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Abstract

Reagents that can selectively recognize specific toxic tau variants associated with onset and 

progression of AD and other tauopathies can be effective diagnostic and therapeutic tools. We 

utilized a novel atomic force microscopy (AFM) based biopanning protocol to isolate antibody 

fragments (scFvs) that selectively bind tau variants present in human AD but not cognitively 

normal age matched brain tissue. We identified six scFvs (ADT-1 through 6) that readily 

distinguished between AD and control tissue and sera samples. We utilized three of the scFvs 

(ADT-2, -4 and -6) to analyze longitudinal plasma samples from 50 human patients, 25 patients 

which converted to AD during the study and 25 that remained cognitively normal. All three scFvs 

could distinguish the AD from control samples with higher tau levels in ApoE3,3 AD cases 

compared to ApoE3,4. Immunohistochemical analyses of human AD brain slices indicated several 

but not all tau variants overlapping with phosphorylated tau staining. Several of the reagents also 

showed therapeutic potential, protecting neuronal cells against AD tau induced toxicity.
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1. Introduction

Alzheimer’s disease (AD) is a progressive neurodegenerative disease that affects memory 

and behavior. AD, like many other neurodegenerative diseases, is associated with altered 

folding of key neuronal proteins, including amyloid-beta (Aβ) and tau, primary components 

of the hallmark extracellular plaques and intracellular neurofibrillary tangles, respectively. 

While the plaques and tangles are comprised of fibrillar aggregates of these proteins, many 

recent studies indicate that small soluble oligomeric aggregates of Aβ and tau play important 

roles in the pathogenesis and spread of disease. Here we study the role of several key 

oligomeric tau aggregates in AD using novel reagents that selectively bind variants of tau 

present in human AD but not cognitively normal brain tissue.

Tau is a natively unfolded microtubule associated protein due to its very low hydrophobic 

content. The protein contains a projection domain, a basic proline-rich region, and an 

assembly domain that contains either three or four repeats (Liu and Gong 2008) of a 

conserved tubulin-binding motif as a result of alternative splicing of exon 10 (Ballatore, Lee 

et al. 2007, Liu and Gong 2008, Wang and Liu 2008). Tau 4R isoforms have better 

microtubule binding and stabilizing capabilities compared to the 3R isoforms, and while 3R 

tau is expressed at the fetal stage, 3R and 4R are present in equal proportions in the adult 

human brain. Mutations that alter splicing of tau transcript and the ratio of 3R to 4R tau 

isoforms can lead to neurodegenerative disease (Ballatore, Lee et al. 2007, Wang and Liu 

2008). In AD, tau undergoes several post-translational modifications which include 

aggregation, phosphorylation, glycosylation, glycation, ubiquitination, cleavage or 

truncation, (reviewed in (Martin, Latypova et al. 2011)). Tau can aberrantly fold into various 

aggregate morphologies which include β-sheet rich fibrillar forms that result in the 

formation of paired helical filaments and neurofibrillary tangles (Ghoshal, Garcia-Sierra et 

al. 2002, Garcia-Sierra, Ghoshal et al. 2003). Hyperphosphorylation of tau decreases the 

affinity of tau to the microtubules which in turn affects axonal transport (Konzack, Thies et 

al. 2007, Dubey, Chaudhury et al. 2008). Therefore, tau in human brain tissue can exist in a 

variety of different lengths and morphologies and with multiple post-translational 

modifications.

Accumulation of tau is necessary for the development of cognitive deficits in AD models 

caused by over-expression of Aβ (Marx 2007, Roberson, Scearce-Levie et al. 2007). While 

neurofibrillary tangles (NFTs) have been implicated in mediating neurodegeneration in AD 

and tauopathies (Arriagada, Growdon et al. 1992, Bancher, Braak et al. 1993, Guillozet, 

Weintraub et al. 2003), animal models of tauopathy have shown that memory impairment 

and neuron loss do not associate well with accumulation of NFT (Brunden, Trojanowski et 

al. 2008). Animal studies showed that a reduction in neuronal loss and improvement in 

memory could occur even with accumulation of NFTs (Santacruz, Lewis et al. 2005), and 

that neuronal loss and NFT pathology did not always co-localize (Meraz-Rios, Lira-De Leon 

et al., Andorfer, Kress et al. 2003, Polydoro, Acker et al. 2009). Oligomeric tau aggregates 

correlate well with AD progression (Maeda, Sahara et al. 2006, Berger, Roder et al. 2007, 

Sahara, Maeda et al. 2008) and high levels of tau oligomers were detected in the frontal lobe 

cortex (Maeda, Sahara et al. 2006, Yoshiyama, Higuchi et al. 2007) and in CSF during early 

stages of AD (Vandermeeren, Mercken et al. 1993, Shaw, Vanderstichele et al. 2009). 
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Various oligomeric tau aggregates have been shown to propagate in AD brains through 

prion-like and receptor mediated mechanisms (Gomez-Ramos, Diaz-Hernandez et al. 2009). 

For example, tau pathology spreads throughout the brain from early to late stage (Schonheit, 

Zarski et al. 2004), and seeding with tau aggregates can propagate altered tau folding from 

the outside to the inside of a cell (Frost, Jacks et al. 2009). Studies have also shown that 

brain extract from a transgenic mouse with aggregated mutant human tau can transmit tau 

pathology throughout the brain in mice expressing normal human tau (Clavaguera, Bolmont 

et al. 2009) and inducing pro-aggregation of human tau induces formation of tau aggregates 

and tangles composed of both human and normal murine tau (co-aggregation) (Mocanu, 

Nissen et al. 2008). Therefore, many diverse studies indicate oligomeric tau aggregates are 

involved in neurodegeneration and so selective AD related tau variants may be excellent 

early diagnostic and therapeutic targets for AD. Because of the wide diversity of tau forms 

and the importance of soluble oligomeric tau variants in AD and related dementias, it is 

critically important to generate reagents that can selectively bind to protein variants 

implicated in these diseases. Here we develop a panel of antibody-based reagents that 

specifically bind tau variants that are present in human AD brain samples but not cognitively 

normal age matched control samples, and show that the reagents have potential diagnostic 

and therapeutic value for AD.

2. Materials and methods

2.1 Brain Tissue and sera samples:

Human brain tissue, sections and sera samples were obtained from Dr. Thomas Beach, 

director of the Brain and Body Donation Program at Banner Sun Health Research Institute 

(BBDP; http://www.brainandbodydonationprogram.org) (Beach 2008, Beach, Adler et al. 

2015). Seven different pathologically confirmed AD and two cognitively normal brain tissue 

samples were obtained from two different brain regions - the superior frontal gyrus and 

middle temporal gyrus. Brain sections for immunohistochemistry (Kaufman, Thomas et al. 

2017) studies were obtained from the superior frontal cortex. Sera samples were obtained 

from 10 pathologically confirmed AD (Braak stage V and VI) and 10 control cases.

2.2 Brain tissue homogenization:

Frozen brain tissue samples were homogenized as described previously (Kasturirangan, 

Reasoner et al. 2013). Briefly tissue was sonicated in cold lysis buffer: 25 mM HEPES 

NaOH (pH 7.9), 150 mM NaCl, 1.5 mM MgCl2, 0.2 mM EDTA, 0.5% Triton-X-100, 1 mM 

dithiothreitol, protease inhibitor cocktail. The homogenized sample was centrifuged, and the 

supernatant was frozen in −80°C. The presence of fibrillar tau was verified by 

immunohistochemistry by staining AD and healthy control brain tissue slices with 1:1000 

dilution of commercial AT8 antibody (Thermo Fisher Scientific, Catalog # MN1020) against 

phosphorylated tau Ser202/Thr205.

2.3 Tau protein immunoprecipitation:

Two polyclonal tau antibodies, PA1-18272 against amino-acids 240-450 of tau and 

PA5-27287 against amino-acid 1-286 (Thermo Fisher Scientific) were used to 

immunoprecipitate tau. Antibody conjugates were captured using the Pierce Crosslink IP Kit 
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A following the manufacturers’ protocols. The antibody is first bound to the protein A/G 

agarose which is chemically crosslinked to the resin to prevent the antibody from eluting off 

the column. AD brain tissue homogenates were pooled into Braak stage III and Braak stage 

V samples. Tau immunoprecipitation was performed on the pooled AD Braak stage III, 

Braak stage V and healthy control samples. The integrity of the eluted tau was preserved by 

neutralizing the low pH elution buffer with 1M Tris, pH 9.5 as recommended by the 

manufacturer. The immunoprecipitated tau samples were probed with 1:1000 dilution of 

commercially available AT8 antibody (Thermo Fisher Scientific, Catalog # MN1020) to 

verify the presence of tau.

2.4 Phage library preparation:

Tomlinson I, J and Sheets phage libraries (Sheets, Amersdorfer et al. 1998) each having a 

diversity of 108 were amplified as described (http://docplayer.net/30268507-Human-single-

fold-scfv-libraries-i-j-tomlinson-i-j.html). Equal phage titers from each library were pooled 

for biopanning studies.

2.5 Biopanning – AD tau specific morphologies:

A series of negative and positive panning steps were performed as described previously 

(Williams, Venkataraman et al. 2015) to obtain AD-tau specific reagents. Negative or 

subtractive selection steps were performed to remove phage particles that bound to non-

target sticky protein samples using bovine serum album and aggregated protein 

morphologies using α-synuclein aggregates. Additional negative panning steps against 

monomeric tau, healthy tissue samples and healthy tau samples were performed to remove 

all phage containing antibody fragments that bound to those forms of tau found in healthy 

individuals. Atomic force microscopy (AFM) imaging was performed after every negative 

panning step to ensure removal of all antibody fragments binding these off-target antigens. 

Phage that did not bind to any of the off-target antigens was used for the final positive 

selection round performed against tau immunoprecipitated from pooled AD Braak stage III 

and V brain tissue samples. For the positive panning step, the tau preparation was deposited 

on mica since only nanogram quantities of the antigen are needed and the process can be 

monitored via AFM imaging. Phage were eluted using trypsin and triethylamine (TEA) and 

grown on LB – Amp plates overnight at 37°C.

2.6 Phage and scFv purification:

To ensure recovered phage clones code for full length antibody fragments, their sequences 

were checked for presence of mutations and stop codons. After sequence validation, phage 

were amplified as described (Sheets, Amersdorfer et al. 1998). Phage titers were performed 

to verify the concentration of phage (~109 pfu/mL). Soluble scFv protein separate from the 

phage was also produced for each clone by transforming the plasmid into HB2151 strain of 

E coli. The scFvs were grown and purified using a protein A Sepharose affinity column (GE 

Healthcare) as described (Emadi, Barkhordarian et al. 2007, Williams, Venkataraman et al. 

2015). Molecular size of the scFvs were checked by western blot using anti c-myc (9E10) 

monoclonal antibody (1:1000 dilution) which recognizes the c-myc region in the scFv 

followed by goat anti-mouse HRP (1:2000 dilution). The DNA sequences of the scFvs were 

also validated using MAFFT, a multiple sequence alignment software.
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2.7 Tau monomer phage:

To obtain a detection phage for sandwich ELISA we required a phage particle displaying an 

scFv that bound all forms of tau including monomeric and oligomeric. To generate this scFv, 

we used the phage preparation eluted after negative panning with BSA and aggregated α-

synuclein, and used this in a single positive panning step using commercially available tau 

monomer deposited on mica as described (Williams, Venkataraman et al. 2015). The 

detection phage binds tau variants present in both AD and cognitively normal control 

samples and does not compete for the same binding sites as the capture scFv in sandwich 

ELISA.

2.8 ELISA assay:

A phage ELISA was initially performed to check the specificity of each of the phage clones 

to tau variants in AD brain tissue as described previously (Williams, Venkataraman et al. 

2015). Pooled AD and control human brain tissue homogenates were used to coat the plates 

followed by detection with each of the phage clones. This assay was used to evaluate 

binding specificity of all the phage clones for AD over cognitively normal control samples.

Soluble antibody fragments (scFv) (ADT-1, ADT-2, ADT-3, ADT-4, ADT-5 and ADT-6) 

were produced for each of the phage that showed a high ELISA signal with the AD samples. 

The scFvs were used as the capture antibody in a sandwich ELISA to test reactivity with AD 

(n=10) and cognitively normal control sera (n=10) samples (Beach 2008, Beach, Adler et al. 

2015) as described previously (Williams, Schulz et al. 2017). Briefly, the capture scFv was 

immobilized to the wells of a high binding 96-well ELISA plate (Costar, USA) and any 

unbound sites blocked with 2% milk-PBS. A 1/200 v/v dilution of the plasma samples were 

added to the wells followed by 200 ng/ml of a 40 mM carboxyl biotinylated detection phage. 

Any bound phages were identified using the avidin-HRP antibody due to the presence of 

these biotin binding sites on the phage coat proteins. Following addition of the SuperSignal 

ELISA Femto Maximum Sensitivity Substrate (Thermo Scientific, USA), signal intensities 

were quantified using the Wallac Victor2 microplate reader. After each incubation step, it 

was necessary to wash the wells 3-4 times with 0.1% PBS-Tween20 to reduce non-specific 

binding. Known positive and negative controls were included on each ELISA plate.

2.9 Longitudinal plasma analysis:

Plasma samples were obtained over multiple timepoints from 25 individuals that were 

initially cognitively normal but converted to AD during the study and 25 individuals that 

remained cognitively normal throughout the timeline (~10 years). The samples were taken 

from Mayo Clinic collections obtained by Dr. Steven Younkin and provided with the 

assistance of Dr. Terrone Rosenberry at the Mayo Clinic College of Medicine in 

Jacksonville, Florida. Four to five different timepoints were obtained for every individual. 

Based on clinical diagnoses samples were designated as pre-mild cognitive impairment (pre-

MCI), MCI and AD. The individual cases have not been pathologically validated. The 

results obtained by analyses using the ADT-2, ADT-4 and ADT-6 scFvs were analyzed with 

respect to gender, genotype and MMSE scores.
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2.10 Conversion to IgG and Immunohistochemistry:

Five anti-tau scFvs (ADT-1, ADT-2, ADT-3, ADT-4 and ADT-5) were converted to IgG 

format, (purchased from MIGS LLC, New Hampshire, USA). Concentration of the purified 

IgGs were assessed using a BCA kit and ranged between 2-4 mg/mL

Brain sections (Grundman, Petersen et al. 2004) from the superior frontal cortex were 

treated with 0.1% Triton X-100 and 5% goat serum for 10 minutes. The brain sections were 

then treated with primary antibodies including either a commercially available antibody 

against phosphorylated tauSer202/Thr205 (clone: AT8, catalog: MN1020, 1:2000, 

Thermofisher Scientific, Rockford, IL) or one of the five human anti-tau IgGs at a 

concentration of 1 ug/ml, 4°C, overnight. The sections were further treated with 

fluorescently tagged goat anti-mouse IgG (red) and goat anti-human IgG (green) (1:1000) 

respectively for 1 hour at room temperature and the non-specific background was blocked 

with 0.03% Sudan black for 5 minutes. The sections were observed and imaged with Leica 

SP5 (Tian et al., 2015). Commercial AT8 antibody is visualized in red, anti-tau IgG in green 

and DAPI, which stains the nucleus, in blue.

2.11 Toxicity Assay:

The ability of the different anti-tau IgGs to block toxicity of tau variants contained in human 

AD tissue were assessed using cultured neuronal cells. Tau immunoprecipitated from human 

AD brain was used to induce toxicity in the human neuroblastoma cell line, SH-SY5Y. Once 

the SH-SY5Y neuronal cells reached confluence they were introduced into a 6-well plate. 

100 μg/mL of immunoprecipitated tau from AD or control postmortem brain tissue was 

introduced into the wells. The cells were then incubated with either a commercial polyclonal 

tau antibody PA5-27287 (Thermo Fisher), or one of the anti-tau IgGs – ADT-1, ADT-2, 

ADT-3, ADT-4 or ADT-5. After 12 hours of incubation, toxicity and damage to the cells 

were measured using a lactate dehydrogenase (LDH) assay kit (Xin et al., 2015).

2.12 Statistical Analysis:

Measurements obtained with the ELISAs are represented as ratios of luminescence 

measurement for each sample with respect to the PBS background (no antigen) control. 

Reactivity of each test sample was obtained relative to the average signal of the control 

group. Any sample with a ratio greater than 1 is considered a positive signal. Statistical 

significance was assessed using SPSS software (version 24) and one-way ANOVA was 

performed with LSD post-hoc analyses with significance at p<0.05.

For SH-SY5Y toxicity studies, the LDH values for each IgG antibody were adjusted to a 

percentage of the AD tau IP+vehicle samples, zeroed to the control tau IP sample, and 

plotted as log dose-response curves. The log of IC50 was calculated in SPSS by nonlinear 

regression using the log form of the Hill equation.

To determine the accuracy of anti-tau scFvs in detecting AD over healthy controls, Receiver 

Operating Characteristic (ROC) curves were generated based on the reactivity of the anti-tau 

scFvs with postmortem verified AD and healthy control sera. Sensitivity and specificity of 

the anti-tau scFvs were obtained by setting the cutoff as the average value of the healthy 
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controls. Area Under the Curve (AUC) was calculated as described (Hanley and McNeil 

1982). AUC greater than 0.8 is considered a good diagnostic test while 0.5 (straight line) 

indicates the test cannot significantly differentiate between AD and healthy controls.

3. Results and Discussion

3.1. Tau protein immunoprecipitation:

Tau was immunoprecipitated from pooled AD samples with confirmed tangle pathology and 

control brain tissue homogenates. When probed with commercial AT8 antibody, AD samples 

contained high molecular weight phosphorylated tau which was not present in the control 

samples (Supplemental Figure S1). The immunoprecipitated AD and control tau samples 

were used for biopanning studies.

3.2. Biopanning:

A series of negative or subtractive panning steps were utilized to remove all phage from the 

initial pooled phage library that bound to several off-target antigens including BSA, 

aggregated α-synuclein, healthy control tissue and any forms of tau immunoprecipitated 

from healthy control tissue. Essentially complete removal of all phage binding these off-

target antigens was verified by AFM imaging. After completing the subtractive panning 

process, a single round of positive panning using the immunoprecipitated tau from AD brain 

tissue was performed to isolate scFvs selectively binding tau variants present in human AD 

tissue but not control tissue.

Thirty-five phage clones were recovered from the positive selection step, and 11 complete 

scFvs showed selective binding to the AD brain tissue samples compared to the control brain 

tissue samples (Fig 1a) based on ELISA results and sequence analysis for scFv integrity. Six 

of the eleven phage clones (ADT-1, ADT-2, ADT-3, ADT-4, ADT-5 and ADT-6) with high 

reactivity and specificity for the pooled AD over control human brain tissue homogenates 

were selected for further analyses. We expressed soluble scFv from each of the six phage 

and evaluated reactivity of each scFv with individual AD (n=7) and control (n=2) brain 

tissue homogenates by sandwich ELISA. All six scFvs showed reactivity with tau variants, 

present in each of the human AD tissue samples, but not the cognitively normal control brain 

tissue samples (Fig 1b).

3.3. Sera sample analysis:

We determined whether the 6 selected scFvs (ADT-1, ADT-2, ADT-3, ADT-4, ADT-5 and 

ADT-6) could also recognize tau variants present in human AD (n=10) and controls (n=10) 

sera samples (Fig 2). All 6 scFvs preferentially bound tau variants present in all 10 AD sera 

samples compared to cognitively normal controls.

ROC curves for the six anti-tau scFvs were analyzed to determine their ability to select tau 

variants in AD compared to healthy controls. Five of the six anti-tau scFvs have high 

sensitivity and specificity to tau variants in AD. The scFvs ADT-2, ADT-4 and ADT-6 

recognized tau variants with 80% sensitivity and 90% specificity, 100% sensitivity and 80% 

specificity and 90% sensitivity and 80% specificity respectively. Together, these three scFvs 
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recognized tau variants with 90% sensitivity and 90% specificity with 0.96 AUC (Table 1, 

Supplemental Figure S2), so these three scFvs were selected to analyze tau variants in 

longitudinal AD and control plasma.

3.4. Longitudinal plasma analysis:

Tau variants in plasma: Tau variant content in longitudinal plasma samples obtained 

from 25 individuals that converted to AD over a 10-year timeline (n=119) and individuals 

that remained cognitively normal (n=121) based on neurological exam were analyzed. Due 

to limited sample availability, the three most selective scFvs, ADT-2, ADT-4 and ADT-6, 

were utilized to analyze the longitudinal plasma samples. Plasma samples from individuals 

that converted to AD showed higher average reactivity toward each of the tau variants tested 

compared to samples from individuals that did not convert to AD (Fig 3a). Based on one-

way ANOVA analysis, all three anti-tau scFvs were able to distinguish the converters from 

the non-converters. The AD converter and control groups were broken into groups 

depending on APOE genotype. Both ApoE3/3 and ApoE3/4 genotypes had significantly 

higher tau levels in the AD converters compared to the controls, and the Apoe3/3 AD cases 

had higher tau levels than the ApoE3/4 AD cases (Fig 3b).

3.4.1. Gender analysis:  We also analyzed the longitudinal plasma samples to determine if 

there were any gender differences. ADT-4 recognized tau variants preferentially present in 

females (n=51) while ADT-6 recognized tau variants preferentially present in males (n=68) 

(Fig 3c). The ADT-2 scFv did not demonstrate any gender selectivity.

3.4.2. AD Progression:  The longitudinal plasma samples were grouped according to 

classification based on neurological exam reports. Samples were classified as either pre-

MCI, MCI, or AD depending on their neurological exam and performance on mini mental 

state examination (MMSE). ADT-4 scFv has significantly higher reactivity with samples 

obtained from patients during the MCI stage compared to samples taken during pre-MCI and 

AD stages (Fig 4a) suggesting that ADT-4 recognizes a tau variant preferentially present 

during the MCI phase and present in both females and males (Fig 4b). Since the longitudinal 

plasma cases were not pathologically validated in post-mortem analyses, the AD cases may 

include misdiagnosed cases that should be attributed to other AD related dementias or other 

causes.

3.5. Immunohistochemistry:

The location of the different tau variants in human AD brain tissue were analyzed by 

immunohistochemistry. Human postmortem AD and control brain sections from the superior 

frontal cortex were probed with five anti-tau IgGs (ADT-1, ADT-2, ADT-3, ADT-4 and 

ADT-5) and the commercial AT8 anti-phosphorylated tau antibody. As expected, none of the 

antibodies showed significant reactivity with control brain sections, however widespread 

positive staining was observed in the AD brain sections (Fig 5). There is extensive 

extracellular colocalization of commercial AT8 and four of the IgGs (ADT-1, ADT-3, ADT-4 

and ADT-5). Interestingly, ADT-2 does not colocalize with AT8 and based on morphology 

may recognize a tau variant that accumulates along the axons.
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3.6. Therapeutic potential of anti-tau IgGs:

After identifying IgGs (ADT-1, ADT-2, ADT-3, ADT-4 and ADT-5) that preferentially 

bound to tau forms in AD brain tissue compared to age-matched cognitively normal controls 

using IHC, we analyzed if the IgGs bound to neurotoxic variants of tau utilizing a human 

neuroblastoma cell line. We added immunoprecipitated tau from human AD brain tissue to 

human neuronal SH-SY5Y cells and determined toxicity when co-incubated with different 

concentrations of either a commercial anti-tau IgG or an IgG version of each of the five 

scFvs. IP tau from control brain tissue was used as baseline. Three of the IgG (ADT-1, -4, 

-5) showed improved toxicity-inhibiting IC50 values (4.8nM, 6.4nM, 7.2nM respectively) 

compared to the commercial antibody PA5-27287 (24.8 nM). IgG ADT-2 showed an 

equivalent value to the commercial antibody (24.9nM), while ADT-3 showed little 

protection against toxicity having a relatively high value (IC50 = 13 μM) (Table 2). 

Individual curves are shown in Supplemental Figure S3. These results indicate selective 

targeting of tau variants can reduce toxicity, implying potential therapeutic value of selected 

anti-tau IgGs.

3.7. Conclusions

AD is a neurodegenerative disease for which there are currently no effective therapeutics. 

Both Aβ and tau have been shown to play a critical role in AD pathogenesis (as reviewed in 

(Ittner and Gotz 2011)). Recent studies have also established the importance of Aβ and tau 

variants in AD pathogenesis (Roberson, Scearce-Levie et al. 2007, Zempel, Thies et al. 

2010, Jin, Shepardson et al. 2011). There are several intermediate variants of tau that exist 

prior to the formation of intracellular tau tangles which have been hypothesized to play a 

major role in disease pathogenesis. It has also been shown that these tau variants 

progressively spread from one cell to another in a neurotoxic manner (Schonheit, Zarski et 

al. 2004, Clavaguera, Bolmont et al. 2009, Frost, Jacks et al. 2009). Studies have shown 

these variants to be synaptotoxic and responsible for spread of the disease (Meraz-Rios, 

Lira-De Leon et al., Marx 2007, Yoshiyama, Higuchi et al. 2007, Brunden, Trojanowski et 

al. 2008). Reagents that can selectively recognize the different tau variants would provide 

valuable tools to facilitate diagnosis of AD and could serve as potential novel therapeutics.

Here, we generated a pool of antibody-based reagents that selectively bind different tau 

variants that are present in human AD but not age-matched control samples (Fig 1–3). The 

morphology specific reagents recognize tau variants present in both brain tissue homogenate 

and circulating sera in AD patients, even in pre-symptomatic plasma samples (Fig 3) 

indicating their potential value as diagnostics for AD. Selected tau variants were 

preferentially present in either female or male AD patients (Fig 5). The different tau variants 

were localized to different cell regions where some but not all tau variants correlated with 

phospho-tau staining (Fig 5). The anti-tau reagents were also capable of countering toxicity 

induced by tau from pooled AD brain tissue homogenates indicating the potential 

therapeutic value of these reagents (Table 2). Since tau pathology is not unique to 

Alzheimer’s Disease and is also observed in other tauopathies such as Frontotemporal 

Dementia(Lee et al., 2001), these reagents may have value in treating other tauopathies as 

well. Future studies are planned to determine which tau variants are unique to AD and which 

ones also are found in other neurodegenerative diseases.
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Refer to Web version on PubMed Central for supplementary material.
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AD Alzheimer’s Disease

Aβ Amyloid beta

NFT Neurofibrillary tangles

CSF cerebrospinal fluid

MTG Mid temporal gyrus

MCI Mild cognitive impairment
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scFv single chain variable fragment

AFM Atomic Force Microscopy
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ELISA Enzyme Linked Immunosorbent Assay
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• Identified antibody fragments that selectively bind tau variants present in 

human postmortem AD brain tissue

• Reagents all selectively react with human postmortem AD brain tissue and 

sera samples but not age-matched cognitively normal control samples

• Reagents selectively react with longitudinal human plasma samples from 

patients that converted to AD indicating early, presymptomatic diagnostic 

capability

• Reagents selectively label tau variants in human brain tissue samples

• Reagents block toxicity of tua variants isolated from human AD brain tissue 

toward a human neuronal cell line
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Figure 1: Anti-tau phage characterization with pooled and individual AD and control brain 
tissue homogenates.
ELISA assay to screen for AD specific anti-tau phages. X axis represents different anti-tau 

phage and Y axis represents luminescence signal ratio to no sample background control or 

healthy control. Reactivity of anti-tau phage with: A) pooled AD and control brain tissue 

homogenates. B) individual AD brain tissue homogenates. All phages have high levels of 

binding to both pooled and individual AD brain tissue homogenates compared to controls.
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Figure 2: Sandwich ELISA with AD and control sera.
Sandwich ELISA assay testing AD tau scFvs ADT-1, ADT-2, ADT-3, ADT-4, ADT-5, 

ADT-6 with individual AD brain sera. X axis represents individual AD sera samples and Y 

axis represents luminescence signal ratio to healthy control. Six AD-tau scFvs have high 

levels of binding with the 10 AD sera samples compared to controls.
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Figure 3: Longitudinal AD plasma analysis.
Reactivity of anti tau scFvs ADT-2, ADT-4 and ADT-6 with 241 longitudinal AD and 

control plasma samples. A) Blue bars represent average of all samples that converted to AD 

and grey bars represent average of all samples that remained cognitively normal, B) 

Reactivity to the samples based on ApoE genotype (AD 3/3, AD 3/4, Control 2/2, Controls 

with at least one copy of ApoE3 (‘C3’), controls with at least one copy of ApoE4(‘C4’)). C) 

Reactivity of the three anti-tau scFvs classified based on gender. ADT-4 and ADT-6 show 

significant differences in reactivity between males and females, D) Reactivity of the anti-tau 

scFvs with the samples classified according to gender and genotype.
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Figure 4: Longitudinal plasma analysis: Reactivity based on sample diagnosis and gender.
ADT-2, ADT-4 and ADT-6 tau protein variants present in AD plasma samples (n=119) 

classified based on A) sample diagnosis (Williams, Schulz et al. 2017), B) ADT-4 protein 

variants by gender. Results indicate that ADT-4 tau variants were significantly higher in 

samples classified as MCI compared to pre-MCI and AD groups in both females and males.
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Figure 5: Immunofluorescent detection of tau variants in AD and control tissue samples.
IHC was performed to test reactivity of the anti-tau IgGs with AD and control brain tissue 

slice. Primary antibodies were applied with mouse against phosphorylated tau (AT8, 

Covance, 1:2000,) and human against tau variants (clone ADT-1, ADT-2, ADT-3, ADT-4, 

ADT-5 respectively, 1:100) on a shaking stage overnight, 4°C. Goat anti-mouse IgG(red) and 

goat anti-human IgG(green) with fluorescence at the concentration of 1:1000 were used 

respectively as secondary antibodies. The sections were observed and imaged with Leica 

SP5.
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Table 1:
Specificity and sensitivity of anti-tau scfv against sera:

Six anti-tau scFvs were analyzed to determine their ability to select tau variants in postmortem-verified AD 

sera compared to healthy control sera. Area Under Curve (AUC), calculated by plotting Receiver Operating 

curves, represents the combined sensitivity and Specificity scores to select AD samples. The three most 

effective scFvs (ADT-2, -4, -6) were selected to analyze tau variants in longitudinal AD and control plasma.

scFv Sensitivity(%) Specificity(%) Area Under Curve (AUC)

ADT-1 60 80 0.69

ADT-2 80 90 0.91

ADT-3 70 70 0.75

ADT-4 90 80 0.96

ADT-5 70 65 0.72

ADT-6 90 80 0.94

ADT2, ADT-4 & ADT-6 90 90 0.96
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Table 2:
Therapeutic potential of anti-tau IgGs.

SH-SY5Y neuroblastoma cell line was treated with AD or control brain derived tau IP and with different 

concentrations of either polyclonal anti-tau antibody or IgGs ADT-1, ADT-2, ADT-3, ADT-4 and ADT-5 for 

12 hours. The cell damage and toxicity were tested by LDH assay (n=3). IC50 values calculated by nonlinear 

regression of log dose-response curves. ADT-1, -4 and -5 inhibited toxicity of AD brain derived tau IP more 

effectively than a polyclonal anti-tau preparation.

95% CI (nM)

Antibody IC50 (nM) Lower Upper

Commercial 4.96 9.49 x10−5 2.60 x105

ADT-1 .961 1.60 x10−15 5.76 x1014

ADT-2 4.97 2.09 x10−12 1.18 x1013

ADT-3 > 2500 N/A N/A

ADT-4 1.28 1.82 x10−20 9.06 x1019

ADT-5 1.44 8.30 x10−26 2.49 x1025
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