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Abstract 

The hair follicle cycles between growth, regression, and rest phases. This cyclic 

activity is regulated by the activation and quiescence of hair follicle stem cells (HFSCs).  

Recent studies indicate that the crosstalk between HFSCs and the stem cell niche play an 

important role in regulating HF maintenance.  Due to the complex architecture and diverse 

skin cell types consisting of the skin, it is often challenging to study how a specific cell 

type of interest influences the microenvironment of HFSC niche. To enhance our 

understanding of the relationship between HFSCs and their neighboring cells, it is 

necessary to develop an investigation tool which can target and manipulate specific skin 

cell types without disturbing the sensitive microenvironment.  

The goal of this study was to evaluate transduction patterns of AAV with different 

conditions, ranging from serotypes, promoters, dosage, and timing of injection. Given these 

findings, we established the system by which AAV vectors can show targeted transduction 

of specific cell types in the skin. We first prepared the AAVs incorporated with a reporter 

transgene and injected intradermally on the back skin of mice. Next, we evaluated their 

transduction efficiency via fluorescence microscopy and quantified the labeled cells. 

Immunohistochemistry with different skin cell markers was performed to identify which 

skin cell types were infected by our AAV candidates. 

As a result, the pattern of AAV transduction in skin varied depending on capsid 

serotype, promoter, and the timing of injection. The adult injection of AAV8-CAG-GFP 

showed the most widespread transduction, while AAV6-CAG-GFP and AAV-PHP.S-EF1a 



 

targeted arrector pili muscle with a high frequency. The P0 injection of AAV overall 

showed a significant improvement in transduction efficiency, compared to the adult 

injection. Importantly, the P0 injection of AAV6-EF1a-DTA-mCherry was highly efficient 

to transduce APM. In addition, the P0 injection of AAV-PHP.S-EF1a-DTA-mCherry 

showed tissue-specific transduction in dermal papilla and arrector pili muscle.  

Our study demonstrates that the combination of different conditions can achieve a 

cell-type specific transduction of AAV in mice skin. With a variety of conditions, AAV 

can induce cell-type-specific transduction in the skin, including dermal fibroblasts, 

adipocytes, APM and DP. Such a system will serve as valuable tool for dissecting the 

crosstalk among different skin cell populations and provide new windows for conducting 

future studies in hair growth and wound regeneration.
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Chapter I. 

Introduction 

Cells are the smallest unit of life that constitutes our body. They take different 

functional roles and work together to build organs which facilitate critical functions for 

survival, such as digestion, thermoregulation, respiration, and reproduction. Among 

diverse cell types, stem cells (SCs) play important roles in the development and 

maintenance of the organs. In development, SCs differentiate into specific cell types and 

give rise to the organs. In adults, they have a unique capacity to proliferate, and replenish 

the damaged tissue of their origin. To achieve this, SCs are tightly regulated in a specific 

microenvironment which allows them to divide, migrate, differentiate, and die by rules 

(Jahoda & Christiano, 2011; Sujata & Chaudhuri, 2008). Understanding their functional 

role and cellular mechanism is directly related to our health issues and has a great revenue 

in treating diseases. 

Hair follicle stem cell (HFSC) is a cell type well-known for promoting the 

development and regeneration of the hair follicle. Thus far, a comprehensive knowledge in 

the activity and functional role of HFSCs has been accumulated using lineage tracing, 

FACS purification, and gene expression profiling techniques (Alcolea & Jones, 2014; J. B. 

Cheng et al., 2018; Kaufman et al., 2003; Tan et al., 2013). However, the studies of how 

HFSCs communicate with their neighboring cells and whether such crosstalk has an 

influence on their activation often face challenges due to the complex architecture and the 

diverse cell types residing in the skin. A number of studies have utilized CRISPR-CAS9 
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and adeno-associated virus (AAV) to manipulate certain cell types of HFSC niche, and 

they report that it needs further optimizations to overcome the skin cell type tropism and 

restrict the risk of undesired infection in other organs (Hanlon et al., 2019; Hengge, 2005; 

Kurita et al., 2018). 

To address this issue, we established a system which can target and manipulate the 

cells within the HFSC niche. To identify which AAV shows the cell-type specific 

transduction in skin, we tested AAVs with a variety of different conditions, ranging from 

capsid serotypes, promoters, dosage, and administration time point. Next, we used such 

findings to ablate the niche cell population and observe how HFSCs alter their behavior in 

a changed microenvironment. The cell ablation was achieved by inserting diphtheria toxin 

A chain (DTA), the cell-death inducing gene, in AAV’s transgene cassette. 

Our study poses both challenges and benefits of AAV vector technology in studying 

skin. Here, we explore three key questions in the field: Which AAV is the most efficient 

in transducing skin cells? How can we achieve a cell type-specific transduction in skin? 

How can we use this technology in studying skin and treating skin disease? By answering 

these questions, we aim to unlock AAV’s full potential in both academic research and 

clinical trials. 

Hair follicle stem cells and their microenvironment 

Our skin is the largest organ that acts as the first line of defense (Hsu, Li, & Fuchs, 

2014). The diverse cell types in the skin ensure a number of functions to protect us from 

external stress and environmental influences. One of the most impressive features of skin 

is the continuous self-renewal. In normal condition, epithelial skin undergoes a natural 
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turnover and hair follicle cycles between the growth (anagen), degeneration (catagen), and 

rest (telogen) phases (Alonso & Fuchs, 2006). Upon injury, the damaged or lost part of 

epithelial skin is replaced by new cells (Kurita et al., 2018) but the hair does not grow in 

the wounded region. Such regenerative activities are mainly regulated by stem cells in the 

skin with their unique capacity to proliferate and replenish their tissue of origin. 

HFSCs are responsible for the generation and the rapid growth of new hair follicles. 

In telogen phase, HFSCs are quiescent and preserved at the lower bulge as the reservoir for 

the next hair cycle. In anagen phase, the quiescent HFSCs are activated and proliferate to 

generate a new hair germ. Upon the repopulation of the new hair germ, the structure of HF 

dramatically expands downwards, forming a new hair shaft. In catagen, HFSCs return to a 

quiescence state and the hair follicles undergo apoptosis, remodeling back to telogen 

morphology. Likewise, HFSCs experience the dynamic changes of the skin 

microenvironment and actively communicate with diverse types of neighboring cell, such 

as dermal papilla, dermal adipocyte, sympathetic nerve, and arrector pili muscle (Extended 

Data Figure 1a). 

Dermal papilla (DP), the compact pocket of dermal cells, is one of the most-well 

described among the HFSC niche cell types. DP lies at the base of HF during telogen and 

is encapsulated during anagen. Its existence in this specific location is essential for sending 

signals to HFSCs. The crosstalk between DP and HFSC directly regulates the HF growth 

and quiescence (C. C. Cheng et al., 2018; Driskell, Giangreco, Jensen, Mulder, & Watt, 

2009; Morgan, 2014). Loss of DP by laser ablation arrests HFSCs in quiescence, resulting 

HF degeneration (Rompolas et al., 2012).  Conversely, grafting of DP induces the 

activation of HFSCs, resulting hair growth in hairless skin (Higgins, Chen, Cerise, Jahoda, 
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& Christiano, 2013). These studies enhanced our understanding in the relationship between 

DP and HFSC, demonstrating the importance of crosstalk among different cell types within 

stem cell niche.  

Dermal adipocytes also play important role in hair cycle. In anagen, the number of 

dermal adipocytes increases, and the dermal adipose layer expands to provide more space 

for HFs to grow downwards. Zhang and his colleagues reported that HF growth and dermal 

expansion are coupled events and this link allows the skin to make the environmental 

changes necessary to accommodate the HF generation (Zhang et al., 2016). The study 

revealed that hair follicle transit amplifying cells (HF-TACs) orchestrate the HF generation 

and dermal adipogenesis concurrently through secreting Sonic Hedgehog (SHH), showing 

how one cell type influences the multiple neighboring cell types. 

Arrector pili muscle (APM) is a bunch of smooth muscle fibers which attaches 

proximally to the hair follicle at the bulge. APM has a role in pulling the hair up straight in 

cold weather, which helps mammals to capture the heat and stay warm. Recent studies 

suggest that APM may play a role in hair loss, influencing the stem cell niche and the 

maintenance of HF (McCoy et al., 2018; Torkamani, Rufaut, Jones, & Sinclair, 2017; 

Torkamani, Rufaut, Jones, & Sinclair, 2014). This gives us the notion that there are a lot 

more to be unveiled regarding how HFSC and the neighboring cells work together. To 

better understand the generation and maintenance of HF, there is a need of good 

investigation tool which can dissect stem cell niche without harming the sensitive 

microenvironment. 
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Adeno-Associated Virus for targeted gene expression 

 Many human diseases are caused by defective genes and improper protein 

functioning. The genes within our DNA are the blueprint for producing protein. If these 

genes are defected or damaged, we either lose the ability to produce protein or produce 

altered protein which may result in diseases.  

In an attempt to resolve this issue, adeno-associated viral vector (AAV) has come 

into the spotlight as a powerful tool for manipulating cells at genomic level. These viral 

vectors can deliver DNA in the nuclei and modify the gene expression of the targeted cells. 

To date, AAVs have been extensively utilized in clinical trials and gene therapy. Research 

studies also highlight the importance of AAVs in investigating the functional role of a cell 

as well as its value in modifying the defective cells (Ariyachet et al., 2016; Heinrich, 

Spagnoli, & Berninger, 2015; Hengge, 2006; Lee et al., 2005; Naso, Tomkowicz, Perry, & 

Strohl, 2017; Shi, Teschendorf, Muzyczka, & Siemann, 2002). 

AAVs have the structure of a protein shell surrounding and protecting the genome 

of single-stranded DNA inside (ssDNA). Its outer shell, the capsid protein, interacts with 

receptors on the surface of target cell and helps entry into the target cell membrane via 

endocytosis. Once it enters the cytoplasm, AAV traffics into the nuclei, dissembles its 

protein shell, and releases the transgene in the form of ssDNA. This delivered ssDNA binds 

with the host cell’s polymerase and viral DNA is converted into double-stranded DNA 

(dsDNA) which leads to the transcription and expression of the transgene (Extended Data 

Figure 1b). 

AAV transduction requires the successful entry into the host cell. The rate of viral 

entry varies depending on the interaction between AAV capsid protein and the receptors 
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of the host cell. Recent studies have attempted to modify the viral capsid and identified the 

role of cellular receptors and co-receptors of AAV vectors. As a result, 12 different AAV 

serotypes have been discovered and distinguished for their excellence in targeting a range 

types of tissues and organs (Colella, Ronzitti, & Mingozzi, 2018; Duong et al., 2019; 

Zincarelli, Soltys, Rengo, & Rabinowitz, 2008). 

Current AAV system often faces challenges in the target-specific delivery of the 

transgene. This is not an exception for the skin which has diverse cell types in a complex 

architecture. In this study, we aimed to establish a system which can target and manipulate 

the specific cell type within the HFSC niche. AAV vectors with different capsid serotypes, 

promoters, and the timing of injection were tested to identify which shows the most cell-

type specific transduction in skin. Our findings demonstrate the usage of AAV for targeted 

transgene expression in the skin and provides significant implications for all future studies 

in gene therapy and preclinical trials. 
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Chapter II. 

Materials and Method 

AAV preparation 

Plasmid transformation was adapted from High Efficiency Transformation Protocol 

(C3040I). A 30ul aliquoted tube of NEB Stable Competent E. Coli cells was thawed on ice 

until the last ice crystals disappear. The volume of 1ul containing 100ng of plasmid DNA 

was added to the 30ul of E. Coli cells. Then the cell mixture was cultured in 570ul of NEB 

10-beta/Stable Outgrowth Medium at 30°C for 60 minutes. The cell mixture was evenly 

spread onto a neomycin selection plate and incubated at 37°C overnight. Purification of the 

plasmid DNA was performed using ZymoPure II ™ Plasmid Midiprep kit (D4200). The 

purified plasmid DNA was measured with Nanodrop and transferred to sterile tube. The 

tube of concentrated DNA was sent to the AAV construction facilities to be packaged with 

the desired AAV serotypes (Table 1&2). 

The AAV plasmids were diluted to the concentration of 1*E12 gc/ml with the sterile 

sodium chloride solution, 0.9% in water, (Sigma-Aldrich, S8779). For adult injection, total 

40ul of mixture was prepared for each animal, that is 4*E10 genomic copies of AAV. To 

identify the injection spot, 1ul of Cy5 beads (ThermoFisher, F8807) was added and the 

total volume of 41ul mixture was administrated intradermally on back skin of adult mice 

(P60). For P0 injection, total 20ul of mixture was prepared, that is 2*E10 genomic copies 

of AAV, and administrated intradermally on back skin of the newborn pups. 

All tested AAV vectors incorporated either the chicken beta-Actin (CAG) promoter 

or elongation factor-1 alpha (EF1a) promoter. Downstream of the promoter domain, the 
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reporter transgenes (GFP, RFP and mCherry) cassettes were inserted to label and trace the 

transduced cells.  

Mice 

All husbandries and procedures involving animal subjects were performed upon the 

approval by Harvard University Institutional Animal Care and Use Committee (IACUC) 

and conducted in accordance with NIH guidelines. C57BL6/J female mice (Catalog # 

000664) were purchased from the Jackson Laboratory. All animals were housed up to five 

to a cage and maintained with food and water with a 12 hours light/dark cycle. 

Intradermal injection 

 The prepared AAV mixture was injected intradermally on the back skin of mice, 

using 31G Insulin syringe (BD #328438). In adult injection, the mice were anesthetized 

with isoflurane and injected with total 4*E10 genomic copies of AAV. The skin samples 

were harvested after 7 days post injection. In P0 injection, the newborn pups were 

anesthetized with ice for 3 minutes and injected with total 2*E10 genomic copies of AAV. 

The time of newborn delivery was monitored closely and P0 pups were injected as close 

as possible to their birth (0-12 hours postnatal). The skin samples were harvested at 

multiple time points (Day 7, 21, 62, and 182).  

Immunohistochemistry 

 The following antibodies were used in this study: ItgA8 (goat, R&D Systems 

AF4076-SP 1:100), Perilipin-1 (goat, Abcam 1:400), GFP (rabbit, Abcam ab290, 1:500), 

GFP (chicken, Aves Labs, GFP-1010, 1:500), tdTomato (rat, KERAFAST EST203, 
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1:500), RFP (rabbit, Abcam ab61682, 1:500), SMA (mouse, Santa Cruz sc-32251, 1:100), 

CD3 (Thermo Fisher Scientific 14-0032-82, 1:100), CD31 (rat, eBioscience , 1:50),  CD26 

(goat, R&D Systems AF954-SP, 1:100), CD140a (goat, R&D Systems AF1062-SP, 1:100), 

P-Cad (goat, R&D Systems, AF761, 1:200), Perilipin-1 (goat, Abcam ab61682, 1:400) 

Histology 

Skin samples were harvested, fixed in 4% paraformaldehyde (VWR #15710), 

embedded in Tissue-Tek OCT Compound (Sakura #4583) and cryo-sectioned with 

typically 40-60um thickness. The frozen sections were fixed again for 2 minutes and 

undergone immunohistochemistry staining with different skin cell type markers. The 

sections were incubated with primary antibody at 4°C overnight, followed by the secondary 

antibody staining at room temperature for 1 hour. Finally, the samples are mounted with 

Prolong Gold with DAPI (SouthernBiotech 0100-20) and preserved in 4°C. 

Fluorescent microscopy 

Immunofluorescent images were acquired with a Keyence epifluorescence 

microscope (Keyence America, BX-700) with x20 or x40 magnification lenses. For 

colocalization analysis, images were imported into BZ-Analysis and presented as a single 

z-stack. For quantification analysis, the number of cells or APM within a hair follicle was 

counted manually. Immunofluorescent images were further processed and assembled into 

panels using Image J, Adobe Photoshops CC 2019 and Adobe Illustrator 2019. 
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Statistical analysis 

Statistical significance between two groups in the figure was noted by asterisks  

(P<0.5 [ns: Not significant], P<0.05 [*], P<0.01 [**], P <0.001 [***], and P<0.0001 

[****]). One-way ANOVA and unpaired two-tailed Student’s t-test were performed 

using the statistical software, GraphPad Prism 8. 
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Chapter III. 

Results 

Capsid serotype influences AAV transduction in mice skin 

To optimize the AAV administration in skin, we first evaluated the transduction 

efficiency of different AAV serotypes. The transduction requires the successful entry into 

the host cell and the success rate of viral entry depends on how the AAV capsid interacts 

with the receptors on the target cell. Therefore, we hypothesized that AAV serotypes 

bearing different capsids protein would result in varying transduction pattern in skin. To 

examine this, different AAV serotypes were injected in adult mice and the transduction in 

skin was evaluated via immunohistochemistry (Figure 1a). For administration of AAV, we 

performed intradermal injection to maximize the transduction efficiency in the skin (Figure 

1b). Whereas the intravenous and retro-orbital injection of AAV can transduce the skin cell 

types via systemic route, the intradermal injection delivers AAV directly into the dermis 

of skin (Goldstein et al., 2019; Limberis et al., 2016). All the tested serotypes were 

incorporated with CAG promoter and designed to induce the expression of GFP reporter 

gene in the transduced cells (Table 1). The skin samples were harvested after 7 days post 

injection (P67) and analyzed via immunohistochemistry (Figure 1c). In fluorescence 

microscopy, Cy5 beads showed where the virus injection took place and reporter transgene 

expressions showed which cells were transduced by AAV injection. Finally, 

immunohistochemistry staining for different skin cell markers was performed to identify 

which skin cell type is transduced by AAV (Extended Data Figure 2). 
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The data suggests that different AAV serotypes showed varying transduction 

patterns (Figure 1d). All of the tested serotypes, AAV2, 6, 8, 9, DJ, and PHP.S, resulted in 

transducing dermal adipocytes. GFP expressing adipocytes were evident throughout all 

skin samples, suggesting that dermal adipocytes can be transduced with most of serotypes. 

The target-specificity, however, varied among the serotypes. AAV2-CAG-GFP and AAV-

DJ-CAG-GFP showed the minimal transduction pattern of which the infection seemed 

limited to adipocytes, hardly infecting other skin cell types. In contrast, AAV6-CAG-GFP 

and AAV-PHP.S-CAG-GFP seemed highly efficient in infecting APM. These observations 

were confirmed by conducting co-immunohistochemistry with Perilipin, the adipocyte 

marker and ItgA8, the APM marker. Among the tested serotypes, AAV8-CAG-GFP and 

AAV9-CAG-GFP showed the most widespread infection pattern, transducing a large 

number of dermal fibroblasts, arrector pili muscle, and adipocytes. The dermal fibroblasts 

transduction was confirmed as the co-localizations of CD140a, the dermal fibroblast 

marker, and GFP were frequently detected. Collectively, these data indicate that the capsid 

serotypes influence the transduction abilities of AAV. Importantly, some AAV serotypes 

transduce the specific skin cell type, and the user can choose the most appropriate capsid 

to target the cell of interest. 

Timing of injection influences AAV transduction in mice skin 

Next, we asked whether the timing of injection will have effect on the transduction 

abilities of AAV. It was hypothesized that AAV capsid protein may be capable of entering 

more diversified cell types in developing mice before the skin cells are differentiated and 

compartmentalized. To assess this question, we tested three serotypes, AAV6, 8, and 

PHP.S which showed most distinctive patterns of transduction, following intradermal 
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injection in mice on neonatal day P0 (Figure 2a). The amount of virus solution used for 

injection was decreased to 20ul, that is total 2*E10 genomic copies of AAV, in accordance 

to the smaller body size of mice (Extended Data Figure 3). P0 injected mice were biopsied 

at day 7 and 21. Additionally, the animals were monitored long-term to evaluate the 

longevity of the transduced cells. The skin samples were analyzed via 

immunohistochemistry staining. 

Overall, P0 injection of three serotypes resulted in widespread and robust 

transduction despite the lesser amount of virus given (Extended Data Figure 4). The P0 

injected mice of AAV8 showed a successful transduction of arrector pili muscle, adipocyte, 

and dermal fibroblast in P7 developmental stage (Figure 2b). A large number of GFP 

expressing cells were evident in the P21 adult stage, and the total number of transduced 

cells seemed to be increased, compared to that observed in the adult injection (Figure 2c). 

The P0 injected mice of AAV6 and PHP.S showed the similar transduction pattern as 

compared to when they were injected in adult. These mice showed the increased number 

of GFP expressing cells, while APM still seemed to be their main target. The quantification 

data showed that 78% of APM (32 out of 41) was transduced in serotype 6, while 88% of 

APM (45 out of 51) was in serotype PHP.S. Collectively, these data suggest that timing of 

injection influences the transduction abilities of AAV, and the choice of injection time 

point is an important factor to optimize AAV administration. 

AAV transduction in skin lasts over 6 months 

Next, we asked how long the AAV-transduced cells will survive in mice skin. This 

assessment was crucial for both follow-up experiments and clinical trials. The longevity of 
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transduced cells was evaluated by observing the level of GFP expression after long term 

post injection. To this end, one mouse of the P0 injected cohort of AAV8-CAG-GFP was 

taken for biopsies at multiple time points, day 7, 21, 62, and 182. Immunostaining for GFP 

antibody was performed to observe the presence of AAV-transduced cells in the biopsies.  

The immunohistochemistry staining showed that AAV-transduced cells persist up 

to 6 months but the GFP signaling gradually faded away in adipocytes and dermal 

fibroblasts (Figure 2d). The explanation for this phenomenon can be the natural turnover 

of the skin. In mice, the renewing of the epidermis occurs approximately every 8-10 days, 

renewing adipocytes and dermal fibroblasts (Yokouchi et al., 2016). Our AAV vectors do 

not integrate into the genome of host cells and the inserted transgene will not be transferred 

to the progeny of divided cells. As a result, the AAV transduced cell population decreases 

over time. However, strong GFP signaling was detected in APM, suggesting that the 

transduced state may last longer in the non-proliferative cell types. These data demonstrate 

that AAV-mediated transgene expression can last over 6 months in skin, providing good 

criteria for designing follow-up studies and therapeutic applications. 

Combination of different conditions induced targeted transgene expression in APM 

 In addition to capsid serotype and the timing of injection, we hypothesized that the 

regulatory elements in AAV transgene expression cassettes will have an effect on the 

transduction abilities. To test our hypothesis, we prepared different AAV serotypes 

incorporated with EF1a promoter upstream of GFP expression cassette (Table 2). Next, we 

performed P0 injection of AAV serotypes with EF1a promoter and compared the data to 

those with CAG promoter. To label the transduced cell, the red fluorescent protein (RFP 
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or mCherry) expression cassette was inserted downstream of the EF1a promoter. All the 

tested AAV serotypes with EF1a promoter contained Cre-dependent DTA transgene, the 

cell death-inducing gene cassette which only becomes activated with the presence of Cre 

molecule. 

The RFP antibody staining demonstrated that the use of EF1a promoter influenced 

the distribution and transduction pattern of AAV when analyzed at P21 skin. All tested 

AAVs with EF1a promoter showed a reduced frequency of transduction in adipocytes 

when compared to AAVs with CAG promoter (Figure 3a). Importantly, AAV6-EF1a-

DTA-mCherry showed a strong transduction in APM with a reduced transduction in 

adipocytes. The immunostaining for RFP and ItgA8 antibodies showed the tissue-specific 

transduction of APM in AAV6-EF1a-DTA-mCherry (Figure 3b). In addition, the use of 

the EF1a promoter resulted in an increase in the transduction efficiency in APM. 

Quantification of RFP signaling demonstrated that 94% of APM were transduced in 

AAV6-EF1a-DTA-mCherry (49 out of 52) and 95% in AAV-PHP.S-EF1a-DTA-mCherry 

(69 out of 73). One-way ANOVA with t-tests showed that the level of APM transduction 

in both groups injected with AAV6-EF1a-DTA-mCherry and AAV-PHP.S-EF1a-DTA-

mCherry was statistically significant (P<0.0005), compared to that in the control group 

injected with saline solution. There was no statistically significant difference between two 

groups injected with AAV6 and AAV-PHP.S (P<0.6667) (Figure 3c). Collectively, the 

data suggest that P0 injection of AAV6-EF1a-DTA-mCherry and AAV-PHP.S-DTA-

mCherry are highly efficient for transducing APM and this finding can be very useful for 

conducting gain or loss of function studies in APM. 
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Importantly, P0 injection of AAV-PHP.S-EF1a-DTA-mCherry showed a unique 

infection pattern, transducing dermal papilla (DP). This result is interesting, accounting the 

previous study by Hengge et al. which reported that neonatal injection of AAV-lacZ led to 

the transduction in epidermal keratinocytes and HF epithelial cells, but did not show DP 

infection (Hengge & Mirmohammadsadegh, 2000). The RFP signaling was clearly evident 

in DP cells in the majority of HF during both telogen and anagen phases (Figure 3d). 

Quantification data confirmed that 85% of DP were expressing RFP in AAV-PHP.S-EF1a-

DTA-mCherry (Figure 3e). This finding has a significance in studying DP, which is one of 

the most well-known HFSC niche population. In conclusion, P0 injection of AAV-PHP.S-

EF1a-DTA-mCherry seems promising in transducing both DP and APM, and it can serve 

as a great tool for studying how these cell types influence the microenvironment of skin. 

Application of AAV-mediated targeted gene expression in mice skin 

 Modifications to capsid serotype, promoter, and the timing of injection showed the 

tissue-specific transduction in some of skin cell types. In particular, P0 injection of AAV-

PHP.S-EF1a-DTA-mCherry resulted in the outstanding transduction efficiency in both 

APM and DP. Given this finding, we investigated whether the ablation of APM has an 

effect on the maintenance of HF. To this aim, we performed the P0 injection of AAV-

PHP.S-EF1a-DTA-mCherry in Myh11-CreER transgenic mice, following 6 rounds of 

tamoxifen treatment from P17 to P22. The P0 injected cohort of AAV-PHP.S-EF1a-DTA-

mCherry was divided into the control and experimental group (n=2, each group). The 

control group did not receive further treatment, while the experimental group was treated 

with tamoxifen. These mice were observed and harvested in the next following hair cycle 

(Figure 4a). The P0 injection induced the flex-DTA-mCherry transgene in the transduced 
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cells. In this process, diverse skin cell types, including APM, dermal fibroblasts and 

adipocytes, were infected by AAV. The DTA transgene, however, was only activated in 

APM and ensured the targeted ablation. In Myh11-CreER transgenic mice, the expression 

of Cre was tissue-specific under control of smooth muscle (Mhy11) promoter, and the Cre-

dependent DTA transgene was activated in APM exclusively.  

As a result, P0 injection of AAV-PHP.S-EF1a-DTA-mCherry was able to induce 

the targeted ablation of APM in Myh11-CreER mice treated with tamoxifen treatment. 

Immunofluorescent staining for RFP showed that P0 injection successfully transduced 

APM, 97% (33 out of 34) in the control group and 94% (29 out of 31) in the experimental 

group. Then, the co-localization of RFP signal and smooth muscle actin (SMA) antibody 

was observed to quantify APM ablation. Whereas the control group showed normal APM, 

the experimental group frequently showed a discontinuous muscle fiber in arrector pili 

which indicates the partial or full ablation of APM (Figure 4b, Extended Data Figure 5a). 

In the control group, 9% of total APM (3 out of 33) showed discontinuous muscle fiber in 

arrector pili, which might be due to the leakiness of Cre or the damage during cryosection. 

In the experimental group, 54% of total APM (15 out of 29) were partially ablated and 7% 

(2 out of 29) were fully ablated resulting in HFs with no attached APM (Figure 4c, 

Extended Data Figure 5b).  

However, the experimental group with partially or even fully ablated APM did not 

show a marked difference in the timing of hair cycle entry. The explanation to this 

phenomenon can be that the remaining APM are still functional and recue the animals from 

phenotype. It is also possible that APM may play a significant role in developing pups, 

rather than in adult mice. In this study, we were unable to conclude the interaction between 
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APM ablation and HF maintenance and will further examine it in another study. 

Collectively, these data demonstrate the usage of AAV to induce targeted-cell death in 

specific tissues, showing AAV’s great potential in therapeutic application. 
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Table 1. List of AAV Stock Test Candidates 

Name Serotype Promoter Titer 

AAV2-CAG-GFP 2 CAG 3.82*E12 gc/mL 

 

AAV6-CAG-GFP  6 CAG 9.01*E12 gc/mL 

AAV8-CAG-GFP 8 CAG 1.4*E13 gc/mL 

AAV9-CAG-GFP 

 

9 CAG 5.3*E13 gc/mL 

AAV-DJ-CAG-GFP DJ CAG 1.3*E14 gc/mL 

AAV-PHP.S-CAG-

RFP 

 

PHP.S CAG 1.7*E14 gc/mL 

 

 

 

Table 2. List of AAV Stock Test Candidates 

AAV6-EF1a-mCherry 6 EF1a 2.13*E13 gc/mL 

AAV8-EF1a-mCherry 8 EF1a 1*E13 gc/mL 

AAV-PHP.S-EF1a-

DTA-mCherry 

PHP.S EF1a 1.88*E13 gc/mL 
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Fig.1 | Capsid Serotypes influence the transduction pattern of AAV. a, Workflow 

chart. AAV virus was injected on the back skin of mice intradermally. The skin samples 

were harvested via biopsy and treated with 4% PFA followed by 30% sucrose. The 

samples were then sectioned on slides in the thickness of 40-50μm. Finally, the sectioned 

slides were stained for different markers and observed under fluorescent microscope. b, 

Schematic drawing of AAV intradermal injection in the dorsal skin of mice. AAV vector; 

green, HFSC; blue, arrector pili muscle; red, and adipocytes; yellow. c, Experimental 

scheme for AAV injection in adult mice. P60 female mice (second telogen) were injected 

with AAV and harvested 7 days post injection (P67). d, Immunofluorescent staining of 

GFP and different markers for skin cell types; Perilipin for adipocyte; ItgA8 for arrector 

pili muscle; CD140a for dermal fibroblast. Scale bars, 50μm (d). 
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Fig.2 | P0 injection showed the robust long-lasting AAV transduction. a, 

Experimental scheme. P0 neonatal pups were injected with AAV and harvested at 

different time points, 7 days (P7) and 21 days (P21) post injection. In addition, 2 animals 

injected with AAV8-CAG-GFP were preserved in a separate cage to observe the 
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longevity of AAV-transduced cells over long term. b, Immunofluorescent image of P7 

skin injected with different AAV serotypes at P0 (n=3, GFP; green). c, Representative 

images of P21 skin injected with AAV6-CAG-GFP, AAV8-CAG-GFP, and AAV-

PHP.S-CAG-GFP at P0 (n=3 for each serotype, GFP; green). d, Tracking images of 

AAV8-CAG-GFP transduced cells in P0 injected mice (n=1, GFP; green) The number of 

GFP expressing cells gradually reduced over time, however, APM maintained strong 

GFP expression even after 152 days post injection (right). Scale bars, 50μm (b, c, d). 
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Fig.3 | Combination of AAV-PHP.S and EF1a promoter showed tissue-specific 

transduction in APM and DP. a, Schematic drawing of transduction pattern in P0 

injection of AAV6-EF1a-DTA-mCherry (top), AAV-PHP.S-EF1a-DTA-mCherry 

(middle), AAV8-EF1a-mCherry (bottom). b, Immunofluorescent staining for the 

transduced APM (RFP; green) from mice injected with AAV6-EF1a-DTA-mCherry (left) 

and AAV-PHP.S-DTA-mCherry (right).  c, Quantification of RFP expressing APM in P0 

injected mice (n=2 for each condition, one-way ANOVA with Tukey’s multiple 

comparison test). ***P<0.001, ns: Not significant. d, Immunofluorescent staining for the 

transduced DP (RFP; green) from mice injected with AAV6-EF1a-DTA-RFP (left) and 

AAV-PHP.S-DTA-mCherry (right). e, Quantification of RFP expressing DP in P0 

injected mice (n=2 for each condition, one-way ANOVA with Tukey’s multiple 

comparison test). ***P<0.001, ns: Not significant. Scale bars, 50μm (a, b, d). 
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Fig.4 | P0 injection of AAV-PHP.S-DTA-mCherry led to APM ablation in Myh11-

CreER mice. a, Experimental scheme. P0 neonatal Myh11-CreER pups were injected 

with AAV-PHP.S-EF1a-DTA-mCherry and treated with tamoxifen once a day from P17 

to P22 (total 5 times). The skin samples were then harvested at P57 (second telogen).  b, 

Comparison of APM in the control (left) and experimental group (right). Both groups 

were injected with AAV-PHP.S-DTA-mCherry, but only EXP group was treated with 

tamoxifen to activate Cre under Myh11 promoter. Representative images of 

immunohistochemistry staining for AAV transduction (RFP; green) and APM ablation 

(SMA; red) (n=2 for each group). c, Quantification of ablated APM in Myh11-CreER 

mice. In control group, 9% showed partial ablation (n=3) and 91% remained normal 

(n=30). In EXP group, 52% showed partial ablation (n=15), 7% showed full ablation 

(n=2), and 41% remained normal (n=12). 
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Chapter IV. 

Discussion 

To date, a significant number of gene therapy studies report that the successful gene 

delivery can correct genomic defects and combat disease. For example, the ocular gene 

transfer in retina rescued blindness in aged animals (Liu et al., 2018), and the vasoactive 

intestinal peptide transfer in type 1 diabetes patients reduced hyperglycemia and beta-cell 

proliferation (Erendor et al., 2020). While these examples demonstrate viral the great value 

of virus-mediated gene delivery in therapeutic strategies, AAV’s tropism and undesired 

infection in other organs remained as the overarching goal for the field (Hickey et al., 

2017). To maximize the advantage and ensure the safety of AAV’s clinical usage, we 

optimized the AAV-mediated transgenesis in mice skin using different capsid serotype, 

promoter, dosage, and the timing of injection. 

In this study, we demonstrated the system which can induce targeted transgene 

expression in a specific skin cell type. The AAV injection in adult stage resulted in a 

successful transduction in the majority of tested serotypes. AAV8-CAG-GFP showed the 

most widespread transduction, while AAV6-CAG-GFP and AAV-PHP.S-EF1a targeted 

APM with a high frequency. The AAV injection in P0 neonatal mice showed a significant 

improvement in transduction efficiency. Importantly, the P0 injection of AAV6-EF1a-

DTA-mCherry was highly efficient to transduce APM. The P0 injection of AAV-PHP.S-

EF1a-DTA-mCherry also showed tissue-specific transduction in APM and DP. Finally, we 

used these findings to achieve targeted-cell death in APM. The P0 injection of AAV-
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PHP.S-EF1a-DTA-mCherry in Mhy11-CreER transgenic mice resulted in the partial 

(58%) or full (7%) ablation of APM. Collectively, we confirmed that the pattern of AAV 

transduction in skin varied depending on different conditions and the certain combination 

can induce the targeted transgene expression in APM. 

P0 injection of AAV-PHP.S-EF1a-DTA-mCherry showed a great transduction 

efficiency in DP. It is interesting that such highly efficient transduction in DP can be 

achieved by the simple injection of AAV in neonatal mice. The selective depletion of DP 

seems achievable with the combination of AAV-PHP.S-EF1a-DTA and the transgenic 

animal strain which expresses Cre under DP promoter. This model will allow us to study 

whether HFSCs influence other adjacent cells in the stem cell niche, such as melanocyte 

stem cells (MeSCs). 

Our findings suggest that the intradermal injection of AAV does not transduce 

HFSCs in both adult P0 neonatal mice. The possible explanation to this observation is that 

the thick basement membrane is impermeable and prevent AAV to penetrate and transduce 

the HFSCs. In future studies, it will be interesting to investigate whether the combination 

of AAV injection and the focused ultrasound can be used to cause a localized disruption of 

the basement membrane for making a transient opening in the intact barrier. Alternatively, 

the inoculation of AAV in the open wound may show different transduction pattern, 

allowing the AAV to circumvent the basement membrane and transduce the HFSCs and 

MeSCs in the epidermal layer. 

The comparison of different injection time points also suggest that AAV-mediated 

gene delivery may show varying efficiency in adult and juvenile. The tracing of GFP 

expressing cell in P0 injected mice provides an approximation of how long the effect of 
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AAV-mediated gene transfer will last in clinical trials. Such findings will serve as the 

significant implications for the usage of AAV, unlocking its full potential in investigation 

tools and therapeutic strategies. 
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Extended Data Fig. 1 | General background of the skin morphology and AAV 

transduction steps. a, Schematic drawing of the skin morphology. Hair follicle stem 

cell; green, melanocyte stem cells; purple, dermal papilla; blue, adipocytes; yellow, 

arrector pili muscle; red, sympathetic nerve; light blue. b, Simplified transduction steps 

of adeno-associated viral vector. The capsid protein interacts with receptor on the surface 

of target cell and helps the viral entry into the target cell membrane via endocytosis. Once 

it enters the cytoplasm, AAV traffics into the nuclei, dissembles its protein shell, and 

finally releases the transgene in the form of single-stranded DNA (ssDNA). The 

delivered ssDNA associate with the host cell’s polymerase machinery and convert into 

double-stranded DNA (dsDNA) which is used for transcription and expression of the 

transgene. 
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Extended Data Fig. 2 | Intradermal injection of different AAV serotypes in adult 

mice. Total 4*E10 genomic copies of different AAV serotype was injected in P21 

C57BL6/J female mice. The skin samples were then harvested at P27 and stained for 

different markers. The littermates from the same parents were used and injected with 

saline water, AAV6-CAG-GFP, AAV8-CAG-GFP, AAV-DJ-CAG-GFP, and AAV-
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PHP.S-CAG-GFP (in the order of left to right, n=2 for each group). The markers used for 

immunofluorescent staining are following; AAV-transduced cell (GFP; green), APM 

(ItgA8; red), blood vessel (CD31; red), epidermis (Pcad; red), immune cell (CD3; red), 

adipocyte (Perilipin; red), and dermal fibroblast (CD45; red). 
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Extended Data Fig. 3 | Test of different dosage in P0 neonatal mice. Different dosage 

of AAV-CAG-GFP (2*E10, 2*E9, and 2*E8 genomic copies) were administrated in P0 

C57BL6/J or CD1 mice. The skin samples were then harvested in P7 (anagen). The 

littermates from the same parents were used. Among tested dosages, 2*E10 genomic 

copies of AAV resulted in the most robust and widespread transduction in mice skin. The 

markers used for immunofluorescent staining are following; AAV-transduced cell (GFP; 

green), APM (ItgA8; red), blood vessel (CD31; red), epidermis (Pcad; red), immune cell 

(CD3; red), adipocyte (Perilipin; red), and dermal fibroblast (CD45; red). 
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Extended Data Fig. 4 | Intradermal injection of different AAV serotypes in P0 

neonatal mice. Total 2*E10 gc of AAV was injected in P0 C57BL6/J or CD1 mice. The 

littermates from the same parents were used and injected with AAV8-CAG-GFP and 

AAV8-CAG-GFP. The skin samples were then harvested in P7 (anagen) and P21 
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(telogen). The markers used for immunofluorescent staining are following; AAV-

transduced cells (GFP; green), epidermis (Pcad; red), upper dermal fibroblast (CD26; 

red), smooth muscle actin (SMA; red), and blood vessel (CD31; red)  
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Extended Data Fig. 5 | Analysis of APM ablation in P0 injected Myh11-CreER mice 

of AAV-PHP.S-DTA-mCherry. a, Comparison of APM ablation in the control (top) and 

experimental group (bottom). Immunofluorescent image for APM (SMA; green) and the 

AAV transduction (RFP; red). Arrow heads point out the ablated APM. b, Quantification 

of APM ablation in the control and the experimental group. 


