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Ra 1d 1SSCSS ent Of A A V eNo o A 4-plex design enabling simultaneous titer quantification and genome integrity assessment. Countable PCR enables comprehensive AAV quality assessment across genome integrity and residual DNA detection.
p g To demonstrate the breadth of Countable PCR, we assessed genome integrity and residual DNA across two single-plasmid AAV production systems

! : ! : ! , , , , , . from AAVnerGene, AAVonel.0 and AAVone2.1, and benchmarked them against a conventional tri-plasmid (AAVtri) system (Figure 7A). The AAVone
V\/ L CMVe | Transgene | WPRE J Figure 3. Four-plex Universal Multiplex assay for simultaneous AAV titer quantification latform consolidates the adenovirus helper genes (E2A, E4orf6, VA RNA), AAV packaging genes (rep, cap), and the transgene cassette info a single
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f 1 CMVe (UM-2), eGFP (UM-T). and WPRE (UM-4). Truncated or aberrant genome species are compact plasmid, simplifying manufacturing and reducing batch-to-batch variability (Figure 7B).

Slngle— I I IO]GCU]@ d@t@Ctlon_ ITR ITR distinguished from intact genomes as a result of the Universal Multiplexing assay design. We designed 2 complementary 4-plex assays mapped across the AAVone construct (Figure 7B): a genome integrity panel (ITR2, CMV, eGFP,
WPRE), and an R-ITR impurity panel (ITR2, VA, Cap, Rep). To capture all particle classes, empty, full, and heavy capsids were collected after a single

round of CsCl ultracentrifugation and analyzed in parallel (Figure 7C). Linkage analysis across these panels reports the fraction of molecules carrying

Kyle Kim', Michael Porter', Michael Balamotis', Emily Blair, Yuyuan Wang?, Daozhan Yu?, Results each element, providing a direct readout of intact genomes and residual plasmid backbone contamination in the same workflow (Figure /D).
Qizhao Wang?, Eleen Shum’
' Countable Labs, Inc. 1810 Embarcadero Rd. Suite 200 Palo Alfo, California 94303, USA A 5-point dilution series confirms linearity and reproducibility across AAV2 and AAV9 serotypes. A B
2 AAVnerGene Inc, 9620 Medical Center Dr, Suite 100, Rockville, MD 20850, USA by Kozal)  (bGH PolyA)
“son (WPRE] R-ITR
\y Edorf6 KanR/ [L-ITR] VAL
000,000+ AAV2 000000+ AAV9 g ) —p - B B ) — I T —
AT T © Torger AAV2 R AAV9 R paavons, b T earvonczs JB primer/Prob 11 00 10 M ep
4 rrmer/rrope
E = eGFP 0.9966 0.9967 ¥
8 100,000 - 8 100,000 - /);P _——
g g CMVe 0.9979 0.9970 Integrity .
ackgroun RATR Impuriy
S senstien S el ITR2 0.998] 0.9973 AAVtri System AAVone1.0 System pAAVone2.1 System
Need for accurate, reproducible AAV genome quality assessment WPRE 09983 09963 . 5 c
1’000 1 1 1 1 1 1’000 1 1 1 1 1
1 2 3 4 5 1 2 3 4 5
AAV genome integrity is a critical quality attribute directly influencing therapeutic efficacy. During AAV production, multiple forms of incomplete or Dilution series Dilution series Genome integrity panel | Al
) . . ) . o L . O eGFP O CMVe  © ITR2 O WPRE O eGFP O CMVe  © ITR2 O WPRE Targets: CMV, eGFP, WPRE, ITR Counts/50 pL « AAVonelD = 35% Quedruple Tripl Doubl Single
aberrant genomes may arise, including partially packaged genomes, snap-back structures, and residual genomic impurities from producer plasmids. > > > ; . AAVone21 ~T0% 5 nmy
. . .. . . o . . .. CMVe EGFP WPRE ITR2 85,200 [N . AAVHI: ~30% ety & g | g £ & o
Detecting these impurities alongside genome integrity is essential for regulatory compliance and process development. Traditional methods such Figure 4. Four-plex Countable PCR demonstrates strong linearity across a 5-point dilution series for AAV2 and AAVS. Counts per 50 L " SR AE 1B w
as gPCR and droplet digital PCR assess fiter at individual genomic regions but require separate reactions per target, making simultaneous multi- shown against dilution series for eGFP, CMVe, ITR2, and WPRE for (A) AAV2 and (B) AAVO. ITR2 shows elevated counts consistent with known non- EGFP WPRE ITR2 31,877 [ e e e BlE|3 8|
region integrity analysis impractical. Long-read sequencing provides comprehensive genome characterization but is costly and slow for routine QC specific amplification and was excluded from fiter calculations. (C) R? values confirm strong linearity across all targets and both serotypes (n=3). ) GMVe )) EGFP )) WPRE ) 12,016 o e 2a6 [ 25| o1 |65 7 [oRSS] 51 [Mdi | 214 [ 592 [5] 265 | 563 674
applications. A method enabling rapid, multiplexed quantification of of titer, genome integrity, and residual DNA detection from direct viral input ) GMve ) EarP ) ) Rz ) esss ] : _';; Empty | R :‘l R R
would streamline AAV process development and quality control. ) GMVs ) WeRE ITR2 5920 | i I s 2 E £ 4 E g £ 4§ % g & s s
o e e e B - o e oo el - .
Slgnal quall-l-y yOU can see. VISU8| QC + ID— B cGFP CMVe ITR WPRE T';".: HEEN}"_ AAViT 0.005 0.0020.005 | 7.971 [ 0.052 [90.980] 0.008 | 0.978 | 0.049
‘\/ I ethOdS Setup Spin Amplify Count score—based automated pOSiﬁVG CaIIing. 1 5 A 2323: - l
Prepare gDNA ’rempla.’re,primers., .Cond.uc’raQO—minuTe. An ?Pprgximafely 60-minute The whole tube is imaged by s S;;;:A Seors ors Seors l
. e Countable PCR images ~30 million spatially fixed R R S R Figure 7. Countable PCR enables AAV genome integrity and impurity assessment across production systems. (A) Schematics of three AAV production
Introduction to Countable PCR. minutes per fube compartments in 3D using sequential laser excitation -FA ®BA FA HA systems: the conventional tri-plasmid AAVtri, the consolidated single-plasmid AAVonel.O (pAAVone, 13kb + GOI), and the optimized AAVone2.1. (B) Map of the
Countable PCR is a single-molecule PCR platform with and light sheet microscopy, capturing a clean opfical o A 5 A - l AAVone construct with primer/probe locations for the three 4-plex Countable PCR panels: a genome integrity panel spanning CMV, eGFP, WPRE, and [TR2
~30 million compartments per reaction—providing far M@JU \\ U \\ “ signature per compartment across channels. The (between L-ITR and R-ITR), and L-ITR / R-ITR backbone impurity panels flanking the cassette. (C) Schematic of the genome infegrity readout: each row represents
deeper partitioning than ddPCR to enable accurate, high- . - - analysis software then uses a Reference Sample to Figure 5. High signal-to-noise and automated positive calling across all four targets. a distinct molecular species defined by which targets co-occur on the same DNA strand. Quadruple-positive molecules (CMV-eGFP-WPRE-ITR2) represent fully
orecision mulfiplex quantification in one well ~ y learn what a true positive looks like and automatically (A) 3D light sheet images across four channels (ChO1-Ch04) show clearly resolved single- infact, ITR-flanked fransgene cassettes, while triple-positive species lacking one element indicate fruncations at specific positions in the genome. Counts and 7%
: ~ . ¥ a Ti’x calls positives across every sample — eliminating molecule positive compartments with low background; compartments are spatially fixed in inkage quantify the abundance of each species. (D) All AAV parficles, including empty, full, and heavy particles, are collected for analysis after one-round of CsCl
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a 6-log dynamic range, so very high and very low — score reflecting signal-to-background discrimination Fluorescence intensity histograms for each target across two serotypes and two dilufions reported as the fraction of fotal counts carrying each element combination. Quadruple, triple, double, and single linkage columns reveal the spectrum from full-
abundance targets can be measured together. oroviding a built-in QC metric for assay performance. demonstrate consistent signal quality across samples. length intact genomes to fragmented species, while impurity panels reveal reverse-packaging of plasmid sequence beyond the ITR boundaries.
Figure 1. Schematic diagram of standard Countable PCR workflow.
B Single-molecule multiplexing (Poisson-free) - co-
quantifies episomal + integrated + host reference Consistent titer and simultaneous genome integrity from a single Countable PCR reaction. .
in the same reaction without Poisson correction or COHCIUSIOH
sample splitting. Initial cycles Amplification Signal detection A single Countable PCR 4-plex reaction simultaneously quantifies AAV fiter across three genomic targets (€GFP, CMV, WPRE) and the ITR, while linkage
| | o E‘j{;v::dbfnr(‘jr;‘?;rggrr‘;g’i'on Sf;g;aliﬂsggzﬁzrVyV';ZquJ"e"nce o e el e analysis on the same molecules reports genome integrity. Linkage is the fraction of molecules in which all targets co-occur on the same DNA strand, providing
W Diregt gbsolute COUHTS V.V'Th lOVY varlak?lll’ry. —no | UMPrimer a direct readout of full-length genome content rather than bulk target abundance. AAV2 titer closely matches the reported stock concentration. Despite similar Countable PCR + Universal Multiplexing enables straightforward AAV titer quantification, genome infegrity assessment, and residual DNA
standard curves or dilution series, delivering typically v pum @ 0 P ‘o i molecular counts across individual targets, linkage analysis reveals that only 26.0% of AAV2 and 48.2% of AAV9 genomes carry eGFP, CMV, and WPRE on the detection, providing comprehensive quality characterization from a single workflow.
<b6% CV and improved cross-run consistency. Reverse primer : : . -
T > - . same molecule, demonstrating that fiter alone does not capture genome infegrity. Existing gPCR primer designs can be adapted into a working 4-plex assay within 2—3 days, with no standard curves or Poisson correction
Universal Multiplexing enables 3-day N > = required.Near-100% recovery from ~1,900 genome equivalents demonstrates quantitative accuracy at low DNA input — critical for early-timepoint
: < S Target AAV2 titer (GC/mL AAV9 titer (GC/mL . . , , , o and small-clone samples.
multiplex assay development for AAV e — - ot tor (GC/mL) tor (GC/mL Figure 6. Single Countable PCR reaction enables simultaneous AAV fiter quantification P
genome integrity assessment. < eGFP 1-58E1S FOSEIS and genome integrity assessment. Titer (GC/mL) calculated from eGFP, CMV, and WPRE Direct viral input delivers the highest count recovery and titer accuracy, and the 6-log dynamic range accommodates samples across a wide
CMVe 1.44E13 6.08E13 targets across AAVZ and AAVQ serotypes shows consistent quantification across all three regions. concentration range with %CV < 5%.
Universal Multiplexing (UM) paired with Countable PCR Figure 2. Universal Multiplex uses standard desalted oligos to develop targets for WPRE — S % Linkage reports the fraction of molecules in which eGFP, CMV, and WPRE all co-occur on . . . | | |
accelerates assay development by separating target- multiplex assays. Universal Mulfiplexing uses adapters on standard amplification primers ihe same DNA strand, a single-molecule measure of fullHengih genome content, Linkage values Together, these capabilities accelerate AAV process development, batch release testing, and analytical confidence in gene therapy manufacturing.
specific amplification from universal probe detection, fo creafe a leading adapter. The complimentary sequence generated during amplification Configuration _ CMVe  eGFP  WPRE | well below 100% indicate that a substantial fraction of packaged genomes are fruncated or
making high-plex designs fast to build and easy to expand. binds with UM probes, creating the detection signal for Countable light sheet imaging. 2% Linkage o6 0% 1599 fragmented, information not accessible from fiter alone.
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