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Fc-engineered large molecules targeting
blood-brain barrier transferrin receptor and
CD98hc have distinct central nervous system
and peripheral biodistribution
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David Tatarakis1, Mihail Ivilinov Todorov2, Moritz Negwer2, Connie Ha1,
Gabrielly L. De Melo1, Lily Sarrafha 1, Matthew J. Simon1, Darren Chan1,
Roni Chau1, Kylie S. Chew 1, Johann Chow 1, Allisa Clemens1,
Yaneth Robles-Colmenares1, Jason C. Dugas1, Joseph Duque1, Doris Kaltenecker2,
Holly Kane1, Amy Leung1, Edwin Lozano1, Arash Moshkforoush1, Elysia Roche1,
Thomas Sandmann 1, Mabel Tong1, Kaitlin Xa1, Yinhan Zhou1,
Joseph W. Lewcock 1, Ali Ertürk2, Robert G. Thorne1,
Meredith E. K. Calvert 1 & Y. Joy Yu Zuchero 1

Blood brain barrier-crossing molecules targeting transferrin receptor (TfR)
and CD98 heavy chain (CD98hc) are widely reported to promote enhanced
brain delivery of therapeutics. Here, we provide a comprehensive and
unbiased biodistribution characterization of TfR and CD98hc antibody trans-
port vehicles (ATVTfR and ATVCD98hc) compared to control IgG. Mouse whole-
body tissue clearing reveals distinct organ localization for each molecule. In
the brain, ATVTfR and ATVCD98hc achieve enhanced exposure and parenchymal
distribution evenwhen brain exposures arematchedbetweenATV and control
IgG in bulk tissue. Using a combination of cell sorting and single-cell RNAseq,
we reveal that control IgG is nearly absent from parenchymal cells and is
distributed primarily to brain perivascular and leptomeningeal cells. In con-
trast, ATVTfR and ATVCD98hc exhibit broad and unique parenchymal cell-type
distribution. Finally, we profile in detail brain region-specific biodistribution of
ATVTfR in cynomolgus monkey brain and spinal cord. Taken together, this in-
depthmultiscale characterizationwill guide platform selection for therapeutic
targets of interest.

Disorders of the central nervous system (CNS) comprise a large area
of unmet medical need. A major limitation to the success of many
CNS treatments is the high selectivity and restrictiveness of the
blood-brain barrier (BBB), which severely limits the effective delivery
of antibodies and other large molecules into the brain1–6. Despite

numerous clinical trials for neurodegenerative diseases using large
molecule therapeutics over the past decades, only a few recent
efforts have shown clinical efficacy7–9. Given that only around
0.01–0.1% of systemically introduced antibodies reach the brain,
there is a great need to further improve the target engagement

Received: 10 July 2024

Accepted: 10 February 2025

Check for updates

1Denali Therapeutics, Inc., 161 Oyster Point Blvd., South San Francisco, CA 94080, USA. 2Deep Piction, 81377Munich, Germany. e-mail: calvert@dnli.com;
zuchero@dnli.com

Nature Communications |         (2025) 16:1822 1

12
34

56
78

9
0
()
:,;

12
34

56
78

9
0
()
:,;

http://orcid.org/0000-0003-4219-5996
http://orcid.org/0000-0003-4219-5996
http://orcid.org/0000-0003-4219-5996
http://orcid.org/0000-0003-4219-5996
http://orcid.org/0000-0003-4219-5996
http://orcid.org/0000-0001-9941-9538
http://orcid.org/0000-0001-9941-9538
http://orcid.org/0000-0001-9941-9538
http://orcid.org/0000-0001-9941-9538
http://orcid.org/0000-0001-9941-9538
http://orcid.org/0000-0002-6168-2119
http://orcid.org/0000-0002-6168-2119
http://orcid.org/0000-0002-6168-2119
http://orcid.org/0000-0002-6168-2119
http://orcid.org/0000-0002-6168-2119
http://orcid.org/0000-0003-4752-009X
http://orcid.org/0000-0003-4752-009X
http://orcid.org/0000-0003-4752-009X
http://orcid.org/0000-0003-4752-009X
http://orcid.org/0000-0003-4752-009X
http://orcid.org/0009-0001-8170-6392
http://orcid.org/0009-0001-8170-6392
http://orcid.org/0009-0001-8170-6392
http://orcid.org/0009-0001-8170-6392
http://orcid.org/0009-0001-8170-6392
http://orcid.org/0000-0002-6601-8890
http://orcid.org/0000-0002-6601-8890
http://orcid.org/0000-0002-6601-8890
http://orcid.org/0000-0002-6601-8890
http://orcid.org/0000-0002-6601-8890
http://orcid.org/0000-0003-3012-7881
http://orcid.org/0000-0003-3012-7881
http://orcid.org/0000-0003-3012-7881
http://orcid.org/0000-0003-3012-7881
http://orcid.org/0000-0003-3012-7881
http://orcid.org/0000-0003-2893-959X
http://orcid.org/0000-0003-2893-959X
http://orcid.org/0000-0003-2893-959X
http://orcid.org/0000-0003-2893-959X
http://orcid.org/0000-0003-2893-959X
http://orcid.org/0000-0001-5183-7968
http://orcid.org/0000-0001-5183-7968
http://orcid.org/0000-0001-5183-7968
http://orcid.org/0000-0001-5183-7968
http://orcid.org/0000-0001-5183-7968
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-57108-x&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-57108-x&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-57108-x&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-57108-x&domain=pdf
mailto:calvert@dnli.com
mailto:zuchero@dnli.com
www.nature.com/naturecommunications


potential of CNS therapeutics by enhancing their brain uptake
capacity and biodistribution10,11.

The entry route of systemically delivered protein therapeutics
into the brain remains incompletely understood. Brain endothelial
cells (BECs) possessmany unique cellular properties, including limited
vesicular trafficking and preferential lysosomal degradation, both of
which leads to very low levels of immunoglobulin (IgG) transport
across BECs10,12. Initial studies examining CNS biodistribution descri-
bed endogenous serum proteins as distributing primarily to the lep-
tomeninges and perivascular spaces in addition to the
circumventricular organs13–15, yielding distribution patterns similar to
that resulting from exogenous protein administration into the CSF16.
Subsequent work has demonstrated a clear molecular size-dependent
access of circulating proteins to the CSF under normal conditions, a
finding historically interpreted as consistent with serum proteins pri-
marily accessing the CSF across choroid plexus epithelial cells and
nonchoroidal sites such as the circumventricular organs17. Taken
together, this suggests systemic and even direct CSF delivery of large
moleculesmay often result in limited brainparenchymal distribution16.
Approaches for large molecule CNS delivery have sought to target
highly expressed luminal proteins on BECs to enable receptor-
mediated transcytosis or potentially other trafficking pathways. The
most well-characterized of these BBB proteins are the transferrin
receptor (TfR1 or TfR) and the more recently described CD98 heavy
chain (CD98hc, also known as 4F2)11,18–27. There has been an increase in
the development of BBB-targeted large molecule platforms28–39 as well
as approvals of standard non-BBB targeted CNS antibody
therapeutics7–9 yet an unbiased and comprehensive characterizationof
the precise pathways and cell type these BBB-targeting molecules
distribute to in the CNS has not yet been explored. Additionally, a
detailed biodistribution comparison of BBB-enabled molecules to
traditional IgG has been lacking; it remains unclear whether the par-
enchymal biodistribution limitations of standard antibodies may be
overcome simply with higher doses, or if their limited biodistribution
is an inherent consequence of their specific route of entry into
the brain.

We have previously described two BBB-crossing transport vehi-
cles (TVs) that facilitate increased brain uptake and biodistribution by
directly engineering the huIgG Fc to bind to either TfR or CD98hc
(TVTfR, TVCD98hc)11,18. The TV platform is highly modular, with applica-
tions for antibodies (ATVs), enzymes (ETVs), other proteins (PTVs),
and oligonucleotide conjugates (OTVs)11,18,28,34,35,40. The TV platform is
engineered for distinct advantages compared to other brain delivery
platforms, e.g., no unnatural linkers or appended sequences, retention
of the native IgG architecture, and optimized TV affinity to maximize
exposure11,18. Several different TV fusion proteins have demonstrated
efficacy in preclinical animal models of disease11,18,28,34,35,40 and evalua-
tions in clinical trials are on-going41. Although these prior preclinical
reports have consistently described significant increases in brain
exposure with TfR- and CD98hc-targeted TV molecules compared to
non-targeted control IgG, amorecomprehensive description ofwhole-
body distribution and cell-type specific distribution of TVs throughout
the brain has yet to be reported. Given that TfR and CD98hc are also
expressed across peripheral organs, a more granular multilevel char-
acterization is particularly important for optimized TV platform
selection for various types of therapeutic targets. This knowledge
would help to broaden thewindowbetween efficacy and safety, as well
as to identify potential for targeting peripheral organs. Finally, more
information is needed to better appreciate how distribution patterns
and mechanisms revealed in rodent studies translate to primates.

Here, we address several of these questions using multiple tech-
nologies to characterize ATV and non-targeted control IgG biodis-
tribution at a multiscale level from whole body to brain cellular
subtypes. Whole-body tissue clearing identified organ-specific uptake
of ATVs that was previously not appreciated, as well as enhanced ATV

brain and spinal cord biodistribution to both vasculature and par-
enchyma. In contrast, control IgG predominantly localized to CSF-
associated compartments, even at substantially higher doses, sug-
gesting TV-enabled distribution via the vasculature is superior for
widespread brain delivery. Brain cell-specific distribution using fluor-
escence activated cell sorting (FACS) and single cell RNA sequencing
(scRNA-seq) demonstrate that ATVTfR and ATVCD98hc can be found in
BECs and pericytes as they traffic through the BBB, with unique and
consistent uptake in most parenchymal cell types. In contrast, control
IgG predominantly distributed to CSF-bordering and perivascular cells
associated with cerebral blood vessels, with minimal localization to
BECs or parenchymal cell types. Importantly, we demonstrate that the
vascular and parenchymal biodistribution of TVTfR-enabled molecules
obtained in ourmouse studies translated to larger non-human primate
brain and spinal cord.

Results
ATVTfR and ATVCD98hc exhibit distinct peripheral biodistribution
patterns
Previous reports of peripheral distribution of TV-enabled molecules
have provided useful insights, yet most approaches utilized to date
have been focused upon preselected organs without spatial biodis-
tribution information18,34.Weusedwhole-body tissue clearing and light
sheet fluorescence microscopy (LSFM) to enable a more comprehen-
sive and unbiased understanding of peripheral biodistribution42–44. To
isolate the contribution of TfR and CD98hc binding alone on brain
exposure and peripheral biodistribution, ATVTfR and ATVCD98hc were
engineered with non-targeting Fabs as well as with Fc mutations to
eliminate binding to Fc gamma receptor and complement proteins
(L234A/L235A/P329G)45 (Fig. 1a). Control IgG, ATVTfR, or ATVCD98hc were
pre-conjugated with Alexa Fluor 647 (AF647) and systemically admi-
nistered into wild-type, or previously described homozygous chimeric
TfRmu/hu KI11 or CD98hcmu/hu KI mice18 followed by whole body tissue
clearing and 3D LSFM (Fig. 1b). Using a series of in vitro and in vivo
experiments we validated that the AF647 fluorophore does not alter
the ATVbiochemical properties or its brain biodistribution profile, and
the fluorophore remains attached to the molecule in vivo (Supple-
mentary Fig. 1). A single terminal time point, prioritized for when
maximum brain concentrations are achieved with each platform, was
selected to characterize brain and whole body biodistribution. Based
on previous studies, this corresponds to 1 day post-dose for control
IgG and ATVTfR, and around 5 days post-dose for ATVCD98hc11,18. Despite
the different terminal timepoints selected for control IgG and
ATVCD98hc, we have not previously observed significant differences in
control IgG brain distribution over time18. To further validate this, we
assessed the cellularbiodistributionof control IgGby IHCover 1, 3, and
7 days, and observed undetectable signal at all timepoints (Supple-
mentary Fig. 2a).

Dorsal and ventral 3D views, as well as rotating and sectional fly-
through movie, revealed unique biodistribution profiles for each
molecule (Fig. 1c and SupplementaryMovie 1). Rawmean fluorescence
intensity (MFI) measurements highlighted a few organs with particu-
larly high levels of uptake for each molecule, with most of the
remaining organs showing similar levels of uptake (Supplementary
Fig. 3). Interestingly, all molecules including the control IgG, promi-
nently distribute to nasal structures appearing to correspond to the
nasal respiratorymucosa and nasal associated lymphoid tissue (NALT)
in the rostrolateral nasal passage, as well as to the vomeronasal organ
(VNO) of Jacobson in the rostromedial nasal passage (Fig. 1 and Sup-
plementary Fig. 3). These areas appear to correspond to regions in the
rat we previously demonstrated to be fenestrated (based on dextran
and BSA permeability measurements), with large pores that would
allow a molecule the size of IgG to easily extravasate from the
circulation46. It is likely that the mouse also exhibits fenestrated nasal
vasculature in these same regions47, supporting the significant uptake
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observed for all threemolecules. Since a certain level of IgGuptakewill
be non-specific, we normalized the MFI values of each organ to that of
control IgG to provide a semi-quantitative survey of ATVTfR- and
ATVCD98hc-specific uptake (Fig. 1d, e). Although the terminal timepoints
are different between control IgG (1 day) and ATVCD98hc (5 days), we
previously observed that the trends of biodistribution across periph-
eral organs from 1 to 5 post-treatment remain relatively similar for
ATVCD98hc and control IgG, albeit with higher peak concentrations for
kidney and testes where among the highest uptake is observed (Sup-
plementary Fig. 3)18. Overall, this analysis revealed that both ATVs are
taken up at higher levels across numerous peripheral organs with
differentiated distribution patterns (Fig. 1d, e). ATVTfR preferentially
localized to bones (e.g., tibia, shoulder bone, vertebra, and skull),
consistent with high TfR expression in erythroid precursor cells within
the bonemarrow (Fig. 1d, f and SupplementaryMovie 1)48,49. The brain
exhibited the second highest level of ATVTfR uptake, with some slight
regional differences observed. Additional organs that showed pro-
nounced uptake of ATVTfR included the large intestine, kidney (cortex
andmedulla), lacrimal glands, lung, and spleen. Intriguingly, the organ

that showed the highest level of ATVCD98hc uptake was the lacrimal
gland which, in addition to the parotid gland, and sciatic nerve, have
not been previously identified as peripheral targets for CD98hc-
binding constructs (Fig. 1e, g and Supplementary Movie 1). Consistent
with previous reports, enhanced uptake of ATVCD98hc was also observed
in the large intestine, kidneys, pancreas, and testes, in addition to the
brain18. As with ATVTfR, the brain exhibited widespread and significant
uptake of ATVCD98hc18. These peripheral distribution data suggest that
TVs may not only serve as brain delivery platforms but could poten-
tially also be exploited in certain cases to provide enhanced delivery to
specific peripheral organs.

3D imaging reveals enhancedbrainbiodistributionofATVTfR and
ATVCD98hc

Whole-body tissue clearing also provided the opportunity to further
evaluate the biodistribution of ATVTfR and ATVCD98hc compared to
control IgG throughout the brain, meninges, and other associated
tissues in the intact mouse head. We segmented the brain from the
whole-body tissue clearedmiceusingAI-based tools andgenerated 3D-
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Fig. 1 | Whole body mouse fluorescence imaging reveals unique peripheral
biodistribution patterns of ATVTfR, ATVCD98hc, and control IgG. a Schematic of
the molecules used with non-targeting control Fabs. The orange patch in ATVTfR Fc
regionbinds to TfR andbluepatch inATVCD98hc binds toCD98hc.b Schematic of the
experimental paradigm. TfRmu/hu KI, CD98hcmu/hu KI, or WT mice were dosed with
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5 days. c Ventral and dorsal view 3D immunofluorescence images AF647-
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immunostaining from n = 3/group. Quantificationofmeanfluorescence intensity of

AF647-ATVTfR (d) or AF647-ATVCD98hc (e) normalized to AF647-conjugated control
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0.045, brain hippocampus adjusted p value 0.045, mean fluorescence intensity of
ATV compared to control IgG. 3D reconstructed images of select peripheral organs
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intraorbital lacrimal gland, extra. l.g. extraorbital lacrimal gland. Representative
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reconstructed views of the brains, including the meninges. 3D recon-
structed images revealed striking differences in theoverall distribution
of ATVs compared to control IgG. The latter exhibited a clear signal
primarily at the brain surface, corresponding to leptomeningeal tissue
and associated blood vessels on the brain surface (Fig. 2a).Weaker IgG
signal was also evident in the lateral ventricles. In contrast, the ATVTfR

and ATVCD98hc groups exhibited strong and distinct patterns of signal

intensities throughout the brain (Fig. 2a and Supplementary
Movies 2–4). Quantification of the AF647 signal from the brain surface
extending through deeper cortical regions revealed a consistently
elevated signal for bothATVs, in stark contrast to the low level of signal
for control IgG (Fig. 2b).

As many neurological disorders affect distinct brain regions, we
next determined whether the twoATV platforms exhibited differential

a b

c

Lo
ng

itu
di

na
l V

ie
w

ATVCD98hcATVTfR

Tr
an

ve
rs

e 
Vi

ew

1500µm 3000µm 1500µm500µm

1500µm

d EBrain regional Ctrl IgG exposure

Ctrl IgG

Top 10 subregions with highest
ATVTfR exposure

Top 10 subregions with highest
ATVCD98hc exposure

Brain regional ATVCD98hc exposure

Top 10 subregions with highest
IgG exposure

f g

e

h

i j
Ctrl IgG ATVTfR ATVCD98hc Ctrl IgG ATVTfR ATVCD98hc

0 500 1000
0

200

400

600

800

1000

1200

1400

1600

Depth from brain suface (um)

M
ea

n 
Fl

ur
or

es
ce

nc
e 

In
te

ns
ity

(a
rb

. u
ni

ts
.)

Mean Intensity across the cortical layer

IgG control

ATVTfR

ATVCD98hc

tha
lam

us

hip
po

ca
mpu

s

hy
po

tha
lam

us

ve
ntr

al 
str

iat
um

ca
ud

op
uta

men

se
ptu

m

be
d n

uc
lei

 of
 st

ria
 te

rm
ina

lis

ve
ntr

icle
s

bra
in

midb
rai

n
co

rte
x

ce
reb

ell
um

olf
ac

tor
y b

ulb po
ns

an
ter

ior
 ol

fac
tor

y n
uc

leu
s
med

ull
a

0

500

1000

1500

2000

M
ea

n 
flu

ro
re

sc
en

ce
in

te
ns

ity
(a

rb
. u

ni
ts

.)

cortical amygdalar area

subgeniculate nucleus

stria
 terminalis

medial amygdalar nucleus

supraoptic commissures

bed nucleus of th
e accessory olfactory tra

ct

posterior amygdalar nucleus

ventral part o
f th

e lateral geniculate complex

central amygdalar nucleus

pirifo
rm amygdalar area

0

1

2

3

4

5

Fo
ld

in
cr

ea
se

in
 fl

uo
re

sc
en

c e
in

te
ns

ity
 re

la
tiv

e 
to

br
ai

n
av

er
ag

e

basolateral amygdalar nucleus

endopirifo
rm nucleus

intercalated amygdalar nucleus

amygdalar capsule

basomedial amygdalar nucleus

ammon's horn

claustrum

subceruleus nucleus

interanteromedial nucleus of th
e thalamus

agranular in
sular area

0.0

0.5

1.0

1.5

2.0

Fo
ld

in
cr

ea
se

in
 fl

uo
re

sc
en

ce
in

te
ns

ity
 re

la
tiv

e 
to

br
ai

n
av

er
ag

e

arcuate hypothalamic nucleus

ventromedial hypothalamic nucleus

area postrema

median eminence

anterodorsal nucleus

dorsomedial nucleus of th
e hypothalamus

hypoglossal nucleus

central canal, spinal cord/medulla

subgeniculate nucleus

dorsal motor nucleus of th
e vagus nerve

0

1

2

3

4

5

6

Fo
ld

in
cr

ea
se

in
 fl

uo
re

sc
en

ce
in

te
ns

ity
 re

la
tiv

e 
to

br
ai

n
av

er
ag

e

tha
lam

us

hy
po

tha
lam

us

hip
po

ca
mpu

s

ve
ntr

al 
str

iat
um
se

ptu
m

be
d n

uc
lei

 of
 st

ria
 te

rm
ina

lis

ce
reb

ell
um

ca
ud

op
uta

men
co

rte
x

midb
rai

n
bra

in

ve
ntr

icle
s

olf
ac

tor
y b

ulb

an
ter

ior
 ol

fac
tor

y n
uc

leu
s

med
ull

a
po

ns
0

500

1000

1500

2000

500µm 500µm

Brain regional ATVTfR exposure

hip
po

ca
mpu

s
co

rte
x

ca
ud

op
uta

men

tha
lam

us

ve
ntr

al 
str

iat
um

olf
ac

tor
y b

ulb

an
ter

ior
 ol

fac
tor

y n
uc

leu
s

be
d n

uc
lei

 of
 st

ria
 te

rm
ina

lis
se

ptu
m

bra
in

ce
reb

ell
um

midb
rai

n

hy
po

tha
lam

us

ve
ntr

icle
s

med
ull

a
po

ns
0

500

1000

1500

2000

lepto-
meninges

area 
postrema

arc. & 
ventromed. 

hypoth. nuc. & 
median em.

AF647 intensity (AU)

400 5000

AF647 intensity (AU)

300 6000

* *
*

 * at > 40µM depth

*  at > 70µM depth
**  at > 120µM depth

M
ea

n 
flu

ro
re

sc
en

ce
in

te
ns

ity
(a

rb
. u

ni
ts

.)

M
ea

n 
flu

ro
re

sc
en

ce
in

te
ns

ity
(a

rb
. u

ni
ts

.)

ATVTfR ATVCD98hcCtrl IgG

ATVTfR ATVCD98hcCtrl IgG

Fig. 2 | Enhanced brain uptake and biodistribution of ATVTfR and ATVCD98hc in
the mouse brain and spinal cord by the whole-body fluorescence imaging.
a Representative images from AI-segmented 3D-reconstructed brains obtained
fromthewhole-body tissue clearedmicedosedwithAF647-conjugated control IgG,
ATVTfR, or ATVCD98hc. arc. hypoth nuc arcuate hypothalamic nucleus, ventromed.
hypoth nuc. ventromedial hypothalamic nucleus, median em. median eminence.
Representative images from n = 3/group. b Mean fluorescence intensity (a.u.) of
control IgG, ATVTfR, and ATVCD98hc as a function of brain depth from the cortical
surface (0μm) moving into deeper cortical tissues (1350μm). n = 3/group,
mean ± sem, two-tailed t-test with Benjamini–Hochberg false discovery rate control
per depth bin, *p <0.05, **p <0.01, compared to control IgG, exact values provided
in Source Data.Mean fluorescence intensity (a.u.) of AF647-conjugated control IgG
(c), ATVTfR (d), or ATVCD98hc (e) across differentmouse brain regions from thewhole-

body tissue cleared mice. n = 3/group, mean ± sem, two-tailed t-test with
Benjamini–Hochberg false discovery rate control, all regions nonsignificant p
value > 0.05 (mean fluorescence intensity of each brain region compared to whole
brain average per treatment group). Top ten regions with highest fold change in
fluorescence intensity compared to brain average fluorescence intensity for AF647-
conjugated IgG (f), ATVTfR (g), or ATVCD98hc (h). Dotted line denotes the average
brain intensity. n = 3/group, mean± sem, two-tailed t-test with
Benjamini–Hochberg false discovery rate control, subgeniculate nucleus adjustedp
value 0.043, stria terminalis adjusted p value 0.024, arcuate hypothalamic nucleus
adjustedp value 0.012 (meanfluorescence intensity of each brain region compared
to whole brain average per treatment group). Optical slice longitudinal (i) or
transverse (j) views of fluorescence images from mouse spinal cord from whole-
body tissue cleared mice. Representative images from n = 3/group.
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uptake across brain regions that could be informative for targeting of
specific therapeutics. As expected, control IgG administration yielded
a consistently low signal across all AI (artificial intelligence)-segmented
brain regions, in marked contrast to the higher intensities across all
regions associated with both ATV molecules (Fig. 2c–e). A global
assessment revealed a relatively homogenous exposure for ATVTfR

across the whole brain, albeit with slightly more enhanced uptake in
the hippocampus and cortex (Fig. 2d). ATVCD98hc also exhibited a rela-
tively homogenous exposure and revealed regions with elevated
exposure such as the thalamus, hypothalamus, and hippocampus
(Fig. 2e). Since this initial quantification approach covered large brain
areas, an unbiased approach identified additional smaller subregions
with the highest exposure levels relative to the average whole brain
signal (Fig. 2f–h). Subregion-specific enhancement was found to be
modest for control IgG and ATVTfR. In contrast, ATVCD98hc distribution
revealed several subregions with IgG concentrations more than two-
fold above the average signal in brain, including the arcuate hypo-
thalamic nucleus, the ventromedial hypothalamic nucleus, area post-
rema, and median eminence, among others (Fig. 2h). The high uptake
of ATVCD98hc observed in these circumventricular organs (arcuate
hypothalamic nucleus, ventromedial hypothalamic nucleus, area
postrema, andmedian eminence) is consistent with high expression in
these regions of CD98hc and one of its binding partners, LAT1 (L-type
amino acid transporter)50–52.

Previous studies have demonstrated that TfR is expressed on
endothelial cells in both mouse and rat spinal cord, as well as in neu-
rons in the mouse53,54, suggesting this is another expected site for
uptake of ATVTfR. Given this, we assessed uptake of both ATV mole-
cules in the spinal cord, a region particularly affected in CNS diseases
such as amyotrophic lateral sclerosis, multiple sclerosis, and spinal
muscular atrophy, among others. Both longitudinal (Fig. 2i) and cross-
sectional (Fig. 2j) views of the spinal cord showed clear and enhanced
exposure of both ATVTfR and ATVCD98hc compared to control IgG, which
did not show detectable signal. Additionally, the cross-sectional ima-
ges revealed that within the ATV groups, uptake wasmostly evident in
the spinal gray matter (Fig. 2j). Taken together, these findings further
support the higher exposure and distribution of ATVTfR and ATVCD98hc

across CNS regions.

ATVTfR and ATVCD98hc exhibit enhanced brain exposure and
biodistribution
Although higher total brain concentration can be achievedwith control
IgG using very high systemic doses, it remains unclear whether dosing
higher can result in a homogeneous brain biodistribution achieved
with ATVs. To address this, we first compared brain exposure of con-
trol IgG, ATVTfR, or ATVCD98hc that were pre-conjugated with AF647 and
systemically administered at the same dose of 50mg/kg into wild-type,
TfRmu/hu KI, or CD98hcmu/hu KI mice, respectively (Fig. 3a). Bulk brain
exposure levels for ATVTfR and ATVCD98hc were significantly higher
compared to control IgG when each molecule was administered at the
same dose (Fig. 3b). Consistent with our whole-body tissue clearing,
widefield fluorescence imaging of whole sagittal brain sections by IHC
revealed widespread vascular and parenchymal localization of ATVTfR

and ATVCD98hc across the whole brain, while control IgG was primarily
localized to the choroid plexus and leptomeningeal tissues at the brain
surfaces (Fig. 3c). We next increased the dose of control IgG to 100mg/
kg tomatch total brain concentration achieved with 15mg/kg of ATVTfR

to determine whether a higher dose could overcome the limited brain
distribution of control IgG. These dose levels resulted in comparable
bulk brain concentrations between the two molecules (Fig. 3d). How-
ever, despite a more than 6-fold higher dose of control IgG compared
to ATVTfR the biodistribution pattern of both molecules remained
similar to what was observed in the dose-matched experiment
(Fig. 3c, e and Supplementary Fig. 4a–d). That is, control IgG exposure
remained predominantly limited to the pial brain surface and appeared

remarkably similar to what has been reported when IgG is applied
directly into the CSF by intracisternal administration16. High signal was
also observed in association with the choroid plexus, particularly in the
stroma on the blood-side (basolateral aspect) of the polarized epithe-
lial cells (Supplementary Fig. 4a). In contrast, ATVTfR signal was also
observed in the choroid plexus, but with a more diffuse pattern and
relatively lower intensity compared to control IgG (Supplementary
Fig. 4a). Putative perivascular signal was observed with control IgG,
particularly prominent in the colliculi, hindbrain, and the thalamus
adjacent to the lateral ventricle (Fig. 3f) and appeared predominantly
associated with αSMA+ vessels (arterioles; Fig. 3e–g). We observed a
prominent signal in the fimbria of the hippocampus bordering the
ventricle and a gradient of diffuse parenchymal signal in the thalamus
which appeared to arise from the lateral ventricle (Fig. 3f). Control IgG
signal was also prominently observed around the olfactory nerve layer
of the ventral olfactory bulb, near a known drainage pathway for CSF
(Fig. 3e and Supplementary Fig. 4b)16,55–57. Despite the high dose of
control IgG, the parenchyma appeared to have little signal relative to
ATVTfR. Notably, ATVTfR localized to most of the vasculature but was
largely absent from αSMA-positive vessels (arterioles), suggesting
potential differences in uptake across the arterio-venous spectrum
(Fig. 3f and Supplementary Fig. 4e–g).

Wenext took advantageof theprominent signal achievedwith the
high 100mg/kg dose of control IgG to better visualize distribution
within the leptomeninges and perivascular spaces of surface vessels in
3D by brain tissue clearing and LSFM imaging. These regions are often
difficult to evaluate spatially by 2D IHC but may have particular safety
implications for certain classes of CNS antibody therapeutics58–60.
Perfusion with lectin was used to enable visualization of the entire
brain vasculature. Control IgG showed a clear and substantial asso-
ciation with the brain surface (presumably associated with leptome-
ningeal cells of the arachnoid and pia), leptomeningeal vessels
(putative perivascular signal), the median eminence (a circumven-
tricular organ lacking a blood-brain barrier), and hindbrain cranial
nerves (putative routes for CSF clearance), while ATVTfR did not
strongly localize to any of these compartments (Fig. 3g). Higher
resolution imaging of the middle cerebral artery as it branches from
the circle of Willis revealed control IgG localization on the abluminal
(CNS) side of the vasculature (Fig. 3h). The signal appeared to be
perivascular, with a circumferential banding pattern around smooth
muscle cells that suggests control IgG could be accessing these spaces
from the CSF. In contrast, ATVTfR was minimally associated with these
leptomeningeal and perivascular compartments. A lateral volume view
of themiddle cerebral artery and the underlyingparenchyma showeda
stark drop-off in control IgG signal within the parenchyma, suggesting
inefficient penetration from the CSF and leptomeninges, aside from
occasional perivascular signal evident around penetrating vessels
(Supplementary Fig. 4h, i).

ATVTfR and ATVCD98hc localize to brain vascular and parenchymal
cells while control IgG localizes to blood-CSF barrier and peri-
vascular BBB cells
Obtaining unbiased brain cell-specific biodistribution patterns of
ATVTfR, ATVCD98hc, and control IgG by IHC faces numerous challenges,
particularlydetection in less abundant cell types.We sought to address
this by devising a highly sensitive and semiquantitative approach that
allowed characterization of brain cellular biodistribution in an
unbiased and comprehensive manner. Mice were dosed with AF647-
conjugated ATVTfR, ATVCD98hc, or control IgG, and brains were dis-
sociated and sorted by flow cytometry based on AF647 intensity.
Terminal timepointswere selectedbasedonpreviously reportedbrain
Cmax for each platform (1 day for control IgG, ATVTfR, or 5 days for
ATVCD98hc)11,18 (Fig. 4a). Similar to the whole body biodistribution study,
we selected the timepoints at which brain Cmax is reached in order to
maximize the number of captured cells for each molecule. To further
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validate our selection of these single timepoints, we assessed the cel-
lular biodistribution of ATVTfR and ATVCD98hc versus control IgG by IHC
over 1, 3, and 7 days acrossparenchymal cell types that have previously
been reported to exhibit localization of ATVTfR (i.e., neurons, using
NeuN) and ATVCD98hc (i.e., astrocytic endfeet, using AQP4)11,18 (Supple-
mentary Fig. 2a–c). Consistent with our previous reports, we observe

that once the ATVs cross the cerebrovasculature, their parenchymal
biodistribution profiles are not altered across time except in terms of
the magnitude of localization. Flow cytometry revealed that only
around 1% of the live brain cells from the control IgG group were
AF647-positive in contrast with substantially higher percentages for
ATVTfR and ATVCD98hc (Fig. 4b and Supplementary Fig. 5). To generate
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IgG and ATVTfR for 1 day and ATVCD98hc for 5 days. b Brain concentration of AF647-
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−24.72 to −13.47. cRepresentative immunofluorescence in sagittal brain sections of
AF647-conjugated control IgG, ATVTfR, and ATVCD98hc in mouse. Representative
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e Immunodetection of huIgG in whole sagittal brain sections by widefield imaging.
Experiment conducted once with n = 4/group. f Magnified examples of brain
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darker alpha-smooth muscle actin (αSMA) + arteriole indicated by arrows (see
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semiquantitative distribution data, we divided the AF647-positive into
low,medium, and high bins by dividing the total signal from the ATVTfR

group equally into thirds, such that each AF647-positive bin contained
approximately 33% of the total AF647-positive cells (Fig. 4b). We then
applied these gating cutoffs to the remaining treatment groups to
enable comparisons across groups. Single cell RNA-seqwas performed
on all four bins (i.e., AF647-low, -medium, and -high bins, along with a
negative bin denoting negligible signal) allowing us to identify and
quantify AF647-labeled molecules within cell types that constitute
each bin.

Dimensionality reduction and predictive cell type labeling across
all samples revealed that our approach captured not only major cell

types of the brain such as neurons, microglia, astrocytes, and oligo-
dendrocytes, but also cells of the neurovascular unit such as endo-
thelial cells, pericytes, and vascular smoothmuscle cells (VSMC), along
with other border-associated cell types including perivascular lym-
phoid and myeloid cells, choroid plexus epithelial cells (CPECs) and
two types of fibroblast cells (Fig. 4c and Supplementary Fig. 6b). We
divided fibroblasts into two broad types for ease of evaluation given
the parameters of our dataset: type 1 fibroblasts predominantly
expressed markers of the recently reported brain fibroblast (BFB)
subtypes including dural border and arachnoid barrier fibroblasts
(BFB5, BFB4 and BFB3), while type 2 fibroblasts expressed markers
associated with the inner arachnoid, pia, perivascular compartments,
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and choroid plexus (BFB3, BFB2, BFB1b, BFB1a, and BFB6) (Supple-
mentary Fig. 6c)61. Notably, no control IgG was observed in any major
parenchymal cell types including astrocytes, neurons, microglia, and
oligodendrocytes, as these cell types were only found in the AF647-
negative bin (Fig. 4d). The vast majority (97%) of vascular endothelial
cells (i.e., BECs), pericytes, and vascular smooth muscle cells (VSMCs)
also contained negligible levels of control IgG, suggesting minimal
trafficking across the BBB. The only cell types where any appreciable
control IgGwas detectedwere the choroid plexus epithelial cells (inner
blood-CSF epithelial barrier), type 1 and 2 fibroblasts associated with
the meninges and perivascular compartments, and perivascular lym-
phoid and myeloid cells (Fig. 4d and Supplementary Fig. 7a).

ATVTfR and ATVCD98hc biodistribution exhibited a markedly differ-
ent cellular biodistribution pattern. A significant percentage of ATVTfR

and ATVCD98hc localized to both vascular and parenchymal cell types,
where the vast majority of BECs and pericytes in both ATVTfR and
ATVCD98hc-treated groups fell in the AF647-mid and -high bins (Fig. 4d
and Supplementary Fig. 7a). In addition, ATVs displayed localization to
cells of the blood-CSF barriers (choroid plexus epithelial cells), fibro-
blasts and immune cell populations (Fig. 4d). Each ATV exhibited
unique parenchymal biodistribution characteristics as well. ATVTfR

exhibited strong localization to astrocytes and neurons, along with
minimal but measurable localization to microglia and oligoden-
drocytes. Despite the very low cell numbers of neurons captured (279
cells in total across treatments), we were able to discern distinct
localization patterns between ATVTfR and ATVCD98hc in this cell type,
broadly consistent with previous reports by IHC11,18. Specifically, higher
localization of ATVTfR was found in neurons, whereas ATVCD98hc instead
exhibited appreciably more localization to microglia compared to
ATVTfR (Fig. 4d). One caveat of our approach was an expected loss of
astrocytic processes due to the single-cell dissociation protocol. As we
previously observed high protein expression of CD98hc on aquaporin
4-positive astrocytic endfeet and processes18, it is likely that our cur-
rent approach underestimates localization of ATVCD98hc to astrocytes.
Additional analysis evaluating the cellular distribution per fluores-
cence intensity bin for each treatment revealed that among the few
cells captured in the A647-high bin for the control IgG group, there
were some fibroblasts type 2 and microglial cells in addition to per-
ipheral myeloid and choroid plexus epithelial cells (Supplementary
Fig. 7b). Overall, significant positive associations between receptor
expression and ATV uptake were observed only in a few cell types,
suggesting either there is a lack of strong correlation between mRNA
and protein expression, and/or mRNA levels does not reliably reflect
the amount of accessible cell surface antigen available for TV binding
(Supplementary Fig. 8a, b). Taken together, our applicationof a unique
method for evaluation of brain cell biodistribution revealed a highly
specific cell-type distribution pattern of each ATV, compared to the
limited parenchymal cell distribution of control IgG.

ATVTfR and ATVCD98hc exhibit localization to BECs across the
arterio-venous spectrum
Distinct expression patterns of transporters along the arterio-venous
axis have been previously described in both mice and humans62,63. To
determine if ATVs are differentially taken up by BEC subtypes, we next
subclustered BECs into arterial, capillary, and venous populations
based onmarkers established in previousmouse single-cell studies64,65

(Supplementary Fig. 9a, b) and determined the distribution of mole-
cules to these subtypes across the intensity bins (Fig. 5). Consistent
with active trafficking across the BBB, ATVTfR localized strongly to
capillary and venous cells, with greater than 80% of AF647-positive
cells falling within the high bin for these BEC subtypes, and a lower
proportion (~60%) falling within the high bin for arterial cells (Fig. 5b).
Based on the lack of arterial localization by IHC (Fig. 3f and Supple-
mentary Fig. 3e–g), the arterial ATVTfR signal we observed in the
medium and high bins was unexpected (Fig. 5b). We sought to

determine the localization of ATVTfR with more granularity by over-
laying the BEC subtypes captured per bin over the total BEC UMAP
(Uniform Manifold Approximation and Projection) (Supplementary
Fig. 9b, d). This additional analysis revealed that the BECs fallingwithin
the negative bin appear to be arterial cells at themost proximal end of
the arteriovenous spectrum, i.e., marker phenotype indicative of
arteries and larger caliber arterioles (Supplementary Fig. 9a, b). In
contrast, BECs in the low, mid, and high bins appear to display an
increasingly mixed phenotype indicative of smaller caliber arterioles
gradually transitioning to capillaries (Supplementary Fig. 9b, d).
Indeed, this uptake pattern is consistent with Tfrc expression pattern
across the arteriovenous axis, where we observe little to very low
expression of Tfrc for the proximal arterial cells versus arterial cells
closer to capillaries (Supplementary Fig. 9a). Taken together, we
hypothesize that the apparent discrepancy between our IHC and
FACS/scRNAseq data is likely due to: (1) the inability of αSMA staining
by IHC to fully capture all arterial endothelial cells across this zonation
and (2) the inability of the FACS-scRNAseq approach to fully distin-
guish between arteriolar and capillary brain endothelial cells along the
zonal continuum.

ATVCD98hc exhibited amore similardistribution across all threeBEC
subtypes, with ~50% of AF647-positive cells falling within bothmid and
high bins (Fig. 5c). There was minimal localization of control IgG to
BECs, and among the ~2% found in the AF647-low bin, nearly all signal
belonged to the venous population (Figs. 4d, 5a and Supplementary
Fig. 9c). Overall, these data are largely consistent with their expression
along the arterio-venous axis as previously reported in both mice and
human transcriptomics datasets, and suggests ATVTfR andATVCD98hc are
actively trafficked across the BBB through multiple BEC subtypes62,63.

Enhanced vascular and parenchymal biodistribution patterns of
ATVTfR in cynomolgus monkey brain and spinal cord
Our previous work established significant increases in bulk brain
exposure ATV in non-human primates, though a more granular bio-
distribution analysis across the entire brain and within more discrete
brain regions has yet to be evaluated11. We sought to examine whole
brain biodistribution of ATVTfR versus control IgG using tissue clearing
and 3D LSFM imaging on the brains and spinal cords of cynomolgus
monkeys. We only pursued the comparison with ATVTfR due to the
limited availability of cynomolgus monkeys, associated risk of tissue
clearing and imaging technology for primate brains, and because TfR-
based approaches are the most clinically advanced and widely used
brain delivery platforms. Animals were dosed systemically with AF647-
conjugated control IgG or ATVTfR and brain vasculature were simulta-
neously labeled using wheat germ agglutinin (Fig. 6a)66. A global 3D
view of the hemibrain revealed higher signal for ATVTfR throughout the
entire brain compared to control IgG (Fig. 6b, c). Coronal slice views
and higher magnification images further revealed clear vascular and
parenchymal signals for ATVTfR within both the smallest microvessels
(i.e., capillaries) as well as larger caliber vessels, while control IgG was
primarily localized only to the perivascular space of larger penetrating
vessels (Fig. 6d–g and Supplementary Fig. 10a, b). This biodistribution
pattern was evident across multiple brain regions (Supplementary
Fig. 10a–d), in coronal sections throughout the whole brain (Supple-
mentary Fig. 11), and sectional fly-through 3D movie (Supplementary
Movies 5 and 6). In all areas and regions of interest (ROIs) examined,
delivery of ATVTfR to the cynomolgus monkey brain clearly exceeded
that of control IgG. The mean fluorescence of ATVTfR was higher than
control IgG in both segmented brain vessels aswell as in the non-vessel
parenchymal fraction (Fig. 6h, i). Indeed, the ATVTfR distribution
reached deep into the tissue as evidenced by the persistence of signal
intensity in deeper brain regions (Fig. 6i). Significantly higher ATVTfR

signalwas found in smaller caliber vessels (<40 µm)compared to larger
vessels (>60 µm), consistentwith thepredominant capillary and venule
TfR BEC distribution patterns that have been reported in mice as well
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as our BEC subtype cell distribution (Figs. 6j and 5)62,67. ATVTfR signal
was higher than control IgG across all brain regionsmeasured, with the
largest differences observed in the cortex, diagonal subpallium,
amygdala, hypothalamus, and pons (Fig. 6k). Isolated cervical spinal
cords also revealed striking levels of ATVTfR uptake in both the vascu-
lature and parenchyma, with notably higher signal in the spinal gray
matter (Fig. 6m). In contrast, control IgG signal in the spinal cord was
notably faint, with prominent signal primarily observed only in spinal
nerve roots (Fig. 6l), comprising another putative CSF drainage path-
way and similar to what has been observed following intrathecal
antibody administration16,55. Taken together, these findings in cyno-
molgus monkey brain and spinal cord illustrate how ATVTfR enables
both higher CNS exposure as well as significantly broader and homo-
genous biodistribution throughout the parenchyma compared to non-
BBB targeted IgG in larger primate brains.

Discussion
BBB-crossing molecules are emerging as a new class of therapeutics
with huge potential for CNS indications. In this study, we provide a
comprehensive and unbiased examination of the biodistribution of
non-targeted control IgG antibody, ATVTfR, and ATVCD98hc from whole
body to single-cell resolution. Our approach combining fluorescent
tagging of molecules with FACS-sorting and single cell RNAseq reveals
that ATV distributes robustly to numerous parenchymal cell types and
blood-brain barrier endothelial cells, whereas control IgG localization
was limited to choroid plexus epithelial cells, meningeal, perivascular
cells. At an organ level, we leveraged the enhanced 3D imaging cap-
abilities of light sheetfluorescencemicroscopy andfinddistinct organ-
specific biodistribution of ATVTfR, ATVCD98hc, and control IgG through-
out the whole mouse body. Widespread brain distribution was

observed for both ATVTfR and ATVCD98hc compared to control IgG.
Finally, 3D imaging in tissue-cleared cynomolgusmonkey brains reveal
widespread and enhanced distribution of ATVTfR throughout the
superficial and deep regions of both the brain and spinal cord, where
ATVTfR distribution had a striking resemblance to previously published
patterns of TfR immunostaining in human spinal cord68. Altogether,
these data shed further light on how the pathways governing IgG
uptake and distribution enables broad delivery with ATV but severely
limits distribution of control IgG antibodies in the CNS of both rodents
and primates.

The peripheral distribution of each ATV platform was largely
consistent with previous reports using more traditional methods11,18,
but the unbiased nature of the 3D whole-body imaging methodology
reported here provide a more holistic view of biodistribution and
reveals important insights. These findings from the present study also
highlights the potential for ATVTfR and ATVCD98hc to treat CNS diseases
in which peripheral pathologymight also be present, as well as provide
additional biological considerations for platform-therapeutic pairings
where there is a desire to target or avoid certain organs. For example,
tissues where both platform and target antigen are localized may
require additional safety evaluation. The current data is especially
informative for some of the previously unappreciated organs identi-
fied as tissues of localization thatmayhaveotherwise been overlooked
(e.g., ATVCD98hc to the lacrimal glands, parotid gland, and sciatic nerve).
The addition of targeting Fabs and/or cargo, as well as the binding
affinity of TfR and CD98hc will undoubtedly impact both the periph-
eral biodistribution aswell as tissue uptake kinetics of eachTV-enabled
therapeutic molecule and will thus need to be characterized on a case-
by-case basis. Stronger affinity TfR and CD98hc TVs would likely drive
even greater cell- andorgan-specific uptake, aswell as faster peripheral
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pharmacokinetics; the opposite would be expected for weaker affinity
variants. Overall, the current data set provides a starting point for
understanding how these platforms distribute across peripheral
organs to help guide platform selection and tissues for further
investigation.

The contrast between TV-enabled and control IgG biodistribution
reveals several major limitations for standard antibody therapeutics
for CNS diseases. Both our IHC and scRNAseq data strongly suggest
non-BBB targeted IgG has a predominant route into the brain via the
CSF, and not across the BBB. These data bear remarkable similarity to
previously reported patterns for endogenous IgG10,12,13 as well as
intracisternal administered IgG16,61. This plasma-to-CSF-to-brain traf-
ficking route dominates for systemically administered IgG, with lowest
concentrations in the deeper brain regions far from the ventricular and
pial brain surfaces. Such patterns are expected to ultimately result in
inefficient therapeutic target engagement, particularly in species with
larger brain volumes69. One example where more homogenous

biodistribution has the potential to further improve efficacy are for
amyloid antibodies for the treatment of Alzheimer’s disease, some of
which have been clinically approved in the last several years37,38,70.
Amyloid antibodies have some amount of access the CNS after per-
ipheral administration (similar to what we observe with control IgG in
the current study), leading to modest improvements in clinical out-
comes. However, this is a highly inefficient process, likely due to sub-
optimal target engagement and slow and/or incomplete amyloid
removal. It has been recently reported that ATVTfR can greatly improve
brain biodistribution and target engagement of an amyloid antibody in
a preclinical mouse model of Alzheimer’s disease71. Indeed, interim
clinical data from of a TfR-enabled amyloid antibody exhibited amuch
more rapid removal of plaque compared to standard antibodies, and it
was achieved with a significantly lower dose level72. Together, these
data suggest the biodistribution patterns observed in preclinical spe-
cies is readily translatable to humans. Interestingly, we noted ATVTfR or
ATVCD98hc had relatively higher exposures in several brain regions
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Fig. 6 | Enhanced exposure and biodistribution of ATVTfR in cynomolgus
monkey brain and spinal cord. a Schematic of the in vivo experimental design.
Immunofluorescence images of 3D reconstructed hemibrains (1x objective) (b, c),
coronal slice view of hemibrain (200μm thick, 1x objective) (d, e), and cortical slice
view of temporal lobe (ventral cortex) (200 μm thick, 4x objective) (f, g) from
cynomolgus monkeys dosed with 23mg/kg AF647-conjugated control IgG or
ATVTfR (IV) for 2days. Arrowheads in (f) highlight localization of control IgG to large
penetrating vessels, while arrow heads in (g) highlight localization of ATVTfR within
large vessels as well as capillaries. Experiment conducted once with from n = 1/

group.Meanfluorescence intensity of ATVTfR and control IgG in vessels (h) and non-
vessels (i) of cynomolgus monkey brains across regions of different depths from
surface of the brain. jMean fluorescence intensity of ATVTfR and control IgG within
vessels of different radii in the cynomolgus monkey brains. k Mean fluorescence
intensity of ATVTfR and control IgG across different brain regions in cynomolgus
monkeys. 3D Immunofluorescence images of spinal cords from cynomolgus
monkeys dosed with AF647-conjugated control IgG (l) or ATVTfR (m). Immunos-
taining image from n = 1/group.
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implicated in neurodegenerative diseases (e.g., cortex, hippocampus,
caudoputamen, thalamus) and thus may further benefit from based
drug delivery for these diseases.

The cellular distribution profile of control IgG is consistent with
the interpretation that non-BBB targeted antibodies predominantly
enter the CSF compartment from the circulation, rather than cross the
BBB. This distribution pattern may account for the typically higher
exposures of standard antibodies detected in the CSF compared to
brain parenchyma. Strikingly, less than 3% of BECs and pericytes had
any control IgG signal. Importantly, control IgG yielded almost no
association with other parenchymal CNS cells. Rather, the cells with
the highest control IgG signal were located at the inner and outer
blood-CSF barriers, suggesting these cells are likely involved in blood-
to-CSF transport of non-targeted control IgG. This distribution agrees
well with imaging results showing strongest signal in the choroid
plexus and leptomeninges. Additionally, the perivascular signal on
surface vessels and penetrating vessels points to subsequent CSF-to-
brain entry of control IgG, supported by the cellular data showing
localization with type 2 fibroblasts, perivascular lymphocytes, and
macrophages. This pattern of leptomeningeal and perivascular signal
strikingly matches well with that previously reported for exogenous
antibodies administered into the CSF as well as that of endogenous
serum proteins, further supporting a mechanism of circulating IgG
distribution first into the CSF and then into brain13,16. Similar biodis-
tribution patterns have also been observed when comparing intra-
thecal delivery of antisense oligonucleotides versus intravenous
delivery of ATVTfR-enabled ASO40, suggesting limited brain biodis-
tribution likely poses a consistent challenge to other non-protein
therapeutics when not enabled by a BBB-targeting platform. Impor-
tantly, even when bulk brain exposures were made equivalent by
increasing the dose of control IgG by almost 7-fold over that of ATVTfR,
IgG biodistribution to the parenchyma remained severely limited.
Together, theseobservations underscore the critical importance of the
brain entry route in shaping robust brain cellular biodistribution, with
BBB entry greatly favored over CSF entry if the goal is to obtain
widespread biodistribution to both superficial and deeper brain.

Consistent with active trafficking across the BBB as the pre-
dominant route of entry into the brain, ATVTfR and ATVCD98hc are highly
localized to arteriovenous endothelial cells with lower levels in arterial
compared to venous and capillary BECs. This pattern is also consistent
with previously reported zonal expression of TfR and CD98hc (i.e.,
highest in capillaries and post-capillary venules) and direct blood-to-
brain transport across the BECs62,67. These distribution patterns
translated to the cynomolgus monkey, where we observe greater
ATVTfR signal in smaller diameter capillaries and venules compared to
larger diameter arteries. Each ATV also exhibit a unique cellular dis-
tribution profile to other CNS cells. ATVTfR highly localizes to neurons,
consistent with previous reports of brain TfR expression11. Interest-
ingly, ATVTfR localizes to cell types that have not been previously
appreciated, including astrocytes, and to a lower extent, to microglia
and oligodendrocytes. Since these molecules were modified to lack
effector function, it is entirely plausible that the addition of Fcγ
receptor binding could alter the cellular distribution of the molecules.
Indeed, we previously observed that ATVCD98hc localization to Iba1-
positive microglia is enhanced when the ATVCD98hc is on a wild-type
huIgG Fc (i.e., effector-positive), compared to effector-attenuated
molecules in both mice and NHP18. Furthermore, addition of effector
function to ATVTfR with anti-amyloid beta Fabs resulted in robust
microglia activation and subsequent plaque phagocytosis71, suggest-
ing that although minimal microglia localization is observed with the
effectorless ATVTfR from this current study, addition of effector func-
tion can result in a molecule that can readily engage with microglia.

ATVCD98hc localizes to both astrocytes and microglia but no
detectable localization was found with neurons (albeit in a limited
sampling) or oligodendrocytes. Like ATVTfR, additional target binding

of a therapeutic would likely impact the cellular biodistribution for
ATVCD98hc aswell.Wepreviouslydemonstrated that the additionof anti-
BACE1 to ATVCD98hc led to neuronal localization not normally observed
with ATVCD98hc molecules, as well as reduced brain exposure, likely due
to an increase in internalization and degradation in neurons driven by
BACE1binding18. This suggests that cell-specific targeting, aswell as the
trafficking biology of the target, could impact not just the biodis-
tribution, but also the overall brain exposure profile as well.

Although this work provides important insights, the biodistribu-
tion of ATV-enabled therapeutic molecules will need to be further
assessed independently, as both CNS cell-specific as well as peripheral
distribution will be driven not only by TfR and CD98hc binding, but
also by the therapeutic cargo (e.g., Fab targets, enzymes, ASOs, etc).
Additionally, TV binding affinity, dose, and timepoint will likely all
impact the distribution of molecules both in brain and periphery.
While these results are relevant for the fundamental understanding of
receptor-mediatedBBB transport, eachBBB technologywill need to be
evaluated separately, given that differences in architecture of the
molecules could have significant impacts on CNS exposure and
distribution.

Finally, the route of entry of therapeutics may have additional
important therapeutic implications thatwarrants further investigation.
For example, it will be interesting for future studies to evaluate whe-
ther ATV-enabled delivery of anti-amyloid antibodies can reduce
engagement with the vascular amyloid commonly present on lepto-
meningeal arteries and perivascular drainage pathways58–60. Avoiding
thesepathways with a BBB-dominant route of entry into the CNS could
potentially mitigate risks such as immunotherapy-induced vascular
inflammation and microhemorrhages60,73,74. Nevertheless, our results
provide a thorough foundational understanding of the brain cell types
and tissues targeted by each TV platform, which will enable optimal
platform selection to efficiently drive desired distribution and target
engagement profiles of a variety of TV-enabled therapeutics for neu-
rological diseases.

Methods
All animal procedures were performed in adherence to ethical reg-
ulations and protocols approved by Denali Therapeutic Institutional
Animal Care and Use Committee (IACUC). We used the following
IACUC protocols 2023.04.001 Tissue Harvest for Biomarker Develop-
ment & Primary Culture (protocol number 2023.04.002) and
2023.10.001 PK/PD and PK Studies in Rodents (protocol number
2023.10.001). For the cynomolgus monkey studies we used the IACUC
protocol ID 2087590 approved by the IACUC committee at Charles
River Laboratories, Inc. at Reno Nevada.

Animal care
Micewere housed under a 12 h light/dark cycle and hadaccess towater
and a standard rodent diet (LabDiet 5LG4, Irradiated) ad libitum.
Temperature and humidity in all animal rooms were monitored daily
by Thermo ScientificTM InSight. The normal temperature range was
18.3–23.3 °C and the normal humidity range was 30–70%.

In vivo mouse studies
Mice used in this experiment included C57BL/6J and homozygous
TfRmu/hu KI, andCD98hcmu/hu KI (on aC57Bl6J background) (The Jackson
Laboratory)11,18. For the brain uptake study of fluorophore-labeled
ATVTfR 12-week-old TfRmu/hu KI females were used, and for the wild-type
plasma PK study 12-week-old C57Bl6J were used. For the whole body
biodistribution and brain imaging experiments, we used 12-week-old
male mice. For the FACS-scRNA-seq experiment, 12-week-old mixed
sexmicewere usedwith 2males and 2 females per group. For the brain
concentration matching experiments, female TfRmu/hu KI mice were
used at 18–19weeks of age.Micewere IV dosed via the tail veinwith the
test articles and then anesthetized deeply via IP injection of 2.5%
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Avertin at the terminal timepoints. For PK studies, mice were trans-
cardially perfused with ice cold PBS at a rate of 5mL/min and brains
were collected.

We tried to include both females and males mice when possible.
Yet since the cost of conducting each of our experiments (whole body
tissue clearing and cyno brain and spinal cord tissue clearing) was very
high, we could not include an additional group to assess both females
and males in our experiment thus we selected one sex for each.

TV engineering
ATVTfR and ATVCD98hc platforms were engineered as previously descri-
bed using a huIgG1 backbone11,18. To isolate the biodistribution attrib-
uted to TfR and CD98hc binding only, the control huIgG1 antibody,
ATVTfR, and ATVCD98hc molecules were engineered with bivalent non-
targeting control Fabs that bind a small molecule, the hapten dini-
trophenol (DNP), not present in vivo75. The L234A/L235A/P329G
(LALAPG) mutations were made to the Fc region to abolish FcγR and
C1q binding and consequently eliminate effector function activity45.
For the experiments involving the validation of our fluorophore con-
jugation approach, whole body biodistribution, and FACS-scRNAseq
studies, we used a monovalent form of ATVTfR variant with 100nM
affinity to human TfR, as well as themonovalent formof ATVCD98hc with
170 nM affinity to human CD98hc. For the experiment involving the
assessment of brain biodistribution of control IgG versus ATVTfR using
brain-exposurematched doses we used an ATVTfR variant with 620nM
affinity to human TfR. For the cynomolgus monkey studies, we used a
monovalent formof ATVTfR variant with 390nMaffinity to cynomolgus
monkey TfR.

Fluorescent antibody conjugation
To fluorescently conjugate our antibodies, we used the Thermo Fisher
Scientific SiteClick Labeling Kits (S10911, S10901) which allow the
attachment of Alexa-647 to the heavy chain N-linked glycans. Themain
advantage of this approach is that the conjugation is far from the
antigen-binding domain and the TV location which reduces the
potential for interference with molecule biochemical properties. On
average we achieved a degree of labeling between 1–2 AF647 fluor-
ophores per antibody. This was determined by the absorbance of the
fluorophore and antibody on the nanodrop and followed by the cal-
culation using the kit’s recommendation. Quality control steps
including in vitro (cell binding and SPR (Surface Plasmon Resonance))
and in vivo (wild-type plasma clearance and brain uptake) were con-
ducted to ensure the fluorophore does not interfere with the binding
and biodistribution properties of the ATV platform (Supplemen-
tary Fig. 1).

Cell binding of fluorophore-labeled molecules
Cell binding was assessed similarly as described18. Briefly, HEK293T
(ATCC, CRL-3216) and CHO(ATCC, CCL-61) were plated in triplicates at
15,000 cells/well in a 96-well Poly-D lysine-coated plate (Fisher Scien-
tific, PerkinElmer LLC6055302) and incubated overnight at 37 °C. Cells
were treated with ATVTfR or AF647-ATVTfR for 1 h at 37 °C, fixed with 4%
paraformaldehyde, and blocked with 1xPBS containing 5% BSA and
0.3% Triton. Cells were then incubated with anti-human IgG Alexa-
Fluor®488 (1:1000, Jackson ImmunoResearch, 109-545-003 lot
151904), DAPI, and Deep Red Cell Mask (1:5000, Thermo Fisher,
C10046). A minimum of 20 field of views were acquired for each
replicate at ×40 using the Opera Phenix High Content imaging system
(PerkinElmer). Images were analyzed using the Harmony Software
(PerkinElmer version 4.9).

Surface plasmon resonance (SPR) of fluorophore-labeled
molecules
Affinities of unlabeled and A647-labeled ATVTfR were determined by
surface plasmon resonance using a Biacore 8K instrument. Samples

were immobilized on a Cytiva Series S CM5 sensor chip (Cytiva,
#29149603) using a Cytiva Human Fab capture kit (Cytiva, #28958325)
at 10 ug/mL using a flow rate of 10 uL/min for 60 s. Three-fold serial
dilutions of Full Length humanTfR at concentrations of 300, 100, 33.3,
11.11, 3.70 and 0nM were injected at a flow rate of 30 ul/min for 60 s,
followedby a 300-sdissociation in a 1xHBS-EP+ runningbuffer (Cytiva,
#BR100826). After injection, CM5 sensor chip was regenerated using
10mMGlycine-HCl (pH 2.0) at the end of each cycle. Data analysis was
conducted using Biacore Insight Evaluation software (version
2.0.15.12933). Kinetic analysis was performed with a 1:1 Langmuir
kinetic binding model for evaluation of K on, K off and K D.

Wild-type plasma PK of fluorophore-labeled molecules
C57Bl6J (n = 3) were subject to a 3mg/kg tail vein IV injection of
unlabeled or AF647-labeled ATVTFR and in-life bleeds were collected in
EDTA tubes mice at 0.5, 4, 24, and 48h post-treatment. At 72 h post-
dose mice were deeply anesthetized via an IP injection of 2.5% and
terminal blood collected in EDTA tubes. From each timepoint the
collected whole blood was stored temporarily on ice and then pro-
cessed to plasma by centrifugation (18,213 × g for 7min at 4 °C) within
30min of collection. Plasma was then transferred into cluster tubes
and stored at −80 °C until ready for huIgG analysis by ELISA.

Brain uptake PK of fluorophore-labeled molecules
TfRmu/hu KI mice (n = 4) were subject to a 10mg/kg tail vein IV injection
of unlabeled or AF647-labeled ATVTFR and in-life bleeds were collected
in EDTA tubes mice at 0.5 h post-treatment. At 24 h post-treatment
mice were deeply anesthetized via an IP injection of 2.5% and terminal
blood collected in EDTA tubes. The frontal third of the left hemibrain
was collected in 1.5ml Eppendorf tube and fresh-frozen on dry ice and
stored at −80 °C until ready for huIgG analysis by ELISA.

Brain cellular biodistribution timecourse by IHC
ATVTfR, ATVCD98hc, and Ctrl IgG were intravenously administered at
50mg/kg to CD98hcmu/hu, TfRmu/hu double KI mice (n = 5/group). At 1, 3,
and 7 days post dose, animals were deeply anesthetized with an
intraperitoneal injection of 2.5% Avertin, and mice were transcardially
perfused with cold PBS. Following transcardial perfusion with PBS,
hemi-brains were drop-fixed in 4% paraformaldehyde over-
night at 4 °C.

Brain and plasma huIgG quantification
The left side of the frontal brains were fresh-frozen and homogenized
using a Qiagen TissueLyser with 5mm steal beads for 6min at 30Hz in
10x volume/tissue weight of lysis buffer containing 1% NP-40 in PBS
with protease inhibitors. Homogenate was centrifuged at 18,213 × g for
20min at 4 °C and supernatant collected. Brain lysates were diluted 1:2
and 1:20 for analysis of huIgG concentration.

HuIgG concentrations frombrain or plasmawere quantified using
a generic anti-human IgG sandwich-format ELISA. Briefly, plates were
coated overnight at 4 °C with donkey anti-human IgG (JIR #709-006-
098) at 1μg/mL in sodium bicarbonate solution (Sigma #C3041-
50CAP) with gentle agitation. Plates were then washed 3x with wash
buffer (PBS + 0.05% Tween 20). Assay standards and samples were
diluted in PBS +0.05% Tween 20 and 1% BSA. Standard curve pre-
paration ranged from 0.41 to 1500ng/mL or 0.003 to 10 nM (BLQ<
0.03 nM). Standards and diluted samples were incubated with agita-
tion for 2 h at room temperature. After incubation, plates werewashed
3× with wash buffer. The detection antibody, goat anti-human IgG (JIR
#109-036-098), was diluted in blocking buffer (PBS +0.05% Tween-
20 + 5% BSA) to a final concentration of 0.02μg/mL and plates were
incubated with agitation for 1 h at room temperature. After a final 3×
wash, plates were developed by adding TMB substrate and incubated
for 5–10min. Reaction was quenched by adding 4 N H2SO4 and read
using 450nm absorbance.
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Mouse immunohistochemistry
For the experiment involving dose-matched 2D imaging, after per-
fusing themicewith PBS as described above, the hemibrainswere drop
fixed in 4% PFA overnight. Sagittal brain sections (40 μm) were cut
using a microtome (MultiBrain® Technology by NeuroScience Associ-
ates), blocked in 5% BSA+0.3% Triton X-100. Sections were mounted
in Prolong glass (Thermo Fisher P36984) before imaging at ×20 mag-
nification using a widefield epifluorescence slide scanner (Axio Scan
Z1; Carl Zeiss; 20x/0.8 NA air objective; each channel was acquired
independently with the appropriate filter cube for that fluorophore).

Perfused hemibrains were immersion fixed in 4% PFA for
approximately 24 h at 4 °C before transferring to PBS + 0.01% sodium
azide followed by sectioning sagittal at 40μm thickness (MultiBrain®
Technology by NeuroScience Associates). Serial sections were stained
free-floating by incubating in blocking buffer (PBS/TBS + 1% BSA + 1x
fish gelatin (BioWorld 21761058) + 0.5% Triton X-100 + 0.1% sodium
azide) at room temperature for 2 h, incubationwith primary antibodies
(in PBS + 1% BSA +0.3% Triton x-100 +0.01% sodium azide) overnight
at 4 °C, three 15min washes in PBS +0.3% Triton X-100, incubation in
secondary antibody (in PBS + 1% BSA +0.3% Triton x-100 + 0.01%
sodium azide with DAPI) for 4–5 h, and three 15min washes in PBS +
0.3% Triton x-100. Sections weremounted onto slides and sealed with
a coverslip with Prolong Glass (Invitrogen, P36984) For the dose- and
brain-concentration-matched 2D imaging, antibodies used were anti-
huIgG AlexaFluor 647 (Jackson Immunoresearch, 709-606-149 lot
168098), aSMA alpha-Smooth Muscle Actin Antibody (1A4/asm-1)
AF750 (Novus Biological NBP2-33006AF750 lot D149482), Caveolin-1
(Cell Signaling 3267S lot 9, 1:500), and donkey anti-rabbit IgG (H + L)
AF488 (Invitrogen A21206 lot 2072687, 1:500). For the brain uptake of
unlabeled and AF647-ATVTfR molecules, antibody used to anti-human
IgG AlexaFluor®488 (1:1000, Jackson ImmunoResearch, 109-545-003
lot 151904). Slides were imaged at ×20 magnification using a widefield
epifluorescence slide scanner (Axio Scan Z1; Carl Zeiss; 20x/0.8 NA air
objective; each channel was acquired independently with the appro-
priate filter cube for that fluorophore). For the characterization of
brain cellular biodistribution over time by IHC, anti-AQP4 (Millipore,
AB2218, 1:500), anti-NeuN (Millipore, MAB377, 1:500), and anti-human
IgG-647 (Jackson ImmunoResearch, 709-606-149, 1:500) were used in
addition to the secondary antibodies donkey anti-rabbit Alexa Fluor
488 (Invitrogen, A21206, 1:500) and goat anti-mouse IgG1-568 (Invi-
trogen, A-21124, 1:500). For each tissue section, a small region of the
cortex directly superior to the hippocampus was imaged using a Leica
SP8 scanning confocal with a 25xwater objective (0.95NA) followedby
Lightning superresolution post processingwith default settings for the
“adaptive” algorithm.

Mouse 3D brain tissue clearing and imaging
After 24 h of dosing mice with 100mg/kg control IgG or 15mg/kg
ATVTfR through tail vein IV injection (brain-concentration-matched
study), mice were deeply anesthetized via IP injection of 2.5% Avertin
and immediately transcardially perfused using ice cold PBS containing
5mg/L LEL tomato (DyLight 649 conjugated; Invitrogen, L32472
lot32472) at a flow rate of 2.5mL/min for 6min, followed by perfusion
of room temperature 4% PFA for 25min. Spinal cords and brains were
extracted, the brains bisected, and each tissue post-fixed in 4% PFA for
24 h, rinsed in PBS, and then transferred to PBS +0.01% sodium azide
and stored at 4 °C, protected from light throughout the process. One
animal in the control IgG groupwas not well fixed (body not rigid) due
to an air bubble in the line during perfusion-fixation and was excluded
from further analysis.

Samples were brought to RT and washed in 1xPBS before being
dehydrated in a 200-proof methanol/milliq water gradient of 20%,
40%, 60%, 80% and 100% at 1 h while on a rocker at gentle speed. After
washing once more in 100% methanol at room temperature, samples
were incubated overnight in 67% dichloromethane/33% methanol,

after which they were washed twice in 100%methanol for 30min (RT),
cooled to 4 °C and bleached in chilled fresh 5% hydrogen peroxide in
methanol overnight at 4 °C. After rehydration in a room-temperature
methanol/PBST series (1 h each at 80%, 60%, 40%, 20%methanol in PBS
with 0.2% TX-100), samples were washed in PBST twice for an hour
before incubating in permeabilization solution (2.3% glycine, 20%
DMSO, 0.02% sodium azide in PBST) at 37 °C for 4 days. Once per-
meabilized, sampleswereblocked at 37 °C for 3 days in a solutionof 6%
donkey serum, 10% DMSO, 0.02% sodium azide, and 0.2% Triton x-100
in PBS. After blocking, samples were incubated with primary antibody
in a buffer of 0.2% gelatin, 0.5%Trion x-100 and0.1% saponin in PBS for
14 days at room temperature, while being rocked gently. After washing
(in PBS with 0.1% saponin, 0.2% tween20, and 0.1% of a 10mg/ml
heparin solution) for 1 × 10min, 1 × 20min, 1 × 30min, 1 × 1 h, 1 × 1.5 h
(at RT) and 1x 3 days (at 4 °C), samples were incubated in secondary
antibody for 7 days. The secondary incubation took place in antibody
dilution buffer (0.2% Tween 20, 0.1% of 10mg/ml heparin stock solu-
tion, 0.1% saponin, 0.5% Triton X-100, 0.2% gelatin) at RT with gentle
rocking. Samples were then washed again (as after primary antibody
incubation), and dehydrated in a methanol/milliq water gradient as
before. After a final overnight incubation in 100% methanol, samples
were washed for an hour in fresh 100%methanol and incubated in 66%
DCM (Dichloromethane)/33% methanol at room temperature and
finally washed in 100% DCM 15min twice (with shaking) to remove
traces of methanol. Stained and delipidated tissue samples were
cleared inDiBenzyl Ether in airtight vials for 24 h, and in ECi for another
24 h (RT and protected from light) before imaging in ECi. Antibodies
used were anti-huIgG, Dylight800 (1:500 Thermo Fisher SA510132 lot
4D3898685), Goat anti-CD31 (1:300 RD systems AF3628 lot
YZU0223011), Goat anti-Podocalyxin (1:1000 RD systems AF1556 lot
JPC0122111) and donkey anti-gt Cy3 (1:500 Jackson ImmunoResearch
705-166-147 lot 167205).

Fully cleared samples were imaged in the Miltenyi Ultramicro-
scope blaze with the 1x objective (1x zoom), and again with 12x
objective (1x zoom). For both imaging runs, photographs were taken
with 0.186 numerical aperture, with two-sided illumination, adaptive
focus and adaptive blending. All images of one magnification were
takenwith the sameoptimized settings. A total of 1x imageswere taken
at 70% sheetwidth, at 3.86 µM steps. Excitation (Emission) as follows:
785(805): 10%, 640 (680) 7%, 561(620) 5%, and 488 (525) 40%. A total of
12x images (of the medial branch of the circle of Willis) were taken at
50% sheetwidth, at 0.3 µM steps. Excitation (Emission) as follows:
785(805): 8%, 640 (680) 9%, 561(620) 6%, and 488 (525) 77%.

FACS-scRNA-seq
For each treatment group (Ctrl IgG, ATVTfR, ATVCD98hc), 2 male and 2
female mice were perfused with 1x PBS and their whole brain were
collected (excluding olfactory bulbs as well as cerebellum, pons, and
medulla). For downstream processing, brains from 1male and 1 female
per treatment were pooled and processed together for single cell
dissociation in order to reduce the number and cost of single cell RNA-
seq libraries. Cells from individual animals were then demultiplexed
basedon sex-specific gene expression allowing us to analyze cells from
all 4 animals per treatment group.

To dissociate the brains into single cellswe used theNeural Tissue
Dissociation Kit (Miltenyi Biotec, cat. #130-092-628) as previously
described76. Briefly, the brains were chopped using a razor, resus-
pended with HBSS, and centrifuged. The pellet was resuspended and
incubated with the enzyme P mix at 37 °C for 10min along with
the transcriptional and translational inhibitors Actinomycin D (Cell
Signaling Technology, cat. #15021, 5 uM final concentration) and Ani-
somycin (Cell Signaling Technology, cat. #2222, 2 uM final con-
centration) respectively. Samples were then homogenized by
trituration using a 5ml serological pipette and incubated with Enzyme
A at 37 °C for another 10min. Following incubation, the brains were
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triturated with a 2ml serological pipette, washed with DPBS, and
passed through a 100 uM filters and spun at 300 × g 10min. To remove
the excessmyelin, cells were resuspended in 0.9M sucrose and spun at
850× g for 35min. Cellswere thenwashedwith FACSbuffer (1x PBS, 1%
BSA, 2mM EDTA) and stained with SYTOX™ blue (Thermo Fisher) to
distinguish live cells.

On the FACS sorter (BD FACSAria™ III Cell Sorter), the gates were
set to capture single live cells, and using the naïve mouse sample the
Alexa-647 positive gate was drawn (Supplementary Fig. 5). We used
ATVTfR samples to draw the gates for the low, mid, and high samples
(ensuring no overlap) such that each gate would capture 33% of the
cells from the AF647-positive gate for that group. To have a fair
comparison across treatments, these same gates were applied to all
other groups. Additionally, since the AF647-negative bin accounts
for 99% of the cells in the IgG control group, sorting cells from this
bin for the same duration of time as the low, mid, and high AF647-
bins (total of ~1% for the IgG control group) would have exceeded the
capacity of the collection tubes for the AF647-ve bin. Thus, we
decided to sort only 60,000 cells for the AF647-ve bin for all treat-
ment groups and record the time required to obtain this cell number.
Afterward, we simultaneously sorted the cells from the AF647-low,
-mid, and -high bins as well as recorded the time required. Then to
obtain the theoretical number for the AF647-ve bin that we would
have obtained, we extrapolated this number from the total time it
took to sort the AF647-low,mid, and high bins for that group (further
described in “Single-cell RNA-seq data processing and analysis”).
Even though we started out with an n = 4/group (2 males, 2 females)
for all groups, we unfortunately lost n = 2 samples (1 female, 1 male)
for the control group AF647-negative bin due to a technical mal-
function in the 10x Genomics instrument that was used to conduct
the scRNAseq experiment.

Single-cell RNA-seq library construction and sequencing
Six single-cell suspensions of pooled male/female dissociated brain
tissues were FACS sorted into four different bins based on
AF647 signal intensity resulting in 24 samples for single-cell capture.
Up to 60,000 cells were sorted into each 1.5mL centrifuge tube
containing the 24 samples consisting of the 3 treatment groups with
4 bins each and 2 pooled animals per treatment group (1 male, 1
female). To concentrate the single-cell suspensions, each sample was
pelleted by centrifugation at 200 × g for 10min in a swing bucket
rotor at 4 °C, and supernatant was removed leaving only 43.3 µL
volume for resuspension. The entire volume of cells was then added
to the RT master mix and loaded onto Chromium Next GEM Chip G
microfluidic channels per manufacturer’s protocol (10X Genomics,
CG000315 Rev C). One sample (IgG1- bin 0) was lost due to a fluidic
wetting issue, leaving 23 samples for library preparation and
sequencing analysis.

Post GEM–RTCleanupwas performed using a Dynabeads cleanup
mix viamagnetic purification, and cDNAwas generated using 12 cycles
of amplification followed by cDNA purification using SPRIselect
reagent. A quarter volumeof the cDNAgeneratedwasused as input for
3’ gene expression library construction starting with fragmentation,
end repair and A-tailing, followed by Illumina adapter ligation and
sample index PCR, with SPRIselect bead purification performed in
between each step.

Library quantity and quality were assessed with High Sensitivity
D1000 ScreenTapes (Agilent 5067-5584) and then pooled in equimolar
ratios for shallow sequencing on an Illumina MiSeq Reagent Kit v3
(Illumina, MS-102-3001) to determine cell capture rate. With the cell
capture number information from the MiSeq sequencing result,
libraries were pooled targeting 20,000 reads per captured cell. RNA-
seq data for analysis was generated on an Illumina NovaSeq 6000
instrument, S2 cartridge, Paired end (28X10X10X90) by SeqMatic
(Fremont, CA, USA).

Single-cell RNA-seq data processing and analysis
After sequencing, fastq files were processed using Cell Ranger (v7.1.0).
To increase the number of samples without generating additional
libraries, each library consisted of one male and one female mouse
which could then be computationally demultiplexed using gene
expression data. For every cell, male/female identity was predicted
using a random forest classifier trained onmouse single-cell data from
the Linnarsson Adolescent Mouse Brain Atlas77. Themodel was trained
on 6 genes that have strong differential expression betweenmales and
females:Xist, Tsix,Ddx3y,Kdm5d,Uty, and Eif2s3y. After applying a 90%
confidence threshold, the model predicted sex with ~99% accuracy.
This accuracy was supported by observed separation of X and Y
chromosome gene expression between predicted male and female
mice (Supplementary Fig. 6a). Normalization, variable feature selec-
tion, PCA, UMAP dimensionality reduction, and louvain clustering
were all carried out in R using Seurat v5.1.078. Broad cell types were
predicted using the Seurat label transfer methodology and a single-
nucleus atlas of mouse brain cell types. Predictive cell typing was
supported by observation of top marker genes in each predicted class
of cells (Supplementary Fig. 6b). Following cell typing, putative
doublets were identified and removed using the scDblFinder R pack-
age (version 1.18.0)79. Fine cell typing of immune and endothelial
populations was performed using iterative subclustering and manual
cell typing throughmarker gene analysis. Briefly, the populations were
isolated and clustered, obvious doublet clusters were removed, and
cluster identities were mapped to known cell types by examination of
canonicalmarker gene expression. These detailed cell type labels were
projected back onto the full object as seen in Fig. 2.

FACS was performed for different amounts of time, e.g., longer
run times were required to capture sufficient numbers of rarer cells in
the A647+ gates. To compare cell populations across fluorescent bins,
we calculated capture rates (cells captured per second) by dividing the
total number of cells collected in each bin by the duration of the
FACS run.

To examine the expression of marker genes, including TfR and
Slc3a2, single-cell counts were aggregated into pseudobulk expres-
sion values for each sample and cell type using the AggregateA-
crossCells function in the scuttle R package (version 1.14.0). For
visualization, log2 CPMs (counts per million) were calculated using a
pseudocount of 1.

Associations between log2 (pseudobulk) expression and fluor-
escent intensity bins were assessed by fitting polynomials of degree
two using the voomLmFit function from the edgeR R package (version
4.2.1) for each gene, allowing for amonotonous but non-linear increase
in intensity between the low, mid and high fluorescent bins. In addi-
tion, the sex of each animal was modeled as a fixed term.

Whole body tissue clearing
Mice were transcardially perfused with ice cold PBS at a rate of
4mL/min followed by 20min perfusion with 4% PFA. They were then
post-fixed for 12 hwith 4%PFA thenwashedwith PBS and stored in PBS
with 0.05% sodium azide until ready for shipment. Upon arrival to
Deep Piction, they were skinned, washed in PBS and set up for whole-
body perfusion as described in the vDISCO protocol, omitting the
nanobody staining step43. In brief, the mice were stored in a glass
staining jar and a stainless-steel oral gavage needle was attached to the
left ventricle of the heart and secured with superglue. Subsequently,
the mice were perfused with the following solutions at room tem-
perature: PBS (1x 12 h), CUBIC-I solution for decolorization (4x 12 h),
PBS (3x 3 h), 20% EDTA for decalcification (3d), PBS (3x 3 h), Permea-
bilization solution (3.5d). Subsequently, the perfusion needle was
removed, and the stomach and intestines were cleaned of chyme and
feces by small incisions every 2–3 cm and careful rinsing with PBS via a
syringe. Themicewere thenwashed 2x2 h inPBS anddehydrated atRT
on a shaker in a series of Tetrahydrofuran (THF)/dH2O mixes with
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increasing THF concentrations as follows: 50% THF (12 h), 70% THF
(12 h), 90% THF (12 h), 100% THF (2x 12 h). They were then dilapidated
in Dichloromethane (DCM) for 6 h and refractive index matched in a
1:2 mixture of Benzyl Alcohol/Benzyl Benzoate (BABB). We replaced
the BABB after the first 12 h for better clearing performance.

Whole body tissue clearing imaging and processing
The mice were scanned in a customized Ultramicroscope Blaze (Mil-
tenyi Biotec, Germany) outfitted with a custom whole-mouse imaging
chamber and a custom stage. Samples were imaged with a 1.1x objec-
tive optimized for BABB imaging (LaVision-Miltenyi BioTec MI PLAN
×1.1/0.1 NA, WD 17mm) and recorded with a scientific sCMOS camera
(Miltenyi Biotec, resolution 2048 × 2048 px/frame, 16-bit depth,
effective pixel size 5.8 µm/px). Samples were superglued to the sample
holder and first imaged along the ventral side with z-step size of 6 µm/
step (ca 1700 z-planes) and a 3 × 9 tiling layout in X/Y (25% overlap),
The light-sheet thickness was set to 11.4 µm (sheet NA: 0.03) and sheet
width of 100%, which evenly covered the entire field of view of the 1.1x
objective. The exposure time was set to 80ms/frame for imaging of
the background tissue autofluorescence using a 488 nm laser (emis-
sion filters 525/50, 12% laser power) and AlexaFluor-647 conjugated
antibody signal with a 640nm laser (emission filters 680/30, 14% laser
power). Following ventral imaging, mice were flipped to the dorsal
position, re-glued, and the dorsal half of the animal was imaged using
the same parameters.

Imaged tiles were stitched with Fiji (ImageJ) Stitch Sequence of
Grids of Images function. For the organ-wise region of interest (ROI)
analysis, the whole-body image stack (signal channel only) was loaded
as a virtual stack in Fiji and placed a set of markers on the respective
organs (minimum twoper organ). RegionsOf Interest (ROIs)were then
processed by cutting out a 10 × 10 × 10 voxel cube centered around the
marker. The median, standard deviation, minimum and maximum
values were first calculated from all voxels. These were then grouped
by ROI type and treatment group, normalized the means to the mean
of the control condition, and log-transformed the results.

In addition, the whole-body image stacks were segmented into
organs of interest, brain, kidney and lungs, using a custom machine
learning pipeline.

Mouse brain regional analysis
Segmented brains were resampled from their initial resolution of
5.80μm×5.80μm×6.00μm to 10μm isotropic volumes with 3rd
order b-spline interpolation using the ResampleImageFilter in the
Insight Toolkit (ITK) version 5.3.080. Using this resampled volume, an
image pyramid with isotropic resolutions 10μm, 25μm, 50μm, and
100μm was built for each brain image, corresponding to the voxel
pitches of the Allen Institute of Brain Science common coordinate
framework version 3 brain atlas (CCFv3)81.

The CCFv3 atlas defines a nested hierarchy of over 1300 brain
regions, with the most finely delineated layers at or below the resolu-
tion of the segmented whole brain data. To enhance the robustness of
our region-based quantification, we collapsed the CCFv3 annotations
into 14 high-level brain regions by combining the parent region
mask(s) and all child region mask(s) into a single region of interest
(ROI) as described in Supplementary Table 1.

Individual brain volumes were registered in stages to the Nissl-
stained template using the ElastixImageFilter class in itk-elastix v0.17.182.
iDISCOclearedbrainswere uniformly flatter along the dorsal-ventral (D/
V) axis compared to the template image, so the 25μm brain volumes
were each expanded by 50% along the D/V axis, then rigidly registered
to the 25μm Nissl-stained atlas image using parameters given by the
GetDefaultParameterMap(“rigid”) function in itk-elastix, coarsely align-
ing the two in space. Next, the rigidly aligned brains were further
registered to the Nissl template with an affine transform using para-
meters from the GetDefaultParameterMap(“affine”) function. Finally,

each brain was nonlinearly warped with a B-spline warp using para-
meters from the GetDefaultParameterMap(“bspline”) function, except
with a final grid spacing of 1600μm, 9 rounds of optimization, and a
grid spacing schedule of 8x, 8x, 8x, 4x, 4x, 4x, 2x, 2x, 2x for each round
respectively. Warped brains were visually overlaid on the atlas Nissl
template image to assess registration quality using napari v0.5.483.
While gross region alignment was good across all brains, fine structures
were visibly misaligned. To improve alignment of fine structures, all 9
b-spline warped brain images and the 25μm Nissl atlas template were
simultaneously aligned using the parameters from the GetDefaultPar-
ameterMap(“groupwise”) function, except with a final grid spacing of
800μm, an increasedmaximumnumber of iterations to 512 steps, and a
10-step grid spacing schedule with 2 steps each of 32x, 24x, 16x 12x and
8x optimization. To transfer ROIs onto the brains, both the high level
mergedROIs described above, and the lowest level annotations for each
voxel of the 25μm Allen Brain Atlas were warped through the rigid,
affine, b-spline and groupwise sequence using the Transformix-
ImageFilter with a final b-spline interpolation order of 0 (nearest
neighbor interpolation).

A brain mask was defined on the 25μm isotropic fluorescence
image by thresholding the image to include the entire visible brain
volume as well as any surface vessels. Voxel-wise brain depth was then
quantified inside this brain mask using the distance_transform_edt
function from scipy v1.14.184. Mean intensity values were quantified as
the mean huIgG intensity within the intersection of each warped brain
atlas ROI and the whole brain mask. For hierarchically defined brain
regions, mean intensity was calculated for all voxels annotated with
that region idor anydescendent region ids. Normalizedmean intensity
was calculated for each region by dividing the regional mean intensity
by the regional mean intensity for Brain Atlas region id #8, basic cell
groups and regions. Annotations from the fused atlas were warped
back onto the original image space using the numerical inverses of the
bspline, affine, then rigid transforms above, then overlaid onto the
10μm isotropic brains in native space. Depth-wise mean intensity was
calculated by binning depth from surface into 10μm bins, then cal-
culating mean signal within the intersection of each inverse warped
brain atlas ROI and the depth bin.

In vivo cynomolgus monkey study
Female cynomolgus monkeys (2.6–3.6 years old, Macaca fascicularis,
n = 1/group; Charles River Laboratories) were housed at 64–84 °F,
30–70% humidity. Housing set-up is as specified in the USDA Animal
Welfare Act (Code of Federal Regulations, Title 9) and as described in
the Guide for the Care and Use of Laboratory Animals. Cynomolgus
monkeys were IV administered with a single 23mg/kg dose of appro-
priate test article, 2 days post-dose the monkeys were anesthetized
with ketamine HCl combined with isoflurane/O2 and perfused with
4ml phosphate buffer saline (PBS) containing heparin, followed by
12.5mg/kg of WGA-Alexa555 (wheat germ agglutinin) 1.6mg/ml to
label blood vessels, and then 3ml of 1x PBS. After euthanasia, the brain
and spinal cord were collected and drop fixed in 4% PFA overnight and
then stored in 1xPBS with sodium azide.

Cynomolgus monkey brain and spinal cord clearing
Hemi-brains were washed twice in a 10x volume of 1xPBS for a total of
24 h at room temperature with gentle rocking, protected from light.
The tissue was then dehydrated through a series of 200 proof fresh
ethanol (LC/MS grade) and milliq water solutions: first at 50% ethanol
for 48 h (37 °C), followed by 4 days at 70% ethanol (RT), 48 h at 80%
(37 °C), 48 h at 90% (37 °C), 72 h at 100% (RT), and finally 48h at fresh
100% (37 °C). After dehydration, tissue was incubated in a mixture of
50% EtOH and 50%THF for 24 h at 37 °C, followed by a 4-day incubation
in 100%THF (37 °C), and finally a 6-day incubation in 100%DCM (37 °C).

Hemi-brains were then cleared in 99.9% ECi at RT in the dark
without agitation for 3 days, before being switched to fresh ECi and
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allowed to clear further for another 5 days before imaging in ECi in the
Miltenyi Blaze Ultramicroscope.

Spinal cord segments were chosen to be comparable between the
two animals, taken from the first three, non-enlargement cervical
spinal segments. After bringing samples to room temperature, tissue
was washed once in PBS for an hour on gentle rocking at RT before
dehydrating in similar manner to the brain samples, in 15ml of an
ethanol/water series. First, tissue was incubated in 50% ethanol for 3 h
(RT), followedby 70%ethanol overnight (RT), 80% for 3 h (RT), 90%3 h
(RT), 100% overnight (37 °C), and finally fresh 100% for 3 h (37 °C).
After dehydration, tissue was moved to a 10ml glass vial filled com-
pletely with 50% EtOH & 50% THF, and rocked gently for 3 h at 37 °C,
before incubating in 100% THF overnight (37 °C). The following day,
samples were rocked gently in 100% THF for 3 h (37 °C) beforemoving
to 100% Dichloromethane overnight (37 °C). Finally, delipidated cord
segments were cleared in 99% Ethyl cinnamate (ECi) for 3 days, fol-
lowed by switching to fresh ECi for 24 h before imaging in ECi in the
Miltenyi Blaze Ultramicroscope.

Samples from the two animals were treated identically and
imagedusing the sameparameters, the details of which variedwith the
region of interest (hemi-brain or specific ROI), tissue (hemi-brain or
spinal cord), and objective used.

Cynomolgus monkey brain imaging
All samples were imaged in ethyl cinammate (ECi), with a retail
Ultramicroscope Blaze microscope using the standard 2048 × 2048
px/frame 16-bit depth sCMOS camera, with the exposure time set to
650ms. For overview scans, the samples were imaged using the
standard organic-solvent-optimized 1.1x objective and a 0.6x zoom-
out setting in the ImSpector (v7.5.3) software using the 640 laser
(emission filter 680/30 16% laser power) in a 2 × 4 tiling grid with 35%
overlap and dual-sided illumination. The samples were imaged sagi-
tally, first glued on the medial plane so that the lateral cortex was
closest to the objective (lateral scan), then they were repositioned so
that the medial sulcus was closest to the objective (medial scan). The
z-step size was set to 13 µm. Detailed volume imaging was done with
the standard organic-solvent-optimized 4x objective without addi-
tional zoom in the software, by using the 561 nm and 640nm lasers
(emission filters 620/60 and 680/30 respectively and 14% laser
power) in a 2 × 3 tiling grid with 33% overlap and single sided illu-
mination. The z-stepping was set to 2.71 µm. The samples were
positioned in an oblique plane, glued on the medial plane so that the
ventral hippocampal region was closest to the objective and the
dorsal cortex was next to the sample holder bar, below the laser’s
height.

Cynomolgus monkey spinal cord imaging
All samples were imaged in ethyl cinnamate (ECi), with a retail Ultra-
microscope Blaze microscope using the standard organic-solvent-
optimized 4xobjective and the0.6x zoom-out setting in the ImSpector
acquisition software. We used a standard 2048 × 2048 px/frame 16-bit
depth sCMOS camera with 264ms and 650ms exposure times for the
561 nm and 640nm lasers respectively. We used the 561 nm and
640nm lasers (emission filters 620/60 and 680/30 respectively and
14% laser power) for dual-sided illumination. The z-stepping was set
to 2.71 µm.

Cynomolgus monkey vessel processing
The produced image stacks were stitched using TeraStitcher. The lat-
eral and medial overview scans were fused together using Vision4D’s
landmark-based Volume Fusion function to a single volume. The
detailed scans were segmented using VesSAP’s vascular segmentation
in the channel highlighting the brain blood vessels. Thismaskwas then
expanded using Fiji’sMaximum3D filter using 2, 4 and 6 voxels in XYZ.
To analyze the distribution of parenchymal intensity, we first removed

the vascular mask from the 2vx expanded mask, resulting in a con-
centric shell surrounding the blood vessels. Then, we removed the 2vx
mask from the 4vx mask, forming a larger shell, and then removed the
4vx shell from the 6vxmask to create the outermost shell surrounding
the vasculature. These masks were applied to the signal channel only.
Next, a 5-step tissue depth binning was produced in Fiji using polygon
selections, each bin encompassing a 135 µm (50vx) depth. The histo-
gram of each vascular and parenchymal shell (in each depth bin) was
extracted using the standard Fiji function and the weighted mean was
compared.

To extract the local vessel radius, the vessel mask was first pro-
cessedwith an iterative quasi-3D hole closing filter. For eachpossible Z
plane, the XY vesselmaskwas extracted then filtered using the remove
small holes function from scikit-image with amaximum area threshold
of 7344 µm2 (1000 px2). This filter was repeated for each possible Y
plane filtering the XZmask, followed by each possible X plane filtering
the YZ mask. The vessel mask was next processed with a binary
opening operation to remove axis-aligned stripe artifacts. The mor-
phological skeleton was then calculated using a 3D skeletonization
algorithm85 and the distance from the edge of the hole filled vessel
mask to the skeleton was calculated using a Euclidean distance
transform86. Each point along the skeleton was assigned an index and
the distance from the edge at that index was used as the estimate for
the local radius at that point.

Each voxel of the hole-filled vessel mask was assigned to the
nearest point on the vessel skeleton using watershed segmentation.
This segmentation was then masked so only voxels in the original
segmentation were considered, and any voxels not assigned to a cor-
responding point on the vessel skeleton were filtered (~1.0–1.5% of the
vessel mask). Themean huIgGwas then calculated for each label in the
segmentation, resulting in a measurement of radius and mean inten-
sity at each point in the vessel skeleton. The radii were binned into 20
buckets from 2.71 µm (1 voxel) to 54.2 µm (20 voxels) and the mean
intensity within each bin was calculated.

Cynomolgus monkey brain atlas registration
1x magnification tiled scans of the cynomolgus brains were first stit-
ched using TeraStitcher then converted to Imaris image pyramid
volumes using ImarisFileConverter. The 2x down sampled volumewas
then loaded and flipped along the y-axis to bring it into rough align-
ment with the T1 weighted template image for the 24-month-old
cynomolgus atlas87. The brain volume was N4 corrected using a shrink
factor of 32x, with 5 levels of correction and 50 iterations at each level.
The corrected brain was thresholded followed by morphological fil-
tering to remove mask fragments smaller than 0.00292mm3 (500 vx)
and to remove holes smaller than 0.292mm3 (50,000 vx), then all
values outside the brain mask were set to 0.

The T1 weighted template image was split along the midline to
produce a hemibrain image, then trimmed 1.9mm (5 voxels) on each
side to match the approximate imaging area of the light sheet image.
The template image was then upsampled, and the corrected brain
image down sampled each to 0.25mm×0.25mm×0.25mm iso-
tropic using linear resampling with the ResampleImageFiler from
ITK. The corrected brain image was then registered to the trimmed
T1 template image using ANTsPy (antspyx v0.5.4)88. To calculate a
robust initial transform, the corrected brain was first coarsely aligned
to the template using the “Rigid” transform preset, then this initial
transform was further refined using the “Affine” transform preset.
The resulting affine initial transform was used to initialize the
“SyNAggro” transform preset with no additional refining affine
iterations, SyN sampling of 128 per iteration, and a series of six levels
of registration with 80, 80, 80, 40, 20, and 10 iterations per level
respectively. This resulted in a set of forward and inverse affine and
warp parameters mapping between the input volume and the atlas
template space.
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The SARM and CHARM annotations for level 2 of the cynomolgus
48-month atlas were transformed back to the 0.25mm isotropic image
space using the apply_transforms method from ANTsPy with the
“genericLabel” interpolator. The labeling was manually inspected on
the original images using napari to ensure alignment with the light
sheet anatomy. To enable comparison with the mouse atlas, the
CHARM cortical parcellation was combined into a single “cortex”
region, while the SARM labels were not modified. Mean intensity was
calculated within each region inside the brain mask using the
(UNCORRECTED | N4 CORRECTED) images.

Statistical analysis
Unless where labeled otherwise, unpaired t-tests, one-way, and two-
way ANOVAs were performed using Prism 9 software (GraphPad 9.5.1).
The raw data and results of the statistical analysis found in the Source
Data file. Statistical comparisons between Mean Fluorescence Inten-
sities in whole body images and depthwise were conducted using
unpaired two-tailed t-tests with the ttest_ind function in scipy. Where
multiple comparisons were performed, the false discovery rate was
controlled using the Benjamini/Hochberg method as implemented
using the false_discovery_control function in scipy.Mean Fluorescence
Intensities within fused brain regions were compared to whole brain
mean intensity using paired two-tailed t-tests using the ttest_rel func-
tion in scipy.Mean Fluorescence Intensities within all regions of level 8
of the Allen Brain Atlas were compared to the mean brain intensity
using ttest_rel, p values for all regions were corrected using the fal-
se_discovery_control function, and then the 10 regions on average
most different from the mean brain intensity were presented. Com-
parisons between cell proportions detected by single-cell RNA-seq
were performed using unpaired two-tailed t-tests assuming unequal
variance with R’s t.test function.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The scRNA-seq raw and processed data generated in this study have
been deposited in the Gene Expression Omnibus (GEO) database
under accession code GSE262436. Due to the terabyte sizes of the raw
imaging data and the high cost associated with depositing it, we have
not provided this data in a publicly accessible repository but can still
provide it upon request. The remaining data generated in this study
are provided in the Source Data file. Source data are provided with
this paper.

Code availability
scRNAseq and image analysis code is available via Zenodo https://doi.
org/10.5281/zenodo.13935844; https://zenodo.org/records/13935844.
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