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Abstract

Background—We propose microSPECT/CT imaging of the human sodium/iodide symporter 

(hNIS) to noninvasively quantify AAV9-mediated gene expression in a murine model of peripheral 

artery disease (PAD).

Methods—AAV9-hNIS (2 * 1011 vpg) was injected into non-ischemic or ischemic 

gastrocnemius (GA) muscles of C57Bl/6J mice following unilateral hind-limb ischemia (HLI) ± 

the α-sialidase neuraminidase (NA). Control non-ischemic limbs were injected with phosphate 

buffer saline (PBS) or remained non-injected. Twelve mice underwent microSPECT/CT imaging 

after serial injection of 99mTcO4−, a NIS substrate, up to 28 days after AAV9-hNIS injection. 

Twenty-four animals were euthanized at selected times over one month for ex vivo validation. 

Forty-two animals were imaged with 99mTcO4− ± the selective NIS inhibitor perchlorate (ClO4−) 

on day 10, to ascertain specificity of radiotracer uptake. Tissue was harvested for ex vivo 
validation. A modified version of the U-Net deep learning algorithm was used for image 

quantification.
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Results—As quantitated by standardized uptake value (SUV), there was a gradual temporal 

increase in 99mTcO4− uptake in muscles treated with AAV9-hNIS. HLI, NA and HLI plus NA 

increased the magnitude of 99mTcO4− uptake by 4–5 fold compared to non-ischemic muscle 

treated with only AAV9-hNIS. ClO4− treatment significantly reduced 99mTcO4− uptake in AAV9-

hNIS-treated muscles, demonstrating uptake specificity. The imaging results correlated well with 

ex vivo well counting (r2=0.9375, P<0.0001) and immunoblot analysis of NIS protein (r2=0.65, 

P<0.0001).

Conclusions—MicroSPECT/CT imaging of hNIS-mediated 99mTcO4− uptake allows for 

accurate in vivo quantification of AAV9-driven gene expression, which increases under ischemic 

conditions or neuraminidase desialylation in skeletal muscle.

Keywords

Single Photon Emission Computed Tomography (SPECT); Adeno-associated virus 9 (AAV9); 
Sodium/Iodide Symporter (NIS); Peripheral Artery Disease (PAD)

Journal Subject Terms

Animal Models of Human Disease; Gene Therapy; Translational Studies

Introduction

Peripheral artery disease (PAD) is defined as atherosclerosis in arteries other than the 

coronary and intracranial vessels, but it most commonly affects vessels in the lower 

extremities 1. Approximately 8.5 million Americans over the age of 40 have PAD, with an 

age-dependent prevalence that affects up to 20% of the population over the age of 80 2. In its 

severe form, PAD patients may experience leg pain at rest and/or develop non-healing foot 

ulcers, which is defined as critical limb ischemia (CLI). About a third of patients with CLI 

undergo major amputation, and are at a high risk of death from cerebrovascular, 

cardiovascular and all-cause events 1. Although managing PAD patients with antiplatelet, 

antihypertensive and cholesterol-lowering medications reduces the risk of cardiovascular and 

cerebrovascular events, these medications do not significantly lower the risk of major lower 

extremity amputation 1.

Novel therapeutic approaches, such as gene delivery of angiogenic factors that stimulate the 

growth of new blood vessels in ischemic tissues, have been investigated using several 

delivery systems and therapeutic genes 3, 4. A number of pre-clinical studies have 

demonstrated that AAV-mediated gene therapy provides improved recovery from surgically-

induced hind-limb ischemia (HLI) 5, 6. However, despite the promise of pre-clinical studies 

using AAV or other vector systems, the majority of clinical trials applying/using gene 

therapy in patients with PAD have been largely unsuccessful 3, 4. Some explanations for the 

inability to translate effective angiogenic gene therapy from pre-clinical models to PAD 

patients include vector-related host immunogenic responses and the use of vectors that are 

expressed only for a short time and inadequate scaling up of the vector dose from animals to 

humans, leading to sub-optimal distribution, duration and magnitude of therapeutic gene 

expression.
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The use of adeno-associated virus (AAV)–based vectors, which have low immunogenicity 

and provide for long term gene expression in muscle tissue has addressed some of the 

limitations in previous gene therapy clinical trials 7. Other novel strategies, such as the 

selection of viral vector serotypes that have tissue-specific tropisms, as well as bio-

engineered viral vectors to increase tissue-targeted vector delivery and therapeutic gene 

expression, have also been investigated 8, 9. Along these lines, it has been shown that AAV 

serotype 9 transduction to striated muscle is superior to other AAV serotypes 10, and that 

AAV9 more efficiently targets ischemic than non-ischemic skeletal muscle 8. In an attempt 

to increase AAV9 gene expression, the α-sialidase neuraminidase (NA) from Vibrio cholera 
type II, which exposes the primary receptor (terminal N-linked ß-galactose residues) of 

AAV9, has been used as an adjuvant to increase AAV9 gene expression in non-ischemic 

murine skeletal muscle 11.

As novel techniques are developed to optimize gene therapy, the ability to non-invasively 

track the spatial biodistribution, magnitude and persistence of viral-gene expression in vivo 
is necessary to assess the efficacy of gene transfer at both the preclinical and clinical levels. 

In the above-mentioned preclinical studies, serial in vivo monitoring of AAV9 gene 

expression was monitored semi-quantitatively using fluorescent reporter probes and 

bioluminescence imaging 9–12. Although useful for tracking gene delivery in small animal 

applications, accurate quantification of gene delivery is limited by tissue depth and photon 

attenuation, which make these techniques non-translatable to large animal models and 

humans12.

The sodium/iodide symporter (NIS), a member of solute carrier family 5 (SLC5), is the key 

plasma membrane protein that mediates active iodide (I−) uptake in the thyroid gland 13. NIS 

utilizes the Na+ gradient generated by the Na+/K+ ATPase as its driving force, coupling the 

transport of 2 Na+ to that of each I−. NIS transports many radioisotopes, such as 

pertechnetate (99mTcO4−), perrhenate (186,188ReO4−), 123,124,131I, and [18F]-

tetrafluoroborate, and thus has been widely used as an in vivo reporter probe for imaging in 

many pre-clinical applications and in several phase I and phase II clinical trials of gene 

therapy 14. NIS provides a method to non-invasively track vector gene expression using 

single photon emission computed tomography (SPECT) or positron emission tomography 

(PET) imaging, in combination with anatomical computed tomography (CT) imaging 14. 

More recently, NIS made it possible to serially evaluate several novel strategies for 

delivering AAV9 to the myocardium of adult canines using SPECT/CT 15. However, to our 

knowledge, the spatial distribution and magnitude of AAV9-mediated gene expression have 

yet to be investigated in non-ischemic and ischemic skeletal muscle using NIS and 

SPECT/CT. Therefore, we hypothesized that the use of human (h) NIS as a reporter gene for 

AAV9-mediated transduction would allow for non-invasive in vivo evaluation of the 

spatiotemporal distribution of AAV9-mediated transgene expression in skeletal muscle using 

microSPECT/CT in a mouse model of PAD and following NA-mediated desialylation.

Materials and Methods

The data that support the findings of this study are available from A.J.S. upon request.

Boutagy et al. Page 3

Circ Cardiovasc Imaging. Author manuscript; available in PMC 2020 July 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Experimental Design

Male C57BL/6J mice (10–15 weeks old, n=78) were purchased from the Jackson Laboratory 

(Bar Harbor, ME). All animals were used in accordance with protocols and policies 

approved by the Yale Institutional Animal Care and Use Committee. Animals were 

separated into two groups that allowed for a) in vivo specificity of hNIS-mediated 99mTcO4− 

uptake (n = 42), and b) serial assessment of hNIS expression over 28 days (n = 36) as 

described in detail in the supplemental materials and illustrated in Figure 1.

Animal Procedures

Unilateral Hind-limb Ischemia Surgery—Forty-eight mice underwent surgical 

occlusion of the right femoral artery to induce unilateral HLI according to the procedure 

previously reported 16, 17 and described in more detail in the supplemental materials. 

Notably, this ligation site induces ischemia in musculature of distal hind-limb, particularity 

in the distal hamstring, gastrocnemius (GA) and soleus muscles 17.

AAV9 vector and Neuraminidase delivery—The AAV9 vector system used 

incorporates a cytomegalovirus (CMV) promoter driving the expression of hNIS linked to 

eGFP via an IRES element (AAV9 pzac2.1-CMV-NIS-IRES-eGFP [AAV9-hNIS]. The 

AAV9 vectors were packaged by ViGene Biosciences (Rockville, MD) and delivered 

intramuscularly (2*1011 viral genome particles [vgp]) into the GA muscle with a 31-gauge 

insulin needle as described in the supplemental materials. In addition, in a subgroup of mice, 

NA from Vibrio cholera type II (0.010 units) was mixed with AAV9-hNIS (2 *1011 vpg) and 

was injected into ischemic or non-ischemic muscle. Controls limbs were injected in an 

identical fashion to vector injections with a matched volume of phosphate buffered saline 

(PBS).

MicroSPECT/CT Imaging—Imaging was performed under light isoflurane anesthesia 

(1.5–2.0%). At all imaging sessions, mice were injected retro-orbitally with ~1 mCi of 
99mTcO4− ± ClO4− (4 mg). Ninety minutes following tracer injection, microSPECT images 

of the hind-limbs were acquired for 15 minutes in list-mode on a hybrid multi-pinhole 

SPECT/CT camera (U-SPECT4CT, MI Labs, Utrecht, Netherlands) with an ultra-high 

detection sensitivity (>13000 cps/MBq) and high resolution (0.85 mm) collimator using 

system software (version V6.21). On day 10, a subgroup of mice (n=15) underwent full-

body microSPECT imaging for 30 minutes in list-mode following hind-limb imaging. 

Following SPECT imaging, all animals underwent a non-contrast microCT (50 KeV, 36 uA) 

to facilitate volume of interest (VOI) placement on the GA for image analysis.

MicroSPECT/CT Image Reconstruction—List mode data were reconstructed using the 

photopeak of 99mTc (126 – 154 keV) along with background windows below (120.4 – 126 

keV) and above (154.0 – 159.6 keV) the photopeak for scatter and background correction. 

SPECT imaging was reconstructed using ordered subset expectation maximization (OS-

EM), while CT images were reconstructed using the filtered back-projection algorithm using 

system reconstruction software (version V3.26) as described in the supplemental materials.
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MicroSPECT/CT Image Analysis—We trained a deep neural network to perform 

segmentation of the VOIs of the left and right GA muscles on microCT images (Figure 2) 

using a modified version of the U-Net 18 fully-convolutional encoding-decoding architecture 

as described in detail in the supplemental materials.

99mTcO4− retention on microSPECT images was then quantified by applying the generated 

VOIs onto the microSPECT images, which were registered to microCT images, to derive 

mean image count activity in mCi/cc using in house software (BioImage Suite, version 

0.9.10), as previously reported 19. Image activity in mCi/cc was then corrected by injected 

dose and animal body weight in grams (g) and displayed as standardized uptake value 

(SUV) for image quantification.

In order to appropriately visualize the spatial-temporal changes in gene expression over 

time, representative serial SPECT/CT images were semi-automatically registered using 

algorithms available in BioImage Suite and defined in the supplemental materials. Displayed 

representative SPECT/CT were created using AMIDE software (version 1.0.4) 20, with the 

display scale for each image being normalized to injected dose and body weight and was 

expressed as SUV.

Gamma Well Counting—The left and right GA muscles were harvested immediately 

following euthanasia in all animals to quantitate 99mTcO4− activity by gamma well counting 

(Cobra Auto-Gamma, Perkin Elmer, Waltham, MA) using methods previously described 21. 

In addition, endogenous NIS-expressing (salivary gland [submaxillary], stomach and 

thyroid) and non-endogenous NIS-expressing (liver, kidney, bladder, spleen, heart and 

blood) organs were also collected in a sub group of animals in blocking study (n=30) to 

confirm adequate NIS inhibition. Tissue activity was calculated as percentage of injected 

dose per gram of tissue (%ID/g).

Immunoblotting—Membrane proteins (20 μg) from a portion of harvested GA muscles 

were isolated and resolved by SDS-PAGE. Blots were probed with 4nM affinity-purified 

anti-human NIS antibody 22 followed by anti-rabbit HRP-conjugated secondary antibody 

(1:3,000; Jackson ImmunoResearch Laboratories, West Grove, PA) and were imaged and 

quantified as described in the supplemental material.

Immunofluorescence—Muscle tissue sections were incubated with primary antibodies 

against hNIS, the muscle specific, glucose transporter 4 (GLUT 4), and an endothelial 

marker (CD34) 23 and imaged by fluorescence microscopy using a Zeiss LSM 800 Airyscan 

confocal microscope, as described in the supplemental materials. eGFP expression was also 

visualized to co-validate AAV9-mediated gene expression and distribution, as the AAV9 

vector also expressed eGFP.

Statistical Analysis—All statistical analyses were performed with Prism 8 (GraphPad 

Software, San Diego, CA, USA). A two-way analysis of variance (ANOVA) was used to 

examine the effect group, time (or ClO4−) and group * time (or ClO4−) on dependent 

variables of interest. Post hoc analyses were performed with a Sidak multiple comparison 

test. Pearson’s correlations were used to determine the relationship between imaging and ex 
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vivo assays. In addition, correlations and Bland-Altman analyses were used to determine the 

relationship and agreement, respectively, between SUV values derived from manual 

segmented VOIs compared to VOIs derived from the U-net learning algorithm. All data are 

expressed as means ± SEM. The significance level was set a priori at P < 0.05.

Results

Validation of automated deep-learning image analysis approach

To assess the validity of our automated-segmentation approach, we first compared 

radiotracer uptake results from VOIs derived from the deep learning algorithm (n=16) to 

manually segmented VOIs that were not used for algorithm training purposes (n=16). As 

shown in Figure 3A, there was a near perfect relationship between SUV values derived from 

the deep learning algorithm compared to values derived from manual segmentation (r2 

=0.988, P<0.0001). In addition, Bland-Altman analysis showed good agreement between 

these two methods, with no bias and acceptable upper and lower limits (Figure 3B).

In Vivo Specificity of 99mTcO4− uptake by NIS in the gastrocnemius

SPECT/CT imaging was performed 10 days post AAV9 injection to assess AAV9-mediated 

NIS expression in skeletal muscle in the presence or absence of surgically-induced hind-

limb ischemia (HLI) and/or pharmacological desialylation with NA (Figure 4). 99mTcO4− 

uptake by SUV was 2- to 3-fold higher in non-ischemic muscle injected with AAV9-hNIS 

alone than in either PBS-injected or non-injected control muscles (Figure 4A, 4C, and 4D). 

When mice were subjected to HLI, NA, or the combination of both treatments, 99mTcO4− 

uptake was further elevated by 4- to 5-fold as compared to mice that received AAV9-hNIS 

alone (Figure 4A, 4C and 4D).

To ascertain the uptake specificity of 99mTcO4− by NIS in skeletal muscle, mice received 

either 99mTcO4− alone or 99mTcO4− and ClO4−. ClO4− markedly reduced 99mTcO4− uptake 

in ischemic and non-ischemic (with or without NA) skeletal muscle injected with AAV9-

hNIS, and this difference reached significance in all groups (P<0.0001) except for the 

AVV9-hNIS alone group (Figure 4B–D). There were no significant differences in 99mTcO4− 

uptake between groups following inhibition of NIS by ClO4−, demonstrating specificity of 
99mTcO4− uptake.

NIS protein was expressed in all AAV9-hNIS-treated skeletal muscles, but not in muscles 

from control mice (Figure 5A). Importantly, the magnitude and differences in NIS 

expression levels (Figure 5B) were consistent with 99mTcO4− uptake as defined by both 

SPECT/CT and tissue well counting (Figure 4C, D). Moreover, in vivo 99mTcO4− uptake 

was correlated to ex-vivo hNIS expression by Western blot analysis [Figure 5C; (r2 =0.65, 

P<0.0001)

Serial detection of increased AAV9-mediated NIS functional expression over time

SPECT/CT imaging was also used to determine the spatiotemporal distribution of AAV9-

driven NIS expression in skeletal muscle (Figure 6 A–C). As expected, 99mTcO4− uptake in 

non-ischemic muscle injected with AAV9-hNIS alone was higher than in the controls, 
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reaching significance by day 10 (P<0.01) (Figure 6 B–C). Also, as expected, HLI and NA, 

and the combination of HLI + NA, increased the rate and magnitude of 99mTcO4− uptake 

compared to AAV9-hNIS alone (Figure 6 B–C).

There was a significant stepwise increase in 99mTcO4− uptake over time from day 3 to 10 

and from day 10 to 14 in the NA, HLI, and NA + HLI groups [Figure 6 B,C (all P<0.001)]. 

In addition, 99mTcO4− uptake was higher in these groups than in the AAV9-hNIS and control 

groups as early as day 7; this difference persisted up to day 28 (Figure 6 A–C).

Although skeletal muscle uptake of 99mTcO4− was stable up to 28 days in the AAV9-hNIS 

alone group, we observed a subtle, non-significant decrease in radiotracer uptake from day 

14 to 28 in the NA and HLI groups, and a significant decrease between these time points in 

the NA + HLI group (P<0.05). Ex vivo immunoblot analysis of GA muscle from animals 

representing each group, euthanized at different time points, showed similar temporal 

patterns of hNIS protein expression (Supplemental Figure 1).

We observed in the animals at day 28 of the time-course study that there was a very strong 

correlation between radiotracer retention values from ex vivo gamma well counting (% ID/ 

gram of tissue) and in vivo SPECT radiotracer retention values (SUV) within VOIs derived 

from the deep learning algorithm (r2 =0.9375, P<0.0001) (Figure 6 D).

Serial imaging also allowed for assessment of the regional distribution of the gene 

expression over time. Both coronal and transverse images of a representative animal show a 

clear increase of 99mTcO4− uptake up to day 14 at the site of AAV9-hNIS delivery (Figure 

6A). In addition, a decline of the SPECT signal was also evident at the injection site at day 

28.

Biodistribution of 99mTcO4− uptake

A subgroup of mice treated with (n=15) or without (n=15) ClO4− was used to determine the 

biodistribution of 99mTcO4− uptake in other tissues. As expected, NIS-expressing tissues 

took up more 99mTcO4− than non-NIS-expressing tissues (all P <0.001) (Supplemental 

Figure 2A, C). In addition, co-administration of ClO4− with 99mTcO4− significantly reduced 
99mTcO4− uptake in organs that express NIS endogenously, whereas residual 99mTcO4− 

uptake in non-NIS-expressing organs was not affected (Supplemental Figure 2B–C).

Skeletal muscle selectivity of AVV9-mediated expression of hNIS

Immunofluorescence (IF) staining of skeletal muscle tissue sections was used to determine 

the cellular localization and cell selectivity of AAV9-driven gene expression. As expected, 

NIS expression was localized to the sarcolemma, and the extent of NIS expression in the 

muscle samples from the various groups (Figure 7A) was similar to that determined by 

immunoblotting (Figure 5A). Tissue sections from ischemic and NA treated muscles showed 

similar hNIS expression patterns, whereas non-ischemic muscle injected with AAV9-hNIS 

alone displayed far fewer NIS-positive myofibers. Non-ischemic muscles untreated or 

injected with PBS displayed only background autofluorescence. The AAV9-hNIS vector 

contains the cDNA coding for eGFP, which enabled us to determine whether or not both 
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hNIS and eGFP were expressed in the same muscle fibers. Indeed, the expression patterns of 

hNIS and eGFP were co-localized to the same myofibers (Figure 7A).

To determine the cell selectivity of AVV9-mediated gene expression, we probed tissue 

sections for either muscle- (GLUT 4) or endothelial-specific markers (CD34) and used 

confocal microscopy to compare the expression of these markers to that of eGFP. Our results 

conclusively showed that eGFP co-localized with GLUT4, but not with CD34, confirming 

that gene expression is specific to skeletal muscle (Figure 7B, C).

Discussion

This study demonstrated that microSPECT/CT imaging of the hNIS reporter gene allows for 

accurate and sensitive non-invasive in vivo tracking and quantification of AAV9 delivery 

into skeletal muscle under non-ischemic and ischemic conditions. Specifically, we observed 

an increase in NIS-mediated 99mTcO4− uptake along the site of vector delivery that was 

greater under ischemic conditions and when co-delivered with NA, an α-sialidase. 

Furthermore, there was a correlation between in vivo 99mTcO4− uptake and levels of NIS 

expression, as demonstrated by immunoblot analysis. The imaging signal was specifically 

due to NIS, and not a result of changes in vascular permeability secondary to the 

experimental manipulation, since 99mTcO4− uptake was competitively inhibited by ClO4−, a 

widely used NIS inhibitor. In addition, the accuracy of our in vivo quantification of 
99mTcO4− uptake from microSPECT/CT imaging was validated by ex vivo well counting of 

excised tissues.

The majority of preclinical gene therapy studies use optical imaging for in vivo monitoring 

of gene expression. However, light attenuation and scattering, especially at greater tissue 

depths, leads to degraded image detection sensitivity and resolution, which limits accurate 

quantification and precludes translation to large animals and humans. In this study, we 

provide an alternative and more translatable approach using microSPECT/CT imaging of 

NIS-mediated 99mTcO4− uptake. This approach provides higher spatial resolution and tissue 

penetration than optical imaging, allowing for 3-dimensional tissue localization of AAV9-

mediated gene transfer and accurate quantification of gene expression in skeletal muscle 

using a novel deep learning approach. In addition, the use of NIS as a reporter gene offers 

several advantages over other reporters. First, NIS activity reflects cell viability, as non-

living cells are unable to transport any NIS substrate. Second, the NIS reporter gene 

provides high image detection sensitivity, given that NIS substrates are intracellularly 

accumulated rather than just bound to the cell surface, which is a saturable process. Third, 

NIS expression can be monitored with a variety of widely available NIS substrates, which 

makes it possible to use with both PET and SPECT. Finally, NIS is a human protein and will 

therefore not elicit an immune response14. Taken together, these properties make NIS a 

promising reporter gene for optimizing vector dosage and delivery in clinical studies of gene 

therapy in patients.

AAV9 has many features that make it an ideal vector for skeletal muscle gene transfer, since 

AAV9 transduces skeletal muscle more efficiently than other AAV serotypes, 10 and is able 

to provide sustained gene expression without provoking untoward immune responses 7. 
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Using optical imaging, previous groups have shown that AAV9-mediated skeletal muscle 

gene expression increases linearly over time and peaks between 14 and 56 days after 

injection, after which gene expression is stable for up to 9 months 10, 24. Using 

microSPECT/CT imaging of NIS, we confirmed that AAV9-mediated skeletal muscle gene 

expression was stable for up to one month when delivered in non-ischemic muscle. 

However, there was a subtle decrease in AAV9 gene expression levels under ischemic 

conditions and with NA treatment to non-ischemic muscle, which was more pronounced 

when NA was delivered to ischemic muscle. The reason for this apparent decrease in AAV9-

mediated gene expression is unclear, but it cannot be ruled out that a delayed immune 

response occurred in response to the high levels of AAV9 delivered along the needle track 
15.

The high spatial resolution and image detection sensitivity afforded by the microSPECT/CT 

imaging of NIS activity enabled us to characterize for the first time in vivo the onset of 

AAV9-mediated NIS expression, showing that it steadily increases over the first two weeks 

at the site of vector delivery. We had anticipated these findings, as previous studies using 

microscopy show that direct vector injections produce a focal gene expression pattern with 

high gene expression in regions adjacent to the needle track that decrease exponentially with 

distance from the needle track 25. In addition, the onset and peak of 99mTcO4− uptake are in 

line with the previously reported in vivo kinetics of AAV9 mediated gene expression 

following injection24.

AAV9 more efficiently transduces ischemic than non-ischemic skeletal muscle 8. The 

mechanisms for increased AAV9 transduction under ischemic conditions into skeletal 

muscle have yet to be fully elucidated; however, one leading mechanism involves the 

desialylation of cell surface glycans leading to exposure of terminal N-linked ß-galactose 

residues 8, which are the primary receptors for AAV9 26. Thus, ischemia facilitates increased 

AAV9-cell binding and transduction. Along these lines, NA, a α-sialidase, has recently been 

used to increase AAV9- mediated transduction in non-ischemic mouse skeletal muscle 11. 

We extended these findings, as we showed for the first time, an increase in NIS-mediated 
99mTcO4− uptake on microSPECT/CT with HLI and with NA treatment in non-ischemic 

skeletal muscle. The level of 99mTcO4− uptake with NA was equivalent to that in ischemic 

skeletal muscle, while the delivery of NA to ischemic muscle did not further potentiate 
99mTcO4− uptake. This finding suggests that a biological desialylation ‘ceiling’ exists in 

skeletal muscle. Importantly, in vivo blocking studies with ClO4− demonstrated that 
99mTcO4 uptake was specifically mediated by NIS, rather than resulting from changes in 

vascular permeability associated with any of the treatments. Furthermore, the high image 

detection sensitivity provided by this nuclear imaging approach led to accurate detection of 

AAV9- driven gene expression, as evidenced by a good correlation with NIS protein 

expression.

The present study has some limitations that should be considered. First, we did not design 

the AAV9-hNIS vector to co-express a therapeutic gene with NIS, since our aim at this 

juncture was not to explore a novel therapy, but rather to provide a translatable approach for 

the serial in vivo evaluation of AAV9-gene expression. Therefore, we are unable to speculate 

on the relationship between NIS-mediated 99mTcO4− uptake on SPECT/CT and a desired 
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therapeutic response. Notably, the viral dose used in these experiments is within the range of 

other reports that used AAV9 to deliver a transgene with a desired biological response when 

delivered directly into skeletal muscle in murine models of PAD 5, 6. Second, we injected 

AAV9-hNIS intramuscularly in an effort to increase target-to-background AAV9-mediated 

NIS expression, which simplified our image analysis to one stationary region that was 

distant to high 99mTcO4− accumulation areas (e.g., bladder, and endogenous NIS-expressing 

organs). Future studies using a systemic delivery approach or targeting organs with motion 

(e.g., heart) will likely need to employ correction for motion, scatter, and any other physical 

factors that degrade the quantitative accuracy of imaging, such as attenuation and partial 

volume errors.

Conclusion

SPECT/CT imaging of NIS-mediated 99mTcO4− uptake allows for accurate and sensitive in 
vivo quantification of AVV9-mediated gene expression in skeletal muscle under non-

ischemic and ischemic conditions. Importantly, this method was sensitive enough to detect 

low levels of AAV9-mediated NIS expression under non-ischemic conditions, and detected 

both regional and temporal changes in NIS expression. This imaging approach also 

demonstrated increased NIS expression in the presence of hind-limb ischemia, and in non-

ischemic muscle with the co-administration of NA. These imaging techniques and findings 

can be directly translated to gene therapy studies in PAD patients and may also facilitate 

gene therapy applications in diseases of skeletal and cardiac muscle that are not associated 

with ischemia.
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Clinical Perspective

Peripheral arterial disease (PAD) affects over 8 million Americans. PAD is more common 

and advances more quickly in patients with diabetes mellitus (DM) and involves both 

obstructive atherosclerosis of the large vessels and microvascular disease, which 

complicates the evaluation and treatment of PAD. Novel therapeutic approaches, such as 

gene delivery of angiogenic factors that stimulate the growth of new blood vessels in 

ischemic tissues, have been investigated using several delivery systems and therapeutic 

genes. The use of adeno-associated virus (AAV)–based vectors, which have low 

immunogenicity and provide for long term gene expression in muscle tissue has 

addressed some of the limitations in previous gene therapy clinical trials. In this study, 

incorporation of the sodium/iodide symporter (NIS) and SPECT/CT imaging of NIS-

mediated 99mTcO4− uptake allowed for accurate and sensitive in vivo quantification of 

AVV9-mediated gene expression in skeletal muscle. Importantly, SPECT imaging of NIS 

was sensitive enough to detect low levels of AAV9-mediated NIS expression under non-

ischemic conditions, and detected both regional and temporal changes in NIS expression. 

This imaging approach also demonstrated increased NIS expression in the presence of 

hind-limb ischemia, and in non-ischemic muscle with the co-administration of the α-

sialidase neuraminidase, which has been used as an adjuvant to increase AAV9-mediated 

gene expression. The use of the NIS reporter gene in combination with AAV9-mediated 

transduction can be directly translated to gene therapy studies in PAD patients and may 

also facilitate gene therapy applications in diseases of skeletal and cardiac muscle that are 

not associated with ischemia.
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Figure 1: Schematic representation of study design and procedures.
Red numbers indicate animals with serial imaging. Red arrows indicate microSPECT/CT 

imaging. The blue X denotes tissue collection following euthanasia. AAV9= adeno-

associated virus 9; hNIS=human sodium/ iodide symporter; HLI= Hind-limb ischemia; inj.= 

injection; PBS= Phosphate Buffered Saline; NA=Neuraminidase; γ=gamma; 99mTcO4−= 

pertechnetate; ClO4=perchlorate.
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Figure 2: 
Representative image of the volumes of interest (VOIs) of the right (red) and left (yellow) 

gastrocnemius muscles automatically generated on 3-dimensional micro-CT images (80 μm 

resolution) using a deep learning algorithm interfaced with BioImage Suite Software.

Boutagy et al. Page 15

Circ Cardiovasc Imaging. Author manuscript; available in PMC 2020 July 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3: Validation of automated deep-learning image analysis approach.
A) Correlation between 99mTcO4− uptake values using volumes of interest (VOIs) generated 

by deep learning compared to manual segmented VOIs. B) Bland-Altman Plot of the 

agreement between these two methods. %ID/g = % injected dose per gram of tissue; SUV= 

standardized uptake value.
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Figure 4: NIS-mediated 99mTcO4− uptake in the gastrocnemius is inhibited by perchlorate 
(ClO4−).
A) Representative coronal and transverse microSPECT/CT images of 99mTcO4− uptake on 

day 10 following NA and AAV9-hNIS co-injection into the right hind-limb and injection of 

AAV9-hNIS alone into the left leg (i); a mouse injected with AAV9-hNIS into ischemic right 

hind-limb and injected with phosphate buffered saline (PBS) in left hind-limb (ii.); and a 

mouse injected with AAV9-hNIS + NA into ischemic right hind-limb and injected with 

phosphate buffered saline (PBS) in left hind-limb (iii.). B) Same as A, except that 99mTcO4− 
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was co-administered with ClO4−. C) Quantitative analysis of differences in gastrocnemius 
99mTcO4− uptake derived from microSPECT/CT images in mice without (−) and with (+) 

co-administration of ClO4−. D) Quantitative analysis of differences in gastrocnemius 
99mTcO4− uptake in mice without (−) and with (+) co-administration of ClO4− derived from 

ex vivo gamma well counting. Image quantification and display are the same as in Figure 3. 

For gamma well counting, tissue activity is displayed as the ratio of gastrocnemius 
99mTcO4− activity (% ID/g). * = P < 0.05 vs. no injection, †= P< 0.05 vs. PBS injection and 

‡= P<0.05 vs. AA9-hNIS injection. § =P<0.05 within group difference between 

mean99mTcO4− gastrocnemius uptake with and without ClO4−; || =P<0.0001 within group 

difference between mean99mTcO4− gastrocnemius uptake with and without ClO4−.
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Figure 5: Ischemia and neuraminidase treatments promote AAV9-driven hNIS expression.
A) Representative immunoblot of NIS protein expression. B) Densitometric quantitation of 

hNIS expression from all 84 muscle samples analyzed. C) Correlation between 99mTcO4− on 

SPECT imaging and NIS protein expression from immunoblot on day 10. * = P < 0.05 vs. 

no injection, † = P< 0.05 vs. PBS injection and ‡ = P<0.05 vs. AA9-hNIS injection. A.U.= 

arbitrary units.
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Figure 6: Serial detection of increased AAV9-driven NIS expression over time using 
microSPECT/CT.
A) Representative coronal and transverse microSPECT/CT images of 99mTcO4− uptake in 

gastrocnemius muscles on days 3, 7, 10, 14 and 28 following intramuscular injection of 

AAV9-hNIS in a mouse that underwent unilateral surgical ischemia of the right hind-limb 

and had PBS delivered into the left hind-limb. Each representative image’s display scale was 

normalized to the injected dose and body weight and displayed as SUV. B) Time course C) 
Quantitative analysis of gastrocnemius 99mTcO4− uptake derived from microSPECT/CT 

images, and D) Correlation between 99mTcO4− uptake values using VOIs generated by the 

deep learning algorithm compared to ex vivo 99mTcO4− uptake values from tissue well 

counting. For image quantification, image activity in mCi/cc was corrected for injected dose 

and animal body weight, and also displayed as, SUV. * = P<0.05 vs. PBS; † = P<0.05 vs. 

AAV9-hNIS; ‡ P<0.05 vs. day, § P<0.01 vs. day 3, || P=0.0001 vs. day 3; # = P < 0.05 vs. 

day 7; ** = P< 0.05 vs. day 10 and ‡‡= P<0.05 vs. day 14.
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Figure 7: Representative immunofluorescence images of the cellular distribution of hNIS and 
eGFP expression.
A) hNIS expression and distribution (red fluorescence) and enhanced green fluorescent 

protein (eGFP) expression and distribution (green fluorescence). Merged hNIS and eGFP 

fluorescent signals (yellow) indicating co-localization. Scale bar = 100 μm B) glucose 

transporter (GLUT4, red) and eGFP expression. C) CD34 (red) and eGFP expression. 

Merged GLUT4 and eGFP fluorescent signals (yellow) indicating co-localization. Scale bar 

= 20 μm
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