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FIGURE 9. Co-staining of Fab fragment-treated brain slices with pathological tau markers and endosome and lysosome markers. Fab fragments had a
partial co-localization with pathological Tau markers PHF1 (A and B) and MC1 (Cand D). Note that many neurons containing Fab fragments are negative for Tau
pathology. Fab fragments co-localized infrequently with early endosomes (EEAT), but showed a partial co-localization with lysosomes (Lamp2) (E-H). Nuclei are
stained blue with DAPI. Scale bar = 10 um.
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FIGURE 10. Uptake of dextran, a bulk endocytosis marker, together with mAbs or Fab fragments. A and B, the mAbs co-localized partially with dextran.
Cand D, the Fab fragments showed a higher co-localization with dextran than mAbs. Nuclei are stained blue with DAPI. Scale bar = 20 um.

Furthermore, we explored the role of Fc receptor-mediated
endocytosis in the uptake of antibodies. Different subtypes of Fc
receptors are found in all major cell types in the central nervous
system, including neurons, microglia, astrocytes, and oligoden-
drocytes (41). Findings from our laboratory indicate that the
primary pathway of antibody uptake is via low affinity Fcy
receptors.® Analogous to that report, using different methodol-
ogies, we found that the majority of antibodies are located in
neurons, with a smaller portion in microglia cells. Some micro-
glia cells could take up nearby extracellular Tau antibody-ag-
gregate complex via Fc receptor-mediated endocytosis for
clearance. Intriguingly, we detected extensive neuronal uptake
of Fab fragments of Tau antibodies without specificity toward
Tau pathology, as evidenced by the similar percentage of neu-
rons containing Fab fragments in both JNPL3 and wild-type
brain slices. The percentage (~60% in both JNPL3 and WT)
was much greater than that of uptake of whole Tau antibodies
(~25% in JNPL3, ~10% in WT). The co-localization between
Fab fragments and dextran suggested the involvement of bulk
endocytosis. The Fab fragments, which are much smaller (~50
kDa) than intact antibodies (~150 kDa), could be more easily
internalized by bulk endocytosis. Importantly, the Fc receptor-
mediated endocytosis seems to be crucial for directing the Tau
antibodies specifically toward the Tau aggregates.

In conclusion, our new Tau mAbs were safe and efficient to
reduce Tau pathology in the brain slice model. We found that
the mAbs were able to access intraneuronal Tau aggregates and

NOVEMBER 15, 2013 «VOLUME 288+-NUMBER 46

a large portion of antibodies and Tau aggregates co-localized
with the endosome/autophagosome/lysosome system. Fur-
thermore, the Fab fragments of the mAbs could also enter the
neurons, but did not show specificity for toward Tau pathology.
Hence, whole Tau antibodies, instead of their smaller Fab frag-
ments, seem to be more appropriate as therapy for AD and
other tauopathies.

Acknowledgments— We thank Dr. Peter Davies for generously provid-
ing PHFI1, MC1, CP13, and CP27 antibodies. We are grateful for the
technical assistance from the Microscopy Core of New York University
Langone Medical Center.

REFERENCES

1. Holmes, C., Boche, D., Wilkinson, D., Yadegarfar, G., Hopkins, V., Bayer,
A., Jones, R. W., Bullock, R., Love, S., Neal, ]. W., Zotova, E., and Nicoll,
J. A. (2008) Long-term effects of AB42 immunisation in Alzheimer’s dis-
ease. Follow-up of a randomised, placebo-controlled phase I trial. Lancet
372,216-223

2. Kerchner, G. A., and Boxer, A. L. (2010) Bapineuzumab. Expert Opin. Biol.
Ther. 10, 1121-1130

3. Siemers, E. R, Friedrich, S., Dean, R. A., Gonzales, C. R., Farlow, M. R,,
Paul, S. M., and Demattos, R. B. (2010) Safety and changes in plasma and
cerebrospinal fluid amyloid beta after a single administration of an amy-
loid B monoclonal antibody in subjects with Alzheimer disease. Clin. Neu-
ropharmacol. 33, 67-73

4. Farlow, M., Arnold, S. E., van Dyck, C. H,, Aisen, P. S., Snider, B. J., Por-
steinsson, A. P., Friedrich, S., Dean, R. A., Gonzales, C., Sethuraman, G.,

JOURNAL OF BIOLOGICAL CHEMISTRY 33093

STOZ ‘8 YoRRIN U0 A LISHIAINN NMO1IDHOTD e /610°0q ['mmmy/:dny wouy papeojumog


http://www.jbc.org/

Efficacy and Mechanistic Studies of Two Novel Tau Antibodies

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

DeMattos, R. B., Mohs, R., Paul, S. M., and Siemers, E. R. (2012) Safety and
biomarker effects of solanezumab in patients with Alzheimer’s disease.
Alzheimers Dement. 8, 261-271

. Panza, F., Frisardi, V., Imbimbo, B. P., Seripa, D., Paris, F., Santamato, A.,

D’Onofrio, G., Logroscino, G., Pilotto, A., and Solfrizzi, V. (2011) Anti-g-
amyloid immunotherapy for Alzheimer’s disease. Focus on bapineu-
zumab. Curr. Alzheimer Res. 8, 808 —817

. Lemere, C. A., and Masliah, E. (2010) Can Alzheimer disease be prevented

by amyloid-B immunotherapy? Nat. Rev. Neurol. 6,108 —119

. Braak, H., Thal, D. R., Ghebremedhin, E., and Del Tredici, K. (2011) Stages

of the pathologic process in Alzheimer disease. Age categories from 1 to
100 years. J. Neuropathol. Exp. Neurol. 70, 960 —969

. Frautschy, S. A., Baird, A., and Cole, G. M. (1991) Effects of injected Al-

zheimer B-amyloid cores in rat brain. Proc. Natl. Acad. Sci. U.S.A. 88,
8362—-8366

. Ittner, L. M, and Gotz, J. (2011) Amyloid-B and Tau. A toxic pas de deux

in Alzheimer’s disease. Nat. Rev. Neurosci. 12, 65—72

Roberson, E. D., Scearce-Levie, K., Palop, J. ]., Yan, F., Cheng, I. H., Wu, T,
Gerstein, H., Yu, G. Q., and Mucke, L. (2007) Reducing endogenous tau
ameliorates amyloid B-induced deficits in an Alzheimer’s disease mouse
model. Science 316, 750 —754

Delacourte, A., Sergeant, N., Champain, D., Wattez, A., Maurage, C. A,,
Lebert, F., Pasquier, F., and David, J. P. (2002) Nonoverlapping but syner-
getic tau and APP pathologies in sporadic Alzheimer’s disease. Neurology
59, 398 -407

Ribé, E. M., Pérez, M., Puig, B., Gich, L, Lim, F., Cuadrado, M., Sesma, T,
Catena, S., Sanchez, B., Nieto, M., Gémez-Ramos, P., Moran, M. A, Ca-
bodevilla, F., Samaranch, L., Ortiz, L., Pérez, A., Ferrer, L., Avila, J., and
Goémez-Isla, T. (2005) Accelerated amyloid deposition, neurofibrillary de-
generation and neuronal loss in double mutant APP/Tau transgenic mice.
Neurobiol. Dis. 20, 814 —822

Pearson, R. C., and Powell, T. P. (1989) The neuroanatomy of Alzheimer’s
disease. Rev. Neurosci. 2, 101-122

Sigurdsson, E. M., Lee, ]. M., Dong, X. W., Hejna, M. J., and Lorens, S. A.
(1997) Bilateral injections of amyloid- 25-35 into the amygdala of young
Fischer rats. Behavioral, neurochemical, and time dependent histopatho-
logical effects. Neurobiol. Aging 18, 591-608

Sigurdsson, E. M, Lorens, S. A., Hejna, M. ], Dong, X. W, and Lee, ]. M.
(1996) Local and distant histopathological effects of unilateral amyloid-3
25-35 injections into the amygdala of young F344 rats. Neurobiol. Aging
17, 893-901

Gotz, J., Chen, F., van Dorpe, J., and Nitsch, R. M. (2001) Formation of
neurofibrillary tangles in P301l tau transgenic mice induced by AB,, fi-
brils. Science 293, 1491-1495

Lewis, J., Dickson, D. W., Lin, W. L., Chisholm, L., Corral, A., Jones, G.,
Yen, S. H., Sahara, N, Skipper, L., Yager, D., Eckman, C., Hardy, J., Hutton,
M., and McGowan, E. (2001) Enhanced neurofibrillary degeneration in
transgenic mice expressing mutant Tau and APP. Science 293, 1487-1491
Arriagada, P. V., Growdon, J. H., Hedley-Whyte, E. T., and Hyman, B. T.
(1992) Neurofibrillary tangles but not senile plaques parallel duration and
severity of Alzheimer’s disease. Neurology 42, 631—639

Braak, H., and Braak, E. (1995) Staging of Alzheimer’s disease-related neu-
rofibrillary changes. Neurobiol. Aging 16, 271-278; discussion 278 —284
Wilcock, G. K., and Esiri, M. M. (1982) Plaques, tangles and dementia. A
quantitative study. J. Neurol. Sci. 56, 343-356

Nelson, P. T., Alafuzoff, L, Bigio, E. H., Bouras, C., Braak, H., Cairns, N.J.,
Castellani, R. J., Crain, B. J., Davies, P., Del Tredici, K., Duyckaerts, C.,
Frosch, M. P., Haroutunian, V., Hof, P. R., Hulette, C. M., Hyman, B. T,
Iwatsubo, T, Jellinger, K. A,, Jicha, G. A., Kovari, E., Kukull, W. A., Le-
verenz, J. B., Love, S., Mackenzie, 1. R.,, Mann, D. M., Masliah, E., McKee,
A. C.,, Montine, T. J., Morris, J. C., Schneider, J. A., Sonnen, J. A, Thal,
D. R, Trojanowski, J. Q., Troncoso, J. C., Wisniewski, T., Woltjer, R. L.,
and Beach, T. G. (2012) Correlation of Alzheimer disease neuropathologic
changes with cognitive status. A review of the literature. J. Neuropathol.
Exp. Neurol. 71, 362—381

Ittner, L. M., Ke, Y. D., Delerue, F., Bi, M., Gladbach, A., van Eersel, J.,
Wolfing, H., Chieng, B. C., Christie, M. J., Napier, I. A., Eckert, A., Staufen-
biel, M., Hardeman, E., and Gétz, J. (2010) Dendritic function of tau me-

33094 JOURNAL OF BIOLOGICAL CHEMISTRY

23.

24.

25

27

28

29

30

31

32

33

35

38

39

diates amyloid- 3 toxicity in Alzheimer’s disease mouse models. Cell 142,

387-397

Asuni, A. A., Boutajangout, A., Quartermain, D., and Sigurdsson, E. M.

(2007) Immunotherapy targeting pathological tau conformers in a tangle

mouse model reduces brain pathology with associated functional im-

provements. /. Neurosci. 27, 9115-9129

Boimel, M., Grigoriadis, N., Lourbopoulos, A., Haber, E., Abramsky, O.,

and Rosenmann, H. (2010) Efficacy and safety of immunization with phos-

phorylated tau against neurofibrillary tangles in mice. Exp. Neurol. 224,

472—-485

. Boutajangout, A., Quartermain, D., and Sigurdsson, E. M. (2010) Immu-
notherapy targeting pathological tau prevents cognitive decline in a new
tangle mouse model. /. Neurosci. 30, 16559 —16566

. Boutajangout, A., Ingadottir, J., Davies, P., and Sigurdsson, E. M. (2011)
Passive immunization targeting pathological phospho-tau protein in a
mouse model reduces functional decline and clears tau aggregates from
the brain. J. Neurochem. 118, 658 — 667

. Troquier, L., Caillierez, R., Burnouf, S., Fernandez-Gomez, F. J., Grosjean,
M. E., Zommer, N., Sergeant, N., Schraen-Maschke, S., Blum, D., and
Buee, L. (2012) Targeting phospho-Ser422 by active Tau Immunotherapy
in the THYTau22 mouse model. A suitable therapeutic approach. Curr.
Alzheimer Res. 9, 397—405

. Bi, M, Ittner, A., Ke, Y. D., Gotz, J., and Ittner, L. M. (2011) Tau-targeted
immunization impedes progression of neurofibrillary histopathology in
aged P301L Tau transgenic mice. PLoS One 6, €26860

. Chai, X., Wu, S., Murray, T. K,, Kinley, R., Cella, C. V., Sims, H., Buckner,
N., Hanmer, J., Davies, P., O'Neill, M. J., Hutton, M. L., and Citron, M.
(2011) Passive immunization with anti-Tau antibodies in two transgenic
models. Reduction of Tau pathology and delay of disease progression.
J. Biol. Chem. 286, 34457—-34467

. d’Abramo, C., Acker, C. M., Jimenez, H. T., and Davies, P. (2013) Tau
passive immunotherapy in mutant P301L mice. Antibody affinity versus
specificity. PLoS One 8, €62402

. Kfoury, N, Holmes, B. B, Jiang, H., Holtzman, D. M., and Diamond, M. L
(2012) Trans-cellular propagation of Tau aggregation by fibrillar species.
J. Biol. Chem. 287, 1944019451

. Bard, F,, Cannon, C,, Barbour, R., Burke, R. L., Games, D., Grajeda, H.,
Guido, T., Hu, K, Huang, J., Johnson-Wood, K., Khan, K., Kholodenko, D.,
Lee, M., Lieberburg, I., Motter, R., Nguyen, M., Soriano, F., Vasquez, N.,
Weiss, K., Welch, B., Seubert, P., Schenk, D., and Yednock, T. (2000)
Peripherally administered antibodies against amyloid B-peptide enter the
central nervous system and reduce pathology in a mouse model of Al-
zheimer disease. Nat. Med. 6,916 -919

. Krishnamurthy, P. K, Deng, Y., and Sigurdsson, E. M. (2011) Mechanistic
studies of antibody-mediated clearance of Tau aggregates using an ex vivo
brain slice model. Front. Psychiatry 2, 59

. Masliah, E., Rockenstein, E., Adame, A., Alford, M., Crews, L., Hashimoto,
M., Seubert, P., Lee, M., Goldstein, J., Chilcote, T., Games, D., and Schenk,
D. (2005) Effects of a-synuclein immunization in a mouse model of Par-
kinson’s disease. Neuron 46, 857— 868

. Tampellini, D., Magrané, J., Takahashi, R. H., Li, F., Lin, M. T., Almeida,
C. G., and Gouras, G. K. (2007) Internalized antibodies to the A3 domain
of APP reduce neuronal AB and protect against synaptic alterations.
J. Biol. Chem. 282, 18895—18906

. Lewis, ], McGowan, E., Rockwood, J., Melrose, H., Nacharaju, P., Van
Slegtenhorst, M., Gwinn-Hardy, K., Paul Murphy, M., Baker, M., Yu, X,,
Duff, K., Hardy, J., Corral, A., Lin, W. L., Yen, S. H., Dickson, D. W., Davies,
P., and Hutton, M. (2000) Neurofibrillary tangles, amyotrophy and pro-
gressive motor disturbance in mice expressing mutant (P301L) tau pro-
tein. Nat. Genet. 25, 402—405

. Duff, K., Noble, W., Gaynor, K., and Matsuoka, Y. (2002) Organotypic slice
cultures from transgenic mice as disease model systems. /. Mol. Neurosci.
19, 317-320

. Gong, C. X,, Lidsky, T., Wegiel, J., Grundke-Igbal, I., and Igbal, K. (2001)
Metabolically active rat brain slices as a model to study the regulation of
protein phosphorylation in mammalian brain. Brain Res. Brain Res. Pro-
toc. 6, 134-140

. Adhami, F., Schloemer, A., and Kuan, C. Y. (2007) The roles of autophagy

VOLUME 288+NUMBER 46-NOVEMBER 15,2013

STOZ ‘8 YoRRIN U0 A LISHIAINN NMO1IDHOTD e /610°0q ['mmmy/:dny wouy papeojumog


http://www.jbc.org/

40.

41.

42.

43.

45.

46.

47.

48.

49.

NOVEMBER 15, 2013« VOLUME 288+NUMBER 46

Efficacy and Mechanistic Studies of Two Novel Tau Antibodies

in cerebral ischemia. Autophagy 3, 42— 44

Komatsu, M., and Ichimura, Y. (2010) Physiological significance of selec-
tive degradation of p62 by autophagy. FEBS Lett. 584, 1374—1378

Okun, E., Mattson, M. P., and Arumugam, T. V. (2010) Involvement of Fc
receptors in disorders of the central nervous system. Neuromol. Med. 12,
164-178

Fabian, R. H., and Petroff, G. (1987) Intraneuronal IgG in the central
nervous system. Uptake by retrograde axonal transport. Neurology 37,
1780-1784

Dietzschold, B., Kao, M., Zheng, Y. M., Chen, Z. Y., Maul, G, Fu, Z. F,,
Rupprecht, C. E., and Koprowski, H. (1992) Delineation of putative mech-
anisms involved in antibody-mediated clearance of rabies virus from the
central nervous system. Proc. Natl. Acad. Sci. U.S.A. 89, 7252-7256

. Sigurdsson, E. M. (2009) Tau-focused immunotherapy for Alzheimer’s

disease and related tauopathies. Curr. Alzheimer Res. 6, 446 —450
Cataldo, A. M., Barnett, J. L., Pieroni, C., and Nixon, R. A. (1997) Increased
neuronal endocytosis and protease delivery to early endosomes in spo-
radic Alzheimer’s disease. Neuropathologic evidence for a mechanism of
increased B-amyloidogenesis. . Neurosci. 17, 6142—6151

Donovan, L. E., Higginbotham, L., Dammer, E. B., Gearing, M., Rees, H. D.,
Xia, Q., Duong, D. M., Seyfried, N. T., Lah, J. J., and Levey, A. L. (2012)
Analysis of a membrane-enriched proteome from postmortem human
brain tissue in Alzheimer’s disease. Proteomics Clin. Appl. 6,201-211
Flach, K., Hilbrich, L, Schiffmann, A., Gartner, U., Krtger, M., Leonhardt,
M., Waschipky, H., Wick, L., Arendt, T., and Holzer, M. (2012) Tau
oligomers impair artificial membrane integrity and cellular viability.
J. Biol. Chem. 287, 43223—43233

Maas, T., Eidenmiiller, J., and Brandt, R. (2000) Interaction of tau with the
neural membrane cortex is regulated by phosphorylation at sites that are
modified in paired helical filaments. J. Biol. Chem. 275, 15733—15740
Frost, B., Jacks, R. L., and Diamond, M. L. (2009) Propagation of Tau mis-

50.

51.

52.

53.

54.

55.

56.

57.

folding from the outside to the inside of a cell. J Biol. Chem. 284,
12845-12852

Clavaguera, F., Bolmont, T., Crowther, R. A., Abramowski, D., Frank, S.,
Probst, A., Fraser, G., Stalder, A. K., Beibel, M., Staufenbiel, M., Jucker, M.,
Goedert, M., and Tolnay, M. (2009) Transmission and spreading of
tauopathy in transgenic mouse brain. Nat. Cell. Biol. 11, 909 -913

Liu, L., Drouet, V., Wu, J. W., Witter, M. P., Small, S. A., Clelland, C., and
Duff, K. (2012) Trans-synaptic spread of tau pathology in vivo. PLoS One 7,
e31302

Saman, S., Kim, W, Raya, M., Visnick, Y., Miro, S., Saman, S., Jackson, B.,
McKee, A. C., Alvarez, V. E., Lee, N. C., and Hall, G. F. (2012) Exosome-
associated tau is secreted in tauopathy models and is selectively phosphor-
ylated in cerebrospinal fluid in early Alzheimer disease. /. Biol. Chem. 287,
3842-3849

de Calignon, A., Polydoro, M., Sudrez-Calvet, M., William, C., Adamow-
icz, D. H., Kopeikina, K. J., Pitstick, R., Sahara, N., Ashe, K. H., Carlson,
G. A, Spires-Jones, T. L., and Hyman, B. T. (2012) Propagation of tau
pathology in a model of early Alzheimer’s disease. Neuron 73, 685— 697
Chai, X., Dage, J. L., and Citron, M. (2012) Constitutive secretion of tau
protein by an unconventional mechanism. Neurobiol. Dis. 48, 356 —366
Santa-Maria, 1., Varghese, M., Ksiezak-Reding, H., Dzhun, A., Wang, .,
and Pasinetti, G. M. (2012) Paired helical filaments from Alzheimer dis-
ease brain induce intracellular accumulation of Tau protein in ag-
gresomes. /. Biol. Chem. 287, 20522—20533

Nixon, R. A., and Cataldo, A. M. (2006) Lysosomal system pathways.
Genes to neurodegeneration in Alzheimer’s disease. J. Alzheimers Dis. 9,
277-289

Kuusisto, E., Salminen, A., and Alafuzoff, I. (2002) Early accumulation of
p62 in neurofibrillary tangles in Alzheimer’s disease. Possible role in tangle
formation. Neuropathol. Appl. Neurobiol. 28, 228 —237

JOURNAL OF BIOLOGICAL CHEMISTRY 33095

STOZ ‘8 YoRRIN U0 A LISHIAINN NMO1IDHOTD e /610°0q ['mmmy/:dny wouy papeojumog


http://www.jbc.org/

[
The Journal of
Biological Chemistry

AFFINITY SITES

Y

- mawl L

Neurobiology:

Two Novel Tau Antibodies Targeting the
396/404 Region Are Primarily Taken Up by

Neurons and Reduce Tau Protein e

NEUROBIOLOGY

Pathology

Jiaping Gu, Erin E. Congdon and Einar M.

Sigurdsson

J. Biol. Chem. 2013, 288:33081-33095.

doi: 10.1074/jbc.M113.494922 originally published online October 2, 2013

Access the most updated version of this article at doi: 10.1074/jbc.M113.494922

Find articles, minireviews, Reflections and Classics on similar topics on the JBC Affinity Sites.

Alerts:
* When this article is cited
» When a correction for this article is posted

Click here to choose from all of JBC's e-mail alerts

This article cites 57 references, 16 of which can be accessed free at
http://www.jbc.org/content/288/46/33081.full. html#ref-list-1

STOZ ‘8 YoRRIN U0 A LISHIAINN NMO1IDHOTD e /610°0q ['mmmy/:dny wouy papeojumog


http://affinity.jbc.org/
http://neuro.jbc.org
http://moldisease.jbc.org
http://www.jbc.org/lookup/doi/10.1074/jbc.M113.494922
http://affinity.jbc.org
http://www.jbc.org/cgi/alerts?alertType=citedby&addAlert=cited_by&cited_by_criteria_resid=jbc;288/46/33081&saveAlert=no&return-type=article&return_url=http://www.jbc.org/content/288/46/33081
http://www.jbc.org/cgi/alerts?alertType=correction&addAlert=correction&correction_criteria_value=288/46/33081&saveAlert=no&return-type=article&return_url=http://www.jbc.org/content/288/46/33081
http://www.jbc.org/cgi/alerts/etoc
http://www.jbc.org/content/288/46/33081.full.html#ref-list-1
http://www.jbc.org/

