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New MiniPromoter Ple345 (NEFL) Drives Strong and Specific
Expression in Retinal Ganglion Cells of Mouse and Primate Retina
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Retinal gene therapy is leading the neurological gene therapy field, with 32 ongoing clinical trials of re-
combinant adeno-associated virus (rAAV)–based therapies. Importantly, over 50% of those trials are using
restricted promoters from human genes. Promoters that restrict expression have demonstrated increased
efficacy and can limit the therapeutic to the target cells thereby reducing unwanted off-target effects. Retinal
ganglion cells are a critical target in ocular gene therapy; they are involved in common diseases such as
glaucoma, rare diseases such as Leber’s hereditary optic neuropathy, and in revolutionary optogenetic
treatments. Here, we used computational biology and mined the human genome for the best genes from
which to develop a novel minimal promoter element(s) designed for expression in restricted cell types
(MiniPromoter) to improve the safety and efficacy of retinal ganglion cell gene therapy. Gene selection
included the use of the first available droplet-based single-cell RNA sequencing (Drop-seq) dataset, and
promoter design was bioinformatically driven and informed by a wide range of genomics datasets. We tested
seven promoter designs from four genes in rAAV for specificity and quantified expression strength in retinal
ganglion cells in mouse, and then the single best in nonhuman primate retina. Thus, we developed a new
human-DNA MiniPromoter, Ple345 (NEFL), which in combination with intravitreal delivery in rAAV9
showed specific and robust expression in the retinal ganglion cells of the nonhuman-primate rhesus
macaque retina. In mouse, we also developed MiniPromoters expressing in retinal ganglion cells, the
hippocampus of the brain, a pan neuronal pattern in the brain, and peripheral nerves. As single-cell
transcriptomics such as Drop-seq become available for other cell types, many new opportunities for
additional novel restricted MiniPromoters will present.
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INTRODUCTION
RECENTLY, THERE HAS BEEN a promising revival of
gene therapy for diseases with unmet treatment
needs.1 Four gene therapies have been fully ap-
proved by either the U.S. Food and Drug Adminis-
tration or the European Medicines Agency, including
Luxturna, a one-time recombinant adeno-associated
virus (rAAV)–augmentation gene therapy to im-

prove and maintain vision in patients with in-
herited retinal diseases.2 Retinal gene therapy is
leading the field, with 32 ongoing clinical trials of
rAAV-based ocular therapies,3 of which just over
50% use restricted promoters generated from hu-
man genes.4–8 Promoters that restrict expression
have already demonstrated increased efficacy9–11

and can limit the therapeutic to the target cells,
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thereby reducing unwanted off-target effects.9 Re-
stricted promoters may come from either the thera-
peutic gene or, more often, from an unrelated gene
with the appropriate expression for the therapy.4,6–8

This latter approach may be essential due to the
complexity of the endogenous promoter, the unsuit-
ability of the endogenous promoter due to the disease
or developmental state of the target cell, or the
therapeutic being unrelated to the disease gene, such
as with neuroprotectants.9

Capturing the appropriate expression for a gene
therapy in a small promoter is challenging. Human
promoters are generally large and complex, and in
contrast, rAAV (the gene-therapy vector of choice
for many applications) is small, with a packaging
capacity of only *4.9 kb.12 Minimization of a hu-
man promoter to make a minimal promoter ele-
ment(s) designed for expression in restricted cell
types (MiniPromoter) may inadvertently destroy
specificity and weaken expression. To answer this
challenge, we have established bioinformatic meth-
odology using a wide variety of information resources
devised to identify both genomic regulatory regions
including the transcription start site (prom) and the
enhancers that regulate it.13,14 For such endeavors,
recently available single-cell transcriptomics data
has created a powerful opportunity for selecting the
very best possible genes and expression patterns for
a specific cell type.15,16

The first droplet-based single-cell RNA se-
quencing (Drop-seq) dataset included information
for retinal ganglion cells (RGCs), a critical target in
ocular gene therapy. RGCs are involved in both
common (glaucoma17) and rare (Leber’s hereditary
optic neuropathy18) diseases, and in treatment
strategies such as optogenetics.11 Glaucoma is the
second most common cause of blindness, with the
death of RGCs being the main mechanism.19 Le-
ber’s hereditary optic neuropathy is a maternally
inherited blinding disorder resulting in RGC de-
generation, optic nerve atrophy, and consequent
blindness;18 gene therapy trials are currently un-
derway for Leber’s hereditary optic neuropathy.20

In this work, we used computational biology and
mined the human genome for the best candidate
genes, using them to develop a novel MiniPromoter
to improve the safety and efficacy of RGC gene
therapy. Gene selection included use of the first
Drop-seq data, and promoter design was bioinfor-
matically driven. We empirically tested the designs
in rAAV for specificity and strength with a three-
tiered system including intravenous injection in
neonatal mice, subretinal and intravitreal injec-
tion in adult mice eye, and finally intravitreal in-
jection in nonhuman primate eye. Developing the

appropriate delivery method and serotype combi-
nation for rAAV to target the primate RGCs has
been challenging.21 Here we explored the rAAV9
capsid, which has not been used clinically for the
eye and has no previous evidence for targeting
primate RGCs22 but is in clinical trial in the
brain.23 rAAV9 was chosen primarily due to its
ability to cross the blood–brain barrier and mini-
mal capsid-based cellular specificity,24 allowing
any observed restriction of expression to reside
primarily with the promoter.

MATERIALS AND METHODS
MiniPromoter design

Bioinformatics design for each MiniPromoter
was done as follows. Candidate genes were chosen
from commonly used RGC markers in the litera-
ture or from Drop-Seq data. For the chosen genes,
the identification of regulatory regions was limited
to within neighboring-gene boundaries or regula-
tory confinements by topologically associating do-
mains as identified by Hi-C data.25 It then relied on
the integration of multiple sources of evidence:
transcribed promoter and enhancer regions (iden-
tified through cap analysis of gene expression
[CAGE]26,27 and genomic run-on sequence [GRO-
seq] data28), predicted promoter and enhancer re-
gions (ChromHMM and Segway29,30), chromatin
accessibility (DNaseI data31), transcription factor–
bound regions and histone modifications (identified
by chromatin immunoprecipitation sequencing
[ChIP-seq data31]), and multispecies conservation.32

The final MiniPromoter design sequence was ob-
tained by placing one promoter region at the 3¢ end
and adding additional enhancer regions as allowed
by the desired final size of the construct.

Cloning and virus production
Small chicken beta-actin promoter/cytomegalo-

virus enhancer (smCBA) promoter, used as a
ubiquitous control, and MiniPromoter design se-
quences were ordered for direct DNA synthesis
(GenScript, Inc., Piscataway, NJ) and cloned into
the multiple cloning site (AvrII, FseI, MluI, and
AscI) of our ‘‘plug and play’’ rAAV2 backbone
plasmid (pEMS2131).13 This genome plasmid in-
cludes: an intron (optimized chimeric; 173 bp)
(Promega, Madison, MI);33 NotI flanked emerald
green fluorescent protein (EmGFP) (720 bp);34

AsiSI flanked the woodchuck hepatitis virus post-
transcriptional regulatory element (WPRE) mut6
(587 bp);35 and SV40 polyA (222 bp) (Promega) se-
quences. Plasmids were propagated in Escherichia
coli SURE cells (Agilent Technologies, Santa Clara,
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CA). DNA was prepared by QIAgen Spin MiniPrep
Kit (QIAgen, Germantown, MD); plasmids were
confirmed free of rearrangements by AhdI digest,
inverted terminal repeats were verified by SmaI
digest, and cloning sites verified by sequencing.
The resulting smCBA containing plasmid was
pEMS2143, and MiniPromoter plasmids are listed
in Table 1. Confirmed plasmids were sent to the
University of Pennsylvania Vector Core (Philadel-
phia, PA) for large-scale DNA amplification using
the EndoFree Plasmid Mega Kit (QIAgen, Hilden,
Germany). Quality control on the plasmid prepara-
tion was done by SmaI, PvuII, and SnaBI digests,
and confirmed plasmids were packaged into rAAV9
capsid. Plasmids used for cloning, Pleiades Mini-
Promoters, and viruses are available to the research
community through Addgene (Cambridge, MA).

Intravenous injection and histology
in neonatal mice

All experimental mice were B6129F1 hybrids
produced as the first generation of crossing C57BL/
6J (JAX stock No. 000664) to 129S1/SvImJ (JAX
stock No. 002448). Timed pregnancies were achieved
using crowded females, experienced studs, and plug
checking of females such that the day of birth could
be accurately predicted. Postnatal day (P) 0 and P4
pup injections were into the superficial temporal
vein; a 31-gauge needle on a 0.33 cc syringe (BD,
Franklin Lakes, NJ) is inserted under the skin ap-
proximately 1–2 mm parallel to the vessel and then
advanced into the vein, 50lL of virus at a titre of
1 · 1013 genome copies/mL (GC/mL) (3.33 · 1012 GC/
mL for smCBA) in phosphate buffered saline (PBS)
and 0.001% pluronic acid (together, PBS+P) is then
slowly injected. Following injection, the pups were
tattooed for identification and returned to their home
cage with the dam and a nanny (companion female).
At 4 weeks, a minimum of two mice per timepoint
were given a lethal dose of avertin (MilliporeSigma,
Burlington, MA) injected intraperitoneally and per-
fused transcardially with 1 · PBS for 2 min and 4%
paraformaldehyde for 10 min. The eyes, brain, spinal
cord, liver, heart, and pancreas were dissected, and
tissues were post fixed for 2 h at 4�C.

Tissues were cryoprotected with 25% sucrose
overnight at 4�C and then embedded in optimal
cutting temperature compound (Tissue-Tek, Sa-
kura Finetek, Torrance, CA) on dry ice, and 20 lm
cryosections were directly mounted onto slides.
Sections were blocked in PBS +0.4% Triton X-100
(MilliporeSigma) +0.3% bovine serum albumin
(MilliporeSigma) for 20 minutes and incubated in
primary antibody at 4�C overnight. Primary anti-
bodies used were anti-GFP (GFP-1020; Aves Labs

Inc., Tigard, OR; 1:500), anti-neuronal nuclei (NeuN)
(MAB377, MilliporeSigma; 1:500), and anti-glial
fibrillary acid protein (GFAP) (G3893, Milipor-
eSigma; 1:500). Slides were washed 3 · with PBS
+0.4% Triton X-100 and incubated with secondary
antibody and Hoechst 33342 for 2 h at room tem-
perature. Secondary antibodies used were Alexa
Fluor 488 and Alexa Fluor 594 (Life Technologies,
Carlsbad, CA, 1:1000). Sections were washed 3 · in
0.1 M phosphate buffer (PB), 1 · in 0.01 M PB,
mounted in ProLong Gold (P36930; Thermo Fisher
Scientific, Waltham, MA) and coverslipped. A min-
imum of two animals were studied for each injection
timepoint for each MiniPromoter (i.e., a minimum of
four animals per MiniPromoter), and unique ex-
pression patterns of the promoters were determined
by microscope and image analysis. The images
shown are typically from mice that had the most
successful injections and thus the full dose of rAAV,
and therefore the greatest likelihood to observe off-
target expression if present. Fluorescent images
were standardly taken using an Olympus BX61
motorized microscope (Olympus, Shinjuku, Japan).
For the cornea and co-labeling, z-stack images were
taken on a TCS SP8 Super-Resolution Confocal
Microscope (Leica Microsystems, Wetzlar, Germany).

Mice were housed in the pathogen-free Centre
for Molecular Medicine and Therapeutics facility
on a 7 a.m.–8 p.m. light cycle, 20 – 2�C with 50 – 5%
relative humidity, with food and water ad libitum.
All procedures involving mice were in accordance
with the guidelines of the Canadian Council on
Animal Care for the Use of Experimental Animals
and approved by the University of British Columbia
Animal Care Committee (Protocols A14-0294 and
A14-0295).

Subretinal and intravitreal injection, histology,
and quantification in adult mice

For each virus, subretinal and intravitreal in-
jections were into C57BL/6NCrl mice (19–22 g,
Charles River International, Saint Constant,
Quebec). The viruses were diluted in PBS+P. For
the subretinal injection, 1 lL of virus at a titre of
1 · 1013 GC/mL were injected into the subretinal
space using Wiretrol II capillary micropipettes
(Drummond Scientific Co., Broomall, PA). The tip
of the glass micropipette (diameter *100 lm) was
inserted parallel to the eye wall into the subretinal
space, between the retinal pigment epithelium and
the retina. The use of the micropipette allows self
sealing of the puncture site without reflux of the
solution and with minimal injury. For intravitreal
injections, 2 lL of virus at a titre of 1 · 1013 GC/mL
were injected into the vitreous chamber. The

PROMOTER FOR EXPRESSION IN RETINAL GANGLION CELLS 259



injection was performed using a 10 lL Hamilton
syringe (Hamilton Company, Reno, NV) adapted
with a 32-gauge glass microneedle. The tip of the
needle was inserted into the superior hemisphere
of the eye at a *45� angle through the sclera into
the vitreous body to avoid retinal detachment or
injury to eye structures. All injections were per-
formed in the right eye and treated with one drop of
Vigamox (Alcon Laboratories, Fort Worth, TX) to
minimize the risk of infection. The left eye was used
as a negative control.

Four weeks after virus delivery, anesthetized
animals were perfused transcardially with 4%
paraformaldehyde, and both eyes were rapidly
dissected and post fixed for 2–4 h at 4�C. The cornea
and lens were removed and the eyecup was incu-
bated overnight in 30% sucrose. The tissue was
then embedded in optimal cutting temperature
compound (Tissue-Tek, Miles Laboratories, El-
khart, IN) and retinal cross sections (16 lm) were
generated and collected onto gelatin-coated slides
(Fisherbrand, Pittsburgh, PA). Retinal sections
were blocked for 1 h in blocking solution (PBS 1 · ,
3% bovine serum albumin, 0.3% Triton X-100) at
room temperature. The primary antibody anti-RNA-
binding protein with multiple splicing (anti-RBPMS)
(1lg/lL; PhosphoSolutions, Aurora, CO) was added
to the retinal sections and incubated overnight at
4�C. Sections were washed and incubated with sec-
ondary anti-rabbit IgG Alexa Fluor 594 (1 lg/mL;
Life Technologies). Sections were washed and
mounted in antifade reagent (Life Technologies)
for visualization with an Axio Imager.M2 Micro-
scope (Zeiss, Oberkochen, Germany).

For quantification of EmGFP epifluorescence in-
tensity in mouse RGCs, four intravitreally injected
mice were used per group, and individual EmGFP-
positive cells co-labeled with the RGC marker anti-
RBPMS were manually traced. The area and the
integrity density (the summation of the pixels value
in the traced area) were measured with ImageJ
software.36 Retinal areas with no apparent fluores-
cence were also traced and used as background. As
positive control and epifluorescence reference, we
used retinas transduced with the ubiquitous control
virus smCBA-EmGFP-WPRE. Importantly, images
were taken at the same exposure time with no ad-
justments made and analyses were done at settings
where there was a dynamic range of EmGFP ex-
pression in RGCs from weak to strong. Analysis and
statistics were performed using the Graphpad In-
stat software, version 5.01 (GraphPad Software Inc.,
San Diego, CA) using a Student’s t-test.

Mice were housed in the Centre de Recherche du
Centre Hospitalier de l’Université de Montréal

(CRCHUM) facility on a 12-hour light/dark cycle,
with food and water ad libitum. All procedures
involving mice were in accordance with the guide-
lines of the Canadian Council on Animal Care for
the Use of Experimental Animals and approved by
the CRCHUM Animal Care Committee (Protocol
N15009ADPs).

Intravitreal injection, histology,
and quantification in adult nonhuman primate

Prior to and repeatedly post injection, the eyes
of the rhesus macaques (Macaca mulatta) were
assessed by in vivo ophthalmologic examination,
in vivo color fundus photography (FF450; Zeiss),
in vivo spectral domain optical coherence tomog-
raphy (sdOCT) and fundus autofluorescence (FAF)
(Heidelberg Spectralis; Heidelberg Engineering,
Inc., Heidelberg, Germany), and in vivo ultra-
widefield retinal imaging (Optos, Marlborough, MA)
to characterize the baseline status of the eye and
allow for visualization of the injection site and any
abnormalities, and OCT images further showed any
damage due to surgery or virus induced toxicity. For
each imaging session, monkeys were anesthetized
either by an intramuscular injection of Telazol (1:1
mixture of tiletamine hydrochloride and zolazepam
hydrochloride, 3.5–5 mg/kg) and maintained with
ketamine (1–2 mg/kg) as required, or by inhalant
isoflurane (1—2%) vaporized in oxygen. Supple-
mental oxygen was provided as needed via nasal
cannula at 0.5—1.0 L/min, and heart rate and pe-
ripheral blood oxygen saturation were monitored by
pulse oximetry. Rectal temperature was maintained
between 37.0�C and 38.0�C by water-circulating
heated pads placed under the animal. Animals were
positioned prone with the head supported by a
chinrest. Prior to image acquisition, the pupils were
dilated to a minimum of 8 mm using phenylephrine
(2.5%) and tropicamide (1%) eyedrops. Speculums
were used to keep the eyelids open and clear plano
contact lenses were inserted centered over the
cornea. Following imaging, the contacts and
speculums were removed and erythromycin oint-
ment was applied to each eye. Animals were then
recovered from sedation and returned to their
home cages or enclosures.

Three female rhesus macaques (7, 11, and 15
years of age) that were negative for rAAV9 neu-
tralizing antibodies were used for this study.
AAV9 neutralizing antibody levels were assayed
by testing the ability of serum to block the AAV9
luciferase-reporter virus transduction into sus-
ceptible CHO-Lec2 cells. Serum at various dilu-
tions was pre-incubated with 1.00 · 109 GC of
AAV9 luciferase reporter virus for 1 h at 37�C, and
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then added to 5.00 · 104 cells per 96 wells that had
been pretransduced with adeno helper virus. After
48 h, Bright-Glo substrate (Promega, Madison, WI)
was added to the cells and luciferase expression
was quantitated using a Synergy Mx luminometer
(BioTek, Winooski, VT).

For subretinal injections, after anesthesia was
achieved, a pars plana without vitrectomy ap-
proach was used to create two 50 lL subretinal
blebs per eye of virus at a titre of 1.88 · 1012 (left
eye) and 1.88 · 1013 GC/mL (right eye) in sterile
PBS + P using a 41-gauge cannula. The subretinal
detachments in each eye were created superior and
inferior to the fovea but encompassed area within
the macula. For intravitreal injections, after an-
esthesia was achieved, approximately 150 lL of the
aqueous was removed from the anterior chamber
using a 29-gauge insulin syringe. An additional
29-gauge insulin syringe was used to inject into
the vitreous directed towards the optic nerve to a
depth of approximately 4 mm. For smCBA (ubiq-
uitous), the left eye received 200 lL of virus at
a titre of 2.04 · 1012 GC/mL in PBS + P and the
right eye received 200 lL at 2.04 · 1013 GC/mL
in PBS+P. For Ple345 (neurofilament, light poly-
peptide (NEFL)) the right eye only received 200 lL
of virus at a titre of 1.013 · 1013 GC/mL in PBS+P.
All eyes, regardless of surgical technique, received
a single post-surgical subconjunctival injection of
dexamethasone (0.5 mL, 10 mg/mL) and cefazolin
(0.5 mL, 125 mg/ml). The animal that received the
subretinal injections also received dexametha-
sone (1%) and ofloxacin (0.3%) eye drops applied
twice daily for one week.

Retinal tissue was harvested at 4 weeks post
injection, fixed in 4% paraformaldehyde and cut
with a cryostat at 16 lM, stained with anti-RBPMS
(ab194213, Abcam, Cambridge, UK) and Alexa-
Fluor 568 anti-rabbit (Invitrogen), and imaged
with a Leica confocal microscope (Leica, Wetzlar,
Germany).

For quantification of EmGFP epifluorescence
in monkey RGSs, the method paralleled that de-
scribed for mouse, except a minimum of 10 cells
from each of four histological slides were used.

Rhesus macaques were housed in the Oregon
National Primate Research Center, with food
and water ad libitum. All procedures involving
monkeys were in accordance with the Associa-
tion for Research in Vision and Ophthalmology
Statement for the Use of Animals in Ophthal-
mic and Vision Research and approved by the
Oregon Health and Science University Institu-
tional Animal Care and Use Committee (Protocol
IP00000768).

Image processing
Images were processed using ImageJ and Adobe

Photoshop and Illustrator (Adobe, San Jose, CA).
For the neonatal injected mouse tissues, bright-
ness, contrast, and color balancing adjustments
were made in ImageJ where necessary to improve
visibility. For the adult injected mouse, histology,
brightness, contrast, and color balancing adjust-
ments were made in Photoshop where necessary
to improve visibility. For the nonhuman pri-
mate, in vivo images were not adjusted (however,
a physical neutral density filter was used when
indicated. For the nonhuman primate, histology,
brightness, contrast, and color balancing adjust-
ments were made uniformly across all images
in ImageJ except where necessary to improve
visibility.

RESULTS
Seven MiniPromoters designed
from four retinal ganglion cells genes

Two rounds of RGC gene selection for Mini-
Promoter design were undertaken. In the first,
candidate genes were those commonly used as RGC
markers in the literature37–39 and with RGC ex-
pression in the Gene Expression Nervous System
Atlas.40 This generated a list of 43 genes for further
examination. Criteria for final selection includ-
ed: strong and enriched expression in the retina
with clear transcription start site prediction from
FANTOM CAGE data,26,27 small gene size with
low structural complexity from the University
of California Santa Cruz (UCSC) genome brows-
er,41 high sequence conservation from the UCSC
genome browser, and expression conservation be-
tween mouse and primate from the literature. The
two genes chosen were POU domain, class 4, tran-
scription factor 1 (POU4F1), also known as BRN3A,
and tubulin, beta 3 class III (TUBB3), also known as
TUJ1, which are both commonly used as markers for
RGCs in mouse and primate (Table 1).37,39,42,43 By
the second round of gene selection, Drop-seq data
had become available16 and was used as the primary
criterion. The top 12 differentially expressed RGC
genes relative to the rest of the Drop-seq dataset
were further validated as candidates from the liter-
ature.44–46 The subsequent criteria for selection were
as above, which led to two genes contained within the
same topologically associating domain being chosen;
NEFL and neurofilament, medium polypeptide
(NEFM) (Table 1). NEFL and NEFM ranked 1 and 2
in the RGC Drop-seq dataset, respectively, and in
retrospect TUBB3 and POU4F1 ranked 26 and 56
out of 174 differentially expressed RGC genes.16
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From the four chosen genes, seven MiniPromoters
were designed: Ple320 (POU4F1); Ple321, 342, 343,
and 344 (TUBB3); Ple345 (NEFL); and Ple346
(NEFM) (Table 1). Bioinformatic design of Mini-
Promoters was informed by a wide range of ge-
nomics datasets, including FANTOM5 CAGE
data,26,27 ENCODE transcription factor and histone-
mark ChIP-Seq and DNaseI data,31 computational
predictions from ChromHMM and Segway,29,30 and
multispecies conservation.32 Additionally, Ple342-
346 (TUBB3, NEFL, and NEFM) included data from
GRO-Seq.28 All these data were viewed on the UCSC
genome browser and used to outline potential geno-
mic regions indicative of regulatory activity. Reg-
ulatory regions were classified into promoters
(regions overlapping a transcription start site, as
indicated by CAGE data) or enhancers. For the genes
POU4F1, TUBB3, NEFL, and NEFM, identified
regulatory regions are shown in Fig. 1A–C, where
regions were numbered, and the most promising
regions were placed into MiniPromoter constructs,
as seen in Fig. 1D. We used 2–2.5 kb as our target
MiniPromoter size, with the aim to include enough
regulatory sequence to have a successful promoter
with restricted expression in the initial design,
while being minimal enough for rAAV delivery
of therapeutic RNAs and small protein-coding
sequences.

The final MiniPromoter design sequences were
sent for direct DNA synthesis, cloned into our rAAV2
‘‘plug and play’’ plasmid, and sent for packaging in
rAAV9.

All seven MiniPromoters expressed
in the ganglion cell layer, with variable
retinal specificity, when delivered
intravenously in mouse

Not every human MiniPromoter is expected to
achieve endogenous-like expression in rAAV;
therefore, it is ethically imperative to prescreen in
mouse before testing in nonhuman primate, even
though we may lose good promoters that only work

in primates. Initial screening by intravenous de-
livery in mouse allowed us to examine not only
expression in the eye, but peripheral tissues as
well. Of two promoters equally suitable in the eye,
the one with less peripheral expression would be
the safer choice for gene therapy. Thus, we started
by screening all seven MiniPromoters by intrave-
nous delivery in neonatal mouse.

To evaluate the ability of the rAAV9 capsid to
transduce different cell types and tissues by intra-
venous delivery in mouse, we used the ubiquitous
smCBA promoter driving EmGFP with WPRE.
Virus was injected at either P0 or P4 to evaluate the
different layers of the retina, as it has previously
been shown that the development of the blood–retina
barrier changes dramatically at this time and
results in different cell type expression.47 As
previously published, P0 injection results pri-
marily in ganglion, amacrine, horizontal, and
corneal stroma cell expression, and P4 injection
results in mainly ganglion, amacrine, bipolar,
and Müller glia expression (Supplementary
Fig. S1). Regardless of date of injection, positive
staining was seen in all brain regions (including
both neuronal and glial cells), and throughout the
spinal cord, heart, liver, and pancreas (Supplemen-
tary Fig. S1).

Figure 2 highlights the results of intravenous
injection of the seven MiniPromoters designed for
RGCs driving EmGFP-WPRE. Retinas, brains, and
spinal cords shown are from P4 injections, and
corneas are from P0 injections. Focusing on the eye,
Ple320 (POU4F1) expresses in the ganglion cell
layer (GCL) and inner nuclear layer (INL) of the
retina and the corneal stroma and nerves. Ple321,
342, and 343 (TUBB3) all expressed in both the
GCL and to a lesser extent the INL, and in the
corneal stroma and nerves. Ple344 (TUBB3) was
the most successful and smallest of the TUBB3
designs (801 bp), with expression mainly restricted
to the GCL and corneal nerves. Ple345 (NEFL) and
Ple346 (NEFM) shared very similar expression

Table 1. Summary of seven MiniPromoters from four retinal ganglion cell genes

Pleiades number Gene MiniPromoter size (bp) Plasmid pEMS numbera MiniPromoter design type Figure showing expression

Ple320 POU4F1 1,969 2241 New 2, 3, 4, S2
Ple321 TUBB3 1,829 2242 New 2, 4, 5, S2
Ple342 TUBB3 1,992 2272 New 2, S2
Ple343 TUBB3 2,669 2273 New 2, S2
Ple344 TUBB3 801 2274 Cutdown of Ple321 2, 3, 4, 5, S2
Ple345 NEFL 2,693 2280 New 2, 3, 4, 5, 6, 7, S2
Ple346 NEFM 2,771 2281 New 2, 4, S2

aPlasmid constructs available from Addgene.
NEFL; neurofilament, light polypeptide; NEFM; neurofilament, medium polypeptide; Ple, pleiades MiniPromoter drove emerald green fluorescent protein–woodchuck

hepatitis virus post-transcriptional regulatory element; POU4F1, POU domain, class 4, transcription factor 1; TUBB3; tubulin, beta 3 class III; pEMS, plasmid.

262 SIMPSON ET AL.



Figure 1. Bioinformatics design of seven MiniPromoters targeting retinal ganglion cells. (A–C) Promoter and enhancer elements potentially regulating the
expression of selected genes are shown. Vertically highlighted colored regions correspond to their color-matched element included in (D) final MiniPromoter
designs. Elements in black were not used in the final designs. (A) The identification of elements potentially regulating the expression of POU4F1. (B) The
identification of elements potentially regulating the expression of TUBB3. (C) The identification of elements potentially regulating the expression of NEFL and
NEFM. (D) Final MiniPromoter designs for Ple320 (POU4F1), Ple321 (TUBB3), Ple342 (TUBB3), Ple343 (TUBB3), Ple344 (TUBB3), Ple345 (NEFL), and Ple346
(NEFM). 1–5, enhancers; P1–3, proms. NEFL; neurofilament, light polypeptide; NEFM; neurofilament, medium polypeptide; Ple, pleiades MiniPromoter; POU4F1,
POU domain, class 4, transcription factor 1; TUBB3; tubulin, beta 3 class III.
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patterns, with both displaying robust and re-
stricted expression in the GCL and in the corneal
nerves.

In the brain, Ple320 (POU4F1) expression is
highly enriched in the hippocampus, an interesting
but nonendogenous expression pattern, and in the
spinal cord in the processes of the white matter
(Fig. 2). Co-labeling with anti-NeuN a neuronal
marker, and anti-GFAP an astrocyte marker,
showed that the minor expression in the cortex and
olfactory lobe was neuronal, with no co-labeling
observed with GFAP and high levels of co-labeling
observed with NeuN. In the hippocampus, there
was neuronal-specific expression in the CA3 re-
gion, granule layer of the dentate gyrus, and sparse
expression in the polymorph layer of the dentate
gyrus (Fig. 3). Ple321, 342, 343, and 344 (TUBB3)
all expressed in a broad pattern throughout the
brain and spinal cord (Fig. 2). Co-labeling of Ple344
(TUBB3) with anti-NeuN and anti-GFAP showed
the brain expression to be neuronal, with no co-
labeling observed with GFAP and high levels of co-
labeling observed with NeuN. In the hippocampus,
there was neuronal-specific expression in the CA3
region, sparse expression in the granule layer of
the dentate gyrus, and expression in the poly-
morph layer of the dentate gyrus (Fig. 3). Ple345
(NEFL) and Ple346 (NEFM) also displayed broad
expression throughout the brain and spinal cord
(Fig. 2). Co-labeling of Ple345 (NEFL) with anti-
NeuN and anti-GFAP showed the brain expression
to be neuronal, with no co-labeling observed with
GFAP and high levels of co-labeling observed with
NeuN. In the hippocampus, there was neuronal-
specific expression in the CA3 region and polymorph
layer of the dentate gyrus, and robust expression in
the processes in the molecular layer of the dentate
gyrus (Fig. 3).

In peripheral tissues, a very low expression level
was observed for all MiniPromoters in the heart
(Supplementary Fig. S2). A very low expression
level was also observed for all MiniPromoters in the
pancreas; however, this included the pancreatic
nerves for all MiniPromoters except Ple320
(POU4F1). Finally, a moderate expression level
was observed for all MiniPromoters in the liver.

All five MiniPromoters expressed in RGCs,
three with retinal specificity, when delivered
intravitreally in mouse

To evaluate the ability of the rAAV9 capsid to
transduce different retinal cell types by subretinal
and intravitreal injection into the adult mouse eye,
we used the ubiquitous promoter smCBA driving
EmGFP-WPRE (Supplementary Fig. S3). Our re-

sults demonstrated that this virus led to EmGFP
expression in various different cell types in the
mouse retina, regardless of injection route.

The five most GCL robust and enriched Mini-
Promoters, of the seven original designs tested
intravenously, went on to be characterized in the
adult mouse eye by subretinal and intravitreal
injection: Ple320 (POU4F1); Ple321, and Ple344
(TUBB3); Ple345 (NEFL); and Ple346 (NEFM)
(Fig. 4). Following subretinal delivery, all five
MiniPromoters showed expression in the GCL.
Some EmGFP-positive cells, presumably ama-
crines, were also observed in the INL (Fig. 4A).
Ple320 (POU4F1) consistently resulted in low levels
of expression, whereas the other four MiniPromoters
resulted in robust and consistent EmGFP expres-
sion by subretinal injection. Following intravitreal
delivery, all five MiniPromoters showed expres-
sion in RGCs, identified by their co-labeling with
anti-RBPMS a ganglion cell marker. Although some
EmGFP-positive RBPMS-negative cells were ob-
served in the INL, these were particularly rare for
MiniPromoters Ple321 (TUBB3), Ple344 (TUBB3),
and Ple345 (NEFL). Ple344 (TUBB3) consistently
resulted in low levels of expression, whereas
the other four MiniPromoters resulted in robust
and consistent EmGFP expression by intravitreal
injection.

Quantification was done for the three most specific
MiniPromoters: Ple321 (TUBB3), Ple344 (TUBB3),
and Ple345 (NEFL). Quantification of EmGFP
epifluorescence intensity in individual RBPMS-
positive RGCs transduced with the same dose of
virus, showed that Ple321 (TUBB3) and Ple344
(TUBB3) were not significantly different from the
ubiquitous control smCBA ( p = 0.249 and 0.0786,
respectively), whereas Ple345 (NEFL) drove signif-
icantly higher intensity levels at 1.7 · ( p = 0.0058)
(Fig. 4C). In addition, we observed approximately
twice as many EmGFP-positive RGCs with Ple345
(NEFL) compared with smCBA, or the other two
MiniPromoters.

MiniPromoter Ple345 (NEFL) expressed
strongly in RGCs when delivered intravitreally
in nonhuman primate

To evaluate the ability of the rAAV9 capsid to
transduce different retinal cell types by subretinal
and intravitreal injection into the adult rhesus
macaque eye, we used the ubiquitous promoter
smCBA driving EmGFP-WPRE. We first tested
rAAV9 smCBA-EmGFP-WPRE by the subretinal
delivery route (Supplementary Fig. S4). At 2 weeks
post injection, in vivo FAF imaging revealed strong
EmGFP expression mostly confined to the locations
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Figure 2. Seven MiniPromoters delivered by intravenous injection in neonatal mice showed expression in retinal ganglion cell layer and other tissues.
MiniPromoters, each driving EmGFP-WPRE in rAAV9, were injected intravenously into neonatal mice, and harvested four weeks later. Tissues imaged are, from
left to right: retina (ganglion cells up), cornea (epithelium up), whole sagittal brain, lumbar spinal cord (dorsal up) (See also Supplementary Figure S2.). EmGFP,
emerald green fluorescent protein; rAAV9, recombinant adeno-associated virus packaged in capsid 9; WPRE, woodchuck hepatitis virus posttranscriptional
regulatory element. Blue, DAPI; green, anti-GFP. Scale bars, 100 lm.
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Figure 3. Three MiniPromoters delivered by intravenous injection in neonatal mice showed co-labeling with a neuronal cell marker in the hippocampus.
MiniPromoters, each driving EmGFP-WPRE in rAAV9, were injected intravenously into neonatal mice and harvested 4 weeks later. (A) Ple320 (POU4F1)
expression in the hippocampus; box indicates the region shown with co-labeling. (B) High level of co-staining with the neuronal marker NeuN indicates
neuronal-specific expression; box indicates the region chosen for magnification. (C) Lack of co-staining with the astrocyte marker GFAP also indicates
neuronal-specific expression. (D) Magnified image of NeuN co-labeling. (E) Ple344 (TUBB3) expression in the hippocampus; box indicates the region shown
with co-labeling. (F) High level of co-staining with the neuronal marker NeuN indicates neuronal-specific expression; box indicates the region chosen for
magnification. (G) Lack of co-staining with the astrocyte marker GFAP also indicates neuronal-specific expression. (H) Magnified image of NeuN co-labeling.
(I) Ple345 (NEFL) expression in the hippocampus; box indicates the region shown with co-labeling. (J) High level of co-staining with the neuronal marker NeuN
indicates neuronal-specific expression; box indicates the region chosen for magnification. (K) Lack of co-staining with the astrocyte marker GFAP also
indicates neuronal-specific expression. (L) Magnified image of NeuN co-labeling. GFAP, anti-glial fibrillary acid protein; NeuN, anti-neuronal nuclei. Green,
anti-GFP, red, anti-NeuN or anti-GFAP; yellow, merge. Scale bars, 100 lm.
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Figure 4. Five MiniPromoters delivered by subretinal and intravitreal injection in adult mice showed co-labeling with a ganglion cell marker. MiniPromoters,
each driving EmGFP-WPRE in rAAV9, were injected directly into adult mouse eyes, and harvested 4 weeks later. (A) Subretinal injection led to expression in
the ganglion cell layer (GCL) and the inner nuclear layer (INL). (B) Intravitreal injection of MiniPromoters Ple320 (POU4F1), Ple321 (TUBB3), Ple344 (TUBB3), and
Ple346 (NEFM) led to robust expression in retinal ganglion cells (RGCs), as indicated by co-staining with the ganglion cell marker RBPMS (RNA-binding protein
with multiple splicing), and a few cells in the INL. MiniPromoter Ple345 (NEFL) led to robust expression only in RGCs. (C) Quantification of endogenous EmGFP
fluorescence intensity in RBPMS-positive cells showed that Ple321 (TUBB3) and Ple344 (TUBB3) were not statistically different from the small chicken beta-
actin promoter/CMV enhancer (smCBA) ubiquitous control (for histology see Supplementary Fig. S3). However, Ple345 (NEFL) drove significantly stronger
endogenous EmGFP expression in RGCs compared to the smCBA ubiquitous control. Dose for all injected eyes was 2.00 · 1010 genome copies (GC)/eye.
**p > 0.01; IPL, inner plexiform layer; n, number of cells counted; n.s., not significant; ONL, outer nuclear layer; OPL, outer plexiform layer. Green, anti-GFP; red,
anti-RBPMS; yellow, merge. Scale bar, 20 lm.
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of the two subretinal blebs (one above and one be-
low the fovea). By four weeks post injection, EmGFP
expression was significantly higher than at two
weeks and extended well beyond the borders of the
surgically induced subretinal blebs with the stron-
gest expression in the posterior retina. Histological
assessment by cellular location and structure re-
vealed tropism for all cell types studied including
RGCs, bipolar cells, and photoreceptors. We sub-
sequently tested rAAV9 smCBA-EmGFP-WPRE
by the intravitreal delivery route (Supplementary
Fig. S5). Robust EmGFP expression was observed
in the iris, sclera, and choroid. In the retina, RGCs
showed robust EmGFP expression in the perifoveal
ring, and EmGFP expression was observed in pat-
ches throughout the peripheral retina, particularly
around blood vessels. Histological assessment by
cellular location and structure revealed broad tro-
pism; EmGFP expression extended from RGCs to the
external limiting membrane but in some cases also
involved photoreceptor inner and outer segments.

MiniPromoter Ple345 (NEFL), the most specific
and strongest in the mouse retinal of the seven
original designs, went on to be characterized in the
nonhuman retina. Since both subretinal and in-
travitreal injection of rAAV9 smCBA-EmGFP-
WPRE resulted in robust transduction of the GCL,
and intravitreal injection is the preferred clinical
route, it was chosen for delivery to the rhesus ma-
caque eye. rAAV9 Ple345 (NEFL)-EmGFP-WPRE
produced robust EmGFP transduction in RGC
bodies and the nerve fiber layer (Fig. 5). EmGFP
expression and effects on retinal structure were as-
sessed weekly by in vivo color fundus photography
(Fig. 5A), FAF (Fig. 5B), in vivo sdOCT (Fig. 5C),
and in vivo ultra-widefield FAF (Fig. 5D). Robust
EmGFP expression was seen in RGC bodies and
nerve fibers extending both nasally and temporally
from the optic nerve (Fig. 5E). Expression was es-
pecially robust in nerve fibers nasal to the optic
nerve. In addition, RGCs showed very robust
EmGFP expression in the perifoveal ring. EmGFP

expression was also seen in patches throughout the
periphery, particularly around blood vessels, where
it generally extended from ganglion cells to the ex-
ternal limiting membrane. A small number of cells
of the inner nuclear layer were also transduced at
the foveal center. EmGFP expression was observed
throughout the optic nerve and optic chiasm. A very
small number EmGFP positive axons were observed
in the lateral geniculate nucleus, but none in the
visual cortex. Finally, we were able to confirm that
within the retina, Ple345 (NEFL) expresses specifi-
cally in RGCs by showing EmGFP co-localization
with anti-RBPMS (Fig. 5F–G).

Quantification of EmGFP epifluorescence inten-
sity in individual RBPMS-positive RGCs showed
that Ple345 (NEFL) drove significantly lower inten-
sity levels at 0.5 · compared to the ubiquitous control
smCBA ( p = 2.39 · 10-5) (Fig. 5H). Since the viral
dose given to the smCBA eye was 2 · higher than
that given to the Ple345 (NEFL) eye, Ple345 (NEFL)
expression may actually be stronger than measured,
resulting in no difference in expression levels (i.e.,
1 · ). Consistent with this, we did not observe a sig-
nificant difference in EmGFP-positive RGCs with
Ple345 (NEFL) compared to smCBA.

DISCUSSION

We have developed a new human-DNA Mini-
Promoter, Ple345 (NEFL), which in combination
with rAAV9 intravitreal delivery showed specific
and robust expression in the RGCs of the nonhu-
man primate rhesus macaque retina. Expression
was maximal at the perifoveal ring, but was also
present to a lesser extent throughout the nasal and
temporal retina, and even in patches in the pe-
riphery of the retina. This positive result with
Ple345 (NEFL) may suggest that other human
MiniPromoters we have developed would also be
useful in primate.

Quantification of EmGFP epifluorescent inten-
sity in RGC cells showed that Ple345 (NEFL) gave

Figure 5. MiniPromoter Ple345 (NEFL) delivered by intravitreal injection in adult nonhuman primate showed restricted and strong expression in retinal
ganglion cells. Ple345 (NEFL) driving EmGFP-WPRE in rAAV9 was injected directly into adult nonhuman primate eye and harvested 4 weeks later. (A) At harvest
in vivo color fundus photograph showed intense expression in perifoveal ring compared to baseline (white arrow). (B) In vivo fundus autofluorescence (FAF)
demonstrated intense expression (white) in the perifoveal ring, optic nerve, and nerve fibers. (C) In vivo spectral domain optical coherence tomography
imaging showed no disruption of retinal structure or changes in retinal thickness. (D) In vivo ultrawidefield FAF showed expression (white) in patches of
ganglion cells and their fibers in the far periphery, predominantly in the nasal retina. (E) Confocal images demonstrated expression in ganglion cells and nerve
fibers of peripheral retina, around blood vessels (white arrows), in the fovea, and at the optic nerve. (F, G) Histological confocal images confirmed Ple345
(NEFL) specificity for ganglion cells in the retina by showing co-localization with the ganglion cell marker RBPMS in the (F) fovea and (G) between the fovea
and optic nerve). (H) Quantification of EmGFP epifluorescence intensity in RBPMS-positive cells, showed that Ple345 (NEFL) drove significantly weaker
expression in RGCs compared to the smCBA ubiquitous control (for histology see Supplementary Fig. S5). Dose for the Ple345 (NEFL) injected eye was
2.03 · 1012 GC/eye, and the dose for the smCBA injected eye was 4.08 · 1012 GC/eye. ***p > 0.001. Blue, DAPI; green, EmGFP epifluorescence; red, anti-RBPMS;
yellow, merge.
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1.7 · the intensity in mouse, and 0.5 · to perhaps
1 · the intensity in nonhuman primate, compared
to the ubiquitous smCBA. These results support
strong expression from Ple345 (NEFL) in both spe-
cies. However, the expression levels were surprising
given that the promoter is comprised of human DNA
and a priori, we expected relative strength to be
equal to or greater in primate. Thus, our results
demonstrate that quantification in mouse alone is
insufficient for predicting expression levels in pri-
mate. We further observed in mouse approximately
twice as many EmGFP-positive RGCs with Ple345
(NEFL) compared to smCBA. This revealed that the
transduction of cells with rAAV9 is actually much
broader than we can detect with a commonly used
ubiquitous promoter.

Interestingly, while our studies were ongoing,
others were also tackling the same problem of re-
stricted expression in RGCs. First, a mouse-DNA
promoter was developed from the paralogue Nefh,
based on microarray data and tested in mice
only.48,49 Unlike NEFL and NEFM, which ranked 1
and 2 in the RGC Drop-seq dataset,16 this third
paralogue NEFH ranked 137 of the 174 differentially
expressed genes. Also, FANTOM526 data supports
that, of the three paralogues, NEFH is the least
strongly expressed in the retina. Second, a human-
DNA promoter was developed from the gamma-
synuclein gene (SNCG), then tested in mouse and
subsequently proved restricted and useful in the
primate cynomolgus macaques.11 SNCG ranks third,
after NEFL and NEFM, of the 174 differentially ex-
pressed RGC Drop-seq dataset, and FANTOM5
supports strong retinal expression approaching that
of NEFL.

We were unexpectedly pleased with the broad
retinal transduction seen with rAAV9 in the non-
human primate, indicated by the smCBA ubiquitous
promoter driving EmGFP epifluorescence. With
subretinal delivery, expression expanded well be-
yond the blebs, and extended to all layers of the
retina. With intravitreal delivery, the less invasive
and thus preferred route for clinical delivery, ex-
pression was even broader across the retina and
extended from RGCs to external limiting membrane
and in patches to photoreceptors. We attribute this
difference from the more limited transduction re-
ported in the literature22 to the 10 · to 100 · higher
titres we injected. Studies conducted in nonhuman
primate brains suggest that at very high titres, re-
ally only available for rAAV9 and its derivatives,
toxic levels may be reached.50,51 However, we did not
observe toxicity with intravitreal delivery.

This work has also provided additional new Mini-
Promoters with demonstrated use in mouse beyond

the eye. By intravenous delivery, Ple320 (POU4F1)
is highly enriched in the hippocampus of the brain.
In contrast, using the same delivery method Ple344
(TUBB3) and Ple345 (NEFL) are broadly pan neu-
ronal, although with distinct hippocampal patterns.
Finally, all three of these MiniPromoters showed
expression in the peripheral nerves.

Our bioinformatic design parameters resulted
in MiniPromoters small enough for rAAV delivery
of therapeutic RNAs and small protein-coding se-
quences; for example, Ple345 (NEFL) could drive
a protein of 483 amino acids. Of course, much lar-
ger therapeutics could be accommodated in less
restrictive vectors such as lentivirus, adenovirus,
retrovirus, herpes simplex virus, plasmids, and
nanoparticles. However, we do not know if we
have reached the smallest possible size of any
MiniPromoter, while maintaining specificity and
strength in the retina. Previously, a 1.5 kb mouse
Nefl promoter was used to generate a random in-
sertion mouse, from which one of four integration
sites showed neuronal enrichment.52 This may
suggest that a further size restriction is possible
for Ple345 (NEFL), but such cutdowns would be
primarily empirical.

We do not expect, nor have we found, that every
human gene has regulatory regions amenable to
minimization to achieve endogenous-like expres-
sion in rAAV or other therapeutic delivery meth-
ods.13,14,53,54 Thus, identifying enough genes with
both the desired cell-type restricted expression and
strength has been a limiting challenge. The move-
ment towards single-cell transcriptomics may
substantially change the MiniPromoter landscape,
as evidenced by this work, where the best candi-
date genes were identified using the first Drop-seq
data available for the target cells.16 As single-cell
transcriptomics becomes available for other cell
types, and sub cell types as defined by expression,55

future opportunities for additional novel restricted
MiniPromoters will present.
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