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ABSTRACT: Programmable control of gene expression via nuclease-null Cas9 fusion proteins has enabled the
engineering of cellular behaviors. Here, both transcriptional and epigenetic gene activation via synthetic mnRNA and
lipid nanoparticle delivery was demonstrated in vivo. These highly efficient delivery strategies resulted in high levels
of activation in multiple tissues. Finally, we demonstrate durable gene activation in vivo via transient delivery of a
single dose of a gene activator that combines VP64, p65, and HSF1 with a SWI/SNF chromatin remodeling complex
component SS18, representing an important step toward gene-activation-based therapeutics. This induced sustained
gene activation could be inhibited via mRNA-encoded AcrIIA4, further improving the safety profile of this approach.
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enome engineering technologies such as zinc-finger
G (ZF), transcription activator-like effectors (TALEs),
and deactivated Cas9 (dCas9) can be used to
manipulate endogenous gene expression through their fusion
with both transcriptional activators and epigenetic modi-
fiers.'~® Early work, primarily demonstrated in vitro, used
engineered ZF proteins fused to the herpes simplex virus
derived VP16 transactivator or to its tetrameric repeat (VP64)
to demonstrate targeted transcriptional gene activation and the
benefits of the repeated activator effector. As Cas9-based
technology progressed, dCas9 was then utilized to target DNA
and demonstrated activation of endogenous genes when fused
to VP48° or VP64,” " and its performance was improved by
the inclusion of p65 and Rta (VPR).'”"" Transcriptional gene
activation via CRISPR-targeted epigenetic modifications was
later achieved using dCas9 fused to p300, a histone
acetyltransferase.’
Recently, there have been demonstrations of these
approaches in vivo. The dCas9-based transcriptional gene
activation system, using both adeno-associated viruses (AAV)
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and plasmids, was used to modulate reporter genes and
endogenous genes in multiple organs via multiple routes of
administration.'” Three additional groups recently utilized
AAV in conjunction with VP160,"* VP64,'* and VPR" to
activate three different genes in mouse models: Scnla to
alleviate Dravet Syndrome, Sim1 to rescue obesity in a model
of haploinsufliciency, and the cone photoreceptor-specific M-
opsin (Opnlmw) in a rhodopsin-deficient mouse model for
retinitis pigmentosa. In addition, dCas9-p300 has been
implemented in vivo in multiple tissues of transgenic animals."®
Other approaches for delivery in vivo included hydrodynamic
delivery of plasmids expressing dCas9 activator systems.'~ All
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Figure 1. In vitro gene activation of B4galnt2 in AMLI12 cells. (a) Single sgRNA screen by qPCR (top) and flow cytometry (bottom) at 24 h
post-transfection. (b) Combinatorial screen of five sgRNAs by qPCR (top) and flow cytometry (bottom) at 24 h post-transfection. (c) Time
course of gene activation by qPCR (left) and flow cytometry (right). (d) RNAscope assay against B4galnt2 mRNA (green) and DAPI (blue).
Scale bar is 50 gm. B4 denotes B4galnt2 sgRNAs. NT denotes nontargeted sgRNAs. UT denotes untreated mice. RQ (relative quantification)
denotes the fold change of B4galnt2 mRNA in treated samples relative to untreated samples and normalized to Gapdh mRNA for both. Data
are presented as mean + SEM (n = 3 biological replicates). Statistical significance was assessed using a two-way ANOVA followed by
Dunnett’s multiple comparison between the nontargeted condition (****P < 0.0001).

of these approaches have advanced the field, but questions
remain regarding the long-term safety of AAV'® and other
virus-based approaches. Also, there is the issue of inflammation
and toxicity associated with DNA electroporation in vivo along
with the impractical nature of hydrodynamic delivery.
Therefore, there is clearly a need for improved, safer delivery
strategies for large dCas9 fusion proteins, especially for their
use in relatively healthy individuals. Given the recent successes
of synthetic mRNA for vaccines and their inherently improved
safety profile,’” we developed synthetic mRNA expressing
dCas9 fusion proteins and hypothesized that lipid nanoparticle
(LNP) delivery would facilitate mRNA and sgRNA delivery to
enable efficient gene activation in vivo. There are many studies
demonstrating Cas9 mRNA-based gene editing in different
animal models and humans.”’~** However, to our knowledge,
mRNA-based gene activation in vivo has not been achieved. As
an initial model gene for this work, the glycosyltransferase
B4galnt2 was chosen as it is not highly expressed in the liver,
muscle, or lymph nodes of C57B/6 mice. Furthermore, the
effect of its protein function can easily be detected via lectin-
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based staining.”* To demonstrate that this approach can be
applied to other genes with therapeutic applications, we chose
the erythropoietin (Epo) gene as a second target. Epo is a
protein hormone secreted by the kidneys that promotes
erythropoiesis.”**® Recombinant forms of this protein are used
clinically in scenarios such as chronic renal anemia.”’

RESULTS AND DISCUSSION

Synthetic mRNAs for dCas9-VP64,”~” VPR," and p300,°
containing a 2A self-cleaving peptide sequence between the
activators and mCherry sequences, along with guides
previously identified by Sanson et al.”® were screened in
AMLI12 cells for activation of the B4galnt2 gene, identifying
five functional sgRNAs (Figure la,b and Tables S1 and S2).
Dose optimization was performed for viability and percentage
of B4galnt2-activated cells using dCas9-VPR mRNA and a
single B4galnt2 sgRNA. A dose of 500 ng of mRNA and 500
ng of sgRNA was chosen for in vitro experiments (Figure S1).
For simplicity, B4 denotes B4galnt2-targeting guides, and NT
denotes nontargeting guides. These sgRNAs were then tested
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Figure 2. In vivo dose optimization of B4galnt2 gene activation. (a) Images of liver sections showing RNAscope staining for B4galnt2 mRNA
(green), Dolichos biflorus agglutinin (DBA) lectin staining (magenta), and DAPI (blue) at 1 day postinjection. Scale bar is 25 ym. (b) Flow
cytometry plots showing DBA lectin staining of hepatocytes at 48 h using 1 mg/kg VPR mRNA and 1 mg/kg sgRNA. B4galnt2 mRNA copy
numbers (c) and the percentage of activated hepatocytes (heps) (d) between formulation approaches at varying mRNA doses with constant
sgRNA/mRNA mass ratio. Heat maps of B4galnt2 mRNA copies (e) and the percentage of activated hepatocytes (f) with varying mRNA and
sgRNA amounts. (g) Direct measurement of LNP encapsulation of mRNA by qPCR. Data were normalized to the separate LNP formulation
condition. Data are presented as mean + SEM (n = 4 technical replicates). (h) VPR mRNA copy numbers from liver samples compared to
theoretical doses. Linear regression was performed for each data set (solid line = best fit, dotted lines = 95% CI). (i) Overall delivery of VPR
mRNA to livers for each formulation approach is reported as the slope of the linear fits from (h). Data were normalized to the separate LNP
formulation condition. Data are presented as mean +95% CL (j) Dose-corrected qPCR results from combined and separate formulation
experiments. (k) Dose-corrected flow cytometry results from combined and separate formulation experiments. Unless otherwise noted, data
represent mean + SEM (n = 3—4 mice). 4PL curves were fit to data in (d) and (k) (solid lines = best fit curve, dotted lines = 95% CI). An
extra sum-of-squares F-test was performed to assess statistical significance between the ECy, values of 4PL fits and slopes of linear fits. When
P > 0.05, a combined EC;, value was reported for the curves. Additional statistical significance was assessed using a two-way ANOVA
followed by Dunnett’s multiple comparison (c,d,h) and a student’s £ test (g,i) between formulation approaches (*P < 0.05, **P < 0.01, ***pP
< 0.001, *#=kpP < 0,0001).
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individually with all three activators, demonstrating ~100—
1000-fold activation of the gene by qPCR when compared with
nontargeting control sgRNA (Figure 1a, top). Overall, from
the RT-qPCR data, VPR was the most efficient among all
activators; however, this effect was significantly more
pronounced when compared on a single-cell basis via flow
cytometry, demonstrating activation in ~50% of the cells,
compared to ~10 and 20% using VP64 and p300, respectively
(Figure 1la, bottom). Comparing mCherry expression levels
demonstrates that VPR is a more potent activator, even though
the mRNA construct expressed at levels lower than that of
p300 or VP64 (Figure S2 and Table S3). All of the possible
sgRNA combinations (Table S4) were assessed both by RT-
qPCR and flow cytometry for VPR, showing robust activation
(~4000-fold increase) in ~50% of the cells using all five
sgRNAs simultaneously (Figure 1b). Given the transient
nature of mRNA expression, time course experiments using
VPR were performed in vitro, demonstrating rapid activation
in 24 h and durability over 6 days in culture when evaluated
both by RT-qPCR and flow cytometry via Dolichos biflorus
agglutinin (DBA) lectin staining (Figures lc and S3).
Increased expression of B4galnt2 mRNA was visualized using
RNAscope and fluorescence microscopy (Figure 1d). To
simultaneously detect B4galnt2 transcripts and lectin staining
on a single cell basis, we performed a PrimeFlow assay
followed by flow cytometry (Figure S4). When cells were
transfected with VPR mRNA and B4galnt2-targeting sgRNAs,
~60% of the cells were positive for B4galnt2 mRNA and lectin
staining, and ~35% were negative for both staining. Less than
5% of the total cell numbers could be classified as single
positive, providing a strong correlation between B4galnt2 gene
upregulation and positive lectin staining (Figure SS).

Given the success in vitro, dCas9-VPR mRNA and all five
sgRNAs, containing previously identified modifications (Table
S1),”” were formulated into a cKK-E12-based LNP together at
a 1:1 mass ratio and administered by tail vein injection at 0.5
mg/kg dose of mRNA.” All five sgRNAs were mixed together
in equivalent amounts to form the sgRNA LNPs. The cKK-
El12-based LNP was chosen because of its previous proven
success of hepatocyte delivery in mice.”” We initially assessed
gene activation using lectin staining and a single-molecule-
sensitive fluorescent RNAscope assay in liver tissue sections at
1 day postinjection. Fluorescence microscopy revealed
abundant activated cells through increased B4galnt2 mRNA
puncta and increased lectin staining intracellularly and on the
plasma membrane (Figures 2a and S6). With these findings, we
repeated the in vivo experiment using three escalating doses of
mRNA and sgRNA and assessed activation at 24 and 48 h. For
this study, mouse livers were digested into single-cell
suspensions in situ based on established protocols followed
by processing for RT-qPCR and flow cytometry.”’ We gated
hepatocytes based on cell size and viability (Figure S7).”° In
the B4galnt2-treated groups, we observed a distinct population
of lectin positive cells, which constituted up to ~90% of the
viable hepatocytes by 48 h when a 1 mg/kg mRNA dose was
used (Figures 2b and S8). By RT-qPCR, we measured increase
in B4galnt2 copy number from ~10 transcripts per 50 ng of
isolated RNA in untreated livers to up to ~10° transcripts in
treated livers (Figure S8).

While this formulation approach has been previously used,”
our group has observed reductions in encapsulation of mRNA
with increasing length (Figure S9). As a result, we
hypothesized that the sgRNA may be outcompeting the
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mRNA for loading into the LNPs, effectively reducing the in
vivo delivery of mRNA. We theorized that an alternative LNP
formulation approach in which the sgRNA and mRNA are
formulated into separate particles and the final LNPs are mixed
prior to injection might result in improved performance. Using
the flow cytometry results from the initial dose—response, we
chose an mRNA dose of 0.5 mg/kg and a 24 h time point to
increase the likelihood of observing an increase in the
percentage of activated cells. Compared to the combined
formulation approach, we found that a separate formulation
approach resulted in a 2-fold increase in the percentage of
activated cells in the liver with no significant change in the
amount of B4galnt2 mRNA levels in the tissue lysate (Figure
$10). Due to improved performance and the convenience of
formulation, we elected to use the separate formulation in
subsequent experiments. Next, we tested the sensitivity of the
system to changes in the amount of mRNA or sgRNA
independently. With a fixed mRNA dose at 0.5 mg/kg, changes
in the sgRNA dose from 0.167 to 1.5 mg/kg dose resulted in
no detectable difference in B4galnt2 mRNA levels or the
percentage of activated cells. However, we observed small
changes in efficacy when the sgRNA dose was fixed at 0.5 mg/
kg, and the mRNA dose was varied from 0.167 to 1.5 mg/kg
(Figure S11). Due to the insensitivity of the system to the
sgRNA dose, we chose to use a ngNA/mRNA mass ratio of
1:3 moving forward. Using this ratio, we performed an
additional dose—response to characterize the improved
performance of the separate formulation approach. We
overlaid the results of the separate dose—response at a 1:3
ratio and the results of the combined dose—response at a 1:1
ratio and observed minimal changes in B4galnt2 mRNA
transcript levels (Figure 2c). However, we observed a strong
leftward shift in the percentage of activated cells; notably, the
ECjs, dose of a four-parameter logistic (4PL) fit decreased from
0.8 mg/kg in the combined formulation approach to 0.17 mg/
kg in the separate formulation approach (Figure 2d). When the
results of all three dose—response experiments are combined,
we can visualize the response of the system to changes in the
dose of mRNA and sgRNA. At doses beyond 0.083 mg/kg
sgRNA and 0.25 mg/kg mRNA, we begin to observe
diminishing returns; unit increases in sgRNA or mRNA
beyond this dose yield smaller increases in the percentage of
activated cells or upregulated B4galnt2 transcripts than unit
increases below this dose (Figure 2e,f).

The previous results were consistent with our hypothesis
that the mRNA was being underdelivered in the combined
formulation approach. To directly test this, we quantified the
loading of mRNA into the LNPs by performing qPCR on LNP
aliquots with and without Triton-X-mediated disruption of the
particles. Dilutions were chosen so that if there was no
preference for encapsulation of either sgRNA or mRNA over
the other, identical copy numbers of encapsulated mRNA
should be observed in each condition. In contrast, we observed
a 2-fold increase in the amount of VPR mRNA encapsulated
using a separate formulation approach compared to the
standard combined approach, demonstrating a preference for
encapsulation of sgRNA over mRNA (Figure 2g). Similarly,
quantification of the copies of VPR mRNA in the livers
revealed that the combined approach was underdelivering
mRNA at each dose (Figure 2h). The x values of mRNA dose
for the combined LNP points in Figure 2h refer to theoretical
mRNA doses. Because the RiboGreen assay can only quantify
the total mass of encapsulated nucleic acid, it is agnostic to the
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Figure 3. In vivo demonstration of optimized B4galnt2 gene activation. (a) Representative slide scan images of liver sections showing
RNAscope staining for B4galnt2 mRNA (green) and DAPI (blue). Insets depict the relative locations of 4X and 16X views. Scale bars are
800 pm for 1X, 200 pm for 4X, and 50 gm for 16X images. Time courses of B4galnt2 mRNA (b) and activator mRNA (c) copy numbers
from liver tissue over 9 days. B4galnt2 mRNA copy numbers (d) and percentage of activated hepatocytes (e) in mice treated with activator
mRNA and B4 sgRNA with or without AcrIIA4 co-delivery. The “—AcrIIA4” groups were dosed with activator mRNA and B4 sgRNA on day
0. The “+AcrIIA4” groups were simultaneously dosed with activator mRNA, B4 sgRNA, and AcrIlIA4 mRNA on day 0. All VPR and VPH-
SS18-treated mice were euthanized at day 1 postinjection, and all p300-treated mice were euthanized at S days postinjection. (f) VPH-SS18
time course with redosing. VPH-SS18 mRNA and B4 sgRNAs were delivered to both groups on day 0. AcrIIA4 treatment was given to one
group on day S, followed by euthanasia on day 6. Remaining mice that did not receive AcrlIA4 mRNA were then redosed with VPH-SS18
mRNA and B4 sgRNAs on day 14. Data represent mean + SEM (n = 3—4 mice). Statistical significance was assessed using a two-way
ANOVA followed by Dunnett’s multiple comparison compared to the NT-treated group (b,c) and a student’s ¢ test (d,e) (*P < 0.05, **P <
0.01, ***P < 0.001, ****P < 0.0001).
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Figure 4. In vivo demonstration of optimized erythropoietin gene activation. Time courses of Epo mRNA copy numbers (a) and Epo protein
mass ratio (b) from liver tissue over 7 days. (c) Time course of Epo protein concentration in serum. (d) Spearman r correlation matrix of
matched animal values for Epo mRNA copy numbers in liver, Epo protein mass ratio in liver, and Epo protein concentration in serum.
Values denote the Spearman r coefficient. Stars indicate significance. Hematocrit (e) and spleen mass ratios (f) of animals 7 days
postinjection. (g) Representative images of spleens from animals 7 days postinjection. Scale bar is 0.5 cm. Data represent mean + SEM (n =
4 mice). Statistical significance was assessed using a ¢ test or one-way ANOVA followed by Dunnett’s multiple comparison (*P < 0.0S, **P <

0.01, #*#P < 0.001, ***%P < 0.0001).

species of encapsulated nucleic acid (i.e, mRNA or sgRNA).
Thus, after formulating combined mRNA and sgRNA at a 1:1
mass ratio input, the theoretical mRNA dose refers to the dose
of mRNA that would be delivered if the 1:1 mass ratio was
maintained in the encapsulated contents of the LNPs.
However, based on the results of the RT-qPCR analysis
from liver lysates in (Figure 2i), it is clear that the combined
LNP condition is underdelivering mRNA by a factor of
approximately 4.5. Thus, the assumption that a 1:1 mass ratio
of mRNA to sgRNA is maintained throughout the formulation
process is false. Knowing that the actual mRNA delivered is
4.5-fold lower than what we previously assumed, we performed
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a dose correction on the combined LNP formulation by
dividing the theoretical dose of the mRNA from Figure 2¢,d by
4.5. This dose correction allowed us to compare the two
experiments according to the actual amount of mRNA
delivered, which demonstrated strong concordance (Figure
2j,k). These data suggest the primary reason for the lower
performance of a combined formulation approach is simply
due to a lower amount of mRNA being delivered rather than
differential potency of the LNPs.

After characterizing doses and formulation approaches in
vivo, we chose a model condition of 0.5 mg/kg mRNA and
0.167 mg/kg sgRNA to further investigate the process in the
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liver. This condition minimized the total amount of nucleic
acid delivered to the mice and still resulted in activation of
~90% of hepatocytes. This result was verified by RNAscope
and fluorescence microscopy in whole slide scans (Figure 3a
and Figures S12 and S13). To determine if gene activation
could be achieved in additional tissue sites, we performed
intramuscular injection of LNPs. We observed increased
B4galnt2 mRNA levels in multiple cell types within muscle
tissue as well as in the periphery of draining lymph nodes; thus,
this phenomenon is not unique to hepatocytes (Figures S12—
S15).

We next investigated the kinetics of gene activation over
time for VPR and p300 gene activator constructs using bulk
qPCR. We observed peak B4galnt2 levels of greater than 10°
copies per 50 ng of RNA with VPR-mediated gene activation at
24 h. This expression then decreases to control levels by 9 days
post-transfection (Figure 3b). The p300 resulted in a peak of
~10® by day S and returned to control levels by 9 days. In
addition to RT-qPCR for the B4galnt2 mRNA levels, we
measured the copy numbers of delivered activator mRNAs.
These mRNAs showed a uniform decay rate after delivery
(Figure 3c), indicating that the difference in B4galnt2 levels
over time are due to differences in the encoded activator
protein and not mRNA half-life. Notably, we observed a ~100-
fold increase in the copy number of B4galnt2 mRNA
compared to the copy number of delivered activator mRNA
at 24 h. Such high levels of amplification are due to
transcriptional activation and likely unachievable with direct
delivery of synthetic B4galnt2 encoding mRNA.

As a step toward improved safety of these gene activation
approaches, we co-delivered mRNA encoding AcrlIA4 protein
which blocks the sgRNA binding site in the Cas9 protein and
prevents specific genomic localization of the activator
complex.”” In addition to VPR and p300, we tested a third
gene activator, VPH-dCas9-SS18 (henceforth abbreviated as
VPH-SS18), that combines VP64, p6S, and HSF1 with a SWI/
SNF chromatin remodeling complex component SS18. The
SS18 subunit is sufficient to recruit the full SWI/SNF
chromatin remodeling complex.’>** With simultaneous
delivery of LNPs containing AcrlIA4 mRNA along with
activator and sgRNA LNPs, we observed a robust difference in
bulk B4galnt2 mRNA levels of 4—S logs in VPR and VPH-
SS18 and ~3 logs in p300 (Figure 3d). Similarly, we observed
almost complete inhibition of target activation in hepatocytes
by flow cytometry at 24 h for VPR and VPH-SS18 and at S
days postdelivery for p300 (Figure 3e).

Next, we investigated the kinetics of VPH-SS18-induced
gene activation over time. We observed a peak at 24 h of 10°
copies that decayed to near baseline levels at 12 days
postinjection. At this point, we redosed the mice on day 14
after the initial injection. We saw a similar peak and decay rate
in B4galnt2 copies until day S after the second injection
(Figure 3f). To explore the utility of the AcrlIA4 system in
reversing gene activation, we delivered AcrIIA4 mRNA to mice
S days after activation with VPH-SS18 (Figure 3f). On the
following day, we observed a ~100-fold reduction in B4galnt2
copy number. Because AcrlIA4 protein works by preventing
binding of the dCas9 activator protein to genomic DNA, this
drop in B4galnt2 copy number indicates that the VPH-dCas9-
SS18 protein complex is still interacting with the genomic
B4galnt2 promoter by day 5 postinjection. The levels of
upregulated B4galnt2 protein were measured by Western
blotting (Figure S16). In animals treated with VPR mRNA and
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B4 sgRNAs, B4galnt2 protein was detectable only on day 1.
However, it was detectable on days 1, 5, and 7 in animals
treated with VPH-SS18 mRNA and B4 sgRNAs. No detectable
increases in B4galnt2 protein were observed in animals treated
with p300 mRNA and B4 sgRNAs or with VPR mRNA and
nontargeted sgRNAs. The observed molecular weight of
B4galnt2 protein was approximately double what is predicted
based on sequence, which is likely due to dimerization of the
protein, as previously described.”®

To demonstrate that this approach can be generalized to
other targets, we chose to upregulate the erythropoietin (Epo)
gene. The encoded product, Epo, is a 34 kDa serum protein
normally secreted by the kidney that regulates erythropoiesis in
bone marrow.”®”” Recombinant human Epo protein can be
administered as a therapeutic in a variety of clinical scenarios,
including chronic renal anemia, HIV infection, and oncologic
disorders.> Epo is also well-established for the evaluation of in
vitro-transcribed mRNA performance, and its physiologic
effects of increased red blood cell production can be easily
measured from blood samples.***%*”

We conducted a time course study to evaluate the potency
of VPH-SS18-induced gene activation for the Efo gene using
sgRNAs previously identified by Sanson et al.”® (Figure 4).
Separate VPH-SS18 LNPs and sgRNA LNPs were delivered to
mice, using the previously identified doses of 0.5 mg/kg
mRNA and 0.167 mg/kg sgRNA. We observed strong
increases in the levels of Epo mRNA in animals treated with
targeted sgRNAs to >10° copies per SO ng RNA, which peaked
between 1 and 2 days postinjection (Figure 4a). Similar
increases in Epo protein in the liver (Figure 4b) and serum
(Figure 4c) peaked on day 2 postinjection. The serum Epo
protein concentration reached approximately 1 pug/mL at its
maximum, which is approximately 10-fold lower than the peak
levels observed by direct mRNA expression of human
erythropoietin at a similar mRNA dose of 0.75 mg/kg in
cKK-E12 LNPs.*>** However, while peak Epo levels are lower
with our gene activation approach, we observe significant
improvement in the duration of elevated Epo protein
expression with a broad peak around 2 days. In contrast,
direct mRNA approaches demonstrate peak Epo expression at
6 h with rapid decay thereafter.>>%%° Similarly, rapid kinetics
have been observed in a study by Jiang et al,, demonstrating a
direct mRNA approach for treatment of acute intermittent
porphyria.”’ These examples highlight the unique ability of
gene activation to achieve broad pharmacokinetic profiles from
a single dose of LNPs. With broader kinetic profiles,
therapeutic levels of a protein of interest could be maintained
with a lower frequency of dosing and without sharp spikes in
protein amount. This phenomenon is especially important for
proteins with short half-lives. Using the matched animal data
for liver Epo mRNA, liver Epo protein mass ratio, and serum
Epo protein concentration, we performed a Spearman
correlation analysis (Figure 4d). The high correlation between
the three assays indicates that the upregulated Epo mRNA is
readily translated to produce Epo protein, which is freely
secreted into the serum.

We next investigated the physiologic response of elevated
Epo protein levels to demonstrate that the upregulated protein
is functional. On day 7 postinjection, significant increases in
hematocrit to approximately 63% were observed in animals
treated with Epo-targeting sgRNAs compared to ~50% in
nontargeted sgRNA treated and naive animals (Figure 4e).
Additionally, a significant increase in spleen mass was observed
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in the targeted group relative to nontargeted and naive controls
(Figures 4f,g and S17). Increased hematocrit demonstrates the
signaling function of the upregulated Epo protein is intact, and
splenomegaly was expected in these animals due to the
increased amount of circulating red blood cells. Similar
increases in spleen size can be observed in the setting of
polycythemia vera due to red blood cell congestion and
extramedullary hematopoiesis.*"** Overall, this study demon-
strates that the gene activation approach can be applied to
therapeutically relevant protein targets with clear effects on

physiology.
CONCLUSIONS

These experiments clearly demonstrate how nonviral, mRNA-
expressed dCas9 fusion protein-based gene activation can be
utilized in vivo. The data demonstrate the highly efficient
nature of nonviral approaches for performing programmable
activation of endogenous chromosomal genes. There are a
number of important observations and implications of these
experiments. First, high levels of activation were achieved in a
large majority of the cells in the liver, using low doses of RNA
that are well-tolerated in cKK-E12 LNPs without significant
elevations in liver enzymes.’® In addition, high levels of
activation were achieved in other cell types when administered
via the intramuscular route, demonstrating the applicability of
the approach to other organ systems.

Second, by formulating the mRNA and sgRNAs separately,
encapsulation of mRNA was roughly 4-fold more efficient and
enabled significant dose sparing while achieving high levels of
activation. This result was not obvious, but after interrogation
of the delivered mRNA via gPCR, both in the liver and from
the LNPs themselves, it was clear that the discrepancy was due
to the preferential encapsulation of guide over mRNA. The
majority of the knowledge regarding LNP formulation for
mRNA is inherited from studies of siRNA-based formulations,
which may be applicable for short mRNAs but has limitations
for longer mRNAs, such as those encoding gene activators. We
highlight this point in the Figure S9, which shows the
encapsulation efficiency of an mRNA decreases with increases
in the length. For example, the activator mRNAs used in this
study have lengths of approximately 7000 nt, compared to a
typical Cas9 mRNA of approximately 4500 nt. The data we
presented suggest increases in length would further exacerbate
the problem of sgRNA outcompeting mRNA for encapsulation
into LNPs. Therefore, formulation of sgRNA and mRNA into
separate LNPs is critical to achieving robust performance in
vivo. Furthermore, longer mRNAs pose additional challenges
during production and formulation due to the risk of
degradation during handling.*’ Therefore, proper temperature
control during formulation and downstream processing
followed by frozen storage was essential to maintain the
potency of the encapsulated mRNA.

Third, the VPH-SS18 activator containing additional
chromatin remodeling factors, SS18, demonstrated ~100-fold
increase in B4galnt2 copies compared to VPR-mediated
activation, while maintaining a similar decay rate. The resulting
activation and production of B4galnt2 mRNA persisted longer
and at higher levels than can likely be achieved using direct
expression. Furthermore, similar levels and kinetics were
observed after a second dose. This is important because it
demonstrates the potential for multiple dosing strategies to be
developed for applications where prolonged expression is
required.
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Fourth, we demonstrated the ability of AcrIIA4 mRNA to
inhibit gene activation when given alongside an activator and
partially reverse gene activation when given afterward. Anti-
CRISPRs are potent inhibitors of Cas9 protein,**** and they
represent an important step toward improving the safety
profile of gene-activation-based therapeutics. We have not
come across any previous study that has demonstrated mRNA-
based AcrlIA4 to modulate gene activators. Thus, our data
represent a proof-of-concept toward the ability to fully reverse
transcriptional upregulation induced by gene activators. The
combination of transient protein expression of dCas9 activator
proteins from mRNA and AcrIIA4-mediated reversal of gene
activation creates a safety profile that is highly attractive in the
setting of unexpected clinical complications. Furthermore, the
ability of AcrIIA4 mRNA to block gene activation when given
alongside activator and sgRNA LNPs could be exploited to
provide an additional layer of control in gene activation when
using LNPs with different tropisms. For example, the delivery
of AcrlTA4 mRNA using LNPs with a cell tropism different
than that used to deliver activator mRNAs or sgRNAs would
provide a method to more precisely control where the gene
activation occurs.

Last, we demonstrated that this approach can be used to
upregulate a therapeutically relevant protein that maintains
physiologic function within the body. In contrast to direct
mRNA approaches for protein replacement therapy, gene
activation can exhibit much broader pharmacokinetic curves of
therapeutic protein over time from a single LNP dose,
provided the protein target of interest is encoded in the
genome. Further optimization of dCas9 activator constructs
will likely lead to powerful improvements in protein
replacement therapies over direct mRNA approaches.

METHODS

Cell Culture. AMLI2 (@ mouse liver 12, CRL-2254, ATCC) cells
were grown in DMEM/F12 medium supplemented with 10% fetal
bovine serum, 10 pg/mL insulin, 5.5 pg/mL transferrin, S ng/mL
selenium, 40 ng/mL dexamethasone, and 1X penicillin—streptomycin
at 5% CO, at 37 °C. Cells were seeded in 96-well plates at 20,000
cells and transfected the following day with sgRNA and activator
mRNA using Lipofectamine MessengerMAX.

mRNA Synthesis. Plasmid DNA constructs coding dCas9-VP64
(Addgene Plasmid #47107), dCas9-VPR (Addgene (Plasmid
#63798)), dCas9-p300 (Addgene Plasmid #83889), and VPH-
dCas9-SS18 (Charles Gersbach) with cleavable mCherry and Acrll1A4
(Addgene Plasmid #101042) were flanked (3’ and ') by UTR
regions and synthesized by Genscript Inc. mRNA synthesis was
performed as previously described.*® Briefly, in vitro transcription
(IVT) of linearized plasmid DNA was done using T7 RNA
polymerase by incorporating equimolar ATP, CTP, GTP, and NI-
methylpseudouridine. Capl and the polyA tail were incorporated to
the IVT RNA. mRNA was phosphatase-treated, purified, and stored at
—80 °C until use.

SgRNA. The in vitro experiments were performed using sgRNA
targeting the mouse B4galnt2 gene.”® Guides were synthesized by
Synthego Inc. and contained three 2’-O-methyl RNA bases at the 5’
and 3’ ends with phosphorothioate linkages. For in vivo mouse
experiments, the same sgRNA sequences were used except that they
were additionally modified (with 2’-O-methyl RNA bases and
phosphorothioate linkages) as described previously”” and synthesized
by Integrated DNA Technologies.

RNA Extraction, cDNA, and qPCR. Total RNA was extracted
from cells using RNeasy Plus kit (Qiagen). For sgRNA and activator
screening, TagMan fast advanced cells-to-CT kit (Thermo Fisher
Scientific) was utilized with a 96-well format. Two methods were
employed for liver processing, depending on whether or not flow
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cytometry was to be performed on samples. For PCR analysis only,
whole livers were collected in gentleMACS M tubes containing 2.5
mL of DMEM and homogenized using a gentleMACS dissociator
(Miltenyi Biotec) RNA_01.01 program. For PCR and flow cytometry
analysis, in situ liver perfusion and digestion were performed to obtain
a liver cell suspension, as described below (Liver Perfusion). RNA was
then extracted from either of the processed liver samples using
RNeasy Plus kit (Qiagen). Both methods had similar yields of RNA
and downstream performance (data not shown). The cDNA for each
sample was prepared from 1 pug of total RNA with a high-capacity
cDNA reverse transcription kit (Applied Biosystems) as prescribed by
the manufacturer. B4galnt2 gene relative quantification was done by
TaqMan primer probe set Mm00484661 ml (Thermo Fisher
Scientific) normalized with the Gapdh gene (Mm99999915 gl1)
(Table SS). Epo gene quantification was done by a TagMan primer
probe set Mm01202755_m1 (Thermo Fisher Scientific). Each 20 yL
PCR reaction mix contained 10 yL of TagMan fast advanced master
mix (Thermo Fisher Scientific), 1 uL of primer-probe set (B4galnt2
and Gapdh), water, and 1 uL of cDNA. PCR was performed using a
QuantStudio 7 Flex real-time PCR system (Applied Biosystems).
Absolute quantification for B4galnt2 gene and the Epo gene was
performed using a standard and the same PCR reaction conditions as
described above. Similarly, absolute quantification of activator mRNA
was done by designing a primer-probe set that amplified the mCherry
sequence from the mRNA (Table SS).

LNP Formulation and RiboGreen Assay. The mRNA and
sgRNAs were diluted in 10 mM citrate buffer (pH 3) to create the
aqueous phases. When pooling sgRNAs, equivalent amounts of each
sgRNA were included in the sgRNA fraction. To prepare the organic
phases, cKK-E12 (Organix Inc.), cholesterol (Sigma), C14-PEG
2000-PE (Avanti), and DOPE (Avanti) were added to 100% ethanol
at a ratio of 35:46.5:2.5:16. A mass ratio of 20 (lipid/mRNA) was
used for all in vivo formulations. The two phases were mixed using a
NanoAssemblr benchtop device containing a microfluidic cartridge
(Precision NanoSystems Inc.) at an aqueous to organic flow rate ratio
of 3:1 at 12 mL/min. The LNPs were next diluted 40X in 10 mM Tris
buffer and concentrated using 100 kDa MWCO centrifugal filters
(MilliporeSigma). After sterile filtering, particle size was determined
by dynamic light scattering on a Zetasizer Nano ZS (Malvern). A
RiboGreen assay (Invitrogen) was performed to calculate the
encapsulation percentage and concentration of mRNA and sgRNA
cargos. After size and concentration were characterized, LNP
solutions were mixed with sucrose to 5% (w/v) final concentration,
aliquoted, and stored at —80 °C until use.

mRNA LNP Encapsulation Quantification by PCR. To
determine differences in the encapsulation of activator mRNA
under different formulation conditions, absolute quantification by
real-time PCR was used. Stored aliquots of LNPs were used in which
particles were formulated with either activator mRNA alone or a
mixture of activator mRNA and sgRNA at a 1:1 mass ratio. Using the
total encapsulated nucleic acid concentration, as measured by
RiboGreen, and the assumption that LNPs formulated with sgRNA
and mRNA contain both cargos at a 1:1 mass ratio, LNPs were
diluted to theoretically contain the same concentration of
encapsulated activator mRNA per milliliter. These dilutions were
chosen so that if there was no preference for encapsulation of either
sgRNA or mRNA over the other, identical copy numbers of
encapsulated mRNA should be observed in each condition. Solutions
containing LNPs were mixed with an equal volume of Tris-EDTA
buffer containing 2% Triton X-100 and incubated for 10 min at 37 °C
to lyse the LNPs. Identical solutions were mixed with an equal volume
of Tris-EDTA (without Triton X-100) prior to incubation. Volumes
(1 uL) equal to 100 ng of the lysed and mock lysed LNP were added
to the cDNA reaction mixture (high-capacity cDNA reverse
transcription) so that the total volume is 20 uL. Absolute
quantification of activator mRNA was performed (by amplifying
mCherry sequence present in the mRNA) using 1 uL of this cDNA.
The mRNA copy number of the mock lysed LNP solution (free
mRNA) was subtracted from the copy number of the lysed LNP
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solution (total mRNA) to obtain the copy number of encapsulated
activator mRNA.

Animal Studies. All animal experiments were performed in
accordance with the approved Institutional Animal Care and Use
Committee protocol and Georgia Institute of Technology Physio-
logical Research Laboratory policies. Six to eight week old C57BL/6]
mice (Jackson Laboratories) were kept in rooms on a 12 h light/dark
cycle with ambient temperature between 22.8 and 23.9 °C with 30—
40% relative humidity. Food was provided to mice ad libitum.
Animals were acclimatized for at least 6 days before the beginning of
experiments. Mice were intravenously injected with LNP via tail vein
and sacrificed by CO, asphyxiation. Injections for separate LNP
conditions were prepared as needed by mixing a pure solution of
LNPs containing mRNA cargo with another containing sgRNA cargo.
Dosing volumes for combined LNP conditions were calculated using
the total encapsulated nucleic acid concentration from the RiboGreen
assay and assuming that a 1:1 mass ratio of sgRNA to mRNA was
maintained inside the LNPs. Based on these assumptions, volumes
were modified so that an equivalent dose of activator mRNA was
delivered to the mice, regardless of formulation approach. For
AcrTIA4 studies, additional LNPs containing AcrlIA4 mRNA cargo
were mixed into the injection volumes of activator and sgRNA LNPs.
The AcrlIA4 LNPs were dosed at 0.5 mg/kg.

Liver Perfusion. After euthanasia, the livers of the mice were
perfused and processed as described previously to achieve single-cell
suspensions.”’ A 22 gauge catheter was used to cannulate the inferior
vena cava and connect the vasculature to a syringe pump with surgical
tubing. The portal vein was cut as an outflow tract, and the livers were
perfused with 25 mL of EGTA solution followed by 25 mL of enzyme
buffer solution (EBS) containing 40 yg/mL Liberase (Sigma). Both
solutions were prewarmed to 42 °C and injected at 5 mL/min. The
livers were then placed in EBS solution on ice. After all perfusions
were completed, livers were gently minced with forceps and filtered
through 100 pm cell strainers. Cell suspensions were centrifuged at
30g for S min at 4 °C to obtain hepatocyte-enriched pellets. These
pellets were washed with 1X PBS containing 1% fetal bovine serum,
and their concentration was measured using a Cytek Aurora flow
cytometer (Cytek) prior to staining.

Cell Staining and Flow Cytometry. Hepatocyte-enriched cell
suspensions were adjusted to a concentration of 2 million cells per
milliliter and stained using LIVE/DEAD fixable near-IR dye
(Invitrogen) at 1:1000 dilution followed by rhodamine-conjugated
DBA lectin (Vector Laboratories, RL-1032-2) at a dilution of 1:500.
Cells were analyzed using a Cytek Aurora flow cytometer (Cytek).
Hepatocytes were gated based on FSC and SSC properties, as
previously demonstrated,®® and at least 100,000 live cell events were
recorded for analysis of lectin staining.

PrimeFlow and Lectin Staining. At 24 h after transfection, a
suspension of AMLI2 cells was prepared and stained with LIVE/
DEAD fixable violet (Invitrogen) at 1:1000 dilution followed by
Rhodamine-conjugated DBA lectin (Vector) at a dilution of 1:500.
To quantify B4galnt2 and Gapdh transcripts on a single-cell level in
treated AMLI2 cells, a PrimeFlow assay (Invitrogen, 88-18005-204)
was performed according to manufacturer’s instructions. Probes
against mouse B4galnt2 mRNA (Invitrogen, VB1-3029862-PF),
mouse Gapdh mRNA (Invitrogen, VB10-10572-PF), and bacterial
dapB (Invitrogen, VF10-10409-PF) were used. After being stained,
cells were analyzed by flow cytometry on a Cytek Aurora flow
cytometer (Cytek).

Western Blotting. Whole livers were collected in gentleMACS M
tubes containing 2.5 mL of DMEM and homogenized using
gentleMACS dissociator (Miltenyi Biotec) RNA_01.01 program.
Samples were mixed with RIPA buffer (Thermo) supplemented with
Halt protease inhibitor cocktail (Thermo) for further lysis. Total
protein concentration was determined with by BCA protein assay
(Thermo). Samples were mixed with 4X Licor protein loading buffer
(LiCor) denatured for 7 min at 95 °C and ran in Bolt 4—12% bis-Tris
plus protein gels (Invitrogen). The gels were ran with MES SDS
buffer (Thermo) at 200 V for 30 min. Proteins were transferred for 1
h to nitrocellulose membranes at 20 V. Membranes were blocked
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overnight in 5% bovine serum albumin at 4 °C. Primary antibodies
against f-actin (Cell Signaling, 4970S, 1:1000) and B4galnt2 (Novus,
NBP1-91229, 1:1000) were incubated overnight at 4 °C in TBST
(0.19% Tween 20). Membranes were washed with TBST and
incubated with anti-rabbit secondary antibody (LI-COR, 926-68073,
1:5000) in TBST for 1 h at room temperature. Proteins were
visualized using an Odyssey infrared imaging system.

Liver Perfusion and Blood Collection for Epo Experiment.
After euthanasia, a 22 gauge catheter was used to cannulate the
inferior vena cava. Outflow from the catheter was collected and
transferred to serum separator tubes (BD 365967) for serum analysis.
Heparinized microcapillary tubes (Fisher, 22-362566) were used to
collect plasma for hematocrit analysis and sealed with clay sealant.
After blood collection, the catheter was connected to a syringe pump
with surgical tubing. The portal vein was cut as an outflow tract, and
the livers were perfused with 10 mL of 1X PBS. Livers were rinsed in
1X PBS and stored at —80 °C until analysis. Serum samples were
allowed to clot for 30 min at room temperature and then centrifuged
at 10,000g for 1.5 min. Separated serum was carefully collected from
the top of the tube.

Epo ELISA. After mechanical dissociation, liver samples were
mixed with cell extraction buffer (Abcam, ab193970) and incubated
on ice for 20 min. Samples were centrifuged at 18,000g for 20 min at 4
°C, and supernatants were taken for analysis by ELISA kit (R&D,
MEPOOB) according to manufacturer’s instructions. Total protein
concentration from liver samples was determined by BCA protein
assay (Thermo). Serum samples were analyzed directly by the same
ELISA kit.

Hematocrit. Microcapillary tubes were centrifuged at 10,000g for
1.5 min to separate out blood components within the tubes. Tubes
were imaged on a white background, and the packed red cell height
was determined in each image using Image].

Spleen Mass. After euthanasia, the total body mass of each animal
was determined on a scale. The spleens were removed and rinsed in
1X PBS. After blotting to remove excess 1X PBS, the mass of each
spleen was determined using a microbalance. The spleens were then
imaged on a white background.

In Situ Hybridization and Lectin Staining. Liver, muscle, and
para-aortic lymph node tissues were collected and fixed in 10% neutral
buffered formalin before paraffin-embedded 5 um sections were
prepared by Histowiz services. B4galnt2 mRNA was visualized in
tissue sections or 4% paraformaldehyde-fixed AML12 cells using an
RNAscope Multiplex fluorescent reagent kit v2 (Advanced Cell
Diagnostics, 323136) according to manufacturer’s instructions.
Predesigned probes against mouse B4galnt2 mRNA were used
(ACD, 529871). Lectin staining was performed by blocking with
5% bovine serum albumin for 1 h and incubating with DBA labeled
with rhodamine (Vector Laboratories, RL-1032-2) at 1:100 dilution
overnight at 4 °C. After DAPI staining, all samples were mounted
with ProLong Gold reagent (Invitrogen) and stored in the dark prior
to imaging.

Confocal Microscopy and Slide Scanning. Representative
images of AMLI12 cells and tissue sections were acquired using Plan-
Apo 40x 1.3 NA or Plan-Apo 63X 1.4 NA oil objectives on an
UltraVIEW spinning disk confocal microscope equipped with a
Hamamatsu Flash 4.0v2 CMOS camera. Images were captured and
preprocessed using Volocity software (PerkinElmer). Whole slide
tissue scans were acquired by the Emory Winship Cancer Tissue and
Pathology core on a PerkinElmer Vectra Polaris slide scanner using a
20x 0.5 NA objective. Images were processed and figure images were
produced using QuPath software.

Statistical Analysis. The experimental data were analyzed in
GraphPad 9 statistical software. Sample size, error bars, and statistical
tests are detailed in the figure legends.
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