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Chemical modification of AAV9 
capsid with N‑ethyl maleimide 
alters vector tissue tropism
Patrick L. Mulcrone 1,3, Anh K. Lam 1,3, Dylan Frabutt 1, Junping Zhang 1, 
Matthew Chrzanowski 2, Roland W. Herzog 1 & Weidong Xiao 1*

Although more adeno‑associated virus AAV‑based drugs enter the clinic, vector tissue tropism remains 
an unresolved challenge that limits its full potential despite that the tissue tropism of naturally 
occurring AAV serotypes can be altered by genetic engineering capsid vie DNA shuffling, or molecular 
evolution. To further expand the tropism and thus potential applications of AAV vectors, we utilized 
an alternative approach that employs chemical modifications to covalently link small molecules 
to reactive exposed Lysine residues of AAV capsids. We demonstrated that AAV9 capsid modified 
with N‑ethyl Maleimide (NEM) increased its tropism more towards murine bone marrow (osteoblast 
lineage) while decreased transduction of liver tissue compared to the unmodified capsid. In the 
bone marrow, AAV9‑NEM transduced Cd31, Cd34, and Cd90 expressing cells at a higher percentage 
than unmodified AAV9. Moreover, AAV9‑NEM localized strongly in vivo to cells lining the calcified 
trabecular bone and transduced primary murine osteoblasts in culture, while WT AAV9 transduced 
undifferentiated bone marrow stromal cells as well as osteoblasts. Our approach could provide a 
promising platform for expanding clinical AAV development to treat bone pathologies such as cancer 
and osteoporosis. Thus, chemical engineering the AAV capsid holds great potential for development of 
future generations of AAV vectors.

Recombinant adeno-associated virus (rAAV) gene therapy has a broad clinical impact on improving patient 
outcomes for various genetic diseases, including the three FDA-approved AAV-drugs: Luxturna (treatment 
for Leber congenital amaurosis), Zolgensma (treatment for spinal muscular atrophy), and recently Hemgenix 
(treatment for Hemophilia B)1. More than one hundred clinical trials using AAV drugs have been conducted 
to correct human defective genes, making AAV the most popular gene delivery system, mostly due to their 
relatively low immunogenicity, customizable design, and safety profile. Despite the fast pace of success for AAV 
vectors, unresolved challenges still exist such as limited tropism, poor transduction efficacy in certain tissues, 
pre-existing neutralizing antibodies (NAbs), and high vector  dosage2.

Although design of the recombinant AAV vector promoter and transgene play an important role in deter-
mining which tissues and cell-types are targeted for transgene expression, vector tropism is fundamentally 
determined by the capsid  used3,4. Wild-type (WT) AAV serotypes exhibit different tissue tropism due to different 
capsid protein sequences or variable regions interacting with disparate cell surface receptors, and thus can be 
utilized for different target  tissues3. However, their tropism remains somewhat broad and unspecific, yet limited 
for certain tissues of  interest2. In addition, pre-existing NAbs in the human population against certain AAV 
serotypes can compromise the patient’s transduction efficiency or eligibility for treatment. To overcome this, 
modifications to the AAV capsid have been investigated worldwide to expand the potential use for this virus. 
Many newly engineered capsids were developed from exploratory research by genetic modification of the cap 
gene to chemical approaches, yet more research is needed to understand the AAV capsids’ precise chemistry 
and their receptor binding  interactions4,5. Several groups have made promising discoveries concerning capsid 
engineering via genetic engineering, directed and structure-guided  evolution6–8, and ligand tagging or shielding 
the capsid through chemical  modification5,9,10.

The viral capsid of AAVs is comprised of three viral proteins that share an overlapping reading frame: VP1, 
VP2, and VP3. Modified versions of AAVs range from genetic alterations of the viral cap gene to conjugation 
of proteins such as streptavidin or antibodies to promote interaction with specific cells. Previous work shows 
that adding distinct genetic sequences to the VP2 gene can alter the targeting of AAV9 to various cells within 
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bone tissue and the transduction efficiency of AAV6 among a range of different cancer  cells11–14. Indeed, Lee 
and Ahn showed that AAV2 modified with a streptavidin–biotin complex linked to an anti-EpCAM antibody 
was substantially effective at targeting EpCAM-positive ovarian cancer  cells15. Given the successes documented 
by these capsid modifications, we hypothesized that altering the AAV capsid with small molecules would alter 
its surface receptor binding motif and therefore have an effect on the AAV tissue tropism and biodistribution.

Here, our study utilized a chemical modification approach to covalently link small molecules to reactive 
exposed Lysine residues of capsids AAV2, AAV8 and AAV9. From in vitro transduction screening, AAV9 capsid 
modified with N-ethyl Maleimide (NEM) was shown to best enhanced the gene expression of in human endothe-
lial cell line, therefore NEM was chosen for further in vivo analyses in this study. Herein, we demonstrate that 
AAV9-NEM increased the transduction of bone marrow while decreased transduction of liver tissue in vivo, 
compared to unmodified WT AAV9, and that chemical engineering the AAV capsid with small molecules could 
bring great potential for future generation of AAV vectors.

Results
Development and characterization of AAV9‑NEM. Utilizing chemical modification strategies, AAV 
serotypes 8 and 9 were reacted with several different small molecules bearing the functional group of maleimide 
under basic condition (pH of 8). Any exposed lysine residues on the capsid of AAV8 and AAV9 would form 
a covalent bond with the maleimide molecules under this condition. Extensive dialysis was performed before 
the final modified AAVs were characterized. Figure 1A shows a schematic diagram of this reaction between the 
primary amino group of lysine and the N-ethyl maleimide (NEM). To confirm and characterize this reaction, 
different side chains of maleimide were tested including tetramethyl-rhodamine-5-maleimide (Rho) and biotin-
maleimide (Biotin). As shown in Fig. 1B, a silver-stained SDS-PAGE gel showed the 3 distinct bands for VP1/2/3 
proteins of AAV8, AAV9, and their modified capsids with VP3 being the most abundant. Figure  1C shows 
that this very same gel was previously imaged under the Ex/Em condition for Rhodamine provided only signal 
for the modified capsids of AAV8-Rho and AAV9-Rho. Figure  1D–G are Western blots confirming specific 
AAV VP1/2/3 proteins (Fig. 1D), direct Rhodamine fluorescent condition (Fig. 1E), or anti-biotin/streptavidin 
(Fig. 1G). Clearly, SDS-PAGE and Western blots indicated that the reaction of Rho- or Biotin-maleimide with 
the capsid AAV8 and AAV9 occurred, but these methods cannot confirm the reaction of the capsid with NEM 
(the smallest molecule tested with no indicating fluorescent marker). To do so, mass spectrometry with our 
optimized  protocol16 was able to confirm this reaction. As shown in Fig. 1H, the deconvoluted mass spectrum 
of AAV9 VP3 shows the exact mass detected (59,734 Da), which almost exactly matches its theoretical mass 
(59,733 Da). Fig. 1I shows the same spectrum for AAV9-NEM VP3, and the exact mass gain of one NEM mol-
ecule was detected to be 59,860 Da, which confirmed the modification of NEM on AAV9. General morphology 
of AAV9-NEM compared to its unmodified counterpart AAV9 by transmission electron microscopy (TEM), 
revealed similar morphology among the two variants (Fig. 1J–K).

In vitro evaluation of AAV9‑NEM’s transduction. To assess the phenotypic change of AAV-NEM, 
in vitro transduction assays were performed by infecting the same multiplicity of infection (MOIs) of AAV-
NEM and their unmodified counterparts on different cell lines (GM16095, HeLa, and HUVEC). All of the vec-
tors tested (AAV2, AAV8, and AAV9) packaged (pAAV-CB-gLUC) as indicated by the outcome measurements 
of Gaussia luciferase. As shown in Fig. 2A, B, no significant difference in transduction was measured on human 
fibroblast cells GM16095 and HeLa cells, respectively. However, the transduction of AAV9-NEM on human 
umbilical vein endothelial cells (HUVEC) was significantly higher than the WT AAV9 (Fig. 2C, D). Given these 
observed differences in vitro, along with no morphological differences between unmodified and NEM-modified 
AAV9 (Fig. 1J–K), we chose next to examine transduction patterns of our lead vector, AAV9-NEM, in vivo.

In vivo evaluation of AAV9‑NEM’s transduction and tropism. Biodistribution analyses of AAV9-
NEM compared to unmodified AAV9 were further evaluated by systemic delivery in WT Balb/c male mice. An 
illustration of the study design was shown in Fig. 3A, in which the same dose of AAV9 and AAV9-NEM (5 ×  1010 
vg per AAV; each capsid packaging a unique barcode for retrospective analysis) was injected IV. At week 1 or 
week 4 post injection, the mice were sacrificed for tissue collection and analyses.

As shown in Fig. 3B, DNA analysis of tissues at week 1 show the early changes in tropism of AAV9-NEM 
vs. AAV9, as that AAV9-NEM moderately increased vector DNA in some tissues (e.g., liver, kidney, or spleen) 
while decreased in others (e.g., bone marrow, lungs, or stomach). At week-4 post-injection, the change in tro-
pism of AAV9-NEM was found to be more enhanced in the bone marrow, where vector genome (vg) DNA 
was around sevenfold higher than the unmodified AAV9 (Fig. 3C). The absolute vg detected corresponding to 
Fig. 3B is reported in Fig. S1. To examine the gene expression (gLUC), in vivo bioluminescence imaging was used 
with IP injection of the substrate coelenterazine with a dose of 200 mL/mouse (30 mg/mouse) and performed 
immediately after the substrate injection. AAV9-NEM gave a brighter signal (double the light intensity emitted) 
compared to AAV9 at week-4 post injection (Supplemental Fig. S2). These results indicate that the chemical-
engineered capsid AAV9-NEM indeed changed the tropism and also enhanced the transduction of wild-type 
capsid AAV9.

AAV9‑NEM transduces separate populations of cells in murine livers and bones compared to 
WT AAV9. To further investigate observed differences between AAV9 and AAV9-NEM detected in the liv-
ers and bone marrow, we designed experiments using fluorescent proteins to compare transduction of specific 
regions of these two organs. We chose AAV9-eGFP (packaged pdsAAV-CB-eGFP) and AAV9-mScarlet (pack-
aged pdsAAV-CB-mScarlet) modified with NEM for the in vivo study, as well as lengthened the time course to 
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Figure 1.  Characterization of chemically engineered capsid AAV9-NEM compared to its unmodified 
counterpart AAV9. Schematic diagram of AAV capsid 9 reacts with NEM molecules (A). SDS-PAGE of 
AAV8, AAV9, and different chemically modified capsids using 7.5% gel: total protein, silver staine of one 
gel is shown (B), and under rhodamine fluorescent excitation (C). Western blot of the same blot is shown: 
(D–G) with anti-VP1/2/3 (D), while the same blot under rhodamine fluorescent excitation (E), merged (F), 
or anti-biotin/streptavidin; Gel and blots (B–G) were imaged using ChemiDoc MP Imaging System (Bio-Rad) 
(G). Deconvoluted mass spectra (H–I) of AAV9 VP3 (H) and AAV9-NEM VP3 (I). Transmission electron 
micrographs (J–K) of AAV9 (J) and AAV9-NEM (K), scale bar = 100 nm.
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better understand the dynamics of NEM modification of  AAV917. At 4- and 8-weeks post injection, soft organs 
and hindlimbs were collected and processed for histological, fluorescent, and flow cytometry analyses. Liver 
sections revealed a slight decrease in AAV9-NEM positive cells, indicated by mScarlet expression, compared to 
AAV9-eGFP transduced cells (Fig. 4). This trend matches the vg content data presented in Fig. 3. At 8 weeks, 
both eGFP and mScarlet positive cell numbers decreased, yet at both timepoints, there were only few double 
positive eGFP and mScarlet liver cells. When liver sections were stained for the vascular marker Endomucin 
(Emcn) and the Kupffer cell/macrophage marker F4/80, there was minimal overlay between these antibod-
ies and both populations of AAV9-transduced cells compared to when sections were stained with hepatocyte 
marker Albumin; this was observed at 4 weeks and 8 weeks post  injection18,19. This data suggests that most of the 
cells being transduced with AAV9 in the liver are most likely hepatocytes and not endothelium or phagocytic 
cells present in the  tissue20–22.

In the bone marrow, we observed a 4% and a 2.5% difference between AAV9-eGFP and AAV9-NEM-mScar-
let via flow cytometry and immunofluorescence, respectively, at 4 weeks post injection (Fig. 5A, B). As we 
observed in the liver, the number of double positive cells in the bone marrow was significantly lower compared 
to the single-positive groups. We observed a similar difference in bone marrow at 4 weeks when the fluorescent 
transgenes were exchanged between the AAV9 vectors (Supplemental Fig. S3). By 8 weeks, all populations in 
the bone marrow decreased to below 2% using both methods of analysis. Of note, fluorescent imaging showed 
distinct areas of green and red positivity in the hindlimbs; the marrow component contained strong eGFP 
green signal, and a prominent mScarlet red signal was observed at the interface between the calcified tissue and 
the marrow tissue, suggesting distinct populations of bone cells are being transduced with the AAV9-NEM vs. 
AAV9 (Fig. 5C). Indeed, flow cytometric analysis shows that AAV9-NEM-mScarlet cells exhibited a higher % 
of single-positive cells with vascular markers Cd31 and Cd34, and markers of MSCs with osteogenic potential 
Cd90, Cd105, and Cxcr4 at 4 weeks compared to AAV9-eGFP  cells23; Cd31 and Cd90 differences persisted at 
the 8-week timepoint (Supplemental Fig. S4).

Given that Cd31, Cd34, and Cd90 are markers for vascular cells and to certain extent immune cells, we stained 
the bone sections with Emcn and F4/80 to investigate more detail about which cell types are being  transduced24,25. 
Interestingly, Emcn overlayed strongly with mScarlet and less so with eGFP in our analysis at both 4 and 8 weeks. 
This pattern was not observed with F4/80; there was minimal co-localization with either eGFP or mScarlet 
populations (Fig. 5D). Overall, these results suggest that AAV9 transduction pattern is different between the 
liver and the bone marrow, and that the NEM modification further alters that pattern of AAV9 transduction.

Figure 2.  In vitro transduction assays of AAV WT vs NEM-modified capsids. gLUC signal was measured at 
24 h-post transduction. (A) Human fibroblasts GM16095 cells. (B) Human cervical cancer HeLa cells. (C, D) 
Human umbilical vein endothelium HUVEC cells. (D) Dose-dependent increase in gLUC observed in HUVECs 
transduced with AAV9-NEM. N = 3/group.
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AAV9‑NEM exhibits enhanced transduction of BMSCs pushed toward an osteoblast line-
age. The location of the mScarlet-positive AAV9-NEM cells in the bone tissues of the mice, and the presence 
of Cd90 and Cxcr4-positive AAV9-NEM bone marrow suggest that cells involved in bone turnover could be a 
target of this modified AAV9  vector26. To investigate these potential transduction differences between AAV9 
and AAV9-NEM in a more controlled environment, we isolated primary mouse bone marrow stromal cells 
(BMSCs) from bone marrow of uninjected Balb/C male adult mice for two sets of studies. We employed AAV9 
or AAV9-NEM driving expression of gLUC under control of the CB promoter for the first set of experiments, 
and AAV9-CB-eGFP along with AAV9-NEM-CB-mScarlet for the second set. At Days 3 and 5 of the gLUC 
experiments, BMSCs transduced with AAV9 (MOI of  104) exhibited significantly higher luciferase readout com-
pared to AAV9-NEM. Interestingly, BMSCs transduced on Day 8 (48  h in osteogenic medium) with either 
AAV9 or AAV9-NEM resulted in similar luciferase readings. This trend continued to be seen on Days 14 and 21 
(Fig. 6A). This data suggests that the NEM modification of AAV9 alters its transduction in vitro.

For the second set of experiments, our goal was to elucidate more details about this observed difference in 
AAV9-NEM transduction in undifferentiated BMSCs compared to those pushed towards an osteoblast lineage. 
BMSCs were grouped based on AAV9 or AAV9-NEM transduction as well as growth in osteogenic medium or 
regular α-MEM medium after 7 days of initial growth in α-MEM. As we observed in the gLUC studies, AAV9-
eGFP transduced the greatest percentage of BMSCs in α-MEM at Days 2 and 5 compared to AAV9-NEM-
mScarlet in α-MEM or either of the osteogenic culture systems. On Day 5, however, the AAV9-NEM-mScarlet 
signal in the osteogenic culture was significantly greater than that seen in the AAV9-NEM-mScarlet α-MEM 
culture. This significant difference in red cells persisted on Days 8 and 14 of this experiment (Fig. 6B–F). In 
addition, the percentage of cells transduced with AAV9-eGFP steadily increased in osteogenic cultures, match-
ing that of the α-MEM cultures; this observation is similar to our data in the gLUC study. Upon further analysis 
of both osteogenic cultures, a majority of transduced cells localized to the calcified nodules at Days 8 and 14 
(Supplemental Fig. S5). Overall, the results from these studies suggest that the NEM modification on AAV9 can 
alter its transduction tropism in vitro in BMSC cultures, and that AAV9-NEM transduces osteoblastic cells more 
successfully than undifferentiated BMSCs in culture settings.

Figure 3.  In vivo biodistribution of AAV9-NEM. In vivo study design of AAV9 vs AAV9-NEM systemic 
delivery via tail-vein injection of WT Balb/c mice (A). Biodistribution of AAV9-NEM at week-1 post injection 
(B). Biodistribution of AAV9-NEM at week-4 post injection (C). N = 2 mice/group.
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AAV9‑NEM‑mScarlet and osteocalcin positive cells observed at the marrow/calcified bone 
interface. Based on these in vitro data and the location of the mScarlet positive cells (Fig. 5B) in the bone 
sections, we chose to further analyze the in vivo study to assess co-localization of the osteoblast marker, osteoc-
alcin (Ocn), with AAV9-eGFP and AAV9-NEM-mScarlet transduced cells in the liver and bone. Ocn, a secreted 
factor produced by mature osteoblasts that has various endocrine effects both in the bone and in other organs, 
was detected throughout the bone, in both the marrow as well as at the interface lining the calcified tissue at 
4  weeks (Fig.  7A) and 8  weeks (Fig.  7B) post injection; no osteocalcin was observed in the livers (data not 
shown)27,28. Interestingly, co-localization between mScarlet-positive cells along the edge of the calcified bone 
and Ocn (purple) was consistently observed in the bone sections, suggestive of osteoblasts. Regarding eGFP 
positive areas, some Ocn co-localization is seen in the marrow area, but minimal eGFP/Ocn co-localization was 
observed along the edge of the calcified bone (Fig. 7C).

Discussion
AAV gene therapy is proving to be an effective therapeutic option for various disease clinically. This vector can 
be designed to specifically target tissues or cells to correct genetic defects driving disease pathology. In addition 
to biological components of the AAV itself, modifications to the genome and the capsid proteins are expanding 
the application of AAV in basic research as well as pharmaceutical drug development. Here, we demonstrate 
that chemical modification of exposed lysine residues of the AAV9 capsid with N-ethylmaleimide (NEM) alters 
the transduction pattern and efficiency of AAV9 in vitro and in vivo.

To characterize this covalent modification of the AAV capsids, mass spectrometry was used to directly con-
firmed the mass gain of NEM molecule (Fig. 1). Despite having eight Lysine residues on the surface of each AAV9 
VP3, the mass spectrum of AAV9-NEM indicated that in a majority of the reactions, only one Lysine per VP 

Figure 4.  AAV9 (eGFP; Green) and AAV9-NEM (mScarlet; Red) transduce separate populations in murine 
liver. (A) eGFP and mScarlet positive area of mouse livers. Double positive areas were minimal at 4- and 8-week 
timepoints. (B) Representative 10× images of (A) quantification. eGFP = AAV9, mScarlet = AAV9-NEM. (C) 
Immunofluorescent staining for Endomucin (Emcn), F4/80, or Albumin (Purple) along with AAV9 (eGFP) and 
AAV9-NEM (mScarlet) cells in serial liver sections. White arrows indicate sinusoidal, Emcn-positive vascular 
structures, and gray arrows identify some puncta (Kupffer Cells) that are F4/80 positive. Scale bars = 50 µm. (D) 
Quantification of AAV9 (eGFP) or AAV9-NEM (mScarlet) positive liver tissue that is Emcn, F4/80, or Albumin 
positive. Comparisons via One-way ANOVA, but Week 8 AAV9-eGFP data compared by Kruskal–Wallace test. 
AAV dose for the mice is 1.89 ×  1011 vg/kg.
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Figure 5.  AAV9 and AAV9-NEM transduce separate populations in murine bone marrow. (A) Flow cytometry 
analysis of live eGFP, mScarlet, and double positive bone marrow cells. (B) GFP and mScarlet positive area of 
mouse femurs. Double positive areas were minimal at 4- and 8-week timepoints. (C) Representative 10× images. 
Notice the localization of eGFP (marrow) and mScarlet (bone lining interface) eGFP = AAV9, mScarlet = AAV9-
NEM; scale bars = 100 µm. (D) Immunofluorescent staining for Endomucin (Emcn) or F4/80 (Purple) along 
with AAV9 (eGFP) and AAV9-NEM (mScarlet) cells; scale bars = 50 µm. One-way ANOVA for comparisons. 
N = 4 for 4-week experiment, N = 3 for 8-week experiment. AAV dose for the mice is 1.89 ×  1011 vg/kg.
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Figure 6.  NEM modification Alters the Transduction of AAV9 in BMSCs differentiated to osteoblasts in vitro. 
(A) gLUC readout of primary murine BMSCs and osteoblasts 48 h post transduction. MOI of  104 is the dose. 
N = 3–5 (B) % of red or green BMSCs over osteoblast differentiation experiment. AAV9-NEM-mScarlet area 
significantly greater starting at Day5 post injection, MOI of  105. (C–F) Representative images of GFP and 
mScarlet cultures at Day 2 (C), Day 5 (D), Day 8 (E), and Day 14 (F). Scale bars = 100 µm in (C, D). Scale 
bars = 50 µm in (E, F). All analyses via One-Way ANOVA. N = 3, *p < 0.05, **p < 0.01.
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reacted to NEM molecules. Additionally, more than half of the capsid proteins are shown to still remain their 
original mass (Fig. 1I) which is indicative that they did not react to the NEM molecules; there might be pos-
sibilities that those reacted with NEM are from different lysine sites of the AAV9 capsid. This result shows that 
the AAV capsid is much more inert than we anticipated. Though more mass spectrometry is required to address 
the sites of reaction, the data here highlighted the power of mass spectrometry in confirming the capsid protein 
modification, since engineered capsids from previous studies were only indirectly characterized by Western blots 
using a different sidechain of the same functional group (fluorophore or secondary tags) to support the assump-
tion that chemical reactions had  happened5,9,29,30. The chemically engineered AAV9-NEM transduced HUVECs 
and murine BMSCs differentiated toward osteoblasts greater than WT AAV9 in culture. In the osteoblast cul-
tures, a majority of the transduced cells localized to calcified nodules, indicative of osteoblastic cells. In a murine 
in vivo biodistribution study using a dose of  5E10, vector genomes delivered by AAV9-NEM were detected at 
higher concentrations in bone marrow and at lower concentrations in the liver 4 weeks post injection compared 
to WT AAV9 (Fig. 3). This result is indicative of the change in tropism by AAV9-NEM as the viral genomes 
delivered to the bone marrow were ~ sevenfold higher than the unmodified counterpart AAV9. In mice injected 
with the dual vector concoction (both the NEM-modified and WT vectors), AAV9-NEM and AAV9 transduced 
separate populations of cells in both liver and bone marrow as each single positive population in both organs 
was significantly greater than double-positive cells up to 8 weeks post injection (Figs. 4, 5). Interestingly, overall 
gene expression in the bone marrow by AAV9-NEM was not much enhanced (Fig. 5), which we did not expect 
based on the results of DNA analysis (Fig. 3). Even though the viral genomes were greatly found in the bone mar-
row, mechanisms involving vector uncoating or trafficking of AAV9-NEM may be different compared to AAV9 
and will require more investigation. In bone marrow isolates from mice, a greater percentage of AAV9-NEM 
transduced cells compared to AAV9 transduced cells expressed Cd31, Cd34, or Cd90 (Supplemental Fig. S4). 
We detected elevated co-localization of Albumin-positive hepatocytes compared to minimal co-localization of 
F4/80+ Kupffer cells/macrophages or Emcn + endothelial cells with AAV-transduced liver tissue, while in the bone 
marrow, AAV9-NEM exhibited co-localization with Emcn and osteocalcin (Ocn) positive populations (Figs. 5D, 
7). Many of the Ocn/AAV9-NEM double positive cells were located at the interface between marrow and calcified 
bone tissue (Fig. 7). Moreover, NEM modification of AAV9 altered in vitro transduction of primary BMSCs and 
those differentiated to osteoblasts (Fig. 6). Our results support the concept of AAV chemical modification as a 
way to alter tropism of AAVs and to expand their potential clinical and pathological applications.

There are many ways that a chemical modification to AAV could alter its biology, as multiple cell surface 
proteins and co-receptors interact with AAVs during trafficking and cellular  uptake31. It is documented that 
various cell receptors and co-receptors are key for the AAV entry, and these receptors differ based on AAV 
 serotype32. Intracellular trafficking of AAVs relies on the ubiquitin–proteasome pathway recognized by exposed 
lysine residues. From a previous study, Li et al. mutated surface-exposed lysines of AAV2 and AAV8 using site-
directed mutagenesis, and only some lysine-mutated AAV2s gave significant increase in transduction efficiency of 
murine hepatocytes while mutated AAV8 did  not33. Although we used a different approach, what we found in this 
study corroborates their results in terms of targeting surface exposed lysines to alter transduction and tropism 

Figure 7.  Osteocalcin-stained cells co-localize with AAV9-NEM-mScarlet more than AAV9-eGFP at the 
Marrow/Calcified Bone Interface. (A) 4-week bone marrow images. (B) 8-week bone marrow images. White 
dotted areas outline calcified bone tissue in DAPI stain. Osteocalcin (Ocn) stained with a Cy5-conjugated 
secondary antibody. White arrows on Merge indicate Ocn & mScarlet + osteoblasts. Scale bars = 50 µm. (C) Fold 
change of Ocn & mScarlet positive bone surface relative to Ocn & eGFP positive bone surface at 4 weeks and 
8 weeks. N = 3–4/group, Ratio paired T-Test used. AAV dose for the mice is 1.89 ×  1011 vg/kg.
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pattern and that the modification is serotype-specific. For AAV9, galactose and Laminin Receptor 1 (RPSA) are 
known receptors for AAV9 and present in both liver and bone  marrow34. Organs in mouse models that AAV9 
transduces range from liver, pancreas, heart, and skeletal muscle to the hypoxic bone and the central nervous 
system protected by the difficult to traverse blood–brain barrier. Moreover, a cell surface receptor deemed AAVR 
is documented to interact with several serotypes, including AAV2 and  AAV935. With the addition of NEM to 
AAV9, affinity to these receptors may be altered, and the NEM may induce AAV9’s interaction with new receptors 
that are not accessible to WT AAV9. Indeed, researchers have made capsid modifications to avoid the immune 
system or to increase homing to tissues of  interest36. As we chose to focus on endothelium, macrophages, and 
osteoblastic cells for the analysis of the AAV9-NEM, more comprehensive analyses of subsets of liver and bone 
cells in our study, especially in primary cells after in vivo transduction, will help elucidate AAV9-NEM transduced 
cells and provide clues about which receptors may be of future interest.

While our results using the reporter proteins gLUC, eGFP, and mScarlet indicate an altered transduction of 
AAV9-NEM in specific tissues, future studies with this viral vector need to explore this result in relevant disease 
models in which AAV9 has shown promise: spinal muscular atrophy, osteoporosis, and various neurological 
 diseases11,12,37,38. Determining functional, clinically relevant enhancement of NEM-modified AAV using in vivo 
models at varying doses that span the range of safe vg injections would complement our present results and 
potentially lead to mechanisms of why the NEM modification indeed is changing AAV9 transduction and cel-
lular uptake  profiles3,11–13,18,39. Moreover, research into how the NEM modification alters the immune system 
reaction to AAV9 could elucidate possible mechanisms of the increased transduction observed in vivo. A key 
clinical issue regarding AAV gene therapy is the development of antibodies specific for the viral capsid and re-
administration of the AAV in  patients40–42. The development of these antibodies results in immune suppression 
of the AAV and decreased efficacy of the therapy. While immune targeting drugs are showing some promise in 
mitigating AAV-centric immune  responses39,43, chemical engineering of AAVs could be an alternative. Recently, 
Yuan et al. demonstrate that chemically attaching phosphoserine moieties with a zwitterionic peptide to AAV8-
FVIII reduced capsid-specific IgGs and T and B-cell activation; this also had no effect on FVIII-correction of 
Hemophilia A  phenotype44, which emphasizes the immense potential of chemical engineering in AAV research.

Different from site-mutagenesis, one big advantage of chemical modification is that the AAV capsid was 
already packaged and purified before a chemical reaction takes place, which does not affect the packaging capa-
bility of the cap gene. This opens up endless opportunities for reacting the AAV capsids with small molecules, 
fluorophores, ligands, and even oligos. By combining with high-throughput phenotypic screening of in vitro or 
in vivo strategies, chemically engineered capsids can be filtered and chosen per purpose of interest. In conclusion, 
we report that a chemically engineered AAV9-NEM altered the transduction profiles of murine liver and bone 
tissues. Although more research is needed to clearly understand the mechanism of action behind these differ-
ences, our data suggests that chemical modifications of AAVs that maintain capsid integrity could be tailored to 
expand the biological applicability of this viral-based gene therapy.

Materials and methods
AAV construct design and rAAV production. The parent plasmid pDS-CB-EGFP has been described 
 previously18. pDS-CB-mScarlet was synthesized by enzymatic removal of eGFP sequence from our in-house vec-
tor and the subsequent ligation of mScarlet sequence. The mScarlet transgene was ordered from IDT as a gbloc 
using the sequence from Bindels et  al.17 and amplified using the PCR primers eGFP.mscar.S (gcggccgatccac-
cggtcgccaccaccatggtgagcaagg) and bgh.mscar.A (ataagcttgatggccgctttacttgtacagctcgtccatgccg). This PCR prod-
uct was inserted into the NcoI/BsrGI digested pdsAAV-CB-eGFP vector using NEB HIFI assembly to produce 
pdsAAV-CB-mScarlet.

A triple plasmid co-transfection method was used to produce rAAVs as described  previously16,18. One part 
vector plasmid, one-part specific AAV helper plasmid, and one-part mini adenovirus function helper plasmid, 
pFΔ6, were co-transfected into HEK293 cells cultured in roller bottles at a molar mass ratio of 1:1:1. The trans-
fected cells were harvested 4 days later.

AAV purification and titer determination. rAAV vectors were purified using liquid chromatography, 
followed a detailed protocol by Lam et al.16.

AAV vector genome titers were determined by qPCR/ddPCR assay following the previous  protocol18. Briefly, 
10 µLs of purified virus was treated in 90 µLs DNase I buffer (DNase I, 1U) at 37 °C for 1 h, then heated at 85 
°C for 20 min to inactivate DNase I. Next, 50 µLs lysis buffer (direct qPCR lysis buffer) containing 0.5 mg/mL 
proteinase K was added, incubated for 1 h at 56 ℃ and heated at 95 °C for 15 min. rAAV genomes were amplified 
using various primers, provided in Table 1, and the titer for each was calculated. SnapGene software was used to 
document all vector processes, production of new vectors, and storage of plasmid maps and enzyme information.

Table 1.  AAV titer primer and probe sequences.

Vector component 5ʹ Primer 3ʹ Primer Probe

CB Promoter cccatagtaacgccaatagggact cccataaggtcatgtactgggcataa ccacttggcagtacatcaagtgtatcatatgcca

eGFP acatgaagcagcacgacttct ttcagctcgatgcggttcac ctacaagacccgcgccgag

mScarlet ctgaagggcgacattaagat ttgtgggaggtgatgtccaa aagcccgtgcagatgcccggc
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Chemical modification of rAAVs. After optimizing the reactions, purified rAAVs (AAV8 and AAV9) 
were reacted with NEM, Biotin-maleimide, or Rhodamine-maleimide (Sigma) in PBS buffer at pH 8, with 
a molar ratio of 10,000 molecules/vg, overnight at 4  °C. The reacted samples were then filtered, and buffer 
exchanged extensively (~ 10 times) with PBS buffer pH 7.2 using Vivaspin20 100 K MWCO and concentrated 
down to around the initial volume of the rAAV. The chemically modified rAAVs were then titrated alongside 
with the un-modified rAAVs counterparts for titer determination before any downstream analyses and animal 
injections.

AAV capsid characterization by LC–MS. LC–MS characterization of engineered capsids was followed 
precisely as detailed in our recent publication by Lam et al.16.

SDS‑PAGE and silver staining. Mini-PROTEAN TGX pre-cast gel (7.5% a polyacrylamide gel, Bio-Rad) 
was used. A sample of 6 µL rAAV (~ 1E12 vg/mL) was added to 2 µL of 4× Laemmli sample buffer containing 
10% of β-mercaptoethanol, and mixed well before being heated at 90 °C for 5 min. The sample was cooled to 
room temperature and loaded into the gel lanes, together with a standard marker. Running buffer was 1× Tris/
Glycine/SDS, Bio-Rad). The assembly was set and connected. Voltage was set to be constant, at 200 V. The gel was 
set to electrophorese for 30 min. The gel was removed from the cassette and stained using Pierce Silver Staining 
Kit, followed the manufacture’s protocol. The gel was imaged using ChemiDoc MP Imaging System (Bio-Rad).

Western blot. The gel from SDS-PAGE was removed and transferred onto a nitrocellulose membrane using 
the Trans-Blot Semi-Dry Transfer Cell, Bio-Rad. Transfer buffer was 1× Tris/Glycine/SDS, 20% methanol. The 
cell was run at 0.16A (constant A) for 30 min. The blot was then blocked with Intercept Blocking Buffer, LI-
COR, on a rocking platform for 30 min, and washed 3× with PBS (0.01% Tween 20); each wash took 5 min on 
a rocking platform. The blot was incubated with primary antibody LICOR-IRdye-680RD Streptavidin (1:5000 
dilution) for 1 h at room temperature and then with Anti-AAV VP1/2/3 mouse IgG1-B1 #03-65158 (1:500 dilu-
tion) overnight at 4 °C on a rocking platform, and washed 3× with PBS (0.01% Tween 20). Secondary antibody 
incubation was LICOR-IRdye800 donkey anti-mouse IgG (1:20,000 dilution) for 1 h at room temperature, and 
washed 3× with PBS before being imaged on ChemiDoc MP Imaging System (Bio-Rad).

In vivo mouse studies with rAAV9. All animals were maintained in the laboratory animal resource 
center at Indiana University–Purdue University, Indianapolis (IUPUI). All animal experimental protocols were 
approved and performed as per the guidelines of Indiana University’s Institutional Biosafety Committees (IBC) 
and Institutional Animal Care and Use Committee (IACUC) and in accordance with ARRIVE guidelines. Each 
specific experiment (specified in each Results Figure) was designed so that each vector (AAV9 or AAV9-NEM) 
packaged a unique transgene of interest so that they allowed for different purpose of analyses. For the Biodis-
tribution study, AAV9 and AAV9-NEM each carried a unique barcode for retrospective analysis of the viral 
genome which determined the capsid tropism. DNA extractions from mouse tissues were performed using the 
Qiagen DNeasy Blood and Tissue Kit per manufacturer’s protocol. For the AAV9-eGFP/ AAV9-NEM-mScarlet 
in vivo study, 8–10 week old male Balb/C mice were intravenously injected via the tail vein with 5 ×  1010 vg (viral 
genomes) with rAAV9/rAAV9-NEM concoction. This dose approximately equates to 1.89 ×  1011 vg/kg based on 
the average weight of 26.5 g for the mice at injection used in these studies. PBS was injected into Mock animals. 
Prior to injection, mice were weight and placed under a heat lamp for 10 min to dilate vessels to ease injections 
and then monitored for 30 min post injection for any complications. At sacrifice, we measured a final body 
weight as well as liver and spleen weights before euthanasia (using isoflurane via inhalation) and soft tissue col-
lection with no abnormal observation (Supplemental Fig. S6).

BMSC differentiation. Primary bone marrow stromal cells from 8 to 10-week-old male Balb/C mice was 
performed as previously  described19,45. Briefly, mouse hindlimbs were extracted, stripped of fascia and tissue, 
and the proximal epiphyses were cut off. Bones were inserted into 0.5 mL tube punctured at the bottom that 
was placed into 1.5 mL tube containing sterile 1× PBS. Bones were centrifuged, and the resulting pellets were 
grown in 10% α-MEM in 24 well plates. For wells selected for osteogenic differentiation, osteogenic medium 
(10% α-MEM containing 50 µg/mL ascorbic acid [Sigma, #A-5950] and 5 mM beta-glycerophosphate [Sigma, 
#G9891-25G]), was used for up to 20 days.

In vitro cell line experiments. For Luciferase in vitro experiments, rAAV9 or rAAV9 modified with NEM 
driving expression of Guassia Luciferase (gLUC) was transduced into cells at MOI of  104. For experiments with 
BMSCs, luciferase readout was conducted 48 h post transduction on days 3, 5, 8, 14, and 21 of culture. Osteo-
genic media was started on day 6. Cell media was collected, and 20 μLs were placed into wells of an all-white, 
96-well plate. 50 μLs of 1× coelenterazine was added using a multichannel pipet, and plate was read immediately 
for luminescence after a brief shake at an integration time of 10 ms.

For eGFP and mScarlet in vitro experiments, primary BMSCs were transduced with rAAV9-eGFP or rAAV9-
NEM-mScarlet at MOI of  105 after reaching confluency at D14 of culture. After AAV transduction, certain 
BMSCs were cultured in osteogenic media for the remainder of the study. Fluorescent images were taken at 
Days 2, 5, 8, and 14 post-transduction. 3–4 images per group were analyzed for % green or red positive area 
via Metamorph Software. Calcified nodules were noticeable 48 h after starting the osteogenic media cultures.



12

Vol:.(1234567890)

Scientific Reports |         (2023) 13:8436  | https://doi.org/10.1038/s41598-023-35547-0

www.nature.com/scientificreports/

GM16095 human fibroblasts (Coriell Institute), HeLa cells (ATCC), and HEK293s (ATCC) were all grown 
in 10% DMEM with 1% antibiotics. HUVEC were kindly provided by the Corson Lab (IUSM) and cultured as 
previously  described46.

Alizarin red experiment. BMSCs cultured in 10% α-MEM or osteogenic media were stained with Alizarin 
Red at Day 20 of culture post rAAV9 or rAAV9-NEM transduction. Media was aspirated and cells were washed 
with 1× PBS. Following 20 min fixation with 4% paraformaldehyde (PFA), 1 mL of Alizarin Red solution (1.0%) 
was added to cultures for 20 min at room temperature under gentle rocking. 4–5 washes were performed with DI 
water to remove excess Alizarin Red, and images were taken for analysis via MetaMorph  Software47.

Tissue processing, microscopy, and immunofluorescence. For AAV9/9-NEM in vivo studies, liver, 
spleen, heart, lungs, and hindlimbs were collected from mice and fixed in 4% PFA for 48 h at 4 °C, then trans-
ferred to 20% sucrose for 24 h, and then to 25% sucrose at 4 °C. Livers and hindlimbs were embedded in OCT or 
a 1:1 ratio of OCT and 25%  sucrose11,12. Tissues were imaged on a Zeiss Axio Observer 7 microscope at 10× and 
20× objectives. Fluorescent tissue area was assessed via MetaMorph software at the Indiana Center for Biological 
 Microscopy46.

Immunofluorescence was performed on sequential liver and hindlimb sections for mouse Albumin (Protein-
tech, 16475-1-AP, 1:500 dilution), F4/80 (BioxCell, BE0206, 1:200 dilution), and Endomucin (EMCN, sc-53940, 
1:100). A donkey anti-rat or anti- rabbit secondary antibody Alexa-fluor 647 (Invitrogen A78947 & A32795, 
1:500) was applied prior to imaging. For Osteocalcin (Ocn, Proteintech #23418-1-AP, 1:150) staining, we per-
formed a similar protocol; a donkey anti-rabbit secondary antibody Alexa 647 (Invitrogen A32795, 1:500) was 
used before imaging. For immunofluorescence analyses, “% Positive Area” was calculated using color thresholds 
for red (mScarlet), green (eGFP), yellow (mScarlet & eGFP), or purple (Alexa 647) on MetaMorph software. The 
entire image (Area = 6.1E6 pixels) was analyzed for a specific color area to get the % Positive area. 2–3 images per 
tissue were analyzed and averaged for the final graphs.

Flow cytometry. Bone marrow from AAV9/9-NEM studies were collected in the same manner as described 
in BMSC differentiation section from femurs, tibiae, and humeri. After centrifugation, red blood cells (RBC) 
were lysed using a 1× RBC Lysis Buffer (Biolegend #420301) for 5 min on ice. The reaction was stopped by add-
ing Cell Staining Buffer (1× PBS with 0.1% BSA and 10 mM HEPES). Tubes were then centrifuged for 5 min 
at 350×g. After discarding the supernatant, 1 mL of fresh Cell Staining Buffer was added to marrow samples. 
Proper volumes of flow antibodies (Table 2) were added to each sample, and incubation lasted 20 min on ice in 
the dark. Tubes were then centrifuged for 5 min and 350×g, supernatant discarded, and fresh Cell Staining Buffer 
added to wash samples; this was performed  twice24,25,48,49.

Samples were analyzed using a BD LSRFortessa. For negative control samples and single-color control sam-
ples, 30,000–50,000 events were recorded. For experimental samples, 0.5–1 million events were recorded. For-
ward Scatter Height vs. Forward Scatter Area plot was used to assess singlets, and Forward Scatter Area vs. 
Side Scatter Area plot was used to further identify cells for protein analyses. Compensation was performed 
under guidance of the Flow Cytometry Resource Facility (FCRF) at IUSM. Raw data files were analyzed using 
FlowJo_v10.8.1.

Statistics. GraphPad Prism 9.1.2 software was used to calculate all statistics. Unless otherwise stated, data 
are presented as means ± the standard error mean (SEM). For experiments comparing more than 2 groups, one-
way ANOVA was used with a Dunnett’s post-hoc test unless stated differently in a specific figure legend. For all 
tests, a p value less that 0.05 was considered significant.

Data availability
The datasets used and/or analyzed during the current study are available from the corresponding author on 
reasonable request.

Received: 9 January 2023; Accepted: 19 May 2023

References
 1. Mullard, A. FDA approves first haemophilia B gene therapy. Nat. Rev. Drug Discov. 22, 7 (2022).

Table 2.  Flow cytometry antibody list.

Flow marker Fluorophore Volume per 1 mL bone marrow (μls) Concentration (mg/mL) Company Catalogue #

Cd45 BV605 2.50 0.5 Biolegend 103155

Cd31 BV785 1.25 0.25 Biolegend 102435

Cd34 PE/Cy7 2.50 0.5 Biolegend 128617

Cd90 APC-Fire 6.25 1.25 Biolegend 105347

Cd105 Pacific Blue 2.00 1.00 Biolegend 120412

Cxcr4 APC 2.50 0.5 Biolegend 146507



13

Vol.:(0123456789)

Scientific Reports |         (2023) 13:8436  | https://doi.org/10.1038/s41598-023-35547-0

www.nature.com/scientificreports/

 2. Pupo, A. et al. AAV vectors: The Rubik’s cube of human gene therapy. Mol. Ther. 30, 3515–3541. https:// doi. org/ 10. 1016/j. ymthe. 
2022. 09. 015 (2022).

 3. Zincarelli, C., Soltys, S., Rengo, G. & Rabinowitz, J. E. Analysis of AAV serotypes 1–9 mediated gene expression and tropism in 
mice after systemic injection. Mol. Ther. 16, 1073–1080. https:// doi. org/ 10. 1038/ mt. 2008. 76 (2008).

 4. Buning, H. & Srivastava, A. Capsid modifications for targeting and improving the efficacy of AAV vectors. Mol. Ther. Methods 
Clin. Dev. 12, 248–265. https:// doi. org/ 10. 1016/j. omtm. 2019. 01. 008 (2019).

 5. Lam, A. K., Frabutt, D., Li, L. & Xiao, W. Chemical modifications of the capsid for redirecting and improving the efficacy of adeno-
associated virus vectors. Hum. Gene Ther. 32, 1433–1438. https:// doi. org/ 10. 1089/ hum. 2021. 124 (2021).

 6. Tse, L. V. et al. Structure-guided evolution of antigenically distinct adeno-associated virus variants for immune evasion. Proc. Natl. 
Acad. Sci. U.S.A. 114, E4812–E4821. https:// doi. org/ 10. 1073/ pnas. 17047 66114 (2017).

 7. Havlik, L. P. et al. Coevolution of adeno-associated virus capsid antigenicity and tropism through a structure-guided approach. J. 
Virol. 94, 20. https:// doi. org/ 10. 1128/ JVI. 00976- 20 (2020).

 8. Marsic, D. et al. Vector design Tour de Force: Integrating combinatorial and rational approaches to derive novel adeno-associated 
virus variants. Mol. Ther. 22, 1900–1909. https:// doi. org/ 10. 1038/ mt. 2014. 139 (2014).

 9. Mével, M. et al. Chemical modification of the adeno-associated virus capsid to improve gene delivery. Chem. Sci. 11, 1122–1131. 
https:// doi. org/ 10. 1039/ c9sc0 4189c (2020).

 10. Yao, T. et al. Site-specific PEGylated adeno-associated viruses with increased serum stability and reduced immunogenicity. Mol-
ecules 22, 071155. https:// doi. org/ 10. 3390/ molec ules2 20711 55 (2017).

 11. Yang, Y. S. et al. Bone-targeting AAV-mediated silencing of Schnurri-3 prevents bone loss in osteoporosis. Nat. Commun. 10, 2958. 
https:// doi. org/ 10. 1038/ s41467- 019- 10809-6 (2019).

 12. Yang, Y. S. et al. Bone-targeting AAV-mediated gene silencing in osteoclasts for osteoporosis therapy. Mol. Ther. Methods Clin. 
Dev. 17, 922–935. https:// doi. org/ 10. 1016/j. omtm. 2020. 04. 010 (2020).

 13. Yang, Y. S. et al. Suppression of heterotopic ossification in fibrodysplasia ossificans progressiva using AAV gene delivery. Nat. 
Commun. 13, 6175. https:// doi. org/ 10. 1038/ s41467- 022- 33956-9 (2022).

 14. Sayroo, R. et al. Development of novel AAV serotype 6 based vectors with selective tropism for human cancer cells. Gene Ther. 23, 
18–25. https:// doi. org/ 10. 1038/ gt. 2015. 89 (2016).

 15. Lee, S. & Ahn, H. J. Anti-EpCAM-conjugated adeno-associated virus serotype 2 for systemic delivery of EGFR shRNA: Its retarget-
ing and antitumor effects on OVCAR3 ovarian cancer in vivo. Acta Biomater. 91, 258–269. https:// doi. org/ 10. 1016/j. actbio. 2019. 
04. 044 (2019).

 16. Lam, A. K. et al. Fast and high-throughput LC-MS characterization, and peptide mapping of engineered AAV capsids using LC-MS/
MS. Mol. Ther. Methods Clin. Dev. 27, 185–194. https:// doi. org/ 10. 1016/j. omtm. 2022. 09. 008 (2022).

 17. Bindels, D. S. et al. mScarlet: A bright monomeric red fluorescent protein for cellular imaging. Nat. Methods 14, 53–56. https:// 
doi. org/ 10. 1038/ nmeth. 4074 (2017).

 18. Mulcrone, P. L. et al. Genomic designs of rAAVs contribute to pathological changes in the livers and spleens of mice. Adv. Cell 
Gene Ther. 2022, 6807904. https:// doi. org/ 10. 1155/ 2022/ 68079 04 (2022).

 19. Mulcrone, P. L. et al. Skeletal colonization by breast cancer cells is stimulated by an osteoblast and beta2AR-dependent neo-
angiogenic switch. J. Bone Miner. Res. 32, 1442–1454. https:// doi. org/ 10. 1002/ jbmr. 3133 (2017).

 20. Zou, C. et al. Experimental variables that affect human hepatocyte AAV transduction in liver chimeric mice. Mol. Ther. Methods 
Clin. Dev. 18, 189–198. https:// doi. org/ 10. 1016/j. omtm. 2020. 05. 033 (2020).

 21. Vercauteren, K. et al. Superior in vivo transduction of human hepatocytes using engineered AAV3 capsid. Mol. Ther. 24, 1042–1049. 
https:// doi. org/ 10. 1038/ mt. 2016. 61 (2016).

 22. Nakai, H. et al. Unrestricted hepatocyte transduction with adeno-associated virus serotype 8 vectors in mice. J. Virol. 79, 214–224. 
https:// doi. org/ 10. 1128/ JVI. 79.1. 214- 224. 2005 (2005).

 23. Chung, M. T. et al. CD90 (Thy-1)-positive selection enhances osteogenic capacity of human adipose-derived stromal cells. Tissue 
Eng. A 19, 989–997. https:// doi. org/ 10. 1089/ ten. TEA. 2012. 0370 (2013).

 24. Futrega, K. et al. Bone marrow-derived stem/stromal cells (BMSC) 3D microtissues cultured in BMP-2 supplemented osteogenic 
induction medium are prone to adipogenesis. Cell Tissue Res. 374, 541–553. https:// doi. org/ 10. 1007/ s00441- 018- 2894-y (2018).

 25. Hu, T. et al. Bmi1 suppresses adipogenesis in the hematopoietic stem cell niche. Stem Cell Rep. 13, 545–558. https:// doi. org/ 10. 
1016/j. stemcr. 2019. 05. 027 (2019).

 26. Srivastava, R. K., Sapra, L. & Mishra, P. K. Osteometabolism: Metabolic alterations in bone pathologies. Cells 11, 233943. https:// 
doi. org/ 10. 3390/ cells 11233 943 (2022).

 27. Mera, P. et al. Osteocalcin signaling in myofibers is necessary and sufficient for optimum adaptation to exercise. Cell Metab. 23, 
1078–1092. https:// doi. org/ 10. 1016/j. cmet. 2016. 05. 004 (2016).

 28. Lee, N. K. et al. Endocrine regulation of energy metabolism by the skeleton. Cell 130, 456–469. https:// doi. org/ 10. 1016/j. cell. 2007. 
05. 047 (2007).

 29. Pearce, H. A. et al. Site-specific glycation and chemo-enzymatic antibody sortagging for the retargeting of rAAV6 to inflamed 
endothelium. Mol. Ther. Methods Clin. Dev. 14, 261–269. https:// doi. org/ 10. 1016/j. omtm. 2019. 07. 003 (2019).

 30. Horowitz, E. D., Weinberg, M. S. & Asokan, A. Glycated AAV vectors: Chemical redirection of viral tissue tropism. Bioconjug. 
Chem. 22, 529–532. https:// doi. org/ 10. 1021/ bc100 477g (2011).

 31. Pillay, S. & Carette, J. E. Host determinants of adeno-associated viral vector entry. Curr. Opin. Virol. 24, 124–131. https:// doi. org/ 
10. 1016/j. coviro. 2017. 06. 003 (2017).

 32. Meyer, N. L. & Chapman, M. S. Adeno-associated virus (AAV) cell entry: Structural insights. Trends Microbiol. 30, 432–451. https:// 
doi. org/ 10. 1016/j. tim. 2021. 09. 005 (2022).

 33. Li, B. et al. Site-directed mutagenesis of surface-exposed lysine residues leads to improved transduction by AAV2, but not AAV8, 
vectors in murine hepatocytes in vivo. Hum. Gene Ther. Methods 26, 211–220. https:// doi. org/ 10. 1089/ hgtb. 2015. 115 (2015).

 34. Bell, C. L. et al. The AAV9 receptor and its modification to improve in vivo lung gene transfer in mice. J. Clin. Investig. 121, 
2427–2435. https:// doi. org/ 10. 1172/ JCI57 367 (2011).

 35. Summerford, C., Johnson, J. S. & Samulski, R. J. AAVR: A multi-serotype receptor for AAV. Mol. Ther. 24, 663–666. https:// doi. 
org/ 10. 1038/ mt. 2016. 49 (2016).

 36. Nance, M. E. & Duan, D. Perspective on adeno-associated virus capsid modification for duchenne muscular dystrophy gene therapy. 
Hum. Gene Ther. 26, 786–800. https:// doi. org/ 10. 1089/ hum. 2015. 107 (2015).

 37. Kuzmin, D. A. et al. The clinical landscape for AAV gene therapies. Nat. Rev. Drug Discov. 20, 173–174. https:// doi. org/ 10. 1038/ 
d41573- 021- 00017-7 (2021).

 38. Pattali, R., Mou, Y. & Li, X. J. AAV9 vector: A novel modality in gene therapy for spinal muscular atrophy. Gene Ther. 26, 287–295. 
https:// doi. org/ 10. 1038/ s41434- 019- 0085-4 (2019).

 39. Biswas, M., Palaschak, B., Kumar, S. R. P., Rana, J. & Markusic, D. M. B cell depletion eliminates FVIII memory B cells and enhances 
AAV8-coF8 immune tolerance induction when combined with rapamycin. Front. Immunol. 11, 1293. https:// doi. org/ 10. 3389/ 
fimmu. 2020. 01293 (2020).

 40. Ertl, H. C. J. T cell-mediated immune responses to AAV and AAV vectors. Front. Immunol. 12, 666666. https:// doi. org/ 10. 3389/ 
fimmu. 2021. 666666 (2021).

https://doi.org/10.1016/j.ymthe.2022.09.015
https://doi.org/10.1016/j.ymthe.2022.09.015
https://doi.org/10.1038/mt.2008.76
https://doi.org/10.1016/j.omtm.2019.01.008
https://doi.org/10.1089/hum.2021.124
https://doi.org/10.1073/pnas.1704766114
https://doi.org/10.1128/JVI.00976-20
https://doi.org/10.1038/mt.2014.139
https://doi.org/10.1039/c9sc04189c
https://doi.org/10.3390/molecules22071155
https://doi.org/10.1038/s41467-019-10809-6
https://doi.org/10.1016/j.omtm.2020.04.010
https://doi.org/10.1038/s41467-022-33956-9
https://doi.org/10.1038/gt.2015.89
https://doi.org/10.1016/j.actbio.2019.04.044
https://doi.org/10.1016/j.actbio.2019.04.044
https://doi.org/10.1016/j.omtm.2022.09.008
https://doi.org/10.1038/nmeth.4074
https://doi.org/10.1038/nmeth.4074
https://doi.org/10.1155/2022/6807904
https://doi.org/10.1002/jbmr.3133
https://doi.org/10.1016/j.omtm.2020.05.033
https://doi.org/10.1038/mt.2016.61
https://doi.org/10.1128/JVI.79.1.214-224.2005
https://doi.org/10.1089/ten.TEA.2012.0370
https://doi.org/10.1007/s00441-018-2894-y
https://doi.org/10.1016/j.stemcr.2019.05.027
https://doi.org/10.1016/j.stemcr.2019.05.027
https://doi.org/10.3390/cells11233943
https://doi.org/10.3390/cells11233943
https://doi.org/10.1016/j.cmet.2016.05.004
https://doi.org/10.1016/j.cell.2007.05.047
https://doi.org/10.1016/j.cell.2007.05.047
https://doi.org/10.1016/j.omtm.2019.07.003
https://doi.org/10.1021/bc100477g
https://doi.org/10.1016/j.coviro.2017.06.003
https://doi.org/10.1016/j.coviro.2017.06.003
https://doi.org/10.1016/j.tim.2021.09.005
https://doi.org/10.1016/j.tim.2021.09.005
https://doi.org/10.1089/hgtb.2015.115
https://doi.org/10.1172/JCI57367
https://doi.org/10.1038/mt.2016.49
https://doi.org/10.1038/mt.2016.49
https://doi.org/10.1089/hum.2015.107
https://doi.org/10.1038/d41573-021-00017-7
https://doi.org/10.1038/d41573-021-00017-7
https://doi.org/10.1038/s41434-019-0085-4
https://doi.org/10.3389/fimmu.2020.01293
https://doi.org/10.3389/fimmu.2020.01293
https://doi.org/10.3389/fimmu.2021.666666
https://doi.org/10.3389/fimmu.2021.666666


14

Vol:.(1234567890)

Scientific Reports |         (2023) 13:8436  | https://doi.org/10.1038/s41598-023-35547-0

www.nature.com/scientificreports/

 41 Herzog, R. W. et al. Regulatory T cells and TLR9 activation shape antibody formation to a secreted transgene product in AAV 
muscle gene transfer. Cell Immunol. 342, 103682. https:// doi. org/ 10. 1016/j. celli mm. 2017. 07. 012 (2019).

 42. Martino, A. T. & Markusic, D. M. Immune response mechanisms against AAV vectors in animal models. Mol. Ther. Methods Clin. 
Dev. 17, 198–208. https:// doi. org/ 10. 1016/j. omtm. 2019. 12. 008 (2020).

 43. Sherman, A., Biswas, M. & Herzog, R. W. Innovative approaches for immune tolerance to factor VIII in the treatment of hemophilia 
A. Front. Immunol. 8, 1604. https:// doi. org/ 10. 3389/ fimmu. 2017. 01604 (2017).

 44. Yuan, Z. et al. Mitigating the immunogenicity of AAV-mediated gene therapy with an immunosuppressive phosphoserine-con-
taining zwitterionic peptide. J. Am. Chem. Soc. 144, 20507–20513. https:// doi. org/ 10. 1021/ jacs. 2c094 84 (2022).

 45. Campbell, J. P. et al. Stimulation of host bone marrow stromal cells by sympathetic nerves promotes breast cancer bone metastasis 
in mice. PLoS Biol. 10, e1001363. https:// doi. org/ 10. 1371/ journ al. pbio. 10013 63 (2012).

 46. Mulcrone, P. L. et al. Osteocyte Vegf-a contributes to myeloma-associated angiogenesis and is regulated by Fgf23. Sci. Rep. 10, 
17319. https:// doi. org/ 10. 1038/ s41598- 020- 74352-x (2020).

 47. Delgado-Calle, J. et al. Aplidin (plitidepsin) is a novel anti-myeloma agent with potent anti-resorptive activity mediated by direct 
effects on osteoclasts. Oncotarget 10, 2709–2721. https:// doi. org/ 10. 18632/ oncot arget. 26831 (2019).

 48. Hoffmann, D. G. & Kim, B. H. Limited flow cytometry panels on bone marrow specimens reduce costs and predict negative 
cytogenetics. Am. J. Clin. Pathol. 141, 94–101. https:// doi. org/ 10. 1309/ AJCPB UMQJH VXHRD7 (2014).

 49. Eich, M., Trumpp, A. & Schmitt, S. OMIP-059: Identification of mouse hematopoietic stem and progenitor cells with simultaneous 
detection of CD45.1/2 and controllable green fluorescent protein expression by a single staining panel. Cytometry A 95, 1049–1052. 
https:// doi. org/ 10. 1002/ cyto.a. 23845 (2019).

Acknowledgements
The authors would like to thank Indiana Center for Biological Microscopy, IUSM Center for Electron Microscopy 
(iCEM), and the IVIS Spectrum CT/IVT Shared Resource Facility of the Preclinical Modeling & Therapeu-
tics Core. This work was also supported by the Chemical Genomics Core Facility (CGCF) at Indiana Univer-
sity School of Medicine. This work is funded by the NIH Grants: 1U54HL142019-01, 5R01HL130871-02, and 
1P01HL160472-01. Dylan Frabutt is supported by the training grant 5T32HL007910-23.

Author contributions
P.L.M.: Conceptualization, Methodology, Formal analysis, Investigation, Data Curation, Project administration, 
Writing. A.K.L.: Conceptualization, Methodology, Validation, Formal analysis, Investigation, Data Curation, 
Writing. D.A.F.: Validation, Methodology, Resources, Review & editing. J.Z.: Validation, Resources. M.C.: Valida-
tion, Investigation, Methodology. R.W.H.: Review & editing, Supervision. W.X.: Conceptualization, Supervision, 
Review & editing, Project administration, Funding Acquisition.

Competing interests 
The authors AKL and WX have filed a patent regarding the engineered AAV capsids studied in this work. All 
other authors have no competing/conflict of interest.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 023- 35547-0.

Correspondence and requests for materials should be addressed to W.X.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2023

https://doi.org/10.1016/j.cellimm.2017.07.012
https://doi.org/10.1016/j.omtm.2019.12.008
https://doi.org/10.3389/fimmu.2017.01604
https://doi.org/10.1021/jacs.2c09484
https://doi.org/10.1371/journal.pbio.1001363
https://doi.org/10.1038/s41598-020-74352-x
https://doi.org/10.18632/oncotarget.26831
https://doi.org/10.1309/AJCPBUMQJHVXHRD7
https://doi.org/10.1002/cyto.a.23845
https://doi.org/10.1038/s41598-023-35547-0
https://doi.org/10.1038/s41598-023-35547-0
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Chemical modification of AAV9 capsid with N-ethyl maleimide alters vector tissue tropism
	Results
	Development and characterization of AAV9-NEM. 
	In vitro evaluation of AAV9-NEM’s transduction. 
	In vivo evaluation of AAV9-NEM’s transduction and tropism. 
	AAV9-NEM transduces separate populations of cells in murine livers and bones compared to WT AAV9. 
	AAV9-NEM exhibits enhanced transduction of BMSCs pushed toward an osteoblast lineage. 
	AAV9-NEM-mScarlet and osteocalcin positive cells observed at the marrowcalcified bone interface. 

	Discussion
	Materials and methods
	AAV construct design and rAAV production. 
	AAV purification and titer determination. 
	Chemical modification of rAAVs. 
	AAV capsid characterization by LC–MS. 
	SDS-PAGE and silver staining. 
	Western blot. 
	In vivo mouse studies with rAAV9. 
	BMSC differentiation. 
	In vitro cell line experiments. 
	Alizarin red experiment. 
	Tissue processing, microscopy, and immunofluorescence. 
	Flow cytometry. 
	Statistics. 

	References
	Acknowledgements


