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Anti-tau scFvs Targeted to the Cytoplasm
or Secretory Pathway Variably Modify
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Immunotherapies designed to treat neurodegenerative tauopa-
thies that primarily engage extracellular tau may have limited
efficacy as tau is primarily intracellular. We generated tau-tar-
geting single-chain variable fragments (scFvs) and intrabodies
(iBs) from the phosphorylated tau-specific antibodies CP13
and PHF1 and the pan-tau antibody Tau5. Recombinant
adeno-associated virus (rAAV) was utilized to express these
antibody fragments in homozygous JNPL3 P301L tau mice.
Two iBs (CP13i, PHF1i) and one scFv (PHF1s) abrogated tau
pathology and delayed time to severe hindlimb paralysis. In a
second tauopathy model (rTg4510), CP13i and PHF1i reduced
tau pathology, but cognate scFvs did not. These data demon-
strate that (1) disease-modifying efficacy does not require anti-
body effector functions, (2) the intracellular targeting of tau
with phosphorylated tau-specific iBs is more effective than
extracellular targeting with the scFvs, and (3) robust effects
on tau pathology before neurodegeneration only resulted in
modest disease modification as assessed by delay of severe
motor phenotype.
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INTRODUCTION
Alzheimer’s disease (AD) is a complex neurodegenerative protein-
opathy with both amyloid b (Ab) protein accumulation in
extracellular plaques and tau aggregation to form intracellular
neurofibrillary tangles (NFTs).1–3 Tau pathology is also found in
many other neurodegenerative disorders, termed tauopathies,
and mutations in tau cause frontotemporal dementia with parkin-
sonism linked to chromosome 17 (FTDP-17).4,5 Modeling studies
have linked tau to neurodegeneration both in primary culture and
transgenic mouse models, making tau an attractive therapeutic
target for disease modification.6,7 Tau forms intracellular aggre-
gates in AD and other tauopathies, yet it is also present in extra-
cellular fluids at very low picomolar levels.8,9 Extracellular tau
levels in cerebrospinal fluid (CSF) and blood increase in AD, but
these changes appear to be associated with Ab deposition and
not tau pathology, as increased extracellular tau has not been
observed in other tauopathies.10 Most extracellular tau species,
Molec
This is an open access article under the CC BY-NC-
in both control and AD CSF, are truncated before the microtubule
domains and are not capable of seeding tau pathology.8,9,11 In
contrast, numerous studies have shown that exogenous aggregated
tau species that are either full length or contain the carboxyl-
terminal microtubule binding domains can, via prion-like propa-
gation, seed intracellular tau pathology in cell culture and animal
models.12–21 Thus, as there is limited evidence in humans for
extracellular tau capable of seeding tau aggregation, it is only a hy-
pothesis that prion-like spread underlies the progressive accumu-
lation of tau pathology across neuroanatomically connected routes
observed in the brains of AD patients.22

In mice, both active and passive immunotherapies have been shown
to be capable of reducing the formation of intracellular tau pathol-
ogy.9,23–34 Active and passive immunotherapies that were modestly
efficacious with respect to reducing tau pathology in these models
have advanced to clinical trials. Several mechanisms have been pro-
posed to contribute to the efficacy of tau-targeted immunotherapy.
Peripherally injected anti-tau antibodies have been shown to cross
the blood-brain barrier (BBB) and bind tau within the CNS.32 Mech-
anistically, tau-targeting antibodies are thought to engage extracel-
lular tau “seeds” and inhibit the prion-like propagation of tau
pathology.21 Alternatively, it has been proposed that antibodies
might target tau inside the cell following internalization by Fc recep-
tors or endocytosis of antibody-tau complexes.35–38 Once inside
cells, antibodies have been shown to promote the disassembly of
tau aggregates, allowing for increased degradation via the lysosomal
or proteasomal pathways, although these mechanisms remain
controversial.31,34,39
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Regardless of the mechanisms that contribute to efficacy, tau immu-
notherapies must first reach the brain and may be limited by the
finding that antibody levels in the CNS only reach �0.1% of periph-
eral levels.40 Whether peripheral immunization will result in suffi-
cient target engagement to modulate tau pathology and improve
patient functional outcomes remains to be shown. Indeed, lack of
clinical efficacy observed in multiple clinical trials assessing anti-tau
and anti-Ab immunotherapies highlights the importance of exploring
alternative therapeutic strategies. Recombinant adeno-associated vi-
rus (rAAV) vectors encoding tau-targeted antibodies or antibody
fragments have been used to more directly target tau within the
mouse brain.41–43 One study expressed a full-length monoclonal anti-
body (mAb) (PHF1) specific for phosphorylated (p-)tau (serine 396
and 404) in adult P301S transgenic mice,43 and it showed robust
(>70%) reductions of insoluble p-tau species in the hippocampus
and cortex. Another study utilized neonatal injection of AAV to ex-
press scFvs specific for the N terminus of tau in the brains of P301S
transgenic mice42 and found that scFv expression reduced soluble
tau species by �30% in the hippocampus and pathological tau
staining in specific hippocampal subregions by �80%. A third study
expressed a scFv derived from the conformation-specific MC1 anti-
body in adult JNPL3 tau transgenic mice.41 Hippocampal expression
of this scFv via an astrocyte-specific promoter significantly reduced
pathological tau staining by �60%–70% in the hippocampus, as
well as soluble and insoluble tau by �30% across several brain re-
gions. Another study used rAAV vectors to express chimeric intra-
bodies (iBs) specific for the N terminus of tau and showed that fusion
of iBs to mutant ubiquitin enhanced proteasomal targeting and re-
sulted in robust reductions (�75%–90%) of pathological tau staining
in specific hippocampal subregions of P301S transgenic mice.44

Taken together, these studies demonstrate the potential of rAAV-
delivered antibodies or antibody fragments to reduce tau aggregation
and accumulation. However, most reports of efficacy in preclinical
tauopathy models simply provide a readout of tau pathology, and re-
sults on modification of neurodegenerative phenotypes have been
lacking. Furthermore, none of these studies directly compared multi-
ple recombinant antibodies targeting different tau epitopes, nor
directly compared the effects of a scFv with its corresponding iB. In
this study, we compared the disease-modifying potential of three
different tau-targeting scFvs and their cognate iBs. These recombi-
nant antibodies were derived from three well-characterized tau
mAbs, that is, CP13 (epitope pS202), PHF1 (epitope pS396/404),
and Tau5 (epitope AA210–241).6,45–48 Notably, both CP13 and
PHF1 mAbs have been shown to modify tau pathology in passive
immunotherapy paradigms,23,30 as well as recombinant PHF1 mAb
showing efficacy in the previously mentioned rAAV study. We
show that these recombinant antibodies retain tau-binding specificity
and engage tau in a HEK293 cell tau aggregation assay. In homozy-
gous JNPL3 tau P301L mice, CP13i, PHF1i, and PHF1s robustly sup-
pressed tau pathology and modestly delayed hindlimb paralysis.
When expressed in a second tau mouse model, rTg4510 mice,
CP13i and PHF1i reduced tau pathology, but their cognate scFvs
did not. These data extend our knowledge about the factors that pre-
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dict efficacy of gene therapies using tau-targeted scFvs and highlight
both the potential and current limitations of delivering such antibody
fragments.

RESULTS
Generation and Functional Assessment of Recombinant Tau

scFvs and iBs

To directly compare the efficacy of targeting intracellular versus
extracellular tau, we first generated single-chain variable fragments
(scFvs) from the CP13, PHF1, and Tau5 mAbs (Figures 1A and
1B). iBs were engineered from each scFv bymaking specific mutations
known to promote intracellular antibody stability49 and removing the
secretion signal sequence (Table 1). To confirm expression and tau
binding, HEK293T cells were transiently transfected with expression
vectors encoding scFvs and iBs. Immunoblotting detected all three
secreted scFvs in both cell lysates and conditioned media, whereas
all iBs were detected only in cell lysates (Figure 1C). iBs were visual-
ized as a single band at �25 kDa, while scFvs appeared as multiple
bands ranging from�25 to 28 kDa. These additional bands are likely
due to glycosylation or other post-translational modifications that
occur in the secretory pathway. We did not attempt to further char-
acterize these modifications, as all scFvs retained the ability to bind to
tau. We confirmed this by using cell lysates or conditioned HEK293T
media following transient transfection of scFvs or iBs to stain brain
cortical tissue from 10-month-old rTg4510 mice with extensive tau
pathology. Patterns of staining by scFvs and iBs were indistinguish-
able from the pattern observed when staining with the parental anti-
bodies (Figure 1D). Finally, we confirmed that all iBs and scFvs re-
tained epitope specificity by measuring antigen-binding reactivity of
cell lysates and media with ELISAs (Figure 1E).

We then assessed the ability of iBs and scFvs to prevent intrinsic tau
aggregation in a recently developed cell culture assay. HEK293T cells
were co-transfected with plasmids encoding either iBs or scFvs, along
with full-length (4R/0N) tau protein harboring the FTDP-17-associ-
ated mutation S320F, which has been shown to promote intrinsic tau
aggregation without the addition of exogenous fibrils.19 Biochemical
fractionation followed by immunoblotting revealed that all three iBs
and scFvs significantly reduced phosphorylated and total tau in the
insoluble fraction when compared to controls co-transfected with
enhanced yellow fluorescent protein (EYFP) (Figure 2). Expression
of all three scFvs reduced soluble tau, while the effects of iB expression
on soluble tau species varied. Expression of CP13i did not signifi-
cantly alter soluble total or p-tau, while Tau5i reduced soluble total
tau but not p-tau. Interestingly, expression of PHF1i increased levels
of soluble p-tau. These results indicate that anti-tau iBs and scFvs suc-
cessfully expressed from plasmid DNA maintained specificity and
demonstrated target engagement in vitro.

Expression of p-Tau-Specific iBs and scFvs Prevents Tau

Pathology and Delays Hindlimb Paralysis in Homozygous JNPL3

Mice

The effects of tau-targeted iBs and scFvs on tau pathology and disease
modification were assessed in JNPL3 transgenic mice that express



Figure 1. Anti-tau iBs and scFvs Are Expressed in Mammalian Cells and Bind Tau In Vitro

(A) Schematic of tau (4R/2N) protein and three antibodies fromwhich scFvs and iBs were derived. (B) Schematic of delivery of scFvs and iBs and hypothesized localization. (C)

CP13, PHF1, and Tau5 iBs and scFvs were cloned into rAAV vectors in frame with a c-myc tag and expressed in HEK cells using calcium phosphate transfection. SDS-PAGE

and immunoblotting for c-myc were used to detect expression in the conditioned media, the 1% Triton X-100 soluble fraction, and the Triton X-100 insoluble/2% SDS

solubilized fraction. (D) Cell lysates and media transfected with iBs, scFvs, or EGFP as a control were applied to paraffin-embedded sections of 10-month-old rTg4510 tau

transgenic mice. Cortical staining of neurofibrillary tangles was visualized with a biotinylated anti-c-myc secondary antibody. Scale bar, 50 mm. (E) Cell lysates and media

containing scFvs and iBs were subjected to direct ELISA on plates coated with recombinant full-length tau, p-tau, or amyloid b as a control. Anti-c-myc HRP secondary

antibody served as a detection. Data represent mean ± SD of three independent transfections and are normalized to non-transfected cell lysates and media.
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human tau (4R/0N) containing the FTD-associated P301L muta-
tion.50 In our colony, homozygous females develop significant tau
pathology in the spinal cord and brainstem by 6 months of age,
followed by hindlimb paralysis around 10 months of age. To express
recombinant antibodies in the spinal cord and brainstem of these
mice, we intraspinally injected rAAV vectors into neonatal mice as
described previously.4 Expression of iBs and scFvs was assessed
6 months after injection by staining for the c-myc epitope tag present
in each. Staining was detected throughout the spinal cord, with high-
est levels in the gray matter, indicating successful and widespread
transgene delivery (Figure 3A). Expression of iBs and scFvs in the
brain was probably below the threshold of sensitivity of anti-c-myc
antibody for immunohistochemical detection (data not shown). We
noted stronger intracellular staining in the spinal cords of mice
expressing iBs than those expressing scFvs, although levels were not
significantly different when we performed ELISA of whole spinal
cord homogenates (Figure 3B). We also examined expression in
brains and plasma from the injected mice by ELISA and found that
all iBs and scFvs were present at low levels in the brain, whereas
only scFvs were detected at significant levels above background in
the plasma (Figure 3B).

We then evaluated whether iB or scFv expression altered tau pathol-
ogy in the brainstem and spinal cord pathology of 6-month-old fe-
male JNPL3 mice. Immunohistochemical analysis and quantification
revealed that CP13i expression significantly reduced p-tau staining in
the brainstem and spinal cord compared to control mice expressing
rAAV-EGFP (61% reduction of pS202(CP13) staining in the brain-
stem, p < 0.001, and 46% reduction in the spinal cord, p < 0.01) (Fig-
ures 4A and 4B). Expression of PHF1i also significantly reduced p-tau
staining in both regions (45% reduction in brainstem, p < 0.001, and
30% reduction in spinal cord, p < 0.05), whereas expression of PHF1s
reduced p-tau staining only in the brainstem (25% reduction, p <
0.05) but not the spinal cord. Expression of CP13s, Tau5i, and
Tau5s did not significantly alter p-tau pathology at 6 months of
age. To ensure that reduction in p-tau staining is not a result of
epitope masking, we also assessed effects of scFv/iB overexpression
on additional pathological tau epitopes by staining for misfolded
tau (ALZ50) and neurofibrillary tangle pathology (thioflavin-S
[Thio-S]). Immunohistochemical analysis and quantification re-
vealed that ALZ50 staining is reduced in brainstems and spinal cords
of mice overexpressing CP13i compared to control mice (38% reduc-
tion in the brainstem, p < 0.01, and 40% reduction in the spinal cord,
p < 0.05) (Figures S1A and S1B). Expression of PHF1i also signifi-
cantly reduced misfolded tau in the brainstem (32% reduction in
brainstem, p < 0.05), whereas only a trend to reduction was observed
in the spinal cord. Similar results were obtained by Thio-S staining in
the spinal cords of scFv/iB-expressing mice (CPi3i overexpression
resulted in a 45% reduction of Thio-S positivity in the spinal cord,
p < 0.05) (Figures S2A and S2B).
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Table 1. Sequences of scFvs and iBs

Parent mAb Amino Acid Sequence

Variable heavy chain (VH)

CP13 parent
EVQLVETGGGLVQPKGSLKLSCAASGFTFNTSAMNWVRQAPGKGLEWVARIKSKSNKYTTSYADSVKD
RFTISRDDSQSMLYLQMYNLKTEDTAMYYCMNSAMDYWGQGTSVTVSS

CP13 iB
EVQLVESGGGLVQPGGSLRLSCAASGFTFNTSAMNWVRQAPGKGLEWVSRIKSSSNKYTTSYADSVKG
RFTISRDNSKNTLYLQMNSLRAEDTAVYYCMNSAMDYWGQGTLVTVSS

PHF1 parent
EVQLQQSGPELVKPGASVKISCKTSGYTFTEYTIHWVKQSHGESLEWIGGINPNDGGTIYNQKFKGKA
TLTVDKSSKTAYMELRSLTSEDSAVFYCARGPSARFPYWGQGTLVTVSA

PHF1 iB
EVQLVQSGPGLVQPGGSLRLSCATSGYTFTEYTIHWVRQAPGESLEWVSGINPSDGGTIYNQSVKGRF
TLSVDNSKNTAYLQMNSLRAEDTAVYYCARGPSARFPYWGQGTLVTVSS

Tau5 parent
EVQLQQSGAEIVRSGASVKLSCAASGFNIKDYYMHWVKQRPEQGLEWIGWIDPENGDIAYAPKFQGKA
TMTADTSSNTAYLQLSRLTSEDTAVYFCNGRGGMITTDFFDYWGQGTTLTVSS

Tau5 iB
EVQLVQSGAGLVQPGGSLRLSCAASGFNIKDYYMHWVRQAPGQGLEWVSWIDPSNGDIAYAPSVQGRF
TMSADNSKNTAYLQMNSLRAEDTAVYFCNGRGGMITTDFFDYWGQGTLVTVSS

Variable light chain (VL)

CP13 parent
EIVMTQAVSSVPVTPGESVSISCRSSKSLLHSNGNTYLYWFLQRPGQSPHLLIYRMSNLASGVPDRFSGSGS
GTAFTLRISRVEAEDVGVYYCMQHLEYPLTFGAGTKLELKR

CP13 iB
EIVMTQSPATLSLSPGERATLSCRSSQSLLHSNGNTYLYWFQQRPGQSPRLLIYRMSNRASGVPARFSGS
GSGTAFTLTISSLEPEDFAVYYCMQHLEYPLTFGQGTKVEIKR

PHF1 parent
DVVMTQTPLTLSVTIGQPASISCKSSQSLLDSDGKTYLNWLLQRPGQSPKRLIYLVSKLDSGVPDRFTGS
GSGTDFTLKISRVEAEDLGVYYCWQGTHFPRTFGGGTKLEIKR

PHF1 iB
DVVMTQSPATLSLSPGERATLSCRSSQSLLDSDGKTYLNWLQQRPGQSPRRLIYLVSKRDSGVPARFTG
SGSGTDFTLTISSLEPEDFAVYYCWQGTHFPRTFGQGTKVEIKR

Tau5 parent
DVLMTQTP–LSLPVSLGDQASISCRSSQSIVHSNGNTYLEWYLQKPGQSPKLLIYKVSNRFSGVPDRFSGS
GSGTDFTLKISRVEAEDLGVYYCFQGSHVPWTFGGGTKLEIKR

Tau5 iB
DVVMTQSPATLSL–SPGERATLSCRSSQSIVHSNGNTYLEWYQQKPGQSPRLLIYKVSNRFSGVPARFSGSG
SGTDFTLTISSLEPEDFAVYYCFQGSHVPWTFGQGTKVEIKR

Original sequences of variable regions from PHF1, CP13. and tau5 mAbs and modified sequences of iBs. Mutations in the VH and VL chains, which were made to promote stability of
intracellularly expressed scFvs,49 are shown in bold.
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In order to assess effects on disease modification, we evaluated whether
expression of iBs or scFvs altered the development of hindlimb paral-
ysis in aged JNPL3 mice. Previous characterization of the JNPL3 line
found that homozygous females develop hindlimb paralysis around
10 months of age.51 Mice overexpressing iBs and scFvs were aged until
hindlimb paralysis developed and were euthanized at a humane
endpoint. Analysis of survival curves revealed that only CP13i,
PHF1i, and PHF1s significantly delayed the onset of paralysis (24.1%,
18.7%, and 12.2% delay, respectively), with CP13i expression resulting
in the largest lifespan extension (Figure 5). Notably, expression levels of
CP13s or Tau5s that did not reduce pathology at 6 months were inef-
fective in delaying hindlimb paralysis (3.7% and 4.8% delay). Tau5i did
not significantly delay hindlimb paralysis, but there was a trend toward
significance (8% delay). We also compared tau pathology in mice har-
vested due to paralysis and foundno significant differences in patholog-
ical tau staining between groups, indicating that allmice had similar tau
burden at the final stage of disease (Figure S3). Collectively, these data
show that in a prevention paradigm, rAAV-mediated expression of
selected anti-tau iBs and scFvs substantially decreased accumulation
of tau pathology andmodestly delayed the onset of hindlimb paralysis.

Expression of p-Tau-Specific iBs Reduces Accumulation of Tau

Pathology in rTg4510 Mice

To confirm our findings in a second tauopathy model, we injected
rAAV vectors encoding the PHF1 and CP13 iBs and scFvs into the
862 Molecular Therapy Vol. 29 No 2 February 2021
brains of neonatal rTg4510 mice. These mice express a repressible
form of human tau (4R/0N) containing the FTD-associated P301L
mutation and rapidly develop tau pathology in the cortex and hippo-
campus as early as 2.5 months when tau expression is not repressed.
For this study, we excluded Tau5i and Tau5s, as they were not effec-
tive (scFv) or minimally effective (Tau5i) in the JNPL3 study, and we
only assessed CP13 and PHF1 iBs and scFvs. Control mice were in-
jected with rAAV-EGFP. We first evaluated expression of each anti-
body fragment in non-transgenic littermates at 3 weeks of age and
found that both iBs and scFvs were expressed throughout the cortex,
hippocampus, midbrain, and choroid plexus (Figure 6A). Expression
of scFvs was overall lower than that of iBs, with qualitative ELISA of
brain homogenates indicating that CP13s was expressed at �76% of
CP13i levels while PHF1s levels reach only �56% of PHF1i (Fig-
ure 6B). We were unable to detect iBs and scFvs in the plasma
(data not shown).

Next, we compared the cortical and hippocampal tau pathology in
2.5-month-old rTg4510 mice expressing scFvs or iBs to controls
expressing EGFP (Figure 7). Immunohistochemical analysis and
quantification of tau pathology using CP13, ALZ50, and PHF1
mAbs revealed that CP13i expression significantly reduced both
phosphorylated and misfolded tau in the frontal cortex and hippo-
campus (15%–25% reduction in CP13 staining, p < 0.01, 36%–38%
reduction in PHF1 staining, p < 0.01, and 35%–38% reduction in



Figure 2. Anti-tau iBs and scFvs Prevent Tau Aggregation In Vitro

HEK293T cells were co-transfected with rAAV plasmids expressing S320F mutant human tau and CP13, PHF1, and Tau5 iBs or scFvs. Co-transfection with enhanced yellow

fluorescent protein (EYFP) served as the control. Forty-eight hours after transfection, cells were harvested to obtain Triton X-100 soluble and Triton X-100 insoluble/2% SDS

solubilized fractions. (A) Representativewestern blots of soluble and insoluble fractions stainedwith anti-p-taumAbAT8, anti-total tau rabbit polyclonal mAb T44-3029, and anti-

actinmAb shows alterations in tau levels as a result of iB and scFv expression. (B) Densitometric analysis of p-tau and total tau in the soluble and insoluble fractions normalized to

actin. n = 7–14. Data represent mean ± SEM. A one-way ANOVA with Tukey’s multiple comparison test was used. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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ALZ50 staining, p < 0.01). PHF1i also reduced p-tau in the cortex
(31% reduction in CP13 staining, p < 0.05, and 36% reduction in
PHF1 staining, p < 0.05) and exhibited a trend toward reduction in
the hippocampus. However, PHF1i did not significantly alter levels
of misfolded tau in either brain region (Figures 7A and 7B). Addition-
ally, expression of CP13s or PHF1s did not significantly reduce path-
ological tau staining. Cohorts were male/female mixed, but post hoc
analysis did not reveal any significant differences between the sexes.
Taken together, these findings confirm our results in the JNPL3
model that iBs were more effective at reducing tau pathology than
were scFvs targeting the same p-tau epitopes.

DISCUSSION
Direct comparison of the disease-modifying potential of three tau-
targeting scFvs and iBs in mouse models of tauopathy reveals that
rAAV-mediated delivery of selected recombinant antibodies can
significantly reduce pathology prior to the onset of neurodegenera-
tion and delay the neurodegenerative phenotype. To our knowledge,
this is the first example of a preclinical gene therapy approach or any
immunotherapy targeting tau, where efficacy is observed as both
reduction of tau pathology and significant delays in the degenerative
phenotype induced by tau. It is also the first example of a direct com-
parison of the efficacy of tau-targeting scFvs and iBs derived from the
same parent antibody. Both CP13i and PHFi are more effective than
their cognate scFvs with respect to lowering tau pathology and delay-
ing time to hindlimb paralysis. Indeed, although PHF1s shows some
efficacy, CP13s is not effective. Such data suggest that in order to
maximize the disease-modifying potential of tau-targeting immuno-
therapies, it may be necessary to engage tau in the intracellular
compartment, or perhaps even in both extracellular and intracellular
compartments. These data also reinforce previous observations that
effector functions of an antibody are not needed for an anti-tau
immunotherapy to show some degree of efficacy, although additional
functionalization of the recombinant antibody fragments may be
necessary to further enhance efficacy.

In general, there is a lack of published preclinical data showing that
any form of tau immunotherapy is sufficiently optimized. Most
studies in preclinical models show modest effects on tau pathology,
and only a few provide evidence for efficacy on other endpoints
(behavioral or neurodegenerative).21,23–34,52 Furthermore, almost
all studies of immunotherapies in tau models report on prevention
paradigms where the treatment is initiated before pathology onset
or when pathology is limited. However, previous studies have not
examined long-term endpoints such as induction of a robust neuro-
degenerative phenotype as we have in the present study. Given that
our data showing �30%–50% reductions in pathology at a time
point before neurodegeneration translates into �10%–20% prolon-
gation of time to paralysis, we would caution that a modest reduction
in pathology may not translate into sufficient disease modification
upon translation to observe a robust effect in a human trial. Indeed,
numerous preclinical studies in amyotrophic lateral sclerosis (ALS)
Molecular Therapy Vol. 29 No 2 February 2021 863
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Figure 3. Expression of Anti-tau scFvs and iBs in the Midbrain and Spinal Cord Following Neonatal Intraspinal AAV Injection

JNPL3 mice were injected intraspinally at P0 with pAAV2/8 (2 � 1010 genomes) expressing PHF1, CP13, and Tau5 iBs and scFvs. Control mice were injected with rAAV-

EGFP. (A) Widespread iB and scFv expression was visualized with an anti-c-myc antibody in the spinal cord on representative paraffin sections. Scale bar, 100 mm. (B)

Relative iB and scFv levels in brain homogenates, spinal cord homogenates, and plasma of injected mice detected via sandwich ELISA. n = 4. Data represent mean ± SEM.

***p < 0.001, by unpaired two-tailed Student’s t test.
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models have reported modest, but significant (10%–20%) survival
benefits, and such therapeutic approaches have almost invariably
failed when tested in humans (reviewed in Petrov et al.53). Some
may argue that most tauopathy models have such robust and rapid
progression of pathology (over months) relative to humans with
tauopathies, where the disease progresses over years or decades,
that therapeutics with modest disease modification in mouse models
are worth advancing. However, given that prevention or early inter-
vention trials in human tauopathy will be difficult to initiate and
conduct, we would suggest that further optimization and evidence
for disease modification at time points when significant pathology
and neurodegeneration are present is needed before advancing any
tau immunotherapy to the clinic. Especially when using a gene ther-
apy-based approach to deliver the recombinant antibodies, it would
seem that further preclinical optimization is warranted. Any gene
864 Molecular Therapy Vol. 29 No 2 February 2021
therapy trial in humans with a degenerative tauopathy will have
some inherent risk and will be initially tested on a relatively small
number of patients. Such trials will likely produce ambiguous clin-
ical readouts unless therapeutics are sufficiently optimized to
achieve high degrees of target engagement and significant impacts
on disease course.

Tau is a complex therapeutic target for immunotherapies. It is pre-
sumed that the pathological effects of tau are largely mediated by
intracellular aggregation/accumulation and that intracellular tau
pathology may be induced by extracellular tau seeds. Whether cell-
to-cell spread of tau via extracellular seeds truly occurs in the human
brain is not known; however, a number of observations indicate that
this prion-like spread contributes in part to the development of brain
and spinal cord pathology in some tau models.10,12–20,54 Indeed, one



Figure 4. p-Tau-Specific iBs and scFvs Significantly Reduce p-Tau Pathology in Brainstems and Spinal Cords of Homozygous JNPL3 Mice at 6 Months

Homozygous JNPL3 mice were intraspinally injected at P0 with pAAV2/8 (2 � 1010 genomes) expressing CP13, PHF1, and Tau5 iBs or scFvs. Control mice were injected

with rAAV-EGFP. Mice were harvested at 6 months, and pathology was assessed by staining with pS202 (CP13) mAb. (A) Representative paraffin sections of brainstem

(Br St) and spinal cord (SC) stained with pS202 (CP13) mAb. Scale bars, 500 mm (top row), 50 mm (Br St), and 100 mm (SpC). (B) Immunoreactivity analysis shows reduction in

CP13 staining in brainstem area of mice expressing CP13i, PHF1i, and PHF1s, and in the spinal cord area of mice expressing CP13i and PHF1i. n = 4. Data represent

mean ± SEM. *p < 0.05, **p < 0.01, ****p < 0.0001.
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of the key findings to support this latter assertion is that antibodies
that target extracellular tau can block pathology spread in tauopathy
models.21,52 As the pathological seeds and forms of tau that are most
tightly linked to neurodegeneration are not completely characterized,
our finding that targeting tau with iBs is more effective than scFvs
needs to be interpreted with some degree of caution. Certainly, these
data suggest that intracellular targeting might be more effective, but it
is unclear whether the epitopes targeted in this study are present in
endogenous extracellular tau seeds. Furthermore, given that a large
portion of extracellular tau is truncated before the microtubule bind-
ing domain and thought to be incapable of seeding,8,9,55 it is possible
that engagement of this form of extracellular tau could actually reduce
target engagement of seeding-competent forms. Such a phenomenon
could explain the lack of efficacy observed with CP13s, which could
bind these truncated extracellular tau species.

There are many possible epitopes within tau as well as assemblies or
complexes that might theoretically be targeted by immunologic ap-
proaches. Indeed, tau has an extremely large number of (1) epitopes,
both phosphorylated and not,56–58 (2) truncations,59 (3) other post-
translational modifications,60,61 (4) aggregation states,62,63 and (5)
numerous associations with other proteins.64,65 The data generated
in the present study do support the concept that targeting
phosphorylated epitopes associated with pathology results in a
higher degree of efficacy. However, there are many other factors
that might influence the efficacy of individual recombinant antibody
Molecular Therapy Vol. 29 No 2 February 2021 865
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Figure 5. p-Tau-Specific iBs and scFvs Delay the Onset of Hindlimb Paralysis of Homozygous JNPL3 Mice

JNPL3 mice for the survival cohort were intraspinally injected at P0 with pAAV2/8 (2 � 1010 genomes) expressing PHF1, CP13, and Tau5 iBs or scFvs. Control mice were

injected with rAAV-EGFP. All injected mice reached a terminal state (paralysis) within 12 months post-injection (n = 10–12). (A) Kaplan-Meier survival plots show an increased

time to terminal state (killed due to paralysis) for mice expressing PHF1i, CP13i, and PHF1s. **p < 0.002, ****p < 0.000002. (B) Median age of terminal state and relative

increase of lifespan. (C) Mantel-Cox analysis of lifespan of mice overexpressing iBs and scFvs, all cohorts compared with each other, when multiple comparisons were taken

into account. *p % 0.008, **p % 0.0002, ***p % 0.00002, ****p % 0.000002. ns, not significant (p > 0.008).
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fragments. In order to draw more general conclusions, a much
larger panel of recombinant antibodies targeting many different
epitopes will have to be evaluated in comparable preclinical studies.
Alternatively, the field must identify the most pathogenic or most
prion-like forms of tau, and then develop recombinant antibodies
that are highly selective for those forms.66–68 The identification of
such species may be possible, but it is not clear that there is really
a single toxic or prion-like species. More likely, there are a number
of forms of tau with various toxic properties. Even within our own
data, there is some suggestion that targeting total tau is having a
very modest impact. Although not significant after correction for
multiple testing, Tau5i did show a slight benefit in survival
compared to control or the Tau5s. Furthermore, the contrast be-
tween the effect of CP13i (highly effective) and CP13s (no efficacy)
is striking. As noted above, besides intracellular versus extracellular
targeting, one can only speculate about other possible reasons for
this difference.

We note that all tau-targeting scFvs and iBs in this study show
target engagement and the ability to reduce insoluble tau in
HEK293 cell culture models. Expression of secreted scFvs also
866 Molecular Therapy Vol. 29 No 2 February 2021
significantly reduced soluble tau species in vitro, while iB expres-
sion did not. These results were somewhat surprising, as scFvs
are directed to the secretory pathway and would therefore be
less likely to interact with cytoplasmic tau. However, it is possible
that partially misfolded scFvs could interact with intracellular tau
after being exported from the endoplasmic reticulum (ER) during
ER-associated protein degradation (ERAD), as a fraction of
secreted proteins are known to misfold and undergo intracellular
degradation. Another potential explanation is that scFvs may re-
enter cells after being secreted into the media, as a previous study
has found anti-tau scFvs to co-localize with intracellular tau in vivo
following peripheral injection.69 Despite reducing multiple tau
species in vitro, CP13 scFv and Tau5 scFv did not significantly
alter tau pathology or neurodegenerative phenotypes in vivo.
Our data indicate that the mechanisms through which scFvs alter
tau levels in vitro are likely not reflective of those that occur in vivo.
It is unfortunate that the HEK293T cell culture model did not
directly predict in vivo efficacy, as in vivo studies in tau models
are time and resource intensive. Nevertheless, such culture studies
are valuable, as they enable a rapid assessment of expression and
binding of recombinant tau scFvs or iBs. For iBs, such studies



Figure 6. Anti-tau iBs and scFvs Are Expressed in the Brain Following Neonatal AAV Injection

rTg4510 mice were bilaterally injected i.c.v. at P0 with pAAV2/1 (4 � 1010 genomes) expressing CP13 and PHF1 iBs or scFvs. Control mice were injected with rAAV-EGFP.

Non-transgenic littermates were used to evaluate expression. (A) Representative paraffin sections of anti-c-myc staining showing widespread iB and scFv expression in the

cortex, hippocampus, midbrain, and choroid plexus. Scale bar, 100 mm. (B) Relative iB and scFv levels in the brain homogenates as detected with sandwich ELISA (n = 3–4).

Data represent mean ± SEM.
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are requisite, as iBs are often unstable, even when derived from a
scFv that shows excellent stability.

If tau immunotherapy is not yet optimized, then it is important to
think about the steps that might be required to improve efficacy. First,
as scFvs and iBs should be targeting different pools of tau, one simple
concept is that an efficacious scFv and iB should show additive or syn-
ergistic effects. Second, these data and those generated by others sug-
gest the effector functions are not needed, but these data do not mean
that functionalizing scFvs or iBs will not improve efficacy. Given the
small size of these antibody fragments, there are many functionaliza-
tions that might be considered, although they would likely be different
for iBs and scFvs. For scFvs, one might want to target to microglial
receptors or the BBB to enhance clearance. For iBs, one might want
to add functional motifs that increase protein clearance. Multimeriza-
tion of scFvs or iBs might also increase avidity and specificity for toxic
aggregated forms of tau.

In addition, we also need tomore thoroughly explore whether these re-
combinant antibodies can alter disease in studies where the therapeutic
is delivered long after onset of disease in the model. This preclinical
therapeutic paradigm will be greatly facilitated by novel rAAV capsids
that enhance CNS transduction upon peripheral delivery.70 A final
concern about any gene therapy-based human tau therapy is whether
one can achieve enough transgene expression to sufficiently engage the
target. Sufficient transgene expression might be easier to achieve with
scFvs that are predicted to function in a non-cell-autonomous fashion.
In contrast, there will likely need to be improvements in widespread
delivery to neurons in the adult brain in order for an iB-based gene
therapy approach to have potential disease-modifying impacts.
In summary, our data demonstrate the therapeutic potential of a gene
therapy-based approach to targeting tau with recombinant anti-
bodies. These data also highlight the need for continued optimization
of this approach. Evidence for successful optimization might include
robust disease modification in a preclinical model defined as suppres-
sion of the neurodegenerative phenotype by >50% even when delivery
of the therapy is delayed until the model has robust pre-existing
pathology. Given the unmet medical need and the lack of alternative
therapies, we think that additional studies to optimize both the
tau-targeting recombinant antibody fragments and delivery vectors
are warranted.

MATERIALS AND METHODS
Mice

All animal husbandry procedures performed were approved by the
Institutional Animal Care and Use Committee. Homozygous
JNPL3 mice (on a Swiss Webster background) were generated by
breeding non-sibling males and females of hemizygous JNPL3
mice. Only female JNPL3 mice were used in this study. Parent
rTg4510 mice were obtained fromDr. J. Lewis (University of Florida).
The rTg4510 mice were generated by crossing the Tg4510 responder
line expressing human P301L mutant microtubule-associated protein
tau (MAPT) with the CaMKIIa-tTA activator line.71 Mice were main-
tained under a 12-h light/12-h dark cycle, group housed, and had free
access to food and water.

Production of rAAV

Purified rAAVs for injection were produced by plasmid transfection
with helper plasmids in HEK293T cells as described previously.4

Forty-eight hours after transfection, cells were harvested and lysed
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Figure 7. CP13 and PHF1 iBs Prevent Accumulation of Phosphorylated and Misfolded Tau in rTg4510 Mice

rTg4510mice were bilaterally injected i.c.v. at P0 with pAAV2/1 (4� 1010 genomes) expressing PHF1 and CP13 iBs and scFvs. Control mice were injected with rAAV-EGFP.

At 2.5 months after injection, brains were harvested and tau pathology was visualized on paraffin sections with CP13 (pS202), ALZ50 (misfolded tau), and PHF1 (pS396/404)

mAbs. (A) Representative staining for p-tau and misfolded tau in the cortex and hippocampus. Scale bars, 500 mm (cortex), 100 mm (hippocampus). Arrows point to

neurons with accumulated tau. (B) Quantification of cortical and hippocampal staining. n = 3–4. *p < 0.05, **p < 0.01, by unpaired two-tailed Student’s t test. Data represent

mean ± SEM.
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by freeze thawing. Viral particles were then isolated using a discontin-
uous iodixanol gradient and affinity purified on a HiTrap HQ column
(Amersham). The genomic titer of each virus was determined by
quantitative PCR.

Neonatal rAAV Injections

rTg4510 was injected with 2 mL of rAAV intracerebroventricularly
(i.c.v.) into both hemispheres using a 10-mL Hamilton syringe with
a 30G needle on postnatal day 0 (P0) as described before72 and
aged until 2.5 months. Neonatal JNPL3 pups were intraspinally in-
jected on P0 as described before73 and aged until 6 months (pathology
cohort) or development of hindlimb paralysis (survival cohort).

mRNA Isolation, cDNA Synthesis, Amplification of cDNAs

Encoding VH and VL Regions, and Construction of scFvs

mRNA was isolated from hybridoma cell lines using a mRNA isola-
tion kit (QIAGEN). cDNA was synthesized using Moloney murine
leukemia virus (MMLV) reverse transcriptase (Promega) and random
hexamers. The cDNA was then poly(G)-tailed with terminal trans-
ferase (NE Biolabs). cDNAs encoding the variable heavy (VH) and
variable light (VL) chains were amplified using anchor PCR with a
868 Molecular Therapy Vol. 29 No 2 February 2021
forward poly(C) anchor primer and a reverse primer specific for
the constant region sequence of immunoglobulin (Ig)G1, as previ-
ously described.74 PCR products were then sequenced using the
same primers, and the consensus sequences of both variable regions
were determined. cDNAs encoding scFvs of three anti-tau mAbs
were constructed by ligating the VH and VL cDNAs in the VH-
linker-VL orientation separated by a 15-aa glycine/serine linker
(GGGGS)3 (Table 1). Optimized iBs were synthesized by GenScript
by making mutations in the scFv sequence previously shown to pro-
mote stability of intracellularly expressed scFvs.49 All scFvs and iBs
were ligated into rAAV vectors under the control of the hybrid cyto-
megalovirus enhancer/chicken b-actin (hCBA) promoter and in
frame with a c-myc tag, polyhistidine tag, woodchuck hepatitis virus
posttranscriptional regulatory element (WPRE), and the bovine
growth hormone (BGH) poly(A).

Target Engagement by Immunohistochemistry and ELISA

Cell lysates and media containing scFvs and iBs were diluted 1:10
with PBS and applied to paraffin-fixed brain tissue slides from 10-
month-old rTg4510 mice. Immunohistochemical staining was
done with a biotinylated anti-c-myc secondary antibody. For direct
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ELISA, MaxiSorp plates (Thermo Scientific, Waltham, MA, USA)
were coated with 1 mg/mL recombinant tau, or the same tau
protein phosphorylated in vitro (p-tau), prepared as described
previously75 in PBS and blocked with 5% fetal bovine serum
(FBS)/PBS. Cell lysates and media were applied to plates, chicken
anti-c-myc secondary antibody was conjugated to horseradish
peroxidase (HRP; Jackson ImmunoResearch Laboratories, West
Grove, PA, USA) was used as detection, and absorbance was
measured at 450 nm.

Cell Culture, Transfection, and Induction of Intracellular S320F

Tau Aggregates

HEK293T cells, derived from human embryonic kidney cells, were
maintained using Dulbecco’s modified Eagle’s medium (DMEM;
Invitrogen) supplemented with 10% FBS and 100 U/mL penicillin/
100 mg/mL streptomycin. A rAAV expression plasmid encoding
full-length human tau (4R/0N) containing the FTDP-17-associated
S320F mutation76 was provided by Dr. Benoit Giasson (CTRND,
UF). Cells were transiently transfected in 12-well plates at �30%
confluence with a mixture of 0.4 mg/mL S320F tau plasmid and
0.4 mg/mL of plasmids encoding anti-tau iBs and scFvs using calcium
phosphate as described previously.50 Cells were harvested for analysis
48 h after transfection.

Biochemical Cellular Fractionation

For biochemical fractionation, HEK293T cells were washed with PBS
and lysed in CSK buffer (50 mMTris [pH 7.4], 150 mMNaCl, 20 mM
NaF, 2 mM EDTA, 1% Triton X-100) with protease inhibitors and
incubated on ice for 10 min. Lysates were then centrifuged at
100,000 � g for 30 min at 4�C. Supernatants were kept as the Triton
X-100-soluble fraction. Pellets were then washed with CSK buffer, re-
sedimented at 100,000 � g for 30 min, and sonicated in 2% SDS to
produce the Triton X-100-insoluble fractions.

SDS-PAGE and Immunoblotting

Protein concentrations were determined by a bicinchoninic acid
(BCA) assay (Thermo Scientific) using bovine serum albumin
(BSA) as the standard. SDS sample buffer was added and 5 mg of pro-
tein from the Triton X-100-insoluble fraction and 15 mg of protein
from Triton X-100-soluble supernatant were separated on 4%–12%
SDS-PAGE gels (Bio-Rad) and electrophoretically transferred to pol-
yvinylidene fluoride membranes, as described previously.77 Mem-
branes were blocked in 0.5% casein for 1 h and incubated overnight
at 4�C submerged in 0.5% casein containing primary antibodies
against c-myc, tau phosphorylated at S202/T205 (AT8; 1:1,000), total
tau (T44-3029 from Dr. Benoit Giasson; 1:5,00075), or b-actin (AC15
Sigma-Aldrich; 1:5,000). Membranes were then washed three times
with Tris-buffered saline (TBS) and incubated for 1 h with fluoro-
phore-conjugated secondary antibodies Alexa Fluor 680 anti-mouse
IgG (Thermo Fisher Scientific; 1:10,000) and IRDye 800 goat anti-
rabbit IgG (LI-COR Biosciences; 1:10,000). Membranes were then
washed three times with TBS and protein bands were detected using
the multiplex LI-COR Odyssey Infrared Imaging system (LI-COR
Biosciences).
Measurement of scFv/iB Expression in the Brain, Spinal Cord,

and Plasma

Frozen hemi-brains and spinal cords from non-transgenic mice
injected with rAAV scFv/iB were homogenized in radioimmunopre-
cipitation assay (RIPA) buffer (Thermo Fisher Scientific), centrifuged
at 43,000� g for 1 h, and supernatants were subjected to direct ELISA
with anti-polyhistidine antibody as capture and anti-c-myc-HRP as
detection. The same procedure was performed on plasma from
injected mice. All ELISA results were analyzed using SoftMax Pro
software (Molecular Devices).

Immunohistochemical Imaging and Image Processing

Brains were sagittally dissected and the right brain was fixed in 4%
paraformaldehyde. Whole spinal columns were immersion fixed in
4% paraformaldehyde. Immunohistochemical staining was done on
paraffin-embedded brain or spinal sections using mAbs specific for
p-tau (PHF1, pS396/404, CP13, pS202) or a misfolded conformation
of tau (ALZ50, AA2-10, and AA312-342, 1:500; P. Davies).6,45–48 Co-
lor development was done using Vector ImmPRESS reagents (Vector
Laboratories). Images were captured using the ScanScope XT image
scanner (Aperio) and analyzed using the ImageScope program.
Brightness and contrast alterations were applied identically on
captured images using Adobe Photoshop CS3. Thio-S (Sigma-
Aldrich) staining was performed on paraffin-embedded spinal cord
sections using established protocols. Fluorescently stained sections
were captured using the Zeiss slide scanner and analyzed using
ZEN imaging software. For Thio-S quantification, one section per
sample was used by a blinded observer to calculate the number of
positive cells per spinal cord in the lumbar area using ImageJ.78

Statistical Analysis

Data were analyzed using Prism 6 (GraphPad) and presented as
mean ± SEM. Specific tests used are noted in the figure legends. Over-
all data were tested for normality and, after being deemed to have a
normal distribution, were analyzed via one-way ANOVA followed
by Dunnett’s multiple comparison test, two-way ANOVA, or Dunn’s
test. Survival curves were compared two at a time via Mantel-Cox
analysis, and p values were adjusted. Sex differences in rTg4510
were assessed by a post hoc analysis of the cohorts. Final images
were created using Photoshop CS3 (Adobe).
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