre-
lated health conditions were collected post-mortem. Human optic
nerves and chiasmas were obtained through the Yale Pathology
Tissue Services through the Tissue Procurement and Distribution
service. Aministandard operating procedure was writtenand approved
for these samples. Eyes were removed within an hour of death and
immersion fixed in 10% neutral-buffered formalin. Optic nerves
with meningeal sheaths were cut and processed through the iDISCO
protocol below.

Mouse optic nerve sheaths were dissected after mice were anaes-
thetized and transcardially perfused with cold PBS and 4% PFA
(Sigma-Aldrich) sequentially. Mice were first decapitated, and the
skull was exposed by cutting off the skin and scalp. One midline cut
down the skull and two transverse cuts on both sides of the skull were
made. Tweezers were used to peel and remove both halves of the skull
to expose the brain. The brain was lifted from the posterior, and vas-
culature connecting the brain to other parts of the head was cut until
thebrain could belifted enough to expose the optic tract. Braintissue
was removed after cutting just anteriorly to the optic chiasma. The
extracranial optic canal was unroofed by removing parts of the skull
abovetheeyestoexpose theintracanalicular and canal segments of the
opticnerve. Tissue surrounding the optic nerve was carefully dissected
tofreethenerve,and the eye was cut off at the optic nerve head. After
removing the optic nerve, the optic nerve sheath was cut along the
length of the nerve and removed for staining and whole-mount imaging.

The PROX1-CreER™;,CDH5-Dre;R26-STOP-mCherry and VEGFR3-
CreER™; R26-mTmG mice were injected through the i.p. route with
100 pl tamoxifen (10 mg ml™; Sigma-Aldrich, T5648) for 5 consecu-
tive days and optic nerve sheaths were collected 2 days later as above.
Then optic nerve sheaths were fixed in 1% PFA for 1 hand immediately
processed in ablocking solution (10% normal donkey serum, 1% bovine
serum albumin, 0.3% PBS-Triton X-100) for 1 h at room temperature.
For detection of lymphatic vessels, samples were incubated with pri-
mary antibodies overnightat 4 °C, and then washed five times at room
temperature in PBS with 0.5% Triton X-100, before incubation with
fluorescence-conjugated secondary antibodies diluted in PBS with 5%
normal donkey serum. Lymphatic vessel images were acquired using a
Leica confocal microscope (Stellaris 8). The following antibodies were
used: goat anti-mouse VEGFR3 (R&D, No. AF743,1:400), rat anti-mouse
LYVE1(R&D, No. MAB2125,1:400), Syrian hamster anti-mouse podopla-
nin (BioLegend, 127402, 1:500), rabbit anti-Prox1 (Angiobio, 11-002 P,
1:200), Armenian hamster anti-mouse CD31 (Gene Tex, 2H8,1:1,000).
The primary antibodies were detected with appropriate AF405-,
AF488-, AF555-and AF647-conjugated secondary antibodies (Thermo
Fisher, 1:500) after 2 h of incubation at room temperature. ProLong
Gold Antifade Mountant (Invitrogen, P36930) was used for mounting
the sections.

Antibodies for flow cytometry

Anti-CD3 (145-2C11, APC, 152306, 1:200), anti-CD4 (RM4-5, PerCP,
100538, 1:400; RM4-5, BV605, 100548, 1:400), anti-CD8« (53-6.7,
BV605,100744,1:400; 53-6.7,BV785,100750, 1:400), anti-CD11b (M1/70,
BV711,101242,1:500), anti-CD19 (6D5, APC-Cy7,115530,1:400), anti-1A
and IE (M5/114.15.2, AF488, 107616, 1:800), anti-CD44 (IM7, AF700,
103026, 1:200; BV421,103040, 1:200), anti-CD45 (30-F11, APC-Cy7,
103116, 1:200), anti-CD45.1 (A20, BV785,110743, 1:300), anti-CD45.2
(104, Pacific Blue, 109820, 1:200), anti-CD64 (X54-5/7.1, PE, 139304,
1:300), anti-CD95 (Jo2, PE-Cy7, 557653,1:400), anti-B220 (Ra3-6B2,
AF700,103232,1:400), anti-GL7 (GL7, fluoresceinisothiocyanate (FITC),
144603,1:400), anti-NK1.1 (PK136, APC-Cy7,108724,1:400), anti-TCRf3
(H57-597, APC-Cy7,109220,1:200) were purchased from BD Biosciences
or BioLegend. Anti-IgA light chain, (JC5-1, FITC, 130-098-415, 1:400)
was purchased from Miltenyi Biotec.

Isolation of mononuclear cells

For brain tissues, tissues were collected and incubated in a digestion
cocktail containing 1 mg ml™ collagenase D (Roche) and 30 pg ml™
DNase I (Sigma-Aldrich) inRPMIat 37 °C for 45 min. Tissues were pipet-
ted to break tissue down and filtered through a 70-um filter. Then,
cells were mixed in 3 ml of 25% Percoll (Sigma-Aldrich) solution and
centrifuged at 580g for 15 min without brake. The Percoll layer was
removed, and cell pellets were treated with 0.5 ml ACK buffer and spun
for 5 minat500g. Then, the cell pellets were resuspended in FACS buffer
(PBS +2% FBS +1 mM EDTA) for staining.
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When analysing lymphocytes, an LN or aspleenwas putina 60 mm x
15 mm Petridish containing 2 ml FACS buffer and was ground between
two frosted microscope slides. When analysing DCs, an LN or aspleen
was digested as above. Cell suspensions were filtered through a 70-pm
filterand spunfor5 minat500g. Then, the cell pellets were resuspended
in FACS buffer for staining.

Flow cytometry

Preparation of single-cell suspensions from spleens, LNs and brains
is described above. Nonspecific binding was blocked using an Fc
receptor-blocking solution (TruStain FcX, BioLegend, 101320, 1:200)
for10 min at4 °Cbefore immunostaining. Subsequently, the cells were
stained with corresponding antibodies for 30 min at 4 °C. Then, cells
were washed to remove excess antibodies and resuspended in FACS
buffer. Samples were run on an Attune NxT flow cytometer and then
analysed using FlowJo software (10.8.1, Tree Star).

Enzyme-linked immunosorbent assay

CSF and serumwere collected from mice as previously described®. The
serum and CSF were then diluted with PBS containing 0.1% BSAina1:1
ratio. Plates (96-well) were coated with 100 pl of heat-inactivated or
PFA-inactivated purified HSV-2 (10* to 10° plaque-forming units equiva-
lent per 100 pl) for virus-specificimmunoglobulin measurement or
goat anti-mouse immunoglobulin (SouthernBiotech,1010-01,1:1,000)
and thenincubated overnight at 4 °C. These plates were then washed
with PBS-Tween 20 and blocked for 2 h with 5% FBS in PBS. Samples
were then plated in the wells and incubated for at least 4 h at room
temperature. After being washed in PBS-Tween 20, HRP-conjugated
anti-mouse immunoglobulin antibodies (SouthernBiotech, 1010-05,
1:5,000) were added in the wells for 1 h, followed by washing and addi-
tion of TMB solution (eBioscience). Reactions were stopped with 1N
H,SO,, and absorbance was measured at 450 nm. The total antibody
titres were defined by using animmunoglobulin standard (C57BL/6
mouse immunoglobulin panel; SouthernBiotech).

Westernblot

rAAV-RFP-infected retinas or control retinas were digested with cock-
tail containing 1 mg ml™ collagenase D (Roche) and 30 pg ml™ DNase |
(Sigma-Aldrich) in RPMI at 37 °C for 45 min. Tissues were pipetted to
break tissue down and filtered through a 70-um filter. Then, cells were
lysed in RIPA buffer and boiled for 5 min with sample buffer. Western
blotting was carried outin asimilar manner to that previously reported®.
Inbrief,15% gels were used and runat 10 mA per gel for 30 minand 40 mA
per gel until ladder separation. Wet transfer was carried out at 120 mA
per gelfor 90 min onice. RFP-Tag rabbit polyclonal antibodies (OriGene
Technologies, catalogue no. AP09229PU-N) were used at a concentration
of1:1,000 and incubated overnightinacold room. After being washed,
HRP-conjugated anti-rabbit IgG secondary antibodies (Thermo Fisher,
G-21234) were used at aconcentration of 1:5,000 at room temperature
for 2 hand imaged using the ChemiDoc MP imaging system (Bio-Rad).

ELISpot assay

Mice were injected with rAAV-RFP through the IVT or AC route. Their
dCLNs, sCLNs and retinas were collected 10 days later. Single-cell sus-
pensions were prepared and co-cultured with splenocytes at a ratio
of 1:5with the presence of rAAV-RFP virus peptides (SNYNKSVNV and
NGRDSLVNPGPAMAS). rAAV-specificimmune responses were quanti-
fied using an ELISpot assay (mouse IFNy ELISpot Kit; R&D, catalogue
no. EL485), following the manufacturer’sinstructions for the assay.

Flank tumour inoculation and treatment

Mice were anaesthetized using a mixture of ketamine (50 mg kg™) and
xylazine (5 mg kg™), and the flank was shaved and disinfected. A1-ml
syringe with a 30-G needle was used to deliver 100 pl of 500,000 B16
cells subcutaneously. Then, mice were treated with irradiated B16 cells

(250,000 cells) through s.c., i.c., AC or IVT administration routes
(day 7) along with anti-PD1 (RMP1-14) antibodies (days 7, 9 and 11)
through thei.p. route, and their survival was monitored.

Adoptive transfer

To directly analyse the immune response (antigen-specific T and
B cells) in dCLNs and sCLNs after IVT or AC injection, we transferred
OT-Iland B1-8 cells and analysed their response after different immu-
nization routes.

To analyse antigen-specific B cell response, we followed a previously
reported method*. In brief, CD45.2 C57BL/6 recipient mice (6-8 weeks
of age) were primed by i.p. immunization with 50 mg of OVA (Sigma,
A5503) precipitated inalumata2:1ratioin PBS. Two weeks later, resting
B cells wereisolated from CD45.1.2 B1-8 mice with amouse B cell isola-
tionkit (Stemcell, 19854). Then, the B cells were labelled with CellTrace
Violet Cell Proliferation Kit (Thermo Fisher, C34557). A total of Smillion
cells were transferred intravenously into recipient mice. Eight hours
later, the mice wereimmunized with 10 pg NP20-OVA (Biosearchtech,
N-5051) through IVT or AC injection. IgA* B1-8" cell proliferation and
germinal centre formationin dCLNs and sCLNs were analysed atday 7.

For antigen-specific T cell response, OVA-specific CD4" T cells were
isolated from CD45.1 OT-1l mice with mouse CD4" T Cell Isolation Kit
(Stemcell, 19852). Then, the CD4" T cells were labelled using the CFSE
Cell Proliferation Kit (Thermo Fisher, C34554). A total of 5 million cells
were transferred intravenously into CD45.2 recipient mice. Eighteen
hours later, the mice were immunized with 2 pl 50 pg OVA (Sigma,
A5503) plus1 pg poly(I:C) (Invivogen, tlrl-picw) through IVT or AC injec-
tion. A150 pg quantity of FTY720 (Sigma, SML0O700) wasi.p. injected
to inhibit the circulation of primed T cells 24 h after immunization*®.
OVA-specificCD4" T cell proliferationiningLNs, dCLNs and sCLNs was
analysed 72 h after immunization.

IVT, AC,i.c.and ICMinjection

Mice aged 6-10 weeks old were anaesthetized throughi.p. injection of
amixture of ketamine (50 mg kg™) and xylazine (Smg kg™). For IVT or
AC injection, the eye was dilated with tropicamide ophthalmic solu-
tion. For IVT injection, a 30-G needle was used to puncture a hole at
1 mm posterior to the corneoscleral junction. Ablunt-ended Hamilton
syringewith1 plof dye, HSV-1, HSV-2, S. pneumoniae or irradiated tumour
cells was inserted into the vitreous humour about 1-2 mm deep and
administered atarate of 1 pl min™. For AC injection, the hole was punc-
tured close to the corneoscleral junction and a blunt-ended Hamilton
syringe wasinserted into the AC about1to2 mmdeep. After IVT or AC
injection, petrolatum ophthalmic ointment was applied on the eye to
prevent cataract formation. The method for i.c. injection was similar
tothat for tumourinoculation, but 3 pl of HSV-1, HSV-2, S. pneumoniae
orirradiated tumour cells was administered. ICM injection was carried
out as previously described®. The mice were kept on heating pads and
continuously monitored until recovery after the injection.

Virus and bacteriaimmunization and challenge

Mice were anaesthetized with a mixture of ketamine (50 mg kg™) and
xylazine (5 mg kg™). For HSVimmunization, 10® plaque-forming units of
heat-inactivated HSV-1or HSV-2were AC, IVT, i.p. ori.c.injected. Thirty
days later, these mice were challenged through the i.c. route with 10°
HSV-1or HSV-2 and their survival was monitored. For some experiments,
CD4' T cell-depleting antibodies (BioXCell, GK1.5, No.BE0003-1,200 pg
for3 days) wereinjected before rechallenge. Similar experiments were
carried out with S. pneumoniae; the immunization dose was 10* of
heat-inactivated bacteriaand the challenge dose was 10* of live bacteria.

Imaging and quantification of tracer transport

For quantification of fluorescenceintensityintheeye or LNs, dextran
conjugated to either FITC (40 kDaand 70 kDa) or tetramethylrhoda-
mine (40 kDaand 70 kDa) wasinjected into the AC or vitreous humour



through AC or IVT injection, respectively. To analyse the kinetics of
dyedrainage fromtheeye, the eye was collected at serial time points
and was homogenized in 150 pl PBS using the bead beating method
(Lysing Matrix D, 116913500, MP Biomedicals). Then, homogenized
tissue was centrifuged at 10,000g for 10 min and 100 pl supernatant
was collect into a 96-well plate and fluorescence intensity was read
with emission and excitation wavelengths of 494 nm and 514 nm or
555 nmand 585 nm. To measure the dye drainageinto LNs,sCLNs and
dCLNswerecollected12 hafter dyeinjection. The fluorescenceinten-
sity was measured as above.

For measuring nanoparticle draining in the serum, we used a previ-
ously published protocol”. Inbrief, serum from mice wasisolated and
placed on microscope slides to allow small-volume high-sensitivity
detection of tracer transport in the blood.

For IVISimaging of tracer transport, the eye, sSCLNs and dCLNs were
collected after dye injection through either an AC or IVT administra-
tionroute. They were imaged using the IVIS Spectrum In Vivo Imaging
System (PerkinElmer).

ForIVT tracer transportinvivo, 0.2 pl AF647-OVA (2 mg ml™, Thermo
Fisher, 034784) was IVT injected into the vitreous humour. A100 pl
volume of sodium fluorescein (1 mg ml™, Santa Cruz, sc-206026) was
injected into blood to label blood vessels. The kinetics of AF647-OVA
drainage was tracked with the Phoenix MICRON IV imaging microscope.

For analysing the co-localization of optic nerve sheath lymphatics
with IVT tracer, 1 pg anti-mouse LYVE1 antibody (R&D, MAB2125) was
IVT injected into the vitreous humour. Optic nerve sheaths were col-
lected 2 hlater and stained as above.

For tracking the kinetics of dye drainingin the eye, 1 ul AF647-OVA
(AF647-0VA (2 mg ml™; Thermo Fisher, 034784) was IVT injected into
the vitreous humour. The eyes were enucleated at the indicated time
pointsand processed in amanner similar to that previously reported®.
Inbrief, eyes were fixed in Hartman’s fixation buffer, and three windows
onthe eye were created using the previously described window tech-
nique®. Serial 10-pm sections were obtained using a cryostat (Leica
CM190) following dehydration of the tissue in a sucrose gradient up
to 30% sucrose. The sections were mounted with ProLong Gold Anti-
fade Mountant with DAPI (Invitrogen, P36931) and imaged witha Leica
confocal microscope (Stellaris 8).

CSF collection

For CSF collection, mice were anaesthetized throughi.p.injectionofa
mixture of ketamine (50 mg kg™) and xylazine (5 mgkg™). The dorsal
neckwas shaved and sterilized. A1-cmincision was made at the base of
theskull, and the dorsal neck muscles were separated using forceps to
expose the cisternamagna. A custom-pulled micropipette (0.75/11brl
GF; Stoelting) was used to penetrate the dura to collect CSF.

Brain tumour inoculation and IVIS imaging

Tumourinoculationwas carried outas previously described with slight
modifications’®. Mice were anaesthetized throughi.p. injection usinga
mixture of ketamine (50 mg kg™) and xylazine (S mg kg™*). Mouse heads
were shaved and scalps were sterilized. A midline scalp incision was
made and aburrhole was drilled 2 mm lateral to the sagittal suture and
0.5 mm posterior to the bregma with a 25-G needle. Then, mice were
placedinastereotaxic frame. A10-pl Hamilton syringe loaded with 3 pl
GL261-Luc cells (10° cells) was inserted into the burr hole at a depth
of 4 mm from the surface of the brain and left to equilibrate for 1 min
before infusion. A micro-infusion pump (World Precision) was used
toinfuse at1pl min™ The syringe was left in place for another minute
after the infusion was finished. The skin was stapled and cleaned. Fol-
lowing intramuscular administration of an analgesic (meloxicam and
buprenorphine, 1 mg kg™), mice were placed in a heated cage until full
recovery. We tracked tumour size weekly thorough IVISimaging. Mice
were anaesthetized using isoflurane and injected through thei.p. route
with D-luciferin potassium salt bioluminescent substrate (PerkinElmer,

122799,200 pl, 30 mg ml-1). After 10 min, mice wereimaged using the
IVIS Spectrum In Vivo Imaging System (PerkinElmer).

Preparation of tissue for analysis of CT2A-BFP tumour antigen
drainage

i.c. CT2A-BFP tumours were analysed 14 days after injection. Tumours,
meninges, IngLNs, dCLNs and sCLNs were collected. Mononuclear cells
were isolated and stained.

Parabiosis

Parabiosis was carried out as previously described with slight modi-
fications®. Naive or IVT-immunized C57BL/6 mice of similar age and
weight were anaesthetized with amixture of ketamine (50 mg kg™) and
xylazine (5 mg kg™). After shaving the corresponding lateral aspects of
each mouse, the skin was cleaned and sterilized with an alcohol prep
pad and Betadine surgical scrub. Matching skin incisions were made
fromjust above the knee upwardsto the olecranon, and two mice were
sutured together with Ethicon 5-0 coated Vicryl absorbable sutures.
Then, the skin was stapled and Neosporin + Pain Relief Ointment was
appliedontheincisions. During the surgery, mice were kept on heating
pads and continuously monitored until recovery.

Ligation of sCLNs or dCLNs

For ligation of LNs, mice were anaesthetized with a mixture of ketamine
(50 mg kg™ and xylazine (5 mg kg™) and the rostral neck was shaved
and sterilized. A2-cmincision was made, and the sCLNs and dCLNs were
sequentially exposed using forceps. Their afferent lymph vessels were
cauterized or kept intact on the basis of the experiment conditions.
Then, the incision was closed with a 5-0 Vicryl suture, and mice were
subjected to the same postoperative procedures as above.

rAAV transduction and imaging

Wild-type mice were IVT injected with rAAV (3 x 10" viral genomes)
with PBS, VEGFC (1 pg) or sVEGFR3 (1 pug). Then, 1 month later, these
mice were rechallenged with rAAV-RFP (3 x 10" viral genomes). Eyes
were eitherimaged on the Phoenix Micron IV or collected 1 month after
rAAV-RFP transduction and fixed with 1% PFA overnight at 4 °C. The
retina whole mount was carefully dissected and imaged with a Leica
confocal microscope (Stellaris 8).

Three-dimensional imaging of solvent-cleared organs

iDISCO was carried out as previously described (http://www.idisco.
info)?. The following antibodies were used: goat anti-mouse VEGFR3
(R&D, No.AF743,1:400), rat anti-mouse LYVE1 (R&D, MAB2125,1:400),
rabbit anti-mouse LYVE1 (AngioBio, No. 11-034,1:200), mouse
anti-human VEGFR3 (Santa Cruz Biotechnology, SC-28297,1:200),
rabbit anti-human LYVE1 (Angio-Proteomie, 102-PA50S, 1:200), goat
anti-mouse IgG-AF647 (Invitrogen, A21235, 1:500), donkey anti-goat
IgG-AF647 (Invitrogen, A21447,1:500), goat anti-rabbit IgG-AF555
(Invitrogen, A21428,1:500). Subsequently, the transparent optic nerves
with optic nerve sheaths were imaged using a Leica confocal micro-
scope (Stellaris 8). Three-dimensional rendering was completed using
Imaris 8 software (Oxford Instruments).

Spatial transcriptomics

The 10X Visium Spatial Gene Expression for FFPE slide (PN-1000185)
and associated protocols (CG000483) from10X Genomics were used.
Mouse eyeballs were fixed*, processed and sectioned*® as previously
described. Transverse sections of 5 pmin thickness of eyeball were cut
using a microtome (RM2255, Leica Biosystems) and carefully placed
within the fiducial frame on the Visium slide, and then sections were
air dried at room temperature overnight and stored in a desiccant
container before spatial transcriptomics experiment. The FFPE sec-
tions were baked, stained with haematoxylin-eosin and then imaged
using a Keyence bz-x800 all-in-one fluorescence microscope. Then,
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cell permeabilization and library preparation was carried out following
the Visium Spatial Gene Expression FFPE User Guide using the supplied
reagents (10X Genomics). The generated libraries were sequenced and
analysed using Space Ranger (version 2.1.0), and data were analysed
using Seurat 4.9.9.9040.

Image processing and analysis
Quantitative analysis of rAAV-infected cells was carried out using either
FIJl or ImageJ image-processing software (NIH or Bethesda).

Statistical analysis

All statistical analyses were carried out using GraphPad Prism soft-
ware. Data were analysed with a two-tailed unpaired Student’s ¢-test
or aone-way ANOVA with multiple comparisons testing (Dunnett)
with Prism software. Statistical significance is defined as *P < 0.05,
*P<0.0land **P< 0.001.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

Thespatial transcriptomics dataset of the mouse eye and optic nerve s
publicly available at the National Center for Biotechnology Information
Gene Expression Omnibus under accession number PRJNA1046563.
All datasets generated and/or analysed during the current study are
available in the article. Source data are provided with this paper.

Code availability

All of the code used for analysis is described in the Methods. Detailed
files will be made available upon on request.
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Extended DataFig.1|Immunization through the posterior compartment
ofthe eye caninduce animmunological protectionin thebrain. a, Similar to
Fig.1a, but B cell-deficient mice (WMT) were IVT injected with heat-inactivated
HSV-2and one group of WT IVT immunized mice were treated with CD4 depletion
antibody before challenge. b, Similar to Fig.1c, dCLNs were ligated after priming
ofthe mice but before the intracranial rechallenge. Vaccination was completed
first. Then, 7 days before the rechallenge, dCLNs were ligated, and mice survival
was monitored afteri.c. challenge with alethal dose of HSV-2. (Naive,n=5;IVT
immunized, n = 6; LN ligation, n=9). ¢, Extending findings from Fig.1d, the
serumand CSF of both IVT immunized mice and naive mice were collected 3
weeks after parabiosis. Anti-HSV specific antibody was measured by ELISA
(n=6).d, Schematic of experimental plans. CD45.2 C57BL/6) recipient mice
were primed by immunization. 2 weeks later, CD45.1.2 B1-8" B cells labelled
with CellTrace™ Violet Cell Proliferation Kit were transferred intravenously
intorecipient mice.18 hlater, the mice wereimmunized with 10 pg NP-OVA

thoughIVT or ACinjection. Ig\* light chain positive B1-8" cell proliferation and
germinal center (GC) formationin dCLNs and sCLNs were analyzed at day 7.

e, Flow cytometry gating strategy for B1-8" GC B cells. f, Quantification of B1-8
GCBcellsindCLNs and sCLNs (n =7-10). g, Schematic of experimental plans.
CD45.10VAsspecificCD4" T cells labelled with CFSE were transferred
intravenously into CD45.2 recipient mice. 18 hlater, the mice wereimmunized
with 50 pg OVA plus1pg Poly(1:C) though IVT or ACinjection. FTY720 wasi.p.
injected toinhibit the circulation of primed T cells 24 h afterimmunization.
The OVA-specific CD4" T cell proliferationin dCLNs and sCLNs was analyzed
72 hafterimmunization. h, Flow cytometry gating strategy for analyzing
OVA-specificCD4* T proliferation (n = 5-8). i, Quantification of CFSE-negative
OVA-specificCD4" T cellsin dCLNs, sCLNs, and ingLNs. Datashownas mean+
s.e.m. P-values were calculated using a two-tailed unpaired Student’s t-test.
Thegraphicsindwere created with BioRender.com.
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Extended DataFig. 2 |Immunization through the posterior compartment
oftheeye can provide therapeutic treatment of brain tumours. a, Mice
werei.c.inoculated with 50,000 GL261-Luc cellsand mice were treated with
irradiated GL261-Luc through theroutes of s.c.,i.c., AC, or IVT administration
(day 7) along with anti-PD-1antibodies (days 7,9 and 11) and monitored for
tumour growth. RLU, relative luminescence units. (s.c.,n=6;i.c.,n=6;AC,
n=6;1VT,n=6).b,Micewerei.c.inoculated with 50,000 CT2A-BFP cells. The
percentage of BFP* DCsinthe tumour, ingLNs, meninges, dCLNs and sCLNs
were analyzed 14 days after tumour injection (n =5). c,d, Similar experiment as

a.The percentage of EMV-2-specific CD8'T cells were analyzed in dCLN, sCLN
andingLN at day 14. ¢, Flow cytometry gating strategy for EMV-2-specific
CD8'Tcells.d, Quantification of EMV-2-specific CD8" T cellsin dCLNs, sCLNs
andingLNs. (Naiven=5;s.c.,n=5;i.c.,n=3;AC,n=3;IVT,n=3) e, Mice weres.c.
inoculated with 50,000 B16 cells, treated with irradiated B16 cells through the
routesofs.c.,i.c., AC,IVT administration (day 7) along with anti-PD-1antibodies
(days 7,9 and 11) and monitored for survival. (n =10 for allgroups). Datashown
asmean ts.e.m. P-values were calculated using aone-way ANOVA with multiple
comparisonstesting (Dunnett).
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Extended DataFig. 3 |Eyes have acompartmentalized lymphatic drainage
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system. a, Nanoparticles were AC or IVT injected into the eye. Serum was
collected, placed onaslide and imaged on afluorescent microscopelhlater

afterinjection (n=10).b,Dyewas ACor IVT injected into the left eye. Eyes, sSCLNs

and dCLNs were collected for IVIS epifluorescenceimaging. Representative

background-subtracted heat mapsof dyeintheeye,sCLNsand dCLNs1hlater

afterinjection.c,d, Dyewas AC (c) or IVT(d) injected into the eye and dye
presence was measured using a fluorescent plate reader. The percentage of

ipsilateral and contralateral LNs with dye was measured 12 hlater (n =10 mice).
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e, DyewasAC,IVT, or subconjunctivally injected into the left eye. dCLNs were
collected and measured using afluorescent plate reader1hlater afterinjection
(n=8).f,g, dCLNs (f) or sCLNs (g) were surgically ligated. 2 days later, dye was

ACorlIVTinjectedintotheeye.sCLNs (f) or dCLNs (g) were collected and

measured usingafluorescent platereader1hlater afterinjection. RFU, relative
fluorescence unit. (AC,n =8;IVT, n=8). P-values were calculated using a
one-way ANOVA with multiple comparisons testing (Dunnett). Datashown as
mean *s.e.m. P-values were calculated using aone-way ANOVA with multiple
comparisons testing (Dunnett) or two-tailed unpaired Student’s t-test.
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Extended DataFig.4|10x VISIUM Spatial sequencing of the mouse globe categorizationinto overall tissue level structure. b, Projection of tissue-type
and opticnerve. Mouse eyes were processed using traditional FFPE-based clusters onto the globe and surrounding structures. ¢, Image of H&E staining

histology preparation. Samples were processed using the10x VISIUM platform  andrespective cell type gene signature projected onto spatial sequencing data
and analyzed using Seurat.a, UMAP of different spatial sequencingblocks with  (yellowarrows denote where the gene signature appears for given signature).
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Extended DataFig. 5| Anatomical characterization of meningeal lymphatic  mice (h,i). Yellow arrows indicate vascular structures with single staining for
vessels covering optic nerve. Additionalimages of VEGFR3 and LYVE1staining  either LYVElor VEGFR3. White arrows indicate co-stained vascular structures.
onopticnerves of rabbits (a,b), pigs (c,d), non-human primates (e,f,g), and
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Extended DataFig. 6 | Detailed analysis of optic nerve sheath lymphatics. PROX1and VEGFR3 were co-stained. Bottom: LYVEL, PDPN, PROX1and VEGFR3
a, Whole-mount murine ventral ear sheet stained with LYVE1, CD31, PROX1and were co-stained.
VEGFR3.b, Whole-mount of optic nerve sheaths of WT mice. Top: LYVE1, CD31,
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Extended DataFig.7|Detailed analysis of optic nerve sheath lymphatics murine ventral ear sheet and optic nerve sheaths of PROX1-CreER™%;,CDH5-Dre;
withlymphaticreporter mice. a,b, Whole-mount murine ventral ear sheet R26-STOP-mCherry mice that were stained with LYVE1, CD31and VEGFR3

and optic nerve sheaths of VEGFR3-CreER™;R26- mTmG mice that were stained (c,scale: 50 um; d, scale: 500 pm).

withLYVEland PROX1(a, scale: 50 pm; b, scale: 500 um). ¢, d, Whole-mount
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Extended DataFig. 8| Optic nerve sheathlymphatics drain the posterior
eye.a, Whole-mount murine optic nerve VEGFR3 staining and tracer signal on
opticnervelhlaterafter AC (left) or IVT (right) injection. White arrowheads
point to co-localization of VEGFR3 and tracer. b, ¢, Anti-LYVEl antibody was IVT
injected into the vitreous humor. Optic nerve sheaths were harvested 2 hlater
and co-stained with CD31,PROX1and VEGFR3.d, Dye wasIVT injected into the
eyeorintraventricularly into the brain. CSF was collected through the cisterna
magnaand measured using a fluorescent platereader1hlater after injection.
e, Anti-LYVElantibody wasinjected IVT into the eye or ICMinto the CSF. Dura

was collected 2 h afterinjectionand LYVElantibody binding on VEGFR3
positive lymphatic vessels was analyzed by immunofluorescence. Mice without
anti-LYVElantibodyinjection were used as the control.f, AF647-OVAwasIVT
injected into the vitreous humor. Fluoresceinwasi.p. injected to label blood
vessels. The kinetics of AF647-OVA drainage was tracked with Phoenix MICRON®
IVimaging microscope. g, AF647-OVAwasIVT injected into the vitreous
humor. The eyes with optic nerve were harvested, and the location of AF647-
OVAwasanalyzed at theindicated time points. h, Zoomed inimages of g.
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Extended DataFig. 9 |Lymphaticinhibition enablesrepeated rAAV
administrations. a, Mice were IVT injected with rAAV-VEGFC, rAAV-sVEGFR3
or rAAV-control. Two months later, their optic nerve sheaths were harvested
and stained with LYVEL. b, Similar to Fig. 4c, dCLNs were ligated before the
primary rAAV-RFP injection. Their RFPintensity were quantified. ¢, Percentage
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of dyeretentioninthe eye was measured for control, dCLN-ligated, or
rAAV-sVEGFR3-injected mice. Datashown as mean +s.e.m. P-values were
calculated using aone-way ANOVA with multiple comparisons testing
(Dunnett).
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Extended DataFig.10|Lymphaticinhibition enablesrepeated rAAV

transduction. a, Whole mount confocalimages of rAAV-RFP rechallengein
murineretinas after treatment with VEGFC or sVEGFR3 during primary infection.

b, Similar to Fig. 4c, murineretinas were collected, and RFP expression was

quantified using westernblot. ¢, Similar to Fig. 4c, murine retinas were collected,
and RFP expression was quantified using flow cytometry. d, Schematic summary

of findings. The graphicsindwere created with BioRender.com.
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
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|X| The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
|X| A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

|X| The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

[X] A description of all covariates tested
|X| A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons
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For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

|:| For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes
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Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  No software was used
Data analysis R studio, Seurat 4.9.9.9040, PRISM 8.1.2, excel
16.16.6, FlJI (Imagel) 2.0.0

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:
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Reporting on race, ethnicity, or The study did not involve human participants
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Population characteristics The study did not involve human participants
Recruitment The study did not involve human participants
Ethics oversight The study did not involve human participants
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Life sciences study design
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Sample size Sample sizes of all experiments are reported,. We graphed a summary of key phenotypes we observed throughout multiple experiments. With

these two experiments showing ~70%
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Antibodies

Antibodies used

Validation

Anti-CD3 (145-2C11, APC, 152306), Anti-CD4 (RM4-5, PerCP, 100538; RM4-5, BV605, 100548), Anti-CD8a (53-6.7, BV605, 100744;
53-6.7, BV785, 100750), anti-CD11b (M1/70, BV711, 101242), anti-CD19 (6D5, APC-Cy7, 115530), anti-IA/IE (M5/114.15.2, AF488,
107616), anti-CD44 (IM7, AF700, 103026; BV421, 103040), anti-CD45 (30-F11, APC-Cy7, 103116), anti-CD45.1 (A20, BV785, 110743),
anti-CD45.2 (104, Pacific Blue, 109820), anti-CD64 (X54-5/7.1, PE, 139304), anti-CD95 (Jo2, PE-Cy7, 557653), anti-B220 (Ra3-6B2,
AF700, 103232), anti- GL7 (GL7, FITC, 144603), anti-NK1.1 (PK136, APC-Cy7, 108724), anti- TCRB (H57-597, APC-Cy7, 109220) were
purchased from BD Biosciences or BioLegend. Anti-Ig A Light Chain, (JC5-1, FITC, 130-098-415) was purchased from Miltenyibiotec.

Goat anti-mouse VEGFR3 (#AF743) and Rat-anti-mouse LYVE1 (# MAB2125) were purchased from R&D. Mouse anti-human VEGFR3
(SC-28297) were purchased from Santa Cruz Biotechnology. Rabbit anti-Prox1 (11-002P) and Rabbit anti Human LYVE-1 (102-PA50S)
were purchased from Angio-proteomie. Podoplanin (127402) were purchased from biolegend. Armenian Hamster anti- mouse CD31
(2H8) were purchased from Gene Tex. Goat anti-mouse IgG-AF647 (A21235), Donkey anti-goat 1gG- AF647 (A21447), Goat anti-rabbit
1gG-AF555 (A21428). Goat anti-Armenian Hamster IgG- AF-488 (# A78963), Goat anti-Syrian Hamster 1gG-AF-488 (# A78958) were
purchased from Invitrogen.

RFP-Tag rabbit polyclonal antibody (#AP09229PU-N) were purchased from OriGene Technologies.

Mouse anti- Zebrafish zns-2 (ZDB-ATB-081002-34) were purchased from ZIRC. Chicken anti-GFP (Cat# GFP-1010) were purchased
from Aves. AF488 conjugated goat anti-mouse 1gG AF488 (115-545-146) and Cy5-conjugated donkey anti-chicken IgY (703-175-155)
were purchased from Jackson Immuno Research.

Goat anti-mouse immunoglobulin (1010-01) and HRP-conjugated anti-mouse Ig antibodies (1010-05) were purchased from
SouthernBiotech.

Rat anti-mouse CD4 antibody (#BE0003-1, GK1.5) were purchased from BioXCell.

All the antibodies are commonly used and validated antibodies per manufacturer instructions. Please refer to each manufacturer as
listed above. No antibodies used were newly generated or unconventionally used antibodies.

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s)

Authentication

GL261-Luc cells were a gift from J. Zhou (Yale Neurosurgery) and were cultured in RPMI supplemented with 10% FBS, 1%
penicillin/streptomycin and 1% sodium pyruvate. CT-2A-BFP cells were a gift from T. Mathivet (Paris Centre de Recherche
Cardiovasculaire). B16 cells were a gift from N. Palm (Yale Immunobiology).

Cells were not authenticated separately, but phenotypes were validated with similar authenticated cell lines from the NIH.

Mycoplasma contamination All Cells tested negative for mycoplasma contamination

Commonly misidentified lines  The study did not use commonly misidentified lines

(See ICLAC register)

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in

Research

Laboratory animals

Wild animals
Reporting on sex
Field-collected samples

Ethics oversight

Six-to-ten-week-old mixed sex C57BL/6 mice, B6.Cg-Tg(TcraTcrb)425Cbn/J (OT-I1), B6.129P2(C)-Ightm2Cgn/J (B1-8) and B6.12952-
IlghtmICgn/J (UMT) mice were purchased from Jackson Laboratory and Charles River and subsequently bred and housed at Yale
University. PROX1CreERT2;CDHS Dre;R26-STOP-mCherry and VEGFR3-CreERT2; R26-MTMG mice were gifts from the Thomas lab. All
procedures used in this study (sex-matched, age-matched) complied with federal guidelines and the institutional policies of the Yale
School of Medicine Animal Care and Use Committee

The study did not involve wild animals

Mixed sex mice were used for our studies ans we did not see any sex-biased phenotypes

The study did not involve samples collected from the field

All animal work was approved by Yale Institutional Animal Care & Use Committee

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Plants

Seed stocks The study did not involve plants

Novel plant genotypes  The study did not involve plants

Authentication The study did not involve plants

Flow Cytometry

Plots

Confirm that:

|X| The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

& The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

|X| All plots are contour plots with outliers or pseudocolor plots.

|X| A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation

Instrument

Software
Cell population abundance

Gating strategy

For brain tissues, tissues were collected and incubated in a digestion cocktail containing 1 mg ml-1 collagenase D (Roche)
and 30 pg ml-1 DNase | (Sigma-Aldrich) in RPMI at 37 °C for 45 min. Tissues were pipetted to break tissue down and filtered
through a 70-um filter. Then, cells were mixed in 3 ml of 25% Percoll (Sigma-Aldrich) solution and centrifuged at 580g for 15
min without brake. The Percoll layer was removed, and cell pellets were treated with 0.5ml ACK buffer and spun for 5
minutes at 500g. Then the cell pellets were resuspended in FACS buffer (PBS +2% FBS+ 1mM EDTA) for staining.

For LN or spleen was put in a 60-mm x15-mm petri dish containing 2 mL FACS buffer and was ground between 2 frosted
microscope slides. When analyzing DCs, a LN or spleen were digested as above. Cell suspension was filtered through a 70-um
filter and spun for 5 minutes at 500g. Then the cell pellets were resuspended in FACS buffer for staining.

Preparation of single-cell suspensions from spleen, LNs and brains are described above. Nonspecific binding was blocked
using a Fc receptor-blocking solution (TruStain FcX™, 101320, BioLegend) for 10 minutes at 4°C prior to immunostaining.
Subsequently, the cells were stained with corresponding antibodies for 30 min at 4°C. Then, cells were washed to remove
excess antibodies and resuspended in FACS buffer. Samples were run on an Attune NxT flow cytometer and then analyzed
using FlowJo software (10.8.1, Tree Star).

FlowJo software (10.8.1, Tree Star)

No sorts were performed

Please refer to supplemental figures and methods for detailed gating strategies

|X| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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