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Fluids and Barriers of the CNS

Enhanced in vivo blood brain barrier 
transcytosis of macromolecular cargo using 
an engineered pH‑sensitive mouse transferrin 
receptor binding nanobody
Thomas J. Esparza1,2, Shiran Su1,3, Caroline M. Francescutti1, Elvira Rodionova1, Joong Hee Kim1,2 and 
David L. Brody1,4,5* 

Abstract 

Background  The blood brain barrier limits entry of macromolecular diagnostic and therapeutic cargos. Blood brain 
barrier transcytosis via receptor mediated transport systems, such as the transferrin receptor, can be used to carry 
macromolecular cargos with variable efficiency.  Transcytosis involves trafficking through acidified intracellular vesi-
cles, but it is not known whether pH-dependent unbinding of transport shuttles can be used to improve blood brain 
barrier transport efficiency.

Methods  A mouse transferrin receptor binding nanobody, NIH-mTfR-M1, was engineered to confer greater unbind-
ing at pH 5.5 vs 7.4 by introducing multiple histidine mutations. The histidine mutant nanobodies were coupled 
to neurotensin for in vivo functional blood brain barrier transcytosis testing via central neurotensin-mediated 
hypothermia in wild-type mice. Multi-nanobody constructs including the mutant M1R56H, P96H, Y102H and two copies 
of the P2X7 receptor-binding 13A7 nanobody were produced to test proof-of-concept macromolecular cargo trans-
port in vivo using quantitatively verified capillary depleted brain lysates and in situ histology.

Results  The most effective histidine mutant, M1R56H, P96H, Y102H-neurotensin, caused > 8 °C hypothermia after 25 nmol/
kg intravenous injection. Levels of the heterotrimeric construct M1R56H, P96H, Y102H-13A7-13A7 in capillary depleted 
brain lysates peaked at 1 h and were 60% retained at 8 h. A control construct with no brain targets was only 15% 
retained at 8 h. Addition of the albumin-binding Nb80 nanobody to make M1R56H, P96H, Y102H-13A7-13A7-Nb80 
extended blood half-life from 21 min to 2.6 h. At 30–60 min, biotinylated M1R56H, P96H, Y102H-13A7-13A7-Nb80 was visu-
alized in capillaries using in situ histochemistry, whereas at 2–16 h it was detected in diffuse hippocampal and corti-
cal cellular structures. Levels of M1R56H, P96H, Y102H-13A7-13A7-Nb80 reached more than 3.5 percent injected dose/
gram of brain tissue after 30 nmol/kg intravenous injection. However, higher injected concentrations did not result 
in higher brain levels, compatible with saturation and an apparent substrate inhibitory effect.

Conclusion  The pH-sensitive mouse transferrin receptor binding nanobody M1R56H, P96H, Y102H may be a useful tool 
for rapid and efficient modular transport of diagnostic and therapeutic macromolecular cargos across the blood brain 
barrier in mouse models. Additional development will be required to determine whether this nanobody-based shut-
tle system will be useful for imaging and fast-acting therapeutic applications.
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Background
The efficient delivery of biological macromolecular car-
gos across the blood brain barrier (BBB) is a major unmet 
need for diagnostic and therapeutic approaches to brain 
disorders. In recent years, it has become clear that taking 
advantage of endogenous receptor mediated transcytosis 
systems represents a promising approach. To that end, 
several research groups have developed antibodies and 
other reagents that bind key targets involved in recep-
tor mediated transcytosis in brain endothelial cells [1, 2]. 
A common target is the transferrin receptor (TfR) [3, 4], 
involved in the transcytosis of iron carried by transferrin 
across the BBB, where it is required for multiple iron-
containing proteins in multiple brain cell types [5]. The 
first clinically approved therapeutic employing a recep-
tor mediated transcytosis BBB shuttle, pabinafusp alfa, 
consists of a TfR-binding monoclonal antibody fused 
to the enzyme iduronate-2-sulfatase, which is defective 
in mucopolysaccharidosis type II (Hunter syndrome) 
[6, 7]. Additional targets for BBB transcytosis shuttles 
include the insulin receptor [8, 9], IGF1 receptor [10–12], 
CD98hc [13, 14], TMEM30 [15], and others [1, 2, 16].

To date, the majority of the candidate BBB transcy-
tosis shuttles have been designed for long-term thera-
peutic applications, but there remains an unmet need 
for systems to shuttle biological macromolecular cargos 
across the BBB optimized for rapid molecular contrast 
imaging and fast-acting therapeutics. Furthermore, 
shuttle systems that are readily engineered, inexpen-
sive to produce, simple to handle, and widely accessi-
ble to the research community would be a benefit. For 
specific applications to fast-acting therapeutics and 
imaging, rapid BBB kinetics would be an advantage. 
Nanobodies, 12–15 kDa recombinant proteins derived 
from the binding domains of heavy chain only antibod-
ies from camelids [17, 18], have potential to address 
this unmet need. Nanobodies are relatively small, read-
ily engineered, and inexpensive to produce. Because 
of their small size, nanobody systemic kinetics and 
diffusion within the brain extracellular space may be 
expected to be relatively fast [19], though they can be 
engineered to have prolonged half-lives in blood [18]. 
The first approved nanobody therapeutic, caplaci-
zumab-yhdp which targets von Willebrand factor, has 
proven to be effective for the rapid treatment of throm-
botic thrombocytopenic purpura [20–23]. Additional 
nanobody-based therapeutics approved for human use 
include ciltacabtagene autoleucel which targets B-cell 

maturation antigen for multiple myeloma [24], enva-
folimab which targets programmed death ligand 1 
for solid tumors [25] and ozoralizumab which targets 
tumor necrosis factor alpha for rheumatoid arthri-
tis [26]. Other researchers have developed nanobody-
based BBB transcytosis reagents that bind to TMEM30 
[15], TfR [27, 28], and IGF1R [10, 11].

We previously reported the generation and character-
ization of a llama nanobody recognizing the extracel-
lular domain of the mouse transferrin receptor called 
NIH-TfR-M1, referred to as M1 herein. We showed that 
this nanobody binds independently of the presence or 
absence of mouse holo-(iron bound) transferrin with 
relatively high (5  nM) affinity [29]. The M1 nanobody 
showed modest BBB transcytosis in  vivo as measured 
using a neurotensin (NT)-induced hypothermia assay 
[29]. Others have reported that antibodies with lower 
affinities or monovalent binding mediate improved BBB 
transcytosis [30–32]. It has also been reported that 
at least some of the intracellular vesicles involved in 
receptor mediated transcytosis are acidified to approxi-
mately pH 5.5 [5], and that pH-dependent binding may 
favor TfR antibody transcytosis in  vitro [33]. Of note, 
iron dissociates from transferrin under acidic condi-
tions due to protonation of transferrin histidine resi-
dues, and apo-transferrin has a much lower affinity 
for TfR than holo-transferrin [5]. Thus, we reasoned 
that introduction of histidine residues into M1 could 
improve BBB transcytosis via accelerated unbind-
ing from TfR at acidic pH while retaining relatively 
fast binding kinetics at pH 7.4. We were inspired by a 
previous approach taken using histidine engineering 
of a TfR-binding single chain variable fragment (scFv) 
to enhance intracellular accumulation [34], as well as 
previously reported pH-dependent binding of candi-
date shuttles to other BBB transport systems [10, 14]. 
Researchers have introduced histidine mutations for 
pH-dependent engineering in many other antibodies 
for other purposes [35–37]. As an initial foray, we pre-
viously reported that introduction of a single histidine 
mutant at residue 96 imparts enhanced unbinding at 
pH 5.5 and modestly improved in vivo BBB transcytosis 
as measured using the NT-induced hypothermia assay. 
However, the M1P96H mutant nanobody was still not 
effective as a carrier of amyloid-beta binding nanobod-
ies across the BBB in a mouse model of Alzheimer Dis-
ease-related amyloid plaque pathology [29]. Therefore, 
we endeavored to further engineer the M1 nanobody 
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for more extensive pH-dependent unbinding while 
retaining high affinity at pH 7.4. To this end, we pro-
duced 39 additional histidine mutant versions of M1, 
and characterized them both in vitro and in vivo. One 
version with 3 histidine mutations, M1R56H, P96H, Y102H, 
demonstrated nearly threefold greater unbinding at pH 
5.5 compared with pH 7.4 in vitro, greater than 24-fold 
stronger NT-induced hypothermia effects than M1P96H, 
and capacity to transport more than 3.5% of the injected 
dose of a proof-of-concept biological macromolecule 
cargo per gram of brain across the BBB in  vivo at 4 h 
after intravenous injection. This triple histidine mutant 
TfR-binding nanobody may have potential as a BBB 
transcytosis shuttle for fast-acting therapeutics and 
molecular contrast imaging applications.

Methods
Development of mouse transferrin receptor binding 
nanobodies
The production and development of the lead candidate 
nanobody NIH-TfR-M1 was described previously [29]. 
Briefly, an adult llama was immunized with a recombi-
nant protein consisting of the extracellular domain of the 
mouse transferrin receptor. Post-immune B cell lympho-
cyte DNA was used to generate a phage display library. 
Panning the phage display library using immobilized 
recombinant mouse transferrin receptor extracellular 
domain yielded several candidate nanobodies including 
M1, 4E6 and 1E5. Characterization of 4E6 and 1E5 will be 
reported separately.

Expression in E. coli and purification
Expression of 6xHis tagged nanobodies in E. coli was 
described previously [29]. Briefly, nanobody constructs 
under the control of the lacZ promotor and an N-termi-
nal pelB periplasmic translocation sequence were cloned 
into the pHEN2 phagemid vector and transformed into 
TG-1 competent E. coli. Sequence-confirmed clones 
were grown to mid-logarithmic phase (optical den-
sity = 0.6) and expression was induced by addition of 
1 mM isopropyl-β-d thiogalactoside (IPTG) followed by 
overnight expression at 30 °C and 250 rpm. The periplas-
mic compartment was gently released by osmotic shock 
and the nanobody construct purified using HisPur™ Ni–
NTA resin. Endotoxin was removed using High-Capac-
ity Endotoxin Removal Resin (Pierce) and confirmed to 
be < 0.5 endotoxin units/mg of total protein. The con-
structs were polished with size exclusion chromatog-
raphy (SEC) using a Superdex™75 GL 10/300 column, 
injected in a maximum volume of 1-mL and eluted at 1 
mL/min at room temperature into a 96-well collection 
block for fractionation. Typical final yield was 1 to 10 
mg/100 mL culture of purified nanobody.

Transferrin receptor ELISA with pH‑dependent wash steps
Plate-based measurements of nanobody construct affini-
ties were performed as described previously [29]. Briefly, 
96-well plates were coated with 2 µg/mL recombinant 
mouse transferrin receptor extracellular domain (amino 
acids 89–763) overnight at 4  °C, followed by blocking 
with 1% (w/v) bovine serum albumin (BSA) in 1 × Phos-
phate-Buffered Saline (PBS) for 1 h and incubated for 1 h 
at room temperature with varying concentration of nano-
body constructs. To assess pH-dependent unbinding, 
three washes were performed at either pH 7.4 or pH 5.5 
for 10 min each. Then bound nanobody constructs were 
detected with peroxidase conjugated goat anti-alpaca 
VHH domain specific antibody (#128–035-232, Jackson 
Immuno Research) followed by colorimetric develop-
ment with tetramethylbenzidine measured at 650 nm 
absorbance on a Biotek plate reader.

Site‑directed mutagenesis
Site-directed mutagenesis was performed as described 
previously [29]. Briefly, single histidine point mutations 
were generated using the Q5 Site-Directed Mutagen-
esis kit (New England Biolabs) with DNA oligonucleo-
tides incorporating the mutation. The introduction of 
the point mutation was confirmed by Sanger sequencing 
before proceeding to protein expression and purification. 
For instances of multiple histidine point mutations, the 
entire nanobody fragment was synthesized (Twist Biosci-
ence) and cloned into the pHEN2 phagemid for expres-
sion and purification as described above.

Mice
All animal studies were performed in accordance with 
guidelines established by the National Institutes of Health 
for the care and use of laboratory animals (NIH publica-
tion 85–23, revised 2011) and approved by the National 
Institute of Neurological Disorders and Stroke (NINDS)/ 
National Institute on Deafness and Other Communica-
tion Disorders (NIDCD) Animal Care and Use Commit-
tee in the National Institutes of Health (NIH) Clinical 
Center (Protocol Number: 1406–21). Adult male and 
female C57BL/6J mice were obtained from Jackson labs 
(stock# 000664) at 8 weeks of age. They were housed in 
at 4–5 mice per cage for at least 1 week before starting 
experiments. For terminal experiments, mice were deeply 
anesthetized with 5% isoflurane mixed with medical air 
and euthanized by transcardiac perfusion with ice cold 
heparinized saline.

NT construct fabrication
Nanobody constructs including the NT peptide were 
constructed as previously described [29]. Briefly, DNA 
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constructs including nanobodies, (Gly-Gly-Gly-Ser)3 
linkers, and the 13 amino acids encoding the NT peptide 
(ELYENKPRRPYIL) were cloned in-frame, expressed by 
IPTG induction, and purified as described above. Typi-
cal final yield was 1 to 10 mg/100 mL culture of purified 
nanobody.

In vivo assessment of NT‑induced hypothermia
Assessments of NT-induced hypothermia were per-
formed as described [29]. Briefly, adult male and female 
C57BL/6J mice were weighed, abdominal fur was 
removed, and tails were warmed with a heating pad 
while mice were under isoflurane anesthesia. Investi-
gators blinded to the identity of the injected constructs 
randomly assigned mice to injection with one of several 
constructs or controls between 0600 and 1200. Each con-
struct was tested in at least 3 mice. Temperature meas-
urements were obtained using an infrared thermometer 
applied to the abdomen while the mice were placed briefly 
under isoflurane anesthesia. Baseline temperatures were 
recorded serially prior to injection to ensure stability. Tail 
veins were injected with approximately 10  µl per gram 
body weight of nanobody constructs using a 30 gauge 
needle in PBS at pH 7.4. Temperature measurements 
were obtained every 20–30 min for up to 180 min. Mice 
were allowed to recover from anesthesia between tem-
perature measurements and observed for adverse effects. 
Individual mice were used for up to 3 experiments sep-
arated by at least 7 days. We have observed that after 3 
experiments, hypothermia responses became inconsist-
ent, even when using previously well-characterized NT 
constructs. Therefore, individual mice were not used for 
more than 3 experiments.

Multi‑nanobody construct fabrication and characterization
Construct fabrication was performed as described previ-
ously [29]. DNA sequences for the 13A7 nanobody and 
the Nb80 nanobody were generated based on E. coli pre-
ferred codon usage. Nanobody constructs included (Gly-
Gly-Gly-Ser)3 linkers. Size and purity were assessed using 
size exclusion chromatography and SDS PAGE. No major 
aggregation or degradation products were observed 
using size exclusion chromatography. SDS PAGE band 
densities were analyzed using ImageJ.

Nanobody biotinylation
The incorporation of biotin moieties for downstream 
detection of nanobody constructs was achieved using 
a fivefold molar excess of EZ-link-NHS-PEG4-biotin 
(#21330, Thermo Fisher) with nanobody constructs in 
50 mM sodium carbonate buffer, pH 8.5 for 1 h at room 
temperature. The unreacted biotin reagent was removed 

using a 5-mL desalting column on an AKTA Pure FPLC 
system.

Blood and brain tissue sampling
Following tail-vein injection of nanobody constructs, 
mice were placed under 5% isoflurane anesthesia at the 
specified terminal time points. Under maintained anes-
thesia, the right atrium was cut and approximately 100 µl 
of whole blood collected into heparinized tubes. Sub-
sequently, a 23-gauge needle was used to perfuse with 
heparinized ice-cold normal saline through the left ven-
tricle. Following complete perfusion, the whole brain was 
extracted and bisected into separate hemispheres. The 
left hemisphere was placed into 4% (w/v) paraformalde-
hyde overnight at 4  °C. The right hemisphere was snap 
frozen on dry ice prior to storage at − 80  °C for down-
stream capillary depleted homogenate preparation. Fol-
lowing 24-h fixation of the left brain hemisphere, fixative 
was replaced with 30% sucrose and allowed to equili-
brate at 4 °C for 48-h prior to sectioning the tissue using 
a freezing sliding microtome producing 50µm thick sec-
tions stored in 1xPBS containing 0.05% sodium azide 
prior to histological assessment.

Capillary depletion of brain lysates
The parenchymal fraction was physically separated from 
the associated vessel components using a modification of 
previously published methods [38]. Briefly, brain hemi-
spheres were weighed and then dounce homogenized in 
1 mL ice-cold HEPES-buffered saline (HBSS) with a fixed 
number of dounces within sample set to reduce variabil-
ity. The homogenate was transferred to a 1.5 mL micro-
centrifuge tube and spun at 2000×g for 10  min at 4  °C. 
The parenchymal fraction supernatant was transferred to 
a new tube, snap frozen on dry ice and stored at − 80 °C 
until assessed for nanobody concentration by ELISA. 
The vessel containing pellet was resuspended in 1 mL of 
HBSS containing 18% (w/v) dextran (molecular weight 
60–70 kDa) using a wide-bore pipet, and then spun at 
4400×g for 15 min at 4 °C. The myelin layer was carefully 
removed using a disposable cotton applicator and a wide-
bore pipet. Then the underlying vessel-enriched pel-
let was resuspended in HBSS containing 1% (w/v) BSA. 
The solution was transferred to a 40µm cell strainer, and 
the vessels were washed twice with HBSS containing 1% 
(w/v) BSA, followed by transfer of the vessels into a new 
microcentrifuge tube using a wide-bore pipet. The vessels 
were spun at 2000×g for 5 min at 4 °C, and the superna-
tant was removed to deplete the BSA content. The pel-
let was then resuspended in 1 mL HBSS and spun down 
again at 2000×g for 5 min at 4  °C. The supernatant was 
carefully removed, and the pellet was then snap frozen on 
dry ice and stored at − 80 °C.
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In situ histochemistry
The presence of biotinylated nanobody construct in situ 
was performed using streptavidin-peroxidase detection 
followed by an amplification step as follows: Gentle anti-
gen retrieval was performed by incubation at 60  °C in 
50 mM sodium citrate buffer, pH 6.0 for 10 min. Endog-
enous peroxidase was then quenched by incubation in 
3% (v/v) hydrogen peroxide for 10  min. The tissue was 
then blocked with 5% (v/w) BSA in 1xPBS containing 
0.05% Tween-80 for 1 h at room temperature. An initial 
avidin-peroxidase step was performed using Vectastain 
Elite ABC-HRP (#PK-6100, Vector Laboratories) reagent 
diluted 1:400 in 1xPBS (complexed 20  min before use) 
for 1 h at room temperature. The biotin signal was then 
amplified by addition of a 2  µM solution of tyramide-
biotin reagent (#92176, Biotium) in 10 mM Tris, pH 7.5 
containing 0.0015% (v/v) hydrogen peroxide for 10 min 
at room temperature. A final avidin-peroxidase step was 
performed for 1 h at room temperature. Chromogenic 
development was performed using diaminobenzidine. 
The same development termination time was used for all 
tissues in a sample set to provide for comparative assess-
ments. Tissue was washed three times for 5 min each in 
1xPBS between each of the above steps.

Ex vivo immunohistochemistry
Detection of ex vivo nanobody construct immunoreactiv-
ity in 50 µm thick coronal brain sections was performed 
as follows: Gentle antigen retrieval was performed by 
incubation at 60  °C in 50  mM sodium citrate buffer, 
pH 6.0 for 10 min. Endogenous peroxidase was then 
quenched by incubation in 3% (v/v) hydrogen peroxide 
for 10 min. The tissue was then blocked with 5% (v/w) 
BSA in 1xPBS containing 0.05% Tween-80 for 1-h at 
room temperature. Biotinylated nanobody construct was 
diluted to 50 nM in 0.5% (w/v) BSA in 1xPBS and tissue 
incubated overnight at 4 °C. Avidin-peroxidase detection 
was performed using Vectastain Elite ABC-HRP, pre-
pared as described above, for 1  h at room temperature. 
Chromogenic development was performed using diamin-
obenzidine, the same development termination time was 
used for all tissues in a sample set to provide for compar-
ative assessments. Tissue was washed three times for 5 
min each in 1xPBS between each of the above steps.

Percent injected dose per gram of brain calculation
Calculations were performed using the following formula:

%ID

grambrain

=

measured construct in brain sample(nmol)
injected construct(nmol)

∗ 100

brain samplemass(g)

where

and

Statistical analyses
Statistical analyses were performed using GraphPad 
Prism 9.5.0. Affinity measurements were calculated using 
the “Dose Response” function in the “Nonlinear Regres-
sion” analysis group. Simple two way ANOVAs rather 
than repeated measures ANOVAs were performed 
because data at each time point was taken from differ-
ent groups of animals. Statistical significance was defined 
as 2-sided p-values < 0.05 after correction for multiple 
comparisons. Sidak’s multiple comparisons test was per-
formed for post-hoc pairwise comparisons.

Model fitting
GraphPad Prism 9.5.0 was used for model fitting. The 
models used were “Specific binding with Hill slope” and 
“Substrate inhibition” in the “Nonlinear Regression” 
analysis group. Both models had 3 free parameters and 
were fit to 22 pairs of injected dose vs. brain lysate con-
centration data points, leaving 19 degrees of freedom. Fit 
parameters were obtained using least squares.

Results
Engineering the M1 mouse TfR binding nanobody 
with histidine mutations for pH‑dependent binding
Our goal was to engineer a mTfR-binding nanobody for 
use as a BBB transcytosis shuttle. We refined our previ-
ously reported lead candidate llama nanobody recog-
nizing the extracellular domain of the mouse TfR called 
M1 by introducing a series of histidine mutations and 
assessing their effects on pH dependent binding in vitro. 
We used a plate-based assay to assess relative unbinding 
at pH 5.5 vs. pH 7.4. In this assay, several concentrations 
of each M1 variant were bound to 96 well plates coated 
with mTfR at pH 7.4 and room temperature. Relative 
apparent mTfR unbinding was assessed by measuring the 
nanobody remaining after three 10 min washes at either 
pH 7.4 or pH 5.5 (Fig. 1). Unbinding of the original M1 

measured construct in brain sample(nmol)

= measured brain concentration(nM)

∗ brain lysate volume(L)

injected construct (nmol)

= injected dose

(

nmol

kg

)

∗mouse bodyweight
(

kg
)
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was similar after three 10 min room temperature washes 
at pH 7.4 vs. pH 5.5, indicating a lack of pH dependence. 
In contrast, several of the M1 histidine mutant had > two-
fold greater unbinding at pH 5.5 vs. pH 7.4. We did not 
observe any histidine mutants with the reverse effect: 
greater unbinding at pH 7.4 than at pH 5.5. Several his-
tidine mutants imparted greater unbinding at pH 5.5 
vs. pH 7.4 but had reduced overall affinity. Other histi-
dine mutants did not impart pH-dependent unbinding. 
The mutants, their affinities at pH 7.4, and their relative 
unbinding at pH 5.5 vs pH 7.4 are shown in Table 1. The 
effects of multiple histidine mutants were not neces-
sarily additive; double, triple, quadruple, and quintuple 
mutants did not necessarily have greater pH-dependent 
unbinding than otherwise similar mutants with smaller 
numbers of histidines. One mutant retained high affinity 
and imparted steeply pH-dependent unbinding. Specifi-
cally, M1R56H, P96H, Y102H had 2.63-fold greater unbinding 
at pH 5.5 vs pH 7.4 while retaining affinity < 10 nM at pH 
7.4. Exemplar binding curves for the original M1, the pre-
viously reported M1P96H and the triple histidine mutant 
M1R56H, P96H, Y102H are shown in Fig.  1. Thus, histidine 
mutations introduced a range of enhanced unbinding 
rates at pH 5.5 in vitro, and one triple histidine mutant 
imparted both enhanced pH-dependent unbinding with 
preserved high affinity at pH 7.4.

In vivo BBB transcytosis assessed via neurotensin‑induced 
hypothermia
We next asked whether these histidine mutants con-
ferred greater BBB transcytosis in vivo using NT-induced 
hypothermia assays. This assay has previously been used 
to efficiently screen candidate BBB crossing shuttle sys-
tems [10, 27–29, 39–41]. After intravenous injection 
of 25 nmol/kg of M1R56H, P96H, Y102H-NT fusion, mouse 
temperatures dropped profoundly by up to 8 °C (Fig. 2). 
Other histidine mutants with a range of affinities also had 

substantially more potent effects than the original M1 or 
M1P96H with temperature drops of 2–6  °C after intrave-
nous injection of 25 nmol/kg (Table 1). In contrast, M1 
and M1P96H required higher doses to produce detectable 
drops in body temperature (Fig. 2). An M1 variant with 
alanine mutations at residues 100b and 100c in the Kabat 
numbering scheme (M1AA) which did not bind TfR also 
did not cause detectible hypothermia at doses as high as 
600 nmol/kg (Fig.  2). M1 mutants with very low affin-
ity generally did not produce substantial hypothermia, 
nor did mutants with relatively modest pH-dependent 
binding (Table  1, Additional file  1: Fig. S1). As noted, 
the NT-induced hypothermia assays were performed in 
a randomized, blinded fashion. These results indicated 
that M1 histidine mutants with pH-dependent unbinding 
could produce potent NT-induced hypothermia, consist-
ent with the hypothesis that they shuttle NT across the 
BBB more efficiently in vivo.

Rapid shuttling of macromolecular cargoes across the BBB 
in vivo
As noted above, NT-induced hypothermia can be con-
sidered an efficient screening assay. However, it is not a 
definitive test of generalized BBB transcytosis. Therefore, 
we used two additional methods to assess the capacity 
of M1R56H, P96H, Y102H to shuttle macromolecular cargoes 
across the BBB in vivo: capillary-depleted brain homoge-
nates and in  situ histochemistry. For proof-of-concept 
assessments, we created a three nanobody construct: 
M1R56H, P96H, Y102H plus two tandem copies of the P2X7 
receptor binding nanobody 13A7 [42] produced as a sin-
gle protein using glycine-serine linkers between nano-
bodies (Fig. 3A). As a non-binding control, we created a 
construct with M1R56H, P96H, Y102H and two tandem copies 
of the human amyloid-beta receptor binding nanobody 
Nb3 [29, 43] (Fig. 3B). Nb3 has no known targets in the 
wild-type mouse brain. The three nanobody constructs 

0.1 1 10 100
0.0

0.5

1.0

1.5

2.0

2.5

3.0
M1

Nanobody (nM)

A
bs

or
ba

nc
e 

(O
D

65
0n

m
)

0.1 1 10 100
0.0

0.5

1.0

1.5

2.0

2.5

Nanobody [nM]

A
bs

or
ba

nc
e 

(O
D

65
0n

m
)

M1P96H

0.1 1 10 100
0.0

0.5

1.0

1.5

2.0
M1R56H P96H Y102H

Nanobody [nM]

A
bs

or
ba

nc
e 

(O
D

65
0n

m
)

pH7.4 Wash
pH5.5 Wash

Fig. 1  Binding and pH-dependent unbinding of M1 nanobody and histidine mutants to recombinant mTfR apical domain. Each nanobody 
was bound at multiple concentrations to 96 well ELISA plates coated with recombinant mTfR at pH 7.4, then washed at either pH 7.4 or pH 5.5. 
The original M1 has very little pH dependent unbinding, whereas the M1P96H mutant had an average of 1.46-fold more unbinding at pH 5.5 
and the M1R56H, P96H, Y102H mutant had an average of 2.63-fold more unbinding at pH 5.5
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Table 1  Mouse TfR binding nanobody histidine mutants tested in vitro and in vivo

In vitro assessments included a) ELISA-based affinity measurements vs. recombinant mTfR extracellular domain conducted at pH 7.4 at room temperature, and b) 
plate-based unbinding assays conducted by binding nanobodies to recombinant mTfR extracellular domain at pH 7.4, then washing at either pH 5.5 or pH 7.4 at room 
temperature. In vivo assessments consisted of blinded measurements of mouse peak hypothermia following iv injection of 25 nmol/kg of each of the nanobodies 
fused with neurotensin (NT) (n = 3–6 mice per construct). ND: not determined due to low binding

Nanobody mTfR affinity pH 7.4 (nM) Apparent mTfR unbinding ratio at pH 5.5 
vs pH 7.4

NT-mediated 
Hypothermia 
(°C)

M1 5.11 1.01 0

M1: P96H 7.031 1.46 1

M1: Y98H 2509 1.28 2.5

M1: S99H > 5000 1.01 1

M1: T100aH 55.31 1.05 1.5

M1: T100bH 30.12 1.24 0

M1: R100dH 1294 1.01 0

M1: L100eH 203 1.32 0

M1: D100fH > 5000 1.58 0

M1: S100gH > 5000 1.03 0

M1: K100iH > 5000 1.42 0

M1: D101H 25 1.32 1.5

M1: Y32H, P96H 373 2.57 0

M1: G65H, P96H > 5000 2.09 1

M1: P96H, Y98H 33.18 2.48 1.2

M1: P96H, S100H 1140 1.02 0

M1: P96H, D101H 242 2.65 7.5

M1: P96H, Y102H 11.65 2.33 6

M1: Y98H, Y102H > 5000 1.29 5

M1: D31H P96H Y102H 95 1.13 0

M1: R33H P96H Y102H 1545 1.10 0

M1: R56H, P96H, Y98H > 5000 0.98 1.5

M1: R56H, P96H, D101H > 5000 1.78 0

M1: R56H, P96H, Y102H 6.653 2.63 8

M1: R56H, Y98H, D101H 52.6 1.04 0

M1: R56H, Y98H, Y102H > 5000 0.99 0

M1: R56A, P96H, Y102H 1.7 2.59 0

M1: Y59H, P96H, Y102H 888 2.07 1

M1: A60H, P96H, Y102H > 5000 ND 0

M1: P61H, P96H, Y102H 148 2.13 1

M1: S62H, P96H, Y102H > 5000 2.18 1.5

M1: A64H, P96H, Y102H > 5000 1.79 0

M1: S70H, P96H, Y102H 78 1.64 0

M1: P96H S99H D101H 301 2.43 2

M1: P96H S99H Y102H > 5000 2.52 2.5

M1: P96H, D101H, Y102H > 5000 2.42 0

M1: C22A C92A P96H D101H 35.76 1.03 0

M1: C22A C92A P96H Y102H 17.56 1.07 0

M1: R56H, P96H, Y98H, Y102H > 5000 1.00 0

M1: R56H, P96H, S99H, Y102H 246 2.04 5.5

M1: Y32H, R56H, P96H, S99H, Y102H  > 5000 1.11 0
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were produced at final levels of 1 – 10  mg per 100  mL 
of culture media in E. coli. The constructs were > 70% 
pure based on quantification of SDS PAGE band densi-
ties (Additional file  1: Fig. S2A). We biotinylated the 
three nanobody constructs at random lysines to facilitate 
detection. Biotinylation at 5:1 stoichiometry yielded an 
average of 1.05 ± 0.1 to 1.5 ± 0.06 biotin adducts per nano-
body, indicating relatively sparse labeling given that there 
are 4–5 lysines per nanobody.

There was clear evidence of BBB transcytosis of the 
M1R56H, P96H, Y102H 13A7-13A7 construct after intrave-
nous injection in mice. The biotinylated three nanobody 
construct was readily detected in capillary-depleted brain 
homogenates after iv injection of 30 nmol/kg. Capillary-
depleted lysate levels rose from 30 min to 1 h, peaked 
at 1 h, and remained approximately 60% of peak at 8 h 
(Fig. 3C). Levels of the control BBB crossing three nano-
body construct in which 13A7 was replaced by Nb3 fol-
lowed different kinetics, with similar levels at 30 min 
but < 15% retained at 8 h (Fig. 3D). At 8 h, the brain levels 
of M1R56H, P96H, Y102H 13A7-13A7 were ~ sevenfold higher 
than M1R56H, P96H, Y102H-Nb3-Nb3 (1.39 vs. 0.2 nM). Two 
way ANOVA was used to analyze the capillary depleted 
brain homogenate data. There were significant main 
effects of both construct (M1R56H, P96H, Y102H-13A7-13A7 
vs. M1R56H, P96H, Y102H-Nb3-Nb3; F1,20 = 151, p < 0.0001) 
and time (F4,20 = 9.9, p = 0.0001), as a well as a signifi-
cant construct x time interaction (F4,20 = 9.7, p = 0.0002). 
Post-hoc comparisons were significant for all time 
points except 30  min (p < 0.0001). Capillary depletion 
was approximately 98–99% effective, based on Claudin 
5 ELISA measurements in crude vs capillary depleted 
lysates (Additional file  1: Fig. S3A). Western blots for 
VE cadherin confirmed capillary depletion (Additional 
file  1: Fig. S3B). Biotinylated nanobody construct levels 
in the capillary fractions were elevated at 30 min and 1 
h but below the limit of reliable quantitation (< 0.166 to 

0.2 nM) at later times (Additional file 1: Fig. S4A-B). The 
time course of the constructs in blood showed a mono-
exponential decline with half-lives of approximately 
21 and 11 min respectively (Fig.  3E, F). These capillary 
depleted lysate results were compatible with the hypoth-
esis that M1R56H, P96H, Y102H was capable of shuttling 
proof-of-concept biological macromolecules across the 
BBB in  vivo and that brain kinetics depended on brain 
target engagement.

Prolonged blood half‑life increases peak brain levels
In order to determine whether higher brain concen-
trations of nanobody constructs could be obtained by 
prolonging blood half-life, we added an albumin bind-
ing nanobody called Nb80 [44] making a four nanobody 
construct (Fig. 4A). TfR binding, P2X7 receptor binding, 
and albumin binding functions were retained in the bioti-
nylated four nanobody constructs, with characteristics 
comparable to those of the individual nanobodies. A con-
trol four nanobody construct in which 13A7 was replaced 
with Nb3 was also produced. The four nanobody con-
structs were produced at final levels of 1–10  mg per 
100 mL of culture media in E. coli. Again, the constructs 
were > 70% pure as assessed by SDS PAGE (Additional 
file  1: Fig. S2B). The time course of the four nanobody 
construct in blood showed a mono-exponential decline 
with half-life of approximately 2.6 h (Fig. 4B).

Again, BBB transcytosis of the four nanobody con-
struct was clearly observed in capillary-depleted brain 
homogenates, with peak levels occurring later than for 
the three nanobody construct. Capillary-depleted lysate 
levels rose from 30 min to 4 h, peaked at 4–8 h at levels 
approximately 50% higher than the peak concentration 
attained by the three nanobody construct, and were > 80% 
cleared at 16 h (Fig.  4C). In a two way ANOVA, there 
was a significant interaction between construct (M1R56H, 

P96H, Y102H-13A7-13A7-Nb80 vs. M1R56H, P96H, Y102H-
13A7-13A7) and time (F1,20 = 4.5, p = 0.0094). Post-hoc 
comparisons were only significant for the 8 h time point 
(p = 0.027); the differences at earlier time points were not 
statistically significant after correction for multiple com-
parisons. Levels of an otherwise identical four nanobody 
construct including the M1AA mutation that does not 
bind TfR nor cross the BBB were undetectable (n = 3). 
Levels of a BBB crossing four nanobody construct in 
which 13A7 was replaced by Nb3, the anti-human amy-
loid-beta nanobody that does not bind any known targets 
in the wild-type mouse brain, peaked at approximately 
threefold lower levels than the P2X7 receptor binding 
construct (Fig. 4D). Two way ANOVA was again used to 
analyze the capillary depleted brain homogenate data. 
There were significant main effects of both construct 
(M1R56H, P96H, Y102H-13A7-13A7-Nb80 vs. M1R56H, P96H, 

-60 -30 0 30 60 90 120 150 180

-8

-6

-4

-2

0

time (min)

H
yp

ot
he

rm
ia

 (°
C

)

M1AA-NT 600 nmol/kg

M1WT-NT 600 nmol/kg

M1P96H-NT 600 nmol/kg

M1R56H P96H Y102H-NT 25 nmol/kg

Fig. 2  M1 mTfR binding nanobody–NT fusions for assessment 
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Fig. 3  BBB transcytosis of macromolecular cargos by M1R56H, P96H, Y102H and brain target engagement in vivo. A Diagram of the three nanobody 
construct including M1R56H, P96H, Y102H plus a tandem dimer of the P2X7 receptor binding nanobody 13A7 for brain target engagement. B Diagram 
of a control three nanobody construct including M1R56H, P96H, Y102H plus a tandem dimer of the human amyloid-beta binding nanobody Nb3 which 
has no known targets in the mouse brain. C Time course of capillary depleted lysate levels of biotinylated M1R56H, P96H, Y102H-13A7-13A7 (n = 3 
per time point) after iv injection of 30 nmol/kg. D Time course of capillary depleted lysate levels of biotinylated M1R56H, P96H, Y102H-Nb3-Nb3 (n = 3 
per time point) after iv injection of 30 nmol/kg. E–F Time course of blood levels of the biotinylated three nanobody constructs from the same mice 
as C, D 

(See figure on next page.)
Fig. 4  Blood half-life extension using an albumin-binding nanobody further enhances in vivo BBB transcytosis of macromolecular cargos by M1R56H, 

P96H, Y102H. A Diagram of four nanobody constructs including M1R56H, P96H, Y102H, a tandem dimer of the P2X7 receptor binding nanobody 13A7 
for brain target engagement or the human amyloid-beta binding nanobody Nb3 with no known mouse brain targets, plus the albumin binding 
nanobody Nb80. B Time course of blood levels of the biotinylated four nanobody constructs demonstrating extended 2.6 h half-life. C Time course 
of capillary depleted lysate levels of biotinylated M1R56H, P96H, Y102H-13A7-13A7-Nb80 (n = 3 per time point) after iv injection of 30 nmol/kg. D Time 
course of capillary depleted lysate levels of biotinylated M1R56H, P96H, Y102H-Nb3-Nb3-Nb80 (n = 3 per time point) after iv injection of 30 nmol/kg. E, F 
Size exclusion chromatography of a biotinylated M1P96H-13A7-13A7-Nb80 prior to injection (E) and in brain homogenates (F) from 4 different mice 
(gray, red, orange, and blue symbols) 2 h after iv injection into wild-type mice at 300 nmol/kg body weight demonstrating integrity of the four 
nanobody constructs in brain. No substantial aggregation or degradation was apparent
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Y102H-Nb3-Nb3-Nb80; F1,24 = 18.2, p = 0.0003) and time 
(F5,24 = 5.8, p = 0.0012), as well as a significant construct 
× time interaction (F5,24 = 2.95, p = 0.03). Post-hoc com-
parisons were significant for the 4 h (p = 0.034) and 8 h 

(p = 0.0014) time points. Biotinylated four nanobody con-
struct levels in the capillary fractions were elevated at 30 
min and 1 h, but below the limit of reliable quantitation 
(< 0.2 nM) at later times (Additional file  1: Fig. S4C-D). 
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Four nanobody constructs remained intact and were 
not detectibly degraded in the capillary depleted brain 
lysates; size exclusion chromatography revealed similar 
distribution of sizes in the capillary depleted lysates com-
pared to the original injected material (Fig. 4E, F). These 
capillary depleted lysate results were compatible with the 
hypothesis that a modest prolongation of serum half-life 
of the M1R56H, P96H, Y102H-based nanobody constructs pro-
duced higher peak brain levels of the biological macro-
molecule cargos and longer residence time in the brain.

Further confirmation of BBB crossing and brain tar-
get engagement was provided by in  situ histochemis-
try using slices from the contralateral hemispheres of 
the same mice injected with four nanobody constructs 
described above. At 30  min after injection, the bioti-
nylated four nanobody construct was detected in struc-
tures with morphologies consistent with capillaries 
(Fig. 5A and Additional file 1: Fig. S5A, B). At later times, 
cellular structures were labeled with increasing intensity 
(Fig. 5B–F and Additional file 1: Fig. S5C, D) in a pattern 
consistent with the ex vivo binding of the 13A7 nanobody 
construct (Fig. 5G). Peak binding appeared at 4–8 h, with 
reduced binding at 16 h. The time course of in situ bind-
ing was similar to that observed in the capillary depleted 
brain lysates. There was no detectible in situ histochemi-
cal signal 4 h after injection of the construct containing 
the M1AA mutation that does not bind TfR nor cross the 
BBB (Fig. 5H). There was faint staining in structures with 
morphologies consistent with capillaries but no detect-
ible cellular structures on in  situ histochemical signal 
after injection of the four nanobody construct in which 
13A7 was replaced by Nb3 (Fig.  5I). Additional histo-
chemical images showing consistent labeling in other 
brain regions are shown in Additional file 1: Figs. S6–7. 
Additional controls demonstrating minimal ex vivo bind-
ing of biotinylated M1R56H, P96H, Y102H and M1R56H, P96H, 

Y102H-Nb3-Nb3-Nb80 are shown in Additional file 1: Fig. 
S8. These in situ histochemistry results provided further 
support for the hypothesis that M1R56H, P96H, Y102H was 
capable of shuttling proof-of-concept biological macro-
molecules across the BBB in vivo where they could spe-
cifically interact with brain targets.

Nonlinear relationship between administered dose 
and brain levels of shuttled macromolecular cargo
The utility of a BBB shuttle system for specific diagnos-
tic and therapeutic applications may depend on the 
quantitative relationship between administered dose 
and achievable brain levels. We assessed the capillary 
depleted brain homogenate levels 4 h after injection of 
a wide range of doses of the biotinylated TfR and P2X7 
receptor binding four nanobody construct (Fig.  6). As 
has been reported for another TfR-binding antibody 

fragment [45], a strong saturation effect was observed; 
peak capillary depleted brain homogenate levels were 
observed at 30 nmol/kg (approximately 1.8 mg/kg), with 
no increased levels after injections of much higher doses. 
At the lowest doses administered, 1 and 3 nmol/kg, the 
brain levels of 0.64 and 1.21 nM indicated that the con-
struct was transported across the BBB at 13.4 and 8.8% 
of the injected dose/gram of brain tissue. At 30  nmol/
kg, levels as high as 4.5 nM indicated that the construct 
was transported across the BBB at 3.5% injected dose/
gram of brain tissue. Full calculations are shown in Addi-
tional file 1: Table S1. There were small decreases in cap-
illary depleted brain homogenate levels after injection 
of higher doses. We performed mathematical curve fit-
ting of two models to the dose response data. The first 
model involved fits to the standard Hill equation with 3 
parameters, and the alternative model involved fits to a 3 
parameter model that included substrate inhibition. The 
alternative model fit the data better (r2 = 0.75 vs. 0.69). 
These results are compatible with the hypothesis that 
M1R56H, P96H, Y102H can shuttle proof-of-concept biologi-
cal macromolecules across the BBB efficiently at low to 
moderate doses but becomes substantially less efficient at 
higher doses due to both saturation and an apparent sub-
strate inhibitory effect.

Discussion
In summary, the mouse TfR-binding nanobody M1 
with three histidine mutations can be used as a shut-
tle to transport other nanobodies across the intact BBB 
in mice. After intravenous injections of low to moderate 
doses, 1–30 nmol/kg, nanobody construct levels in capil-
lary depleted brain lysates reached over 3.5% of injected 
dose per gram of brain, which is comparable to other 
top performing receptor mediated transcytosis shuttle 
systems (Additional file 1: Table S2). The kinetics of M1 
nanobody-mediated BBB transcytosis were relatively fast. 
For a three nanobody construct, peak levels occurred at 
1 h, and for a four nanobody albumin binding construct 
peak levers were noted at 4–8 h after injection with ~ 80% 
clearance from the brain by 16 h. The pH dependence of 
M1 histidine mutant binding partially correlated with 
in  vivo BBB transport efficacy. This result is compatible 
with the hypothesis that unbinding of M1-based con-
structs in the relatively acidic environment of the intra-
cellular vesicular compartments involved in transcytosis 
may favor fast delivery across the BBB (Fig. 7).

It is likely that there will not be a “one size fits all” best 
solution to the problem of transporting macromolecules 
across the BBB. Nanobody-based receptor mediated 
transcytosis shuttles such as the pH-dependent trans-
ferrin receptor binding system presented here may play 
an important context-specific role. Nanobodies can be 
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readily engineered, inexpensively produced in bacte-
rial and yeast systems, and stored at room temperature. 
Furthermore, the blood and brain kinetics were relatively 
fast, especially for the 3 nanobody constructs. Thus, 

applications requiring frequent re-engineering, low cost, 
simplified logistics, and rapid blood and brain kinetics 
may be favored. Examples could include development of 
a family of modular molecular imaging agents created by 

Fig. 5  In vivo target engagement of four nanobody constructs after iv injection. A–F In situ labeling of biotinylated M1R56H, P96H, 

Y102H-13A7-13A7-Nb80 injected iv into wild-type mice at 600 nmol/kg body weight at 30 min showing largely labelling in structures 
with morphologies consistent with capillaries, and at 1, 2, 4, 8 and 16 h showing cellular labeling in hippocampus. G Positive control: ex vivo 
staining of naïve mouse brain slice with 50 nM biotinylated M1R56H, P96H, Y102H-13A7-13A7-Nb80. H Negative control: no in situ labeling 
after intravenous injection of 600 nmol/kg M1AA-13A7-13A7-Nb80 which does not bind mTfR. I Negative control: trace in situ labeling of structures 
with morphologies consistent with capillaries after intravenous injection of 600 nmol/kg M1R56H, P96H, Y102H-Nb3-Nb3-Nb80. Nb3 has no known 
targets in wild-type mouse brain



Page 13 of 17Esparza et al. Fluids and Barriers of the CNS           (2023) 20:64 	

swapping out the P2X7 receptor binding nanobodies for 
other diagnostic marker-specific recognition domains. 
The relatively fast kinetics are potentially compatible with 
the workflow of diagnostic imaging involving injection of 
a contrast agent and scanning a few hours later. We have 
found that these nanobody constructs could be bioti-
nylated via lysine conjugation without loss of efficacy, 
making it likely that conjugation of other labels such as 
metal chelators and fluorophores should also be feasible. 
A similar approach could be used to develop a family of 
relatively fast acting therapeutic agents, again by swap-
ping out the P2X7 receptor binding nanobodies for other 
disease-specific therapeutic payloads. Of note, the first 
nanobody-based therapeutic approved for human use, 
caplacizumab for TTP, has rapid kinetics appropriate for 
acute treatment and once daily dosing [46].

The nanomolar levels of the M1 nanobody-based con-
structs detected in capillary depleted brain lysates after 
intravenous injection of readily achievable doses are 
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Fig. 6  Capillary depleted brain lysate levels of nanobody construct 
4 h after injection of a range of doses of biotinylated M1R56H, P96H, 

Y102H-13A7-13A70-Nb80 in mice. N = 3 per dose, except for N = 2 
at 1 nmol/kg and N = 2 for 1000 nmol/kg. Hill equation fit parameters 
were Bmax = 3.94 nM, ED50 = 5.6 nmol/kg, Hill coefficient = 1.6. 
Substrate inhibition fit parameters were Bmax = 4.7 nM, ED50 = 7.3 
nmol/kg, Ki = 4877 nmol/kg

Fig. 7  Diagram of hypothesized mechanisms involved in BBB transcytosis of mTfR-and-P2X7-receptor binding nanobody constructs. Anti-mTfR 
nanobodies bind to mTfR in blood and constructs are endocytosed. Nanobody constructs unbind from mTfR in a pH-dependent fashion 
in intracellular vesicular compartments. Nanobody constructs are released into the brain and bind P2X7 receptor targets. (Produced using 
BioRender)
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potentially compatible with many applications. PET 
scans using radioactive metal conjugates may be feasible 
given the high percent injected dose/gram of brain and 
high ratio of concentrations for active constructs vs. non-
target binding controls. Therapeutic applications should 
also be feasible for agents with relatively high affinity. It 
remains to be determined whether molecular contrast 
MRI using extremely small iron oxide nanoparticles [47] 
or other MRI contrast agents will be feasible. Fundamen-
tally, the major limitation to applications requiring higher 
brain concentrations is the saturation of the transferrin 
receptor-based transport system. At injected doses above 
30  nmol/kg no further increases in concentrations in 
capillary depleted brain lysates were observed. Saturation 
of the transferrin receptor-based transport system has 
been observed by others as well [45] (Additional file  1: 
Table S2), and to our knowledge transport of macromole-
cules via any receptor mediated transport system has not 
reached levels above ~ 13 nM in capillary depleted brain 
lysates [31]. The relationship between capillary depleted 
brain lysate concentrations and brain extracellular space 
concentrations has not been determined (see Supple-
mental Discussion).

The 13A7 P2X7 receptor binding nanobody was cho-
sen primarily for demonstration of proof-of-concept, 
but BBB penetrating P2X7 receptor binding agents have 
many potential therapeutic applications. Brain P2X7 
receptor activation has been implicated in the patho-
physiology of traumatic brain injury, post-traumatic 
headache, ischemic and hemorrhagic stroke, multiple 
sclerosis, neurodegenerative disorders, depression, and 
other conditions [48–58]. Development of P2X7 receptor 
binding reagents has been an active area of pharmaceuti-
cal research, and there remains an unmet need for highly 
specific, brain-penetrating P2X7 receptor antagonists 
[59]. Administration of a P2X7 receptor binding nano-
body intracerebroventricularly has been shown to reduce 
stroke lesions in a mouse model but P2X7 receptor 
binding nanobodies were not effective after intravenous 
administration [56], further emphasizing the importance 
of BBB penetration. However, the specificity of the 13A7 
nanobody has not been fully established, and alternative 
nanobodies that bind to human P2X7 receptors may be 
more appropriate for human therapeutic use [42, 56, 60].

There are several limitations to these findings. First, 
our strategy for introducing histidine mutations to 
impart pH dependent binding was empirical rather 
than structure based. Despite intensive efforts, we and 
other have not yet been able to obtain high resolution 
structural information on the mouse TfR extracellu-
lar domain. If mouse TfR structures can be obtained, it 
would open the doors for further rational mutagenesis 
to impart even sharper pH dependent binding which in 

turn could further improve transcytosis. The structure 
of the human TfR extracellular domain has been solved 
[61, 62], so rational mutagenesis could be used to accel-
erate development of pH-dependent human TfR-binding 
nanobodies. Second, we have not yet been able to directly 
measure nanobody on and off rates at pH 5.5 and pH 
7.4 for technical reasons (please see Supplemental Dis-
cussion); our measurements of pH-dependent apparent 
unbinding may not reflect true kinetics. Third, we have 
not performed detailed tracking of the transcytosis of 
the M1-based nanobody constructs. We do not know 
exactly where the presumed pH-dependent unbinding 
occurs from a cell biological perspective. It is also pos-
sible that the constructs do not unbind completely, but 
instead change their binding such that they are sorted 
differently though the transcytosis pathways. Full inves-
tigation of the relationships between affinity, pH depend-
ent unbinding and BBB transcytosis are areas of ongoing 
effort. Likewise, we do not understand the mechanisms 
of clearance from the brain nor whether these clearance 
mechanisms are pH-dependent. Fourth, we have not per-
formed a full quantitative assessment of the relationships 
between in  vivo NT-induced hypothermia effects and 
in vivo concentrations in capillary depleted brain lysates 
for all of the tested constructs. We performed in  vivo 
measurements in capillary depleted brain lysates only for 
our lead candidate, the M1R56H, P96H, Y102H mutant with 
the largest NT-induced hypothermia effect. NT-induced 
hypothermia likely reflects transcytosis across the BBB 
in the hypothalamus [63], and the hypothalamic BBB 
may not be identical to that of other parts of the brain, 
so the relationship between in  vivo assays is not neces-
sarily 1:1. Additional investigation of the relationships 
between affinity and pH dependent binding is ongoing. 
Fifth, while we have not observed overt toxicity after sin-
gle dose injection of M1 nanobody constructs apart from 
one mouse that died shortly after injection, formal toxic-
ity testing after single dose and multidose injection has 
not yet been performed. Sixth, we have not assessed the 
BBB transport capacity of the M1 nanobody mutants for 
other macromolecular cargoes such as full size antibod-
ies, single chain variable fragments, enzymes, or nucleic 
acids. Relatedly, it is not clear whether brain cytosolic 
targets can be reached even when BBB crossing is effi-
cient; both the NT receptor and P2X7 receptor are extra-
cellular, as are most of the targets of macromolecular 
cargos assessed in previous work in the field (Additional 
file 1: Table S2). Seventh, the M1 nanobody mutants bind 
to mouse but not human TfR. Additional nanobodies 
binding to human TfR are in development and we plan 
to use the same histidine mutagenesis strategy to impart 
similar pH-dependent binding to human TfR binding 
nanobodies. There are other examples of human specific 
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TfR binding nanobodies that could also be engineered in 
this fashion [27]. Likewise, we have not yet ‘humanized’ 
our nanobody constructs, but the framework for doing so 
has been relatively well established [64]. It will be most 
appropriate to humanize nanobody constructs that bind 
to human targets. Finally, we have not yet used the M1 
nanobody constructs for preclinical imaging or thera-
peutic studies. Imaging studies using the 3 nanobody 
constructs and fast-acting therapeutic studies using the 4 
nanobody constructs are the logical next steps in this line 
of research given the rapid kinetics of these constructs 
and the important role of P2X7 receptors in many disease 
processes.

Conclusions
In conclusion, our results are compatible with the 
hypothesis that an engineered TfR-binding nanobody 
with pH-dependent unbinding has potential to serve as 
a shuttle system for transcytosis of biological macro-
molecules across the BBB and into the brain. Additional 
development will be required to determine whether this 
or other nanobody-based shuttle systems will be useful 
for diagnostic and therapeutic applications.
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