Molecular Therapy

Methods & Clinical Development
Original Article

Quantification of transgene expression
in GSH AAVS1 with a novel CRISPR/Cas9-based
approach reveals high transcriptional variation

Anne Inderbitzin,"*** Tom Loosli,'** Roger D. Kouyos,'-> and Karin J. Metzner'-?

!Department of Infectious Diseases and Hospital Epidemiology, University Hospital Zurich, Ramistrasse 100, 8091 Zurich, Switzerland; 2Institute of Medical Virology,

University of Zurich, Winterthurerstrasse 190, 8057 Zurich, Switzerland; 3Life Science Zurich Graduate School, University of Zurich, Zurich, Switzerland

Genomic safe harbors (GSH) are defined as sites in the host
genome that allow stable expression of inserted transgenes
while having no adverse effects on the host cell, making them
ideal for use in basic research and therapeutic applications.
Silencing and fluctuations in transgene expression would be
highly undesirable effects. We have previously shown that
transgene expression in Jurkat T cells is not silenced for up
to 160 days after CRISPR-Cas9-mediated insertion of reporter
genes into the adeno-associated virus site 1 (AAVS1), a
commonly used GSH. Here, we studied fluctuations in trans-
gene expression upon targeted insertion into the GSH
AAVS1. We have developed an efficient method to generate
and validate highly complex barcoded plasmid libraries to
study transgene expression on the single-cell level. Its applica-
bility is demonstrated by inserting the barcoded transgene
Cerulean into the AAVSI1 locus in Jurkat T cells via the
CRISPR-Cas9 technology followed by next-generation
sequencing of the transcribed barcodes. We observed large
transcriptional variations over two logs for transgene expres-
sion in the GSH AAVSI. This barcoded transgene insertion
model is a powerful tool to investigate fluctuations in transgene
expression at any GSH site.

INTRODUCTION

Transgene insertion is predominantly conducted through lentiviral
and gamma-retroviral vectors, resulting in an almost random inser-
tion into the human genome.'~> The insertion can lead to unpredict-
able interaction of the transgene with the host genome, such as
attenuation or complete silencing of the transgene® ' or, more crit-
ical, leading to dysregulated expression of host genes.'"'> The appli-
cation of a gene-editing tool for therapeutic use with site-specific
transgene insertion in genomic safe harbor (GSH) may reduce the
risk of insertional mutagenesis.''>'* Thereof, there is a great neces-
sity to identify and characterize GSH sites. A GSH is defined as a
genomic locus to support stable transgene expression while not inter-
fering with endogenous gene functions or structure.'*'>'® To date, no
genomic site has been shown to qualify as bona fide GSH for safe ther-
apeutic transgene insertion.'' Nevertheless, the adeno-associated
virus site 1 (AAVS1) is often used as a GSH for research

11,14,17-19 . . 20
purposes, assumed to provide stable transgene expression

due to flanking insulator regions.”’ AAVS]1 is situated on chromo-
some 19 between exon 1 and intron 1 of the protein phosphatase
1-regulatory subunit 12C (PPP1R12C) gene and is the preferred
site for integration of adeno-associated virus (AAV) DNA.'”** Lom-
bardo et al.'* showed that the GSH AAVSI supported transgene
expression in several human cell types while using multiple pro-
moters. The protein PPP1R12C was shown in most cell types to
have an active and open chromatin and to be constitutively tran-
scribed.* Even though the GSH AAVS1 is widely used for research
purposes, more characterization of its suitability for future clinical ap-
plications is needed.

Recent studies have demonstrated that transgene expression, inte-
grated into the GSH AAVS], is not as stable as previously reported
while different promoters and/or cell lines were used.'**** Ordovas
et al.*® observed transgenic silencing through DNA methylation in
embryonic stem cells and differentiated hepatocytes by using different
cell type-specific promoters. Similarly, Bhagwan et al.** observed
silencing of transgene expression in human induced pluripotent
stem cells (hiPSC) reporter cell lines by using two different promoters
(pCAG and pTRE promoter).

In our previous studies, HIV-1-based dual fluorophore vectors
were generated and originally used to study HIV-1 latency. They
consist of two reporter genes, Cerulean under the control of the
HIV-1 promoter and mCherry, which is driven by the constitutive
human elongation initiation factor 4Al (helF4A1l) promoter
and flanked by two insulators.”>*® Targeted insertion of our
HIV-1-based dual-fluorophore vector LTatCL[M] via CRISPR-
Cas9 into the GSH AAVSI in the same and convergent orientation
showed continuous expression of both reporter genes for up to
160 days.”
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To further characterize the GSH AAVS1, we examined the stochastic
fluctuations upon insertion of a barcoded transgene into the GSH
AAVS1. We first modified our HIV-1-based dual-fluorophore vector
LTatCL[M]*’ by inserting a barcode consisting of 10 random nucle-
otides. We then inserted the vector LTatCIONL[M] into the GSH
AAVSI in Jurkat T cells via CRISPR-Cas9 in the same and convergent
orientation relative to the host gene and studied the barcode
expression.

RESULTS

Generation of highly complex LTatC10NL[M] AAVS1 barcode
libraries

We generated a barcoded version of our previously described HIV-1-
based dual-fluorophore vector LTatCL[M]*>*® to transfect Jurkat
T cells and integrate the vector in the GSH AAVSI site in the human
genome via CRISPR-Cas9. Targeted insertion of our HIV-1-based
dual-fluorophore vector LTatCL[M] into the GSH AAVS] was exten-
sively studied in our previous study, showing continuous transgene
expression for up to 160 days in cell populations. This model allows
us to elucidate stochastic fluctuations of the HIV-1 LTR transcrip-
tional activity at the GSH AAVSI insertion site on a single-cell level
by sequencing the barcodes in genomic DNA as well as in reverse-
transcribed cellular RNA.

The novel dual-fluorophore vector LTatCIONL[M] contains a bar-
code of 10 random nucleotides (10N) inserted between Cerulean
(C) and the HIV-1 3" LTR (L) (Figure 1A). Cerulean-barcode
expression is controlled by the HIV-1 5" LTR (L) promoter and sup-
ported by the HIV-1 transactivator of transcription (Tat). The vec-
tor is flanked by AAVS1 homologous arms in two ways to integrate
the vector in the same (s) and convergent (c) transcriptional orien-
tation, respectively, relative to the host gene PPP1R12C (Figure 1A).
The original vector LTatCL[M]** was developed primarily to study
HIV-1 latency. The new vector LTatC10NL[M], therefore, contains
a second fluorophore (mCherry) driven independently of the HIV-1
promoter by the constitutive he[F4A1 promoter and flanked by two
insulators (Figure 1A). This second cassette is not relevant to the
current study.

The two generated barcoded plasmid libraries LTatC10NL[M]
AAVSI s and LTatCIONL[M] AAVSI1 c were validated with different
methods to analyze and confirm the high complexity of both libraries
(Figure 1B). First, exemplary single bacterial colonies were sequenced
by Sanger sequencing to ascertain the barcode structure.””*® Five of
six sequences displayed barcodes of different composition, one
sequence did not contain the insert. Second, each barcoded plasmid
library was independently sequenced by NGS five times, and the frac-
tion of plasmids containing barcodes was quantified by comparing
the average coverage of the barcode region with the average coverage
of the neighboring region (Figures 1B and S1A). The percentage of
10N-containing plasmids in the LTatC1ONL[M] AAVS1 s and
LTatC10NL[M] AAVSI1 c libraries was 86% (95% CI: 81.4-90.6)
and 90.2% (95% CI: 88.2-92.3), respectively (Figure S1B). These find-
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ings show that the vast majority of plasmids contained a
10-nucleotide-long barcode.

Next, we examined the frequencies of the four nucleotides at each of
the 10 positions within the barcode for each of the five independent
NGS samples per library. In a randomly composed barcode, the prob-
ability of a nucleotide being incorporated is equal in all positions. For
both the LTatC10NL[M] AAVS1 s and LTatC10NL[M] AAVSI ¢
libraries, there is no position in which a specific nucleotide dominates
in any of the 10 independent samples sequenced by NGS (Figures 2A
and S2). These results indicate that the structure of the barcode is
diverse and balanced for both libraries.

Based on the number of unique barcodes in each library, i.e., barc-
odes that were present in only one of the five independent NGS
samples, a corresponding simulated barcode library was created as
a reference. We detected 29,860 and calculated 39,926 unique barc-
odes for the observed and simulated LTatC10NL[M] AAVSI s li-
braries, respectively, and detected 28,352 and calculated 37,925
unique barcodes for the observed and simulated LTatC10NL[M]
AAVSI c libraries, respectively (Figure 2B). 3,084 and 3,533 barco-
des were detected in two samples in the observed LTatC10NL[M]
AAVSI1 s and LTatC1ONL[M] AAVSI1 c libraries, respectively. 40
and 42 barcodes were found in all five samples in the observed
LTatCIONL[M] AAVSI s and LTatC10NL[M] AAVSI1 c libraries,
respectively. While there are more unique barcodes and less overlap
in the simulated libraries compared with the observed libraries, the
latter still show a similar distribution as calculated in the simulated
libraries.

It was reported that, in barcoded plasmid libraries, barcode counts
follow a Poisson distribution with a small inflation of singlet reads;”’
95% and 99.3% of barcodes in the LTatCIONL[M] AAVSI s and
LTatC10NL[M] AAVSI clibraries, respectively, were observed in fre-
quencies consistent with chance. However, in both libraries, we have
identified some barcodes that do not correspond to this distribution
and therefore occur more frequently than would be expected by
chance (Figure 2C). In the LTatC10NL[M] AAVSI s library, these ac-
counted for 3.3%, 1%, and 0.7% of all barcodes and in the LTatC10NL
[M] AAVSI c library for 0.7% of all barcodes. We assumed varying
bacterial growth rates, an effect that propagates exponentially, to be
the origin of these overrepresented barcodes.

To validate the complexity of the barcoded plasmid libraries, we
adapted the rarefaction technique—used in ecology to assess species
diversity—to estimate barcode diversity.”” Hereby, we fitted logistic
growth models to the number of barcodes obtained from each addi-
tional sample with carrying capacity equal to the maximally possible
number of barcodes and growth rates estimated from exponential
models, as the initial growth rate in logistic models is approximately
exponential.

Since the samples contained different numbers of unique barcodes,
the growth rate estimation in the exponential models depends on
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Figure 1. Workflow to establish and validate barcoded LTatC10NL[M] AAVS1 plasmid libraries

(A) Scheme of the vectors LTatC10NL[M] AAVS1 s and LTatC10NL[M] AAVS1 ¢ in the same (s) and convergent (c) transcriptional orientation, respectively. The barcode is
marked with a rainbow-colored box. Flanking the vectors are 5" and 3" arms homologous to the GSH AAVS1 locus (gray). LTR, HIV-1 long terminal repeat; tat, HIV-1 trans-
activator of transcription; IRES, internal ribosomal entry site; cHS4, chicken hypersensitive site 4 (insulator); tetO7, tetracycline operator sequence, 7 repeats; helF4, human
eukaryotic initiation factor 4A1; sMARS8, synthetic matrix attachment region 8 (insulator); LTatC10NL[M], 5" LTR-Tat-Cerulean-barcode 10N-3" LTR-cHS4([)-mCherry-
sMARS(]). (B) Scheme of the generation and validation of barcoded LTatC10NL[M] AAVS1 s and AAVS1 ¢ plasmid libraries. Depicted is the transformation with (1) plating
of a small aliquot for assessment of quality control by Sanger sequencing of plasmids from single bacterial colonies to control barcode structure and (2) next-generation
sequencing of the barcoded plasmid libraries from the bacterial suspension to estimate the number of barcodes and their complexity, which was performed five times
for each library. The gray bar represents the insert containing the barcode depicted in rainbow-colored boxes.

the order of the samples. All permutations from the five samples were
considered and filtered for R* and growth rate (Figure S3). The re-
maining models (Figure S3B) were used to parametrize the growth
rate in the logistic models, which we used to generate barcode
complexity accumulation curves to the amount of DNA we used to
transfect Jurkat T cells at a later time point (Figure 2D). The accumu-
lation curves were validated by similarity with the simulated data, al-
lowing for high confidence in the complexity estimates for the bar-
coded plasmid libraries. We were able to show that the maximally
possible number of 4'° unique barcodes would be represented at least
once in approximately 1.2-ng barcoded plasmid library. To conclude,
we developed a novel method to assess and verify the complexity of

barcoded plasmid libraries and we could demonstrate that both bar-
coded plasmid libraries are highly complex.

Insertion of the barcoded transgene LTatC10NL[M] into the GSH
AAVS1 in Jurkat T cells and estimated barcode occurrence in
sorted cells

The barcoded LTatC10NL[M] AAVS1 s and LTatCIONL[M]
AAVSI c plasmid libraries were integrated in the GSH AAVSI, so
the transgene was integrated either in the same or in the convergent
orientation. Three independent experiments were performed, where
one million Jurkat T cells were transfected with 2 pg of each of the
barcoded plasmid libraries. We previously estimated the transfection
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Figure 2. Barcoded plasmid libraries for LTatC10NL[M] AAVS1 s and LTatC10NL[M] AAVS1 c

(A) Frequency of nucleotides per position. The five columns at the 10 positions of the barcode represent the five-times sequenced libraries. (B) Comparison is shown of the
observed overlap of barcodes between the five samples of each barcoded plasmid library with its simulated counterpart. (C) The number of times certain barcodes occurred,
normalized to all five samples of each barcoded plasmid library. Expected Poisson distribution is shown for LTatC10NL[M] AAVS1 sin red line and LTatC10NL[M] AAVS1 cin
blue line, and the shaded area corresponds to the 95% confidence interval. Barcodes that are observed more often than expected by chance are labeled. (D) The complexity
in each of the barcoded plasmid libraries was estimated by extrapolating for complexity accumulation curves. This way, the number of barcodes available in the plasmid
concentration used in nucleofection could be estimated. Simulated barcodes were analyzed identically to validate the model by similarity of observed (LTatC10NL[M]
AAVST s, red lines and LTatC10NL[M] AAVST c, blue lines) and simulated data (gray lines).

efficiency to be 2%-10%.”” On the basis of our estimations described
above, we assumed that the transfected barcoded plasmids libraries
contained all possible 4'° = 1,048,576 barcodes. To estimate the num-
ber of different barcodes in the 20,000 to 100,000 transfected cells, we
compensated for the “birthday paradox,”' which states that in a
group of 23 randomly selected people, the probability that at least
two will have the same birthday is 50%, herein the same with barco-
des. Thereof, we simulated drawing 20,000 and 100,000 barcodes
from 4'° unique barcodes. Using 1,000 repeated simulations, we
were able to robustly estimate the number of unique barcodes that
were transfected to be 19,811 (95% CI: 19,810, 19,812) for the 2%

110

transfection efficiency and 95,379 (95% CI: 95,375, 95,383) for the
10% transfection efficiency, respectively. After 8 days, 2,600-7,075
cells expressing Cerulean and mCherry were sorted (Figure S4). As
done by Chen et al., we then calculated the percentage of a barcode
occurring more than once in the Cerulean*/mCherry™ cells (Table 1).
We concluded that barcode duplications might be present in the
sorted cells, albeit only to a minor degree.

LTatC10NL[M] AAVSI s- and LTatC10NL[M] AAVS1 c-transfected
Jurkat T cells were expanded up to 14 days post-sorting and analyzed
with flow cytometry showing Cerulean and mCherry expression
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Table 1. Barcode occurrence in sorted cells carrying the barcoded transgenes LTatC10NL[M] AAVS1 s and LTatC10NL[M] AAVS1 c in three independent

experiments

Sample #Cells sorted #Estimated barcode drawn %Barcode estimated to occur more than once®

LTatC1ONL[M] AAVSI s, replicate 1 4,589 B8 2320048 0.11-23
19811 t0 95’379

LTatCIONL[M] AAVSI s, replicate 2 3,625 3625 = 0.183-0.038 0.07-148
19811 t0 95379

LTatC1ONL[M] AAVSI s, replicate 3 7,057 7057 = 0.356-0.074 0.26-5.02
19811 f0 95379

LTatCIONL[M] AAVSI ¢, replicate 1 2,585 2585 = 0.13-0.027 0.04-0.78
19811 f0 95379

LTatCIONL[M] AAVSI ¢, replicate 2 2,600 2600 _ 13120027 0.04-0.79
19°811 t0 95'379

LTatC10NL[M] AAVSI c, replicate 3 3,980 3980 = 0.042-0201 0.08-1.77

19’811 t0 95°379

Depicted are the number of sorted Jurkat T cells carrying the barcoded transgenes LTatC10NL[M] AAVSI s and LTatC10NL[M] AAVSI c, each in triplicates. The number of estimated
barcodes drawn upon sorting for the 2% and 10% transfection efficiency is calculated for each sample. Finally, the percentage of a barcode occurring more than once is calculated on this

basis.

?As described by Chen et al. (2017),”* these probabilities represent rare events, which can be well described using the Poisson distribution.** The probability X of a barcode being present

in more than one of the nucleofected cells can thus be estimated with P(X > 1), where X has a Poisson distribution with means of the probabilities of barcodes being drawn.

(Figure S5). We further characterized the cell populations as follows.
We confirmed the insertion for both LTatCIONL[M] AAVSI1 s and
LTatCIONL[M] AAVSLI c in all six populations by amplifying and
sequencing the junction of the insert and the AAVSI locus™ (Figure
S6). We were also able to show that integration occurred in only one
AAVSI allele (Figure S7).

To summarize, we successfully integrated the barcoded plasmid
LTatC10NL[M] AAVSI s and LTatCIONL[M] AAVSI1 c libraries
into Jurkat T cells in three independent experiments.

Barcoded transgene LTatC10NL[M] shows little numerical
overlap of barcodes between and within LTatC10NL[M] AAVS1 s
and LTatC10NL[M] AAVS1 ¢

Integrated and expressed barcodes were characterized in LTatC10NL
[M] AAVS1 s- and LTatC10NL[M] AAVS1 c-transfected Jurkat
T cells in each of the three independent transfection experiments. Af-
ter 14 days post-sorting, genomic DNA and cellular RNA were iso-
lated, RNA was than reverse transcribed to cDNA, resulting in a total
of 12 samples. Each sample was independently sequenced three times
using NGS, resulting in 35/36 samples successfully sequenced (Figure
S8). No NGS reads were obtained from one of the LTatC10NL[M]
AAVSI c-derived cDNA samples. The number of raw reads, trimmed
and mapped reads, and total and unique barcode counts per sample
for each library are shown in Table S2. We obtained 422, 624, and
574 unique barcodes from LTatCIONL[M] AAVS1 s cDNA repli-
cates; 271, 635 and 854 unique barcodes from LTatCl1ONL[M]
AAVS1 s DNA replicates; 445, 245, and 359 unique barcodes from
LTatC10NL[M] AAVS1 ¢ cDNA replicates; and 411, 848, and 780
unique barcodes from LTatC10NL[M] AAVS1 s DNA replicates (Fig-
ure 3). The barcode composition of LTatC10NL[M] AAVSI s and
AAVSI ¢ DNA and cDNA showed only a small overlap of 0-9 co-
occurring unique barcodes within all three replicates, confirming
the independence of the replicated experiments (Figures 3A and 3B).

To compare co-occurring unique barcodes between LTatC10NL[M]
AAVSI s and LTatC10NL[M] AAVS1 ¢ DNA and cDNA, each of
the three replicates of DNA and cDNA were combined resulting in
1,718, 1,610, 1,981 and 1,041 unique barcodes from LTatC10NL[M]
AAVS1 s DNA and ¢cDNA and from LTatCIONL[M] AAVSI c
DNA and cDNA, respectively. After merging of the replicates, 624
co-occurring unique barcodes were observed in LTatC1ONL[M]
AAVSI1 s DNA and ¢cDNA, and for LTatC10NL[M] AAVS1 ¢ DNA
and ¢cDNA 539 co-occurring unique barcodes were observed(Fig-
ure 3C). When we compared co-occurring unique barcodes in inde-
pendent LTatC10NL[M] AAVS1 s and LTatC10NL[M] AAVSI ¢
DNA and c¢DNA samples, we observed only 3-26 co-occurring
unique barcodes (Figure 3C). This emphasizes the independence of
the cell populations and reinforces the claim of our barcoded plasmid
libraries being of high diversity.

In each dataset of LTatC10NL[M] AAVSI s and LTatC10NL[M]
AAVS1 cDNA and cDNA replicates, there were few dominant barcodes
(Tables S3 and S4) To rule out unequal distribution of certain barcodes
in the barcoded plasmid libraries, we compared the abundance of barc-
odes in LTatC10NL[M] AAVS1 s and LTatC10NL[M] AAVS1 c DNA
and cDNA samples with the abundance of those barcodes in the bar-
coded plasmid libraries, and 218 and 189 barcodes co-occurred in
LTatCIONL[M] AAVSI s and LTatC10NL[M] AAVSI c, respectively,
and their corresponding plasmid libraries (Tables S3 and S4). The me-
dian GC content was 50% for the unique barcodes in the barcoded
plasmid libraries for LTatCIONL[M] AAVS1 s and LTatC10NL[M]
AAVSI ¢ (Figure S9). None of the high-abundance barcodes observed
in cell samples were also found in high abundance in the barcoded
plasmid libraries, indicating that during expansion some cells prolifer-
ated faster than others.

Next, we generated a heatmap to display the 15 most abundant DNA-
and cDNA-derived barcodes across all samples (Figure 4). The
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Figure 3. Overlap of unique barcodes between cDNA and DNA of LTatC10NL[M] AAVS1 s and AAVS1 c transfected Jurkat T cells
Depicted are the overlaps in unique barcodes from the LTatC10NL[M] AAVST1 s and LTatC10NL[M] AAVS1 ¢ cDNA and DNA samples, each in three replicates from inde-
pendently performed experiments, whereby each is comprised of NGS triplicates for (A) LTatC10NL[M] AAVS1 s- and (B) LTatC10NL[M] AAVS1 c-transfected Jurkat T cells,

and in (C) overlap of merged three replicates shown in (A) and (B).

samples first clustered among the three replicates, and second, clus-
tered according to their DNA or cDNA origin. Among those barco-
des, minor overlap was observed between LTatCIONL[M] AAVSI s
and LTatC10NL[M] AAVSI1 c samples and independent replicates.

To summarize, the DNA-derived barcodes overlapped with the
c¢DNA-derived barcodes within LTatC10NL[M] AAVS1 s, and within
LTatC10NL[M] AAVS1 c. There was only minute overlap between
barcodes from LTatCIONL[M] AAVS1 s and LTatC10NL[M]
AAVSI ¢, indicating that there was no cross-contamination. Barcodes
were heterogeneously expressed and a few highly abundant barcodes
dominated in each sample.

Barcoded transgene LTatC10NL[M] insertion into the GSH
AAVS1 shows large transcriptional variation

To quantify transcriptional variation after insertion of the barcoded
transgene LTatC10NL[M] into the GSH AAVSI1, we compared the
abundance of integrated barcodes, i.e., DNA samples with barcode
expression in corresponding cDNA samples. For this analysis, the
607 and 526 barcodes exclusively co-occurring more than once in
matched DNA and ¢cDNA from LTatC10NL[M] AAVSI s and
LTatC10NL[M] AAVS1 c samples, respectively (Figure 3), were
considered. Comparing the proportions of specific barcodes in both
DNA and ¢cDNA samples was used as normalization and had the
advantage of not being affected by the number of reads generated
during NGS. We could observe a similar distribution in barcode
proportions between DNA- and cDNA-derived barcodes for the
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high-abundance barcodes (Figure S10). To qualitatively analyze var-
iations in barcode expression, we calculated the relative fold change of
barcodes by normalizing the occurrence of barcodes in the cDNA
samples with the occurrence in the DNA samples in each replicate
(Figure 5A). Upon combining the three replicates, the relative tran-
scriptional fold change of barcodes integrated in both transcriptional
orientations in AAVSI ranges over two logs and was significantly
higher in the LTatCIONL[M] AAVSl c¢ sample than in the
LTatC1ONL[M] AAVSI s sample (1.29x higher, p value = 0.0023;
Figure 5B). Herein, we observed high fluctuations in the expression
of the barcoded transgene LTatC10NL[M] in the GSH AAVSI in
both transcriptional orientations. These results were consistent in a
sensitivity analysis, where barcodes occurring only once in either
DNA or cDNA samples were excluded (Figure S11).

DISCUSSION

We developed a novel model to explore stochastic fluctuations of bar-
coded transgene LTatC10NL[M] inserted in both orientations in the
GSH AAVSI1 on a DNA and RNA level in Jurkat T cells. We observed
substantial variation in transcript levels of barcode expression span-
ning two logs, suggesting that the GSH AAVS1 is not as stable as pre-
viously reported and requires further investigation, particularly for
therapeutic approaches.

The discovery of position effects on the reactivation potential of
latently HIV-1-infected cells relied on the B-HIVE technology, where
single-cell tracking using DNA barcodes was accomplished.”® We
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(legend on next page)
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combined the latency model vector LTatCL[M] with the barcode
insert as designed by Chen et al.”® The barcoding method has the
common three initial steps: (1) generation of barcoded vectors, (2)
transformation, and (3) barcoded plasmid library control. Similar
to other studies, we also addressed the lack of reliable established
methods for quality control of barcoded plasmid libraries.”’ >
In particular, plating out a small aliquot of the transformed bacteria
and counting the colonies might lead to variable results, as it depends
on (1) the quality of the agar plate, (2) the person performing the
experiment, (3) the plating out technique, and (4) the homogeneity
of the bacterial concentration in the transformation mixture. Our
approach is based on an accumulation curve using NGS data. It covers
all apparent shortcomings of previous controls and allows us to accu-
rately estimate the complexity of barcoded plasmid libraries, as well as
to identify barcodes that occur more frequently than probable by
chance, for potential exclusion in downstream analyses.

We inserted the barcoded transgene LTatCIONL[M] into the GSH
AAVSI in Jurkat T cells to explore stochastic fluctuation. To do
this, we sorted for Cerulean”/mCherry” cells representing cells that
contain the entire vector cassette, as we demonstrated in our previous
study, where no internal deletions were observed in Cerulean’/
mCherry" cells.”” We successfully inserted the barcoded transgene
LTatC10NL[M] into the GSH AAVSI1 and in the correct respective
orientations. We ruled out substantial off-target integration of our
vector constructs because no evidence of frequent off-target integra-
tion was observed in another study using a similar method.”* Those
authors observed ~0.1% off-target integration using a dsDNA tem-
plate for homology-directed repair (HDR) without Cas9 and ~1%
off-target integration when Cas9 was present.

Our NGS data analysis showed that, in both cell populations, in which
the construct LTatC10NL[M] was integrated into AAVS1 in the same
and convergent orientation, the barcodes were dominated by a few
specific sequences. Although we cannot completely exclude the pos-
sibility that the cells were already composed of unbalanced barcode
proportions after transfection, it seems unlikely, considering the thor-
ough quality control of the barcoded plasmid libraries and the esti-
mated chance of duplicate barcode insertions is low. We are therefore
inclined to believe that the observation of a few high-frequency barc-
odes is due to some steps and bottlenecks such as certain cells having a
slightly higher fitness, thus dominating the population by expanding
slightly faster after the bottleneck represented by cell sorting. Addi-
tional bottlenecks may occur during reverse transcription, where
not all RNA molecules may be reverse transcribed, during PCR
amplification of barcodes, where not all templates may be amplified
and frequencies may be biased, and during sequencing, where library
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preparation may represent a bottleneck for individual fragments. We
compared the barcodes extracted from the transfected LTatC10NL
[M] AAVSI1 s and LTatC10NL[M] AAVSI c Jurkat T cells with those
revealed during the barcoded plasmid library preparation and were
able to identify a certain overlap, as expected. However, there was
no correlation between high-frequency barcodes in the library and
those extracted from Jurkat T cells. This validates the quality of our
barcoded plasmid libraries and adds further evidence to the hypoth-
esis that clonal expansion is the cause of the high-frequency barcodes
in transfected LTatCIONL[M] AAVSI s and LTatC10NL[M]
AAVSI c Jurkat T cells.

When the barcodes were analyzed for similarities within and between
the three replicates, there were no obvious biases introduced during
reverse transcription or PCR to amplify the barcode insert, as indi-
cated by the very similar barcode profiles between replicates. The
dendrogram based on the hierarchical clustering of the barcode pro-
file shows that the replicates clustered primarily with each other, fol-
lowed by clustering with their DNA or cDNA counterpart according
to the same or convergent orientation. The heatmap of the barcode
profile shows minor overlap between the independent samples, which
was to be expected on the basis of the number of sorted barcoded cells
compared with the complexity of the possible barcodes in each bar-
coded plasmid library.

We compared the proportion of barcodes in the cDNA samples to
their proportion in the corresponding DNA samples and could
observe a relative fold change of the transcription of barcodes span-
ning over two logs, which is a higher transcriptional variance than
desired, given the insertion into a GSH site. Although barcode expres-
sion is significantly different in the LTatC10NL[M] AAVSI s and
LTatC10NL[M] AAVSI1 c orientations, the difference is small
compared with the range in barcode expression that we observed
within the samples. Fluctuations of transgene expression was also
observed in other studies; for example, Bhagwan et al.’* observed
variability in transgene expression in human induced pluripotent
stem cell (hiPSC) reporter cell lines using two different promoters
(pCAG and pTRE promoter). The selection of promoter might play
a role in silencing of transgene expression, whose silencing was
observed when using the EF-1a promoter. This effect could be over-
come using a stronger CAG promoter,”” exhibiting some insulation
from methylation.” In our previous study, we were able to show sta-
ble transgene expression in the GSH AAVSI in a monoclonal Jurkat
T cell line over 160 days independent of transcriptional orientation,
illustrated by reporter expression.”> The fluctuation observed at the
single-cell level may be due to the HIV-1 LTR promoter used in
this model, which may be influenced by a position effect, as the

Figure 4. Barcode profile of LTatC10NL[M] AAVS1 s and LTatC10NL[M] AAVS1 c DNA and cDNA replicates of transfected Jurkat T cells

Heatmap of the number of observations for the 15 most abundant barcode expressions in the barcoded transgene LTatC10NL[M] AAVST1 s and AAVS1 c. The heatmap
shows observed barcode counts and is color-coded by logo-transformed barcode counts. Barcodes depicted in rows and samples in columns. Barcode profiles were hi-
erarchically clustered by their correlation and displayed as a dendrogram on top, visualizing similarity. All 35 samples from three independent experiments are displayed. The
sample names are simplified: cDNA s, LTatC10NL[M] AAVS1 s cDNA; DNA s, LTatC10ONL[M] AAVS1 s DNA; cDNA c, LTatC10NL[M] AAVS1 c cDNA;, and DNA c,

LTatC10NL[M] AAVS1 ¢ DNA.
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Figure 5. Quantification of the expression of barcodes integrated in the GSH AAVS1 in both transcriptional orientations

The violin plots show relative fold change on a logsg scale for all barcodes co-occurring in corresponding DNA and cDNA samples. (A) Relative transcriptional fold changes in
barcode expression for the three replicates for DNA and cDNA. (B) Relative transcriptional fold changes of the aggregated three independent experiments (replicates) in same
and convergent orientation. t-test was used to test for statistical significance of log transformed values (p value = 0.0023).

HIV-1 LTR promoter has been reported to be sensitive to the local
chromatin environment.’

The benefit of using a barcoded transgene in research and clinical
application is to study a cell population on a single-cell level, so
that clonal dominance can be detected in a sensitive and relatively
simple way. This model can be further used for research applications
in cancer or infectious disease therapy, e.g., not only for the validation
of GSH but also for the assessment of drug resistance mutations or
reactivation of novel or already used drugs at the single-cell level.
The vector can be easily adapted by, for instance, replacing the
HIV-1 promoter with any other promoter of interest. In addition,
to overcome transgene variability for research and clinical use, the
transgene could be flanked by insulators.

Conclusion

We developed a method of constructing barcoded plasmid libraries
and a novel quality control tool thereof, fulfilling the demand for
appropriate quality assessment tools. It allows for a detailed and thor-
ough insight into barcoded plasmid libraries necessary for any down-
stream analysis. We applied this by generating barcoded plasmid
libraries based on the HIV-1-based dual-fluorophore vector
LTatC10NL[M] for CRISPR-Cas9-mediated targeted insertion into
the genomic safe-harbor locus AAVSI in both transcriptional orien-
tations in Jurkat T cells. We characterized barcode expression in the
Cerulean*/mCherry” population based on DNA and RNA, whereby
we could show a substantial variation in transcriptional levels of bar-
code expression, spanning two logs. Our barcoded model allows the
characterization of stochastic fluctuations of transgene insertion in
any GSH.

MATERIALS AND METHODS

Generation of LTatC10NL[M] AAVS1 same (s) and LTatC10NL[M]
AAVS1 convergent (c) barcode libraries

The dual-fluorophore vector LTatCL[M]*> was modified to
LTatC10NL[M]; i.e., a barcode consisting of 10 random nucleotides
(10N) was inserted downstream of the reporter gene Cerulean (Fig-
ure 1). We designed the insert as described in Chen et al.,”® consisting
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of a human T7 promoter and an Illumina primer. Briefly, the oligo-
nucleotides containing the 10N barcode were amplified to obtain
double-stranded DNA fragments flanked by vector-overlapping se-
quences for subsequent infusion cloning. All oligonucleotides were
purchased from Microsynth and are listed in the Table S1. The
PCR reaction contained 10 ng of the barcoded DNA oligonucleotide
Cerulean-10N-LTR, 0.5 uM each of forward and reverse oligonucle-
otide InFusion-cerulean-fw and InFusion-LTR-rc, and the
CloneAmp HiFi PCR Premix (Takara Bio). The PCR cycling condi-
tions were as follows: 35 cycles at 98°C for 10 s, 57°C for 15 s, and
72°C for 15 s. The 173-bp-long amplicon was purified using the
NucleoSpin Gel and PCR Clean Up kit (Macherey-Nagel). The plas-
mids LTatCL[M] AAVS1 s and AAVS1 ¢ were linearized using 100
units of AsiSI (NEB)/20 pg DNA. The 10-kb-long fragment was pu-
rified using the NucleoSpin Gel and PCR Clean Up kit. In-Fusion
Cloning (TaKaRa) was performed following the manufacturer’s in-
struction in a 1:5 ratio of linearized plasmids LTatCL[M] AAVS1 s
and AAVSI ¢, respectively, and the barcode insert. After transforma-
tion of XL10-gold ultracompetent cells (Agilent Technologies), an
aliquot was plated and incubated overnight, while the remaining bac-
teria were incubated in Luria-Bertani (LB) medium with 100 pg/mL
ampicillin overnight at 300 rpm at 37°C. Sanger sequencing was
used to confirm PCR products and cloning intermediates and was
performed by Microsynth.

Analysis of the structure of the LTatC10NL[M] AAVS1 s and
LTatC10NL[M] AAVS1 c barcoded libraries by next-generation
sequencing

To analyze the structure and complexity of the barcoded plasmid
libraries, both libraries were independently sequenced five times us-
ing the Illumina MiSeq next-generation sequencing (NGS) platform
(MiSeq Reagent Kit v3, 150-cycle). The sequence reads were mapped
to the reference in CLC Genomics Workbench 20 (Qiagen). The
following analyses were performed.

First, barcodes were identified based on their position inherited by

the mapping reference. We evaluated the proportion of integrated
vectors that contained the barcode fragment compared with those
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without. The coverage at the 10 barcode positions relative to the
coverage 15 bases up- and downstream of the entire insert was
used to estimate the percentage of the integrated vectors that con-
tained a barcode, as mapped non-barcoded inserts result in a local
drop in coverage.

Second, the frequencies of the four bases at each of the 10 positions
were analyzed to ensure not being biased toward specific nucleotides,
and the GC content of the barcodes was calculated. A sequence logo of
the barcode region was generated with the ggseqlogo package.””

Further analysis was restricted to complete barcodes. These sequences
were controlled for their uniqueness, and the number of unique barc-
odes was calculated. To ensure that the results were not influenced by
mapping errors, we additionally checked the local concordance of the
bases up- and downstream of the barcodes with the expected refer-
ence nucleotides.

Third, we compared the number of unique barcodes obtained per
NGS sample to the expected number of unique barcodes based on a
simulation relying on random sampling. Thereby, pseudo-barcodes
were drawn as many times as barcodes were found in each NGS sam-
ple from a pool of 4'° = 1,048,576 possible barcodes. We compared
the overlap in barcodes between the NGS samples with the overlap
of the simulated samples.

Fourth, to estimate the complexity of the barcoded plasmid libraries,
we developed a new quality control method based on rarefaction, a
technique used in ecology to quantify biodiversity. By randomly re-
sampling a pool of X samples and plotting the average number of
unique species, the produced rarefaction curve allows estimation of
the expected number of species in the total pool,”
ered the barcoded plasmid library as a pool and single barcodes as
species.

wherein we consid-

The complexity of the barcode ensemble and the simulated data
generated in the third step were estimated and compared. The cu-
mulative number of total unique barcodes was calculated for all
120 possible permutations of the five NGS samples (beginning
with the first NGS sample and then calculating the total number
of unique barcodes when adding the second NGS sample and
then the total number of unique barcodes when also adding the
third NGS sample, etc.). Exponential models were fitted to
the unique barcode counts for each of the 120 permutations of
the observed as well as the simulated data to estimate the
complexity growth rate. The estimates of models with an R* >
0.975 and the growth rate <1 were used to parametrize logistic
growth models with the carrying capacity equal to 4'° to estimate
the barcode complexity in the number of barcoded plasmids used
in the subsequent nucleofection (2 pg) by averaging the complexity
estimates of all logistic growth models at the corresponding number
of samples necessary for this amount of DNA. The chance of dupli-
cated insertion was estimated by taking into consideration transfec-
tion efficiency and the number of cells to be barcoded.
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Fifth, the occurrence of specific barcodes versus their abundance was
analyzed as described by Davidsson et al.” Since multiple NGS sam-
ples were available, the occurrence of barcodes was normalized, aver-
aging their occurrence per available number of NGS samples for both
observed and simulated data.

CRISPR-Cas9-mediated insertion of the barcoded transgene
LTatC10NL[M] in both orientations in the GSH AAVS1 into Jurkat
T cells

Prior to transfection, the two vectors LTatC1I0NL[M] AAVS1 s and
AAVSI ¢ were linearized using 100 units of Nsil (NEB)/20 pg
DNA. The transfection protocol using those vectors in combination
with pX458_gAAVS1 expressing the guide RNA was performed as
previously described.”> The pX458_gAAVS1 contained the same
gRNA sequence as the AAVS1 T2 gRNA.' Transfected Jurkat
T cells®® were cultured in RPMI 1640 medium supplemented with
10% fetal bovine serum (FBS) and 1% penicillin-streptomycin
(10,000 U/mL penicillin, 10 mg/mL streptomycin). Eight days post-
transfection, the cells were sorted for the Cerulean®/mCherry” popu-
lation by use of a BD FACSAria III (BD Biosciences). Cells were
expanded and analyzed by flow cytometry 14 days post-nucleofection
(dpn) using the LSRFortessa II (BD Biosciences), and data were
analyzed using the Flow]Jo Software v.10.0.8. (FLOW]JO, LLC).

Amplification of the barcode in cDNA and DNA

Cellular RNA and DNA were extracted 14 days post-nucleofection
from 5 million transfected barcoded cells, using the All Prep DNA/
RNA kit (Qiagen) and quantified by Nanodrop 1000. RNA
(800 ng) was reverse transcribed with Prime Script Reverse Transcrip-
tase (Takara) according to the manufacturer’s instructions. Each
amplification of the barcodes in cDNA and DNA was performed in
three replicates to compensate for any potential bias during PCR.
PCRs were performed using the Phusion DNA polymerase (Thermo
Fisher Scientific) in 1x Phusion GC buffer with 200 uM dNTPs and
1 pM of each oligonucleotide Barcode_cDNA_IlluminaPrimer_Fw
and RT-Primer_cer_rc (Table S1). The PCR cycling conditions
were as follows: 98°C for 1 min; 29 cycles of 98°C for 20 s, 63°C
for 30 s, 72°C for 1 min, and 72°C for 5 min. The amplicons were pu-
rified using the NucleoSpin Gel and PCR Clean Up kit and paired-end
sequenced with an Illumina MiSeq using the MiSeq Reagent Kit v.3
(150-cycle).

Confirming insertion site and orientation of the barcoded
transgene LTatC10NL[M] in the GSH AAVS1

The insertion site was confirmed by amplifying the junction between
the inserted DNA and the intended locus, as previously described.””

Data analyses of barcoded Jurkat T cells

Sequence trimming and alignment were performed using CLC Geno-
mics Workbench v.20. Trimming was based on an automatic removal
of adapter sequences, removal of low-quality sequences (limit of 0.01
in quality score, which refers to base calling error probability®”), and
removal of sequences shorter than 15 and longer than 1,000 nucleo-
tides. Read mapping was done with affine gap costs for barcode
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inserts to optimize the mapping of inserts (e.g., barcodes). Length and
similarity fraction were set to 0.8 to reduce the number of mis-
matches. All statistical tests were performed in R with default settings.

The barcode analysis of the resulting bam files was performed with
custom R scripts. Barcodes were identified based on their position
inherited by the mapping reference. The three replicates were com-
bined, keeping track of their origin, and the number of unique barc-
odes for every sample was examined. The replicates were compared
among one another regarding the unique barcodes they represented
and the number of occurrences thereof.

The VennDiagram®’ package was used to construct Venn diagrams
visualizing overlaps among and across samples, meaning within the
three replicates and among the DNA- and cDNA-derived samples,
where replicates were merged prior to this analysis.

By use of the barcodes and their number of occurrences of each sam-
ple, a heatmap was generated using the 15 most abundant barcodes
for DNA and ¢cDNA origin. The expression profile was clustered by
correlation to control whether the three replicates of each sample
were indeed most similar to each other, and on the next level whether
the orientation of the barcode clustered DNA and ¢cDNA together.
Furthermore, the independence of barcode sequences between the
forward and reverse oriented samples was confirmed.

The three replicates of each sample were combined for barcode
expression analysis. Since there were different numbers of barcodes
available for each sample and among replicates, the barcodes were
normalized by calculating the observed proportion of a specific bar-
code in a sample. A comparison of barcode-specific observed propor-
tion was compared between DNA and cDNA samples in each
replicate and merged afterward. Relative fold change was calculated
by normalizing cDNA proportion with DNA proportion for each bar-
code. A sensitivity analysis was performed excluding barcodes occur-
ring only once in both DNA and ¢cDNA samples in order to reduce
noise. Differences in fold change between transcriptional orientations
was tested for significance by t-test.
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