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Introduction

Adeno-associated virus (AAV) has been used extensively 
as a vector for gene transfer to a wide array of tissues in 
vivo.1 Of the many serotypes that exist, only a handful are 
used experimentally and each displays a unique profile of tis-
sue tropism, dictated by the receptor(s) utilized for cell bind-
ing and transduction.1 Several AAV serotypes are efficient 
at gene transfer to the central nervous system (CNS), with 
several (e.g., AAV9, rAAVrh.8, rAAVrh.10) showing robust 
brain delivery after intravenous injection.2,3 One approach 
to expand the tropism or re-target AAV to specific tissues of 
therapeutic interest has been to modify the capsid surface 
by introducing peptides that bind to tissue-specific or tissue-
enriched cell surface receptors.4 These so-called peptide-
modified AAVs have the capacity to deliver genes to cells 
that are not normally transduced by the unmodified parent 
AAV serotype.5,6

Recently, our lab generated several peptide-modified AAV 
serotype 2 (AAV2) vectors that can home to and transduce 
brain vascular endothelium when delivered systemically.7 
This was achieved by modifying the AAV2 capsid with pep-
tides, discovered through in vivo phage display biopanning, 
which have binding affinity for receptors on the luminal sur-
face of brain vascular endothelial cells. One of the engi-
neered vectors, AAV-GMN, displays the heptamer peptide 
GMNAFRA.7 This peptide was identified from biopanning in 
a mouse model of the lysosomal storage disease, late infan-
tile neuronal ceroid lipofuscinosis (LINCL), which is a fatal, 

childhood-onset, neurodegenerative disorder caused by the 
loss of expression of the lysosomal enzyme tri-peptidyl pep-
tidase I (TPP1).8,9 When delivered intravenously, AAV-GMN 
encoding TPP1 robustly transduces brain vascular endothe-
lium, resulting in expression and secretion of TPP1 into the 
brain and reversal of the disease phenotypes in the mouse 
model of LINCL.7

In order to evaluate the utility of the AAV-GMN vector in 
large animal models and to ultimately translate its use to the 
clinic for treatment of LINCL patients, an understanding of the 
molecular mechanism of brain vascular tropism is required. 
Specifically, the receptor or receptors that mediate brain 
endothelial cell binding and transduction, via the GMN pep-
tide, must be elucidated. Only a small number of receptors 
for biopanning-derived peptides have been identified, and 
typically they are a single membrane or extracellular matrix-
associated protein.10–12 In this study, we describe experiments 
revealing that the AAV-GMN vector, unlike AAV2, utilizes 
chondroitin sulfate as its primary cellular receptor. Interest-
ingly, we discovered that while both AAV-GMN and AAV2 can 
bind to heparin, only AAV2 efficiently utilizes heparan sulfate 
proteoglycans as a functional receptor for transduction. This 
finding provides important insight into the transduction biol-
ogy of AAV2 and indicates that targeting chondroitin sulfate, 
but not heparan sulfate, is an effective strategy for in vivo 
gene delivery to brain vascular endothelium. Lastly, we also 
show that AAV-GMN can transduce regions throughout the 
CNS, warranting further investigation of this engineered vec-
tor for therapeutic gene delivery in neurological disorders.
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Recently, we described a peptide-modified AAV2 vector (AAV-GMN) containing a capsid-displayed peptide that directs in vivo 
brain vascular targeting and transduction when delivered intravenously. In this study, we sought to identify the receptor that 
mediates transduction by AAV-GMN. We found that AAV-GMN, but not AAV2, readily transduces the murine brain endothelial 
cell line bEnd.3, a result that mirrors previously observed in vivo transduction profiles of brain vasculature. Studies in vitro 
revealed that the glycosaminoglycan, chondroitin sulfate C, acts as the primary receptor for AAV-GMN. Unlike AAV2, chondroitin 
sulfate expression is required for cell transduction by AAV-GMN, and soluble chondroitin sulfate C can robustly inhibit AAV-
GMN transduction of brain endothelial cells. Interestingly, AAV-GMN retains heparin-binding properties, though in contrast to 
AAV2, it poorly transduces cells that express heparan sulfate but not chondroitin sulfate, indicating that the peptide insertion 
negatively impacts heparan-mediated transduction. Lastly, when delivered directly, this modified virus can transduce multiple 
brain regions, indicating that the potential of AAV-GMN as a therapeutic gene delivery vector for central nervous system 
disorders is not restricted to brain vascular endothelium.
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Results
AAV-GMN but not AAV2 transduces brain endothelial 
cells in vitro using a proteinaceous receptor
In our previous studies AAV-GMN, but not AAV2, transduced 
brain vasculature of CLN2−/− mice following intravenous deliv-
ery.7 To test whether this transduction profile could be reca-
pitulated in vitro, we evaluated transduction of immortalized 
brain endothelial cell lines. We discovered that the mouse 
brain endothelial cell line, bEnd.3, was readily transduced by 
AAV-GMN but not AAV2 or a control peptide-modified virus, 
AAV-PPS, which homes to brain vascular endothelium in wild 
type mice7,13,14 (Figure 1a,b) (see  Supplementary  Figure S1 
for confirmation of AAV2 bioactivity). These results, which mir-
rored the in vivo findings,7 suggest that bEnd.3 cells express 
the receptor that mediates AAV-GMN transduction of brain 
endothelial cells and that the transduction is conferred by 
the presence of the GMN peptide. To determine whether the 
AAV-GMN receptor is proteinaceous or contains a carbohy-
drate structure, we modified the surface of bEnd.3 cells with 
different enzymes before assaying transduction. Pre-treat-
ment with trypsin to remove cell-surface proteins reduced 
transduction >80% (Figure 1b). Treatment with Endo H, an 
enzyme that removes core mannose structures from N-linked 
glycans, did not affect transduction (Figure 1b). In contrast, 
removal of N-linked glycans by treatment with PNGase F, 
increased transduction by ~70% (Figure 1b). These results 
support the hypothesis that the receptor is proteinaceous 
and is not an N-linked glycan; in fact, N-linked carbohydrate 
groups may inhibit transduction.

Sialic acid moieties associated with cell-surface car-
bohydrate chain termini act as receptors for several AAV 

serotypes and could potentially contribute to transduc-
tion by AAV-GMN.15,16 Enzymatic removal of sialic acid 
from bEnd.3 cells using neuraminidase yielded an ~25% 
decrease in transduction (Figure 1b). To further investigate 
the dependence of sialic acid for AAV-GMN transduction, we 
compared transduction of the mutant CHO cell line Lec2, 
which is deficient in sialic acid addition to N and O-linked 
carbohydrates, to the wild-type parent cell line, CHO Pro5.17 
Similar to the effect of neuraminidase treatment on bEnd.3 
cells, AAV-GMN transduced Lec2 cells significantly lower 
(~30% less) than Pro5 cells (Figure 1c). In contrast, AAV2 
transduced Lec2 cells greater than Pro5 cells, though the 
difference was not statistically significant (Figure 1c). As 
expected, AAV5, which utilizes sialic acid as its primary 
receptor, transduced Lec2 cells significantly lower (~95% 
less) than Pro5 cells (Figure 1c). These findings indicate 
that sialic acid moieties can mediate, to a minor extent, AAV-
GMN transduction.

AAV-GMN transduces a broad range of cultured cell lines
Our observation that AAV-GMN can transduce CHO cells 
indicated that expression of the putative receptor required 
for transduction is not restricted to brain endothelial cells, 
as evidenced by our earlier findings.7 To further evaluate the 
tropism of AAV-GMN, we measured transduction of several 
genetically and phenotypically diverse cell lines. All cells lines 
tested, including an additional immortalized mouse brain 
endothelial cell (MBEC) line generated in our lab,18 mouse 
neuronal-like cells (N2a), as well as human fibroblasts and 
tumor cell lines (HeLa, PC-3), were readily transduced by 
AAV-GMN (Figure 2a). This broad tropism indicates that the 

Figure 1 The GMN peptide modification confers unique in vitro transduction profiles compared to the parent vector, AAV2. (a) bEnd.3 
mouse brain endothelial cells were transduced with AAV2, AAV-GMN, or control AAV2-PPS encoding eGFP reporter genes at an MOI of 105 
vg/cell. 48 hours post-transduction, eGFP expression was measured by fluorescence microscopy. Scale bar is 250 μm (b) Prior to transduction, 
bEnd.3 cells were treated with the indicated enzymes to modify cell surface receptors. 48 hours after transduction, relative transduction was 
measured by fluorometric quantitation of eGFP expression. (c) CHO Pro5 and sialic acid deficient Lec2 cells were transduced with AAV-
GMN, AAV2, or AAV5. 24 hours later, transduction was measured by eGFP fluorometry. In both graphs, transduction is presented as relative 
fluorescence units (RFU) of eGFP signal per μg of protein extract. Data shown are derived from ≥3 independent experiments. Error bars are 
mean ± SD. **P value <0.01; ns, not significant.
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receptor is expressed across multiple tissue types, at least 
when cells are grown in vitro.

The GMN peptide modification does not ablate heparin-
binding activity
The primary cellular receptor for AAV2 is heparan sulfate.19 
Insertion of targeting peptides into the heparan-binding loop 
of AAV2 often induces a disruption of the local capsid struc-
ture and ablation of heparan-binding activity.4,5 However, in 
some instances where the inserted peptide is composed of 
non-bulky amino acids and/or contains arginine residues, 
heparan binding is maintained.20 As a result, these peptide-
modified vectors can bind to both heparan sulfate as well as 
the inserted peptide’s cognate receptor. Systemic delivery 
of peptide-modified AAV2 that lacks heparan-binding activ-
ity usually results in de-targeting of AAV2 to the liver and 
spleen.21,22 In contrast, modified AAV2 vectors that retain 
heparan binding typically do not display this de-targeting 
phenotype.20 In our in vivo studies, systemic delivery of AAV-
GMN resulted in biodistribution profiles that were similar to 
AAV2 except for the brain vascular targeting; thus, de-tar-
geting to liver, spleen, and other organs was not observed.7 
This was in stark contrast to other, heparan binding-deficient, 
peptide-modified AAV2 vectors that we evaluated, which 
showed significant reductions in targeting to liver, spleen, 

and lung.7 Collectively, these in vivo results and the broad in 
vitro tropism of AAV-GMN suggested that this vector retains 
heparan-binding activity. To test this, we performed a solid-
phase binding assay using a column composed of agarose 
resin conjugated to heparin, a chemical analogue of hepa-
ran. AAV5, which does not bind heparan/heparin, was only 
detected in the flow-through and wash fractions (Figure 2b). 
As expected, AAV2 bound to the heparin column and was 
present in the elution (Figure 2b). Similar to AAV2, AAV-GMN 
also bound and was eluted from the column (Figure 2b). This 
result demonstrates that AAV-GMN maintains heparin-bind-
ing activity despite the presence of the GMN peptide within 
the heparan-binding loop.

Unexpectedly, we observed in multiple experiments that 
the input AAV-GMN signal was lower compared to the elution 
fraction (Figure 2b, middle row). While it is unclear why this 
discrepancy occurred, it might be that exposure of the virus 
to high salt concentrations during the elution either promotes 
subsequent adsorption to the membrane and/or epitope 
exposure prior to antibody detection.

AAV-GMN transduction is blocked by heparin and 
chondroitin sulfate C
Given our finding that AAV-GMN can interact with heparin, 
we tested the effect of heparin binding on transduction of 

Figure 2 AAV-GMN has broad tissue tropism and retains heparin-binding activity. (a) The indicated cell lines were transduced with AAV-
GMN encoding an eGFP reporter at an MOI of 105 and 24–48 hours later, transduction was assessed by eGFP fluorescence. Scale bars are 
250 μm (PC-3 scale bar corresponds to all images except fibroblasts).(b) AAV2, AAV-GMN, or AAV5 were incubated with heparin-agarose 
and unbound flow-through (FT) and wash fractions were retained. Bound virus was eluted with high salt buffer and all fractions were analyzed 
by slot blot and immunodetection with anti-capsid antibody.
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bEnd.3 cells. Pre-incubating AAV-GMN with varying concen-
trations of heparin prior to transduction resulted in a dose-
dependent increase in inhibition of transduction (Figure 3a). 
Greater than 95% of transduction was blocked by heparin at 
concentrations of 10 μg/ml or higher (Figure 3a). In previous 
studies it was shown that, unlike heparin, other GAGs such 
as chondroitin sulfate do not block AAV2 transduction or cell-
surface binding.19 Interestingly, we found that chondroitin sul-
fate C was also a potent inhibitor of AAV-GMN transduction 
(Figure 3a). Chondroitin sulfate A displayed some blocking 
activity, though it was significantly lower than with chondroitin 
sulfate C. Furthermore, this commercial chondroitin sulfate A 
preparation is not pure, and contains 30–40% chondroitin sul-
fate C (as opposed to the chondroitin sulfate C preparation, 
which is >90% pure). Therefore, the inhibition resulting from 
the chondroitin sulfate A may actually be due to the contami-
nating chondroitin sulfate C. We also tested dermatan sulfate, 
which only inhibited transduction 20–30% (Figure 3a).

Lastly, we tested hyaluronic acid, which is the only non-
sulfated GAG. It did not inhibit transduction; in contrast, it 
enhanced transduction at the higher doses (Figure 3a). 
In order to evaluate whether chondroitin sulfate C blocks 
transduction by preventing binding of AAV-GMN to the cell 
surface, we measured virus binding after chondroitin pre-
incubation. Similar to the effect on transduction, chondroitin 

sulfate C pre-incubation caused a dose-dependent increase 
in blocking of surface binding (Figure 3b). However, at the 
highest dose, blocking of binding was ~68%, which is ~20% 
less compared to blocking of transduction at the same con-
centration (Figure 3b versus 3a). This indicates that some 
of the AAV-GMN virions bind to bEnd.3 cells in manner not 
mediated by chondroitin sulfate C, but that this binding does 
not necessarily lead to productive transduction. A similar dis-
crepancy between blocking of transduction and blocking of 
binding was observed when AAV2 transduction of HeLa cells 
was inhibited with heparin.19

It is possible that the observed chondroitin sulfate C block-
ing activity is specific to bEnd.3 cells. To test whether this 
finding could be extended to other cell lines, we evaluated 
blocking of AAV-GMN transduction in MBEC and N2a cells. 
In MBEC, both heparin and chondroitin sulfate C blocked 
transduction in a manner comparable to in bEnd.3 cells 
 (Figure 3d). Chondroitin sulfate C also blocked AAV-GMN 
transduction of N2a cells (Figure 3c). However, in contrast to 
the results with bEnd.3 and MBEC cells, heparin did not block 
transduction by AAV-GMN. The inverse was true for AAV2; 
as expected, heparin blocked transduction whereas chon-
droitin sulfate C showed minimal blocking (Figure 3c). The 
mechanism underlying differential blocking by heparin might 
be related to cell-type specific differences in the structure or 

Figure 3 Heparin and chondroitin sulfate C (CSC) potently block AAV-GMN transduction and binding. (a,c,d) AAV-GMN or (c) AAV2 
encoding an eGFP reporter was pre-incubated alone or with varying concentrations of the indicated GAGs for one hour prior to transduction of  
(a) bEnd.3, (c) N2a, or (d) MBEC cells. 48 hours later, transduction was measured by fluorometric quantitation of eGFP expression. Data are 
represented as inhibition of transduction (relative to the maximum RFU/μg of protein extract) relative to cells transduced with AAV-GMN alone. 
(b) AAV-GMN was pre-incubated alone or with varying concentrations of CSC on ice for one hour before incubation with ice-cold bEnd.3 cells 
for an additional hour to allow surface binding. After washing away unbound virus, bound AAV-GMN was assayed by quantitative real-time 
PCR measurements of viral genomes. Data are represented as inhibition of binding (virion genomes/ml of extracted DNA) relative to the 
binding by AAV-GMN alone. Data shown in all figures are derived from ≥3 independent experiments. Error bars are mean ± SD. *P value <0.05.
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heterogeneity of chondroitin sulfate proteoglycans that yield 
a distinct binding interaction with N2a-expressed chondroitin 
sulfate that cannot be readily disrupted by heparin.

Chondroitin sulfate expression is required for AAV-GMN 
transduction
Our finding that both soluble heparin and chondroitin sul-
fate can block transduction of bEnd.3 cells suggested that 
either of these GAGs could potentially act as a cell surface 
receptor to mediate AAV-GMN transduction. To determine 
whether the expression of these GAGs is required for trans-
duction, we utilized CHO cell lines that are deficient in the 

biosynthesis of specific GAGs (Figure 4a). The mutant cell 
line CHO pgsA-745 lacks cell surface expression of both 
heparan and chondroitin sulfate.23,24 As expected, AAV2 
transduced these cells at a very low level (~18%) relative 
to the parent cell line, K1, which displays normal GAG 
expression (Figure 4b). Similarly, transduction of pgsA-745 
by AAV-GMN was also very low (~24%) relative to K1 cells 
(Figure 4b). These results suggest that heparan and/or 
chondroitin sulfate are required for AAV-GMN transduction. 
Compared to K1 cells, AAV2 also showed little transduction 
of CHO pgsD-677 mutant cells, which only lack expression 
of cell surface heparan sulfate23 (Figure 4b). In contrast, 

Figure 4 AAV-GMN transduction requires chondroitin sulfate expression. (a) Wild type and mutant CHO cell lines used for transduction 
experiments. The specific GAG biosynthesis phenotypes and underlying biochemical defects are listed. (b) Each CHO cell line was transduced 
with either AAV2 or AAV-GMN encoding an eGFP reporter, and transduction was measured by eGFP fluorometry 24 hours later. Data are 
presented as relative to transduction (RFU/μg of protein extract) of the wild type parent CHO K1 cell line. (c) Representative fluorescence 
microscopy image of CHO K1 and pgsD-677 cells transduced with AAV-GMN showing that pgsD-677 cells are larger and display greater eGFP 
fluorescence compared to the transduced K1 cells. (d) CHO pgsD-677 cells were treated with chondroitinase ABC prior to transduction with 
AAV-GMN. Transduction was measured by eGFP fluorometry 24 hours after transduction and results are shown as relative to mock-treated 
cells. (e) Comparison of the amount of AAV2 and AAV-GMN that binds to the cell surface and internalizes when incubated with ldlD cells. Virus 
was incubated for 1 hour on ice-cold cells, washed, and then incubated at 37 °C for 1 hour. Internalized virus was measured in cells treated 
with trypsin to remove extracellular, bound virus whereas bound and internalized (Total) virus was measured using cells that were not trypsin 
treated. The amount of recovered virus was measured by quantitative PCR for viral genomes. (f,g) AAV sub-cellular localization. The indicated 
CHO cells were transduced for 4 hours with fluorescently labeled AAV2 and AAV-GMN, and the percent of internalized and nuclear-localized 
AAV relative to total AAV (surface localized + internalized) was quantified. AAV2 entry is dependent on heparin expression, whereas AAV-GMN 
enters all cell types equivalently. In all figures, data shown are derived from ≥3 independent experiments. For b error bars are mean ± SD.  
**P value <0.01. For f and g error bars are mean ± SEM; *P < 0.05, **P < 0.01, and ***P < 0.001 by Mann–Whitney U–test.
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relative to K1 cells AAV-GMN transduced pgsD-677 cells 
significantly higher than AAV2 (~82% versus ~21% of K1) 
(Figure 4b). Although transduction of pgsD-677 cells is not 
100% of K1 as measured in our assay (where transduction 
= RFU/μg), the fluorescence per cell is actually higher in 
pgsD-677 cells (Figure 4c). This discrepancy in transduction 
measurements is likely due to the fact that, unlike the other 
mutant lines, pgsD-677 cells are larger than K1 cells and 
thus contain more protein per cell (data not shown), which 
negatively biases the transduction measurement (Figure 
4c). Regardless, these findings indicate that heparan sul-
fate expression is required for transduction by AAV2 but not 
AAV-GMN, and suggest that chondroitin sulfate expression 
is sufficient for AAV-GMN transduction. Lastly, we compared 
transduction of CHO K1 cells and a mutant derivative ldlD, 
which, under the culture conditions used, is deficient in the 
expression of chondroitin sulfate but not heparan sulfate24,25. 
AAV2 transduced these cells to near normal levels (~89% of 
K1), which is consistent with previous results indicating that 
heparan and not chondroitin sulfate is its primary receptor19 
(Figure 4b). Interestingly, AAV-GMN transduced ldlD cells 
at only ~24% relative to K1, which was significantly lower 
compared to AAV2 and a reduction equivalent to the trans-
duction of pgsA-745 cells, which lack both heparan and 
chondroitin sulfate (Figure 4b). This result suggests that 
heparan sulfate expression is not sufficient for AAV-GMN 
transduction. To further validate the dependence of chon-
droitin sulfate for AAV-GMN transduction, we treated pgsD-
677 cells with chondroitinase ABC, an enzyme that can 
cleave cell surface chondroitin sulfate, prior to transduction. 
Relative to untreated cells pgsD-677 cells, AAV-GMN trans-
duced chondroitinase treated cells ~62% less  (Figure 4d). 
In order to test if the inability of AAV-GMN transduction 
of ldlD cells is due to impaired binding and/or a failure to 
undergo endocytosis, we measured virus binding versus 
internalization. Unexpectedly, in contrast to the difference in 
transduction, comparable amounts of AAV2 and AAV-GMN 
both bound and internalized (30.6% versus 38.%) into ldlD 
cells (Figure 4e).

Although total internalized virus was comparable in ldlD 
cells, it is possible that differences in nuclear entry and/or 
subcellular localization between AAV2 and AAV-GMN can 
explain their distinct transduction profiles. To investigate 
potential differences in intracellular trafficking, we tracked 
fluorescently labeled AAV by confocal microscopy after 
four hours of transduction of CHO cells (Figure 4f,g). As 
expected, the percentage of both intracellular and nuclear-
localized AAV2 was similar in K1 and ldlD cells, but signifi-
cantly lower in pgsD-677 cells, which lack heparan sulfate 
expression (Figure 4f,g). In contrast, the amount of intracel-
lular and nuclear-localized AAV-GMN was equivalent across 
all three cells lines (Figure 4f,g, and Supplementary Figure 
S3). This finding indicates that the lower relative transduction 
of ldlD cells by AAV-GMN is not due to inefficient entry into 
either the cell or nucleus.

Collectively, these results indicate that chondroitin sul-
fate expression is required for AAV-GMN transduction and 
despite the fact that AAV-GMN can bind heparin, heparan 
sulfate expression alone cannot compensate for chondroitin 
sulfate, at least in CHO ldlD cells.

CLN2 null mice do not aberrantly express GAGs or sialic 
acid in brain tissue
A hallmark of lysosomal storage disorders is the accumula-
tion of protein and lipids in response to loss of expression 
of specific lysosomal enzymes.26 An abnormal accumula-
tion of GAGs, including heparan and chondroitin sulfate, is 
a well-known phenotype of the LSD subtype, mucopolysac-
charidoses, which are caused by deficiencies in enzymes 
that metabolize GAGs.27 The in vivo substrates of TPP-1 are 
not well defined so it is unknown whether, either directly or 
indirectly, loss of this enzyme could result in the accumula-
tion of GAGs. To test the hypothesis that an accumulation of 
GAGs in CLN2 null mouse brain pre-disposed the selection 
of the chondroitin sulfate-binding GMN-expressing phage, 
we measured total sulfated GAG content in whole brain and 
brain vasculature preps. The total level of GAGs was signifi-
cantly higher in brain vasculature compared to whole brain 
 (Figure 5a). However, we found that the level of GAGs in 
CLN2 heterozygote mouse brain was not significantly dif-
ferent than CLN2 knockout mice, though the knockout 
mice did trend towards having a higher GAG concentration 
 (Figure 5a). Similarly, there was no discernable difference in 
GAG content in brain vasculature between CLN2 heterozy-
gote and knockout mice (Figure 5a).

It is possible that the total content of all sulfated GAGs 
could be the same in both mouse genotypes, but that the 
relative proportion of distinct GAGs could change in the 
knockout mouse. To evaluate if there is elevated chondroitin 
sulfate in the knockout mouse relative to the heterozygote, 
we performed immunohistochemical staining of brain tissue 
sections. However, in contrast to other LSD mouse models 
such as for mucopolysaccharidoses type VII (MPSVII),28 
there was no apparent difference in chondroitin sulfate stain-
ing between knockout and heterozygous mice (Figure 5b).

In previous work, we unexpectedly discovered that sialic 
acid levels were elevated in brain tissue in a mouse model of 
MPSVII.29 Given this observation, and that sialic acid partially 
mediates transduction by AAV-GMN, we performed lectin 
staining to assess the level of sialic acid in CLN2 heterozy-
gote and knockout brain tissue. Unlike the MPSVII model, 
however, there was no qualitative difference in the level of 
sialic acid staining between normal and CLN2 knockout 
mouse brain (Supplementary Figure S2). However, there 
could still be a subtle increase in sialic acid in CLN2 knock-
out tissue, but a more sensitive assay would be required to 
test this.

AAV-GMN transduces multiple brain regions when 
delivered directly
Chondroitin sulfate is the most abundant GAG expressed in 
the body,30 and a subset of chondroitin sulfate proteoglycans 
including neurocan, brevican, and versican V2 are exclu-
sively expressed or highly enriched in the brain (for review 
of brain GAG expression see ref. 31). Although AAV-GMN 
was originally engineered for intravenous delivery for brain 
vascular transduction, we evaluated its ability to transduce 
cells when delivered directly into different brain regions. AAV-
GMN encoding an eGFP reporter was delivered by stereo-
taxic injection into mice deep cerebellar nuclei (DCN), cortex, 
striatum, and thalamus, or into the lateral ventricle. Three 
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weeks post-injection into the DCN, AAV-GMN  displayed 
robust and widespread transduction throughout the cerebel-
lar cortex, including the Purkinje cell layer (Figure 6a,b). 
Additionally, transduction was evident throughout the brain 
stem  (Figure 6a). AAV-GMN also displayed prominent trans-
duction when delivered to the cortex, thalamus, and stria-
tum, including portions of the descending nigrostriatal track 
(Figure 6c–f). AAV serotypes that can transduce ependymal 
cells, which line brain ventricles, are of therapeutic value 
because delivered genes can enable secretion of therapeutic 
proteins into cerebral spinal fluid, which promotes bioavail-
ability throughout the CNS.28 Ependymal cells of the lateral 
ventricle were clearly transduced, as compared to non-
injected ventricles  (Figure 6g,h). These findings reveal that 
AAV-GMN’s utility for central nervous system gene transfer is 
not limited to brain vascular endothelium.

Discussion

In this study, we determined that an AAV2-based vector 
designed to transduce brain endothelium after intravenous 
delivery utilizes chondroitin sulfate as its primary cell surface 
receptor. Furthermore, the interaction with chondroitin sul-
fate is mediated by capsid display of the peptide sequence 
GMNAFRA, originally discovered in our lab by in vivo phage 
biopanning.7 Previous in vivo biopanning studies have identi-
fied peptides with affinity for different vascular beds and/or 
organs, including brain; however, in most cases the peptide 
receptors have not been identified.32–34 Furthermore, in those 
cases where cell surface receptors have been found to be 
membrane-associated proteins, it could be that phage pep-
tide binding is at least partially mediated by post-translational 
modifications of the identified protein.

Chondroitin sulfate is a broadly expressed molecule occur-
ring as a covalent modification to multiple core membrane 
proteins.30 Given its relative abundance, it is not surprising 
that our previous in vivo biopanning procedure isolated pep-
tides that have binding affinity for cell surface chondroitin sul-
fate. In fact, we previously identified a distinct phage clone 
from biopanning in a MPSVII mouse model whose cell bind-
ing was at least partially mediated by chondroitin sulfate.7 In 
addition, there is evidence that several naturally occurring 
viruses utilize chondroitin sulfate as receptors or attachment 
factors to mediate infection. These include porcine circovirus 
2,35 herpes simplex virus,36 as well as human immunodefi-
ciency virus type I, which has been shown in vitro to utilize 
chondroitin sulfate proteoglycans to facilitate infection of 
brain microvascular endothelial cells.37 Lastly, our finding is 
consistent with the notion that phage display panning against 
tissue is biased towards isolating peptides that bind to the 
most abundant cell surface molecules, unless pre-clearing 
or subtractive procedures are performed to restrict binding to 
unique targets.

The discovery that chondroitin sulfate C blocks AAV-GMN 
transduction more potently than chondroitin sulfate A and 
dermatan sulfate indicates that there is structural specificity 
in the interaction with the virus, rather than just general bind-
ing to any negatively charged glycosaminoglycan or carbo-
hydrate chain. On the other hand, the more limited effect of 
sialic acid, which is also negatively charged, might occur via 
non-specific electrostatic interaction, which in turn promotes 
binding to proximal chondroitin sulfate chains. The fact that 
hyaluronic acid did not inhibit AAV-GMN transduction of brain 
endothelial cells indicates that sulfation of monosaccharides 
is likely required for binding of the virus to the carbohydrate 
chain, and presumably the negative charge associated with 

Figure 5 Total sulfated GAG content and chondroitin sulfate expression are not significantly different in CLN2 knockout versus 
normal brain tissue. (a) GAG extracts from either whole brain or brain vasculature were prepared from CLN2 knockout and control 
heterozygote mice and GAG concentrations were measured using Farndale reagent. As an assay positive control, KO tissue was spiked 
with 50 μg/ml chondroitin sulfate C before processing (Spiked KO Brain). N = 3 for all conditions except the Spiked KO (N = 1); error bars 
are mean ± SEM. *P value ≤0.05. (b) Tissue sections from forebrain of age-matched CLN2 knockout and control heterozygote mouse brain 
immunostained for chondroitin sulfate. Scale bar is 250 μm.
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the sulfate group is an important determinant of this interac-
tion. With respect to virus binding, it would be interesting to 
evaluate the relative contribution and requirement of specific 
monosaccharides, as well as the degree and position of sul-
fation, in the GAG chains.

Coincident with our studies, an independent group reported 
an in vitro phage display panning experiment in which the 
same GMN peptide was isolated. In that study, peptides 
displayed by phage in a cyclic format (i.e., constrained in a 
loop by flanking disulfide-bonded cysteines) were selected 
for binding to an artificial dermal graft composed of colla-
gen and chondroitin sulfate C.38 In a secondary assay, it was 
demonstrated that GMN phage bind directly to immobilized 
chondroitin sulfate C.38 This result is consistent with our find-
ings and, given that our phage library displays peptides lin-
early, supports the conclusion that the GMN peptide can bind 
chondroitin sulfate C in multiple structural formats (i.e., linear, 
cyclic, or as a fusion with the AAV capsid).

It has long been appreciated that AAV2 poorly transduces 
endothelial cells, despite cell surface expression of heparan 
sulfate proteoglycans.39 Given that intravenously delivered 
AAV2 does not target and transduce brain endothelium, it is 

intriguing that introducing chondroitin sulfate binding activ-
ity to AAV2 confers brain vascular tropism. There are many 
possible explanations for why AAV-GMN but not AAV2 can 
transduce brain endothelium. It could be that in vivo, brain 
endothelium expresses cell-surface heparan sulfate, which 
allows AAV2 surface binding, but that the necessary co-
receptors for AAV2 internalization (e.g., αVβ5 integrin)40 and 
subsequent transduction are not sufficiently expressed. It 
is unclear whether chondroitin sulfate alone is sufficient for 
transduction or if AAV-GMN still interacts with AAV2’s native 
co-receptors. It could also be that chondroitin sulfate is much 
more highly expressed on brain endothelium than heparan 
sulfate, and is therefore more available to act as receptor for 
transduction. Unfortunately, to our knowledge, there has not 
been a rigorous in vivo evaluation of the repertoire of glycos-
aminoglycans and associated core proteins in brain endothe-
lium so it is difficult to know the degree to which differential 
expression of receptors and co-receptors underlies the dis-
parity between AAV2 and AAV-GMN transduction.

Given the accumulation of GAGs in several other lyso-
somal storage diseases, we had hypothesized that general 
lysosomal dysfunction in CLN2 null mice could possibly lead 

Figure 6 AAV-GMN displays broad transduction in regions throughout the brain following direct delivery. (a–h) Wild-type mice were 
injected with AAV-GMN encoding an eGFP reporter into either the deep cerebellar nuclei of the cerebellum, the frontal cortex, the striatum, 
the thalamus, or the lateral ventricle. Three weeks after injection, brains were sagitally (a–d,f–h) or coronally (e) sectioned and examined 
for eGFP expression by fluorescence microscopy. Brainstem (*), Purkinje cells (arrowhead), ependymal cells (arrow). Scale bar: (a,c) 1 mm, 
(b,d) 200 μm, (g,h) 250 μm, and (e,f) 500 μm.
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to accumulated GAGs, thereby making chondroitin sulfate 
an even more dominant cell surface epitope. However, while 
brain vasculature was enriched in GAGs, we did not observe 
appreciable elevation of GAGs in brain tissue from CLN2 null 
mice, supporting the conclusion that lack of TPP1 enzyme 
expression does not affect GAG metabolism. It could be, how-
ever, that our assays did not detect more subtle alterations in 
the relative abundance of different GAGs or the degree of 
GAG sulfation, which was shown to be elevated on heparan 
chains in a MPSI lysosomal storage disease mouse model.41

Our studies evaluating AAV-GMN transduction both in vitro 
using cell lines of various origin, and in vivo by direct delivery 
into the brain, reveal that this virus has broad tropism beyond 
brain endothelium. While our results from experiments with 
GAG mutant CHO cells strongly suggest that AAV-GMN uti-
lizes chondroitin sulfate as its functional receptor, it is still 
possible that in other cell types, the virus can utilize both 
chondroitin sulfate and heparan sulfate. It would be inter-
esting to evaluate in vivo virus biodistribution after ablating 
the heparan binding activity by mutation of critical arginine 
residues in the heparan-binding loop (R585 and R588).20 It 
may be that a heparan-binding deficient AAV-GMN variant 
shows enhanced distribution to the brain and diminished dis-
tribution to non-CNS organs such as the liver, spleen, and 
lung, thereby making it a more effective brain delivery vector. 
Furthermore, given recent advances in achieving widespread 
AAV delivery and transduction of the non-human primate 
brain, it would be beneficial to evaluate additional routes of 
CNS delivery such as into the CSF via the cisterna magna.42 
Overall, the broad transduction profile warrants further study 
of AAV-GMN as a vector for gene delivery in the CNS as well 
as organs beyond the brain.

An important aspect of AAV transduction biology raised 
by our study is how the peptide modification might modulate 
both pre- and post-internalization events, such as intracellu-
lar trafficking and targeting for proteosomal degradation. Our 
observation that AAV-GMN can internalize into chondroitin-
deficient CHO ldlD cells to a level similar to AAV2, but dis-
plays much lower relative transduction, suggests that in the 
absence of chondroitin sulfate the virus utilizes a receptor 
and subsequent nuclear trafficking pathway that is inhibitory 
to transduction. It is not unprecedented for AAV to enter the 
nucleus but fail to transduce; for example, AAV1 fails to trans-
duce HeLa cells despite nuclear localization.43 It may be that 
the pathway AAV-GMN follows in ldlD cells leads to non-pro-
ductive uncoating within the nucleus. Furthermore, the idea 
that cell entry mechanisms affect transduction is supported 
by findings showing that AAV2 internalization via an integrin-
mediated route leads to more efficient transduction as com-
pared to endocytosis using competing co-receptors.44 How 
the GMN peptide might affect AAV co-receptor use is unclear 
and would require further experimentation; investigating 
this question could provide valuable insight into endocyto-
sis events that control AAV transduction. It is possible that 
the GMN peptide could also affect transduction events post-
internalization. Studies have shown that selecting for capsid 
modified AAV with improved transduction capacity yields 
peptides that improve subcellular localization and intracellu-
lar processing relative to AAV2.45 Although the GMN peptide 
was isolated for endothelial binding and not transduction, it 

is still possible that it could beneficially modulate restrictive 
events such as evasion of proteosomal degradation, nuclear 
trafficking, and capsid uncoating. Furthermore, if the GMN 
modification does affect these processes, it may provide a 
partial mechanistic explanation for why AAV-GMN but not 
AAV2 robustly transduces brain endothelium. Experimentally 
addressing these possibilities will be an important avenue of 
future research that will contribute to development of next-
generation AAV vectors with novel organ-targeting properties.

The primary motivation for identifying the AAV-GMN endo-
thelial receptor was to advance this vector towards clini-
cal trials for treating human patients with LINCL. Previous 
research has shown that glycosaminoglycans, including 
chondroitin sulfate, are expressed throughout the brain.31 
Although relatively few studies have examined proteoglycan 
expression in blood-brain barrier tissue, there are several 
reports confirming chondroitin sulfate expression in human 
brain vascular endothelial cells.37,46,47 This supports that AAV-
GMN transduction of human brain endothelium is a possible 
approach for therapeutic gene delivery. Given our findings, it 
will be exciting to evaluate the efficacy of this vector in a large 
animal model of LINCL,48 and ultimately in the clinic.

Materials and Methods

Cell lines and recombinant AAV. bEnd.3, N2a, and CHO 
pgsD-677 cells were obtained from American Type Culture 
Collection (Manassas, VA). CHO K1 and ldlD cells were kindly 
provided by Monty Krieger (MIT, Cambridge, MA). CHO Pro5, 
Lec2, and pgsA-475 cells were provided by the University 
of Iowa Cells and Tissue Core facility (Iowa City, IA). PC-3 
cells were provided by Michael Wright (University of Iowa, 
Iowa City, IA). HEK293T and HeLa cells were provided by the 
University of Iowa Gene Transfer Vector Core (Iowa City, IA). 
MBEC were developed in the Davidson lab.18 Human fibro-
blasts were obtained from the Coriell Institute (Camden, NJ). 
All cells except CHO and fibroblasts were grown in Dulbecco 
modified Eagle medium (Life Technologies, Carlsbad CA) con-
taining 10% fetal bovine serum. CHO cells were maintained 
in Ham’s F12 media (Life Technologies) containing 10% fetal 
bovine serum and penicillin-streptomycin (Life Technologies). 
Fibroblasts were maintained in modified Eagle medium (Life 
Technologies) supplemented with 10% fetal bovine serum, 
L-glutamine, non-essential amino acids (Life Technologies) 
and penicillin-streptomycin. All cells were grown at 37 °C in a 
humidified 5% CO2 environment. The recombinant AAV-GMN 
and AAV2-PPS vectors were previously described.7 All vec-
tors including AAV2 and AAV5 encoded an eGFP reporter 
gene driven by the CMV promoter. AAV were produced at 
the University of Iowa Gene Transfer Vector Core facility by 
either triple plasmid co-transfection of HEK293 cells or in Sf9 
insect cells using the Bac-to-Bac baculovirus expression sys-
tem (Life Technologies), following previously described meth-
ods.49,50 AAV vectors were resuspended in Formulation Buffer 
18 (University of Iowa Gene Transfer Vector Core) before use 
for in vivo experiments.

AAV transduction assays. One day prior to transduction, 
bEnd.3 or CHO cells were plated at 3 × 104 or 2 × 104 cells/
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well in 48-well dishes, respectively. The following day, bEnd.3 
cells were transduced at an MOI of 105 virion genomes (vg)/
cell for 3 hours in Transduction Media (basal growth media 
containing 2% serum and 2 μmol/l Hoechst 3342 (Life Tech-
nologies)). CHO cells were transduced for 2 hours. After 
transduction, cells were washed twice with media and then 
cultured in regular growth media (10% serum) containing 2 
μmol/l Hoechst 3342 for either 24 hours for CHO cells, or 
48 hours for bEnd.3 cells. To assay transduction (i.e., eGFP 
expression), cells were harvested with PBS+0.5% Triton 
X-100 containing complete mini protease inhibitors (Roche, 
Basal, Switzerland). Lysates were clarified by centrifugation 
at 16K g for 5 minutes at 4 °C and fluorometric analysis of 
eGFP amount in the supernatants was measured at 535 nm 
using a Wallac Victorplate reader (Perkin Elmer, Waltham, 
MA). Protein concentrations of each lysate were measured 
using a DC protein assay (Bio-Rad, Hercules, CA). Transduc-
tion was calculated by normalizing the eGFP fluorescence to 
the total protein concentration of each sample (i.e., transduc-
tion = relative fluorescence units/μg of protein). Transduction 
of cell lines other than bEnd.3 or CHO were performed the 
same way but at varying plating densities, dependent on the 
particular cell type. Statistical analysis was performed com-
paring the relative transduction values calculated from at 
least three independent experiments. Fluorescence micros-
copy images were taken using an Olympus BX60 fluorescent 
microscope.

Cell surface enzyme treatments. For the trypsin treatment 
experiment, bEnd.3 cells were treated with either 5 mmol/l 
EDTA in Dulbecco’s PBS, without calcium or magnesium 
(DPBS) to lift the cells from the culture plate, or treated with 
EDTA followed by 0.25% trypsin-EDTA (Life Technologies) 
to lift the cells and digest cell-surface proteins. Cells were 
suspended in Transduction Media containing AAV-GMN at 
an MOI of 105 vg/cell and allowed to incubate for 45 minutes 
at room temperature. Cells were then washed and re-plated 
in regular growth media containing 2 μmol/l Hoechst 3342. 
48 hours after transduction eGFP was measured by fluorom-
etry as described above. For Endo H treatment, bEnd.3 cells 
plated in a 48-well dish were treated with 10,000 U/well of 
Endo H (New England Biolabs, Ipswich, MA) for 1 hour at 
37 °C, washed with DPBS and then transduced with AAV-
GMN as described above. For PNGase F treatment, cells 
were treated the same as with Endo H except with 10 U/ml of 
PNGase F (New England Biolabs). For sialic acid digestion, 
bEnd.3 cells were treated the same way except with 0.2 U 
(1 U/ml final) of neuraminidase (Sigma-Aldrich, St Louis, 
MO). For chondroitin sulfate digestion, CHO pgsD-677 cells 
plated in 48-well dishes were treated with 0.1 U/well of chon-
droitinase ABC (Sigma-Aldrich) for 1 hour at 37 °C, washed 
with regular growth media, and then transduced as described 
above. For all experiments, control cells were transduced that 
were treated the same way except with buffer instead of the 
enzyme.

Heparin agarose binding assay. 200 μl of heparin-bound aga-
rose resin (Sigma-Aldrich) pre-equilibrated in Binding Buffer 
(DPBS, 5 mmol/l MgCl

2) was combined with 2 × 1010 vg of 
each virus in 300 μl of Binding Buffer. Samples were allowed 

to incubate with end-over-end rotation for 30 minutes at room 
temperature. After incubation, the unbound (flow-through) 
fraction was collected by centrifugation and the agarose resin 
was washed four times with 300 μl of Binding Buffer (1.2 ml 
total wash volume). Bound virus was eluted from the heparin 
agarose resin by incubation in 600 μl of Elution Buffer (DPBS, 
5 mmol/l MgCl2, 2 mol/l NaCl) for 10 minutes at room tem-
perature. Sodium dodecyl sulfate was added to all collected 
fractions to a final concentration of 1% and all samples were 
denatured by heating at 95 °C for 10 minutes (Note: the elu-
tion samples were diluted with 600 μl of water prior to heating 
in order to avoid sodium dodecyl sulfate precipitation). The 
entire volume of all fractions was applied to a nitrocellulose 
membrane (Bio-Rad) pre-wetted with Tris-buffered saline 
(TBS) using a slot-blot apparatus (Schleicher & Schuell, 
Keene, NH). Input samples contained the same amount of 
AAV incubated with the heparin agarose. After adsorption 
to nitrocellulose, the membrane was blocked with Blocking 
Buffer (TBS+0.05% Tween-20, 5% non-fat dried milk) for 30 
minutes at room temperature and then incubated overnight at 
4 °C in Antibody Buffer (TBS+0.05% Tween-20, 2% non-fat 
dried milk) containing 1:200 diluted mouse monoclonal anti-
AAV VP1, VP2, VP3 antibody (Clone B1, American Research 
Products, Waltham, MA). The membrane was washed and 
then incubated for 1 hour at room temperature with HRP con-
jugated anti-mouse IgG secondary antibody (Cell Signaling 
Technology, Danvers, MA) diluted 1:2,000 into Antibody Buf-
fer. After washing, the blot was developed using enhanced 
chemiluminescence reagent (Thermo Scientific, Waltham, 
MA) and imaged on x-ray film (RPI, Mount Prospect, IL) and 
digitally scanned to prepare the figure.

Glycosaminoglycan transduction and binding blocking assays. 
Mouse bEnd.3 cells were plated at 3 × 104 cells/well 24 hours 
before transduction. Heparin sulfate (Sigma-Aldrich#H3393), 
chondroitin sulfate A (Sigma-Aldrich#C9819), chondroi-
tin sulfate C (Sigma-Aldrich#C4384), dermatan sulfate 
(Sigma-Aldrich #C3788), and hyaluronic acid (Sigma-Aldrich 
#53747) were prepared in DPBS. AAV-GMN was combined 
and pre-incubated with each glycosaminoglycan at various 
concentrations in DMEM containing 2% FBS and 2 μmol/l 
Hoechst 3342, for 1 hour at 37 °C and then applied to cells 
and transduction was performed as described above. For the 
binding experiments, 0.5 × 104 vg/cell were pre-incubated 
with chondroitin sulfate C in DPBS for 1 hour on ice and then 
applied to cells on ice that were pre-washed with ice-cold 
DPBS. After incubation for 1 hour, cells were washed three 
times with DPBS and DNA was extracted using a DNeasy Kit 
(Qiagen, Germantown, MD). Recovered viral genomes were 
measured by quantitative PCR using a TaqMan assay for the 
eGFP reporter gene (ABI/Life Technologies). Viral genomes 
were calculated using a standard curve generated from 
known quantities of a plasmid template encoding the eGFP 
reporter gene.

AAV internalization assay. CHO ldlD cells were plated at 5 × 104 
cells/well and 24 hours later, 5 × 105 vg/cell were incubated 
for 1 hour with the cells (pre-chilled on ice) in ice-cold Ham’s 
F12 media containing 2% FBS. Cells were washed twice 
with media and then incubated at 37 °C for 1 hour to allow 
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for endocytosis of bound virus. For measurement of internal-
ized virus, cells were treated with 0.25% trypsin-EDTA for 20 
minutes at 37 °C, and washed by resuspending in Ham’s F12 
containing 10% FBS and then pelleting by centrifugation at 
1,000g for 5 minutes at 4 °C. For measurement of total virus, 
both bound and internalized, cells were not treated with tryp-
sin. Both trypsin-treated cell pellets and non-trypsinized cells 
(still in the tissue culture dish), were harvested for DNA extrac-
tion using the DNeasy kit. Recovered viral genomes were 
quantified as described above by quantitative PCR. Recov-
ered genomes were normalized to the total amount of DNA 
recovered from the treated cells to account for any variation in 
extraction due to trypsin treatment, handling, etc.

Fluorescent labeling of AAV and image analysis. AAV2 and 
AAV2-GMN particles were labeled with Alexa Fluor 488 and 
568 Protein Labeling Kits purchased from Invitrogen Life 
Technologies (Grand Island, NY) as previously described.43 
Fluorescently labeled viral particles (105 vector genome cop-
ies/cell) were bound to CHO cells on glass coverslip dishes 
at 4 °C in media containing 2% FBS for 1 hour, followed by 
washing in 2% media to removed unbound particles and shift-
ing to 37 °C in warm media for 4 hours. To stop the infection, 
media was replaced with ice-cold PBS for 15 minutes. Plasma 
membranes were labeled with Alexa 647-WGA (wheat germ 
agglutinin) (1:200, Invitrogen Life Technologies, Grand Island, 
NY) by binding in PBS for 1 hour at 4 °C. Cells were then 
fixed for 15 minutes in 4% paraformaldehyde, washed in 
PBS, and covered with Vectashield mounting medium with 
DAPI (Vector Biolabs, Burlingame, CA). Cells were imaged 
using a Zeiss LSM 710 laser scanning confocal microscope 
in three dimensions using 0.39 μm z-step sizes. Image analy-
sis was performed on single planes through the center of the 
cells using Metamorph Software (Molecular Devices, Down-
ingtown, PA) by drawing regions around the entire cell, the 
intracellular space, and the nucleus using the WGA and DAPI 
signals as a guide. Total integrated intensities for the AAV2 
and AAV2-GMN were then calculated for each region using 
image thresholds (20,000 for AAV2-Alexa 488, 3,500 for 
AAV2-GMN-Alexa488) and used to calculate the percentage 
of virus in each compartment per cell. A total of 20–50 cells 
were analyzed for each condition, and statistical differences 
between percent virus per compartment was tested for sig-
nificant differences using the Mann–Whitney U–test.

Analysis of glycosaminoglycans and sialic acid in brain tis-
sue. Measurement of total sulfated GAG content was per-
formed by Farndale assay as previously described, but with 
some minor modifications.51 CLN2 heterozygote and knock-
out mice8 at ~9 weeks of age were sacrificed and brains 
were perfused with saline before dissection. Animal mainte-
nance conditions and experimental protocols were approved 
by the University of Iowa Animal Care and Use Committee. 
For vasculature analysis, brain vessels were first isolated by 
dextran gradient centrifugation as previously described.52 
Whole brain and brain vessel tissues were homogenized in 
100 mmol/l K2HPO4 buffer containing 50 μg/ml proteinase 
K (Research Products International, Mt. Pleasant, IL) and 
digested overnight at 56 °C. For the spiked positive control, 
chondroitin sulfate C (Sigma) was added to an aliquot of 

KO brain homogenate at a concentration of 50 μg/ml prior 
to the overnight incubation step. The proteinase was inacti-
vated by incubation at 90 °C for 10 minutes and the samples 
were clarified by centrifugation at 16K g for 10 minutes at 4 
°C and then filtered by centrifugation through 0.45 μm cel-
lulose acetate spin columns (Corning, Tewksbury, MA). The 
filtrates containing extracted GAGs were diluted tenfold into 
100 mmol/l K2HPO4 buffer before analysis. A twofold stan-
dard curve dilution series ranging from 0 to 10 μg/ml was pre-
pared in 100 mmol/l K2HPO4 buffer using purified chondroitin 
sulfate C (Sigma-Aldrich #C4384). 100 μl of all samples were 
combined with 100 μl of Farndale reagent (38.45 μmol/l 
1,9-dimethyl-methylene blue (Sigma-Aldrich #341088), 40.5 
mmol/l NaCl, 40.5 mmol/l glycine; pH 3.0) and absorbance 
at 525 nm was immediately measured using a Tecan Safire II 
plate reader (Tecan Systems, San Jose, CA). GAG concen-
tration in tissue samples was calculated against the standard 
curve after subtracting background absorbance. For immu-
nostaining of chondroitin sulfate, snap-frozen brains were 
imbedded in OCT compound (Sakura Fineteck, Torrance, 
CA) and 20 μm sections were prepared on a cryostat. Sec-
tions were fixed with 4% paraformaldehyde (Electron Micros-
copy Sciences, Hatfield, PA) and stained overnight with 1:200 
diluted mouse anti-chondroitin sulfate antibody (Thermo 
Scientific, #MA1-3055). Sections were then incubated with 
1:200 diluted biotinylated goat anti-mouse IgM secondary F 
(ab’)2 antibody fragment (Jackson ImmunoResearch, West 
Grove, PA) for 1 hour and staining was developed using a 
DAB kit (Vector Laboratories, Burlingame, CA) following the 
manufacturer’s protocol. Background staining was assessed 
by only probing tissue with secondary antibody. Lectin stain-
ing for sialic acid with fluorescein-labeled SNA (Vector Labo-
ratories) was performed as previously described.29

In vivo brain transduction with AAV-GMN. Adult C57BL/6 
mice (male and female, n = 2–3 per injection group) were 
injected with 5 μl unilaterally (lateral ventricle and striatum), 
3 μl unilaterally (deep cerebellar nuclei), or 1.5 μl unilater-
ally (cortex) of AAV-GMN (stock titer = 4 × 1012 vg/ml). For 
thalamus injections, 3 μl of virus was injected bilaterally. Ste-
reotaxic coordinates used were as follows: cortex (+0.86 mm 
anterior/posterior, ±1.3 mm medial/lateral, −0.8 mm dorsal/
ventral from brain surface), striatum (+0.86 mm anterior/pos-
terior, ±1.8 mm medial/lateral, −2.5 mm dorsal/ventral from 
brain surface), lateral ventricle (−0.4 mm anterior/posterior, 
±1.0 mm medial/lateral, −2.0 mm dorsal/ventral from brain 
surface), deep cerebellar nuclei (−6.0 mm anterior/posterior, 
±2.0 mm medial/lateral, −2.2 mm dorsal/ventral from brain 
surface), and thalamus (−2.0 mm anterior/posterior, ±1.5 mm 
medial/lateral, −3.0 mm dorsal/ventral from brain surface). 
Three weeks after injection, mice were sacrificed and per-
fused and fixed with paraformaldehyde. Sagittal and coronal 
sections (20–30 μm) were analyzed for eGFP expression by 
fluorescence microscopy. Some images are a composite of 
several over laid pictures prepared using Adobe Photoshop 
CS6 (Adobe, San Jose, CA).

Statistical analysis. Unless otherwise indicated, we analyzed 
data by unpaired Student’s t test using GraphPad Prism soft-
ware (La Jolla, CA).
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Figure preparation. All graphs were prepared using Graph-
Pad Prism software. Figures were prepared using Adobe 
Illustrator CS6.

Supplementary Material

Figure S1. The AAV2 preparation used for transfection of 
bEnd.3 cells in Figure 1 is infectious.
Figure S2. CLN2 knockout mouse brain does not have el-
evated sialic acid levels.
Figure S3. AAV-GMN cell and nuclear entry is equivalent in 
wild type and mutant CHO cells.
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