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Lentiviral vector (LV)-based therapies employ the molecular
machinery of HIV-1 to stably integrate therapeutic genes
into patient cells for long-term disease correction. However,
suboptimal expression of LV components in HEK293T-based
production systems can limit titers and hinder clinical product
development. Here, we identify protein kinase C (PKC) ago-
nists as robust enhancers of LV production. PKC activation re-
sulted in rapid transcription of LV genomic RNA and acceler-
ated vector particle release in a manner that complemented the
use of the histone deacetylase (HDAC) inhibitor, sodium buty-
rate. Stimulation of HEK293T cells strongly upregulated AP-1
transcription factor subunits independently of nuclear factor
kB (NF-kB) pathway activation. Application of PKC agonists
in LV production resulted in a ~3-fold improvement in the
titer of a chimeric antigen receptor (CAR)-LV. Furthermore,
a ~9-fold increase in titer was achieved when this induction
method was combined with co-expression of an LV RNA-tar-
geted Ul snRNA enhancer. Importantly, LV produced using
PKC agonists had comparable particle-to-infectivity ratios
and preserved T cell transduction efficiency. These findings
suggest that incorporating PKC agonists into commercial
LV manufacturing could considerably reduce the cost per pa-
tient dose of new LV-based gene therapies.

INTRODUCTION

The use of HIV-1-derived lentiviral vectors (LVs) has become an es-
tablished method for delivering therapeutic genes into patient cells,
particularly for the generation of autologous chimeric antigen recep-
tor (CAR) T cells in treating hematological malignancies.l’2 How-
ever, an ongoing challenge in LV manufacturing is achieving the
high production yields required to ensure commercial viability of
new cell and gene therapies. The manufacture of 3™ generation
LVs in mammalian cells is intrinsically complex, partly due to mech-
anisms that limit productive plasmid expression or interfere with
efficient viral vector assembly.”® Product-to-product differences re-
sulting from the expression of transgene proteins can also impact LV
titers and/or processing in a manner that is difficult to predict,
driving further demand for the development of technologies to
improve upstream productivity.”'’

Several strategies have been described to overcome the limiting avail-
ability of viral components in the production of self-inactivating

(SIN) LVs. In clinical manufacturing, the histone deacetylase
(HDAC) inhibitor sodium butyrate is widely used to induce LV
expression in transient, packaging, and producer systems.''”"*
Mechanistically, HDAC inhibitors positively drive transcriptional
activity by increasing acetylation of the e-amino group of lysine res-
idues in histone tails.'> The resulting decondensation of chromatin
structure facilitates binding of transcription factors to promote
gene expression.'®'” Induction with sodium butyrate in LV produc-
tion is frequently reported to increase output titers by an order of
magnitude, establishing this operation as a key determinant of yield
in many processes.'"'* The expression of LV genes can also be
enhanced through co-expression of viral transactivating proteins,
such as Tax or Tat, with considerable impact on titer.””'® In an alter-
native strategy, Han and colleagues demonstrated that transcrip-
tional processivity could be enhanced by overexpressing the elonga-
tion factors SPT4 and SPT5, resulting in improved viral RNA
(VRNA) completeness and particle release.'” Previously, our group
reported that co-expression of a retargeted Ul-snRNA designed to
bind across the dimerization sequence of stem loop 1 in the pack-
aging signal (W) can enhance both LV production and quality.***’
The optimized sequence, referred to as “256U1”, has been shown
to increase the availability of packageable VRNA and limit promiscu-
ous splicing between the major splice donor and a splice acceptor
located within the EFla promoter common to many therapeutic
products.

In our examination of alternative small molecule drugs with poten-
tial to stimulate LV expression, we identified PKC agonists as strong
inducers of SIN-LV production in our HEK293T-derived cells. PKC
agonists mimic the secondary messenger diacylglycerol to initiate
downstream signaling cascades from both classical and novel PKC
isoforms.”* This kinase family integrates signaling networks in an
isozyme and cell-type-specific manner to drive transcriptional activ-
ity from extracellular signal-regulated kinase (ERK), c-Jun N-termi-
nal kinase (JNK), p38, or nuclear factor kB (NF-kB) pathways.”” PKC
agonists have previously been identified as potent latency reversal
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Figure 1. PKC agonists increase LV titers in HEK293T-derived production cells

(A) Fold change in functional titer of LV-CMV-GFP produced in suspension-adapted HEK293T using PKC agonists phorbol myristate 13-acetate (red: 250 pM-256 nM),
ingenol-3-angelate (blue: 3.9 NM-4 puM), bryostatin-1 (green: 10 nM-2.56 pM), and prostratin (purple: 156 nM-40 pM). PKC agonist or 0.2% (v/v) DMSO was added to media
immediately after 10 mM NaBu for all conditions. (B) Impact of residual PKC agonist on reported transduced cells. Percentage of GFP* HEK293T was determined by flow
cytometry three days post-transduction with vector reference control (LV-CMV-GFP) spiked with 16 nM I3A, 250 nM I3A, 0.2% (v/v) DMSO, or untreated (NT). (C) Effect of
PKC inhibitor BIM-I on LV-CMV-GFP titer. Transfected cells were pre-treated with 2 uM BIM-| (red) or 0.1% (v/v) DMSO (blue) for 1 h prior to the addition of inducing agents.
LV was harvested 24 h after the addition of 0.2% (v/v) DMSO, 10 mM NaBu + 0.2% (v/v) DMSO, 250 nM I3A, or 10 mM NaBu + 250 nM I3A. Functional titers were determined
by flow cytometry of HEK293T three days post-transduction. Statistical significance was established using Welch’s t test: **p < 0.01 and ***p < 0.001; ns, not significant. All

data are mean average values = SD of biological triplicates (n = 3).

agents for their capacity to antagonize HIV-1 dormancy in host
T cells.”*** This activity is attributed, in part, to the strong activation
of NF-kB and its association with the U3 region of the 5’ long termi-
nal repeat of integrated HIV-1 provirus.”* ** However, the transcrip-
tion-enhancing activity of PKC agonists has not been characterized
in the context of the expression of 3™ generation SIN-LV, where viral
components are split across separate cytomegalovirus (CMV) pro-
moter-driven plasmids and the viral genome lacks the 5’ U3 region.”

Here we show that PKC agonists can be used to increase the titer of a
“model” 3™
accelerated release kinetics. The benefits of using PKC agonists
were further demonstrated in the production of a “low-yielding”
therapeutic CAR-LV product,’” where we observed a strong
response to PKC activation that could be further improved by co-
expression of the 256U1 snRNA enhancer.”>*" Analysis of the pro-
teome and phosphoproteome of production cells identified a broad
cellular response to PKC activation, which included rapid upregula-
tion of AP-1 transcription factor subunits and post-translational
modifications to proteins involved in signaling, transcription, and
chromatin modification. In our study, particular focus was given
to the use of the FDA-approved PKC agonist ingenol-3-angelate
(I3A), which has
manufacturing practice (GMP) grade, thereby presenting an oppor-
tunity to transition into a clinical LV manufacturing environment.”'

generation SIN-LV with GFP reporter transgene via

previously been manufactured to good

RESULTS

PKC agonists increase LV titers in HEK293T-derived production
cells

The PKC agonists phorbol myristate 13-acetate (PMA), I3A, prostra-
tin, and bryostatin-1 were evaluated for their impact on the output
titer of a 3™ generation LV containing a GFP reporter transgene

(LV-CMV-GFP) (Figure 1A). Suspension-adapted HEK293T pro-
duction cells were stimulated with PKC agonist immediately after
the addition of sodium butyrate (NaBu) 20 h post-transfection. A
dose-dependent increase in functional LV titer was observed for all
PKC agonists. PMA and prostratin (both phorbol esters), and I3A
(a diterpenoid ester) induced a ~2-fold increase in LV titer with
respect to vehicle at optimal concentrations of 16 nM, 10 pM, and
250 nM, respectively. The macrolide lactone bryostatin-1 was found
to induce the weakest increase of 1.4-fold at 640 nM. Addition of
<0.3% (v/v) DMSO immediately after NaBu induction was shown
not to have a significant effect on titer with respect to normal LV
production procedure (Figure S1).

Next, we showed that residual PKC agonist within LV harvest
material was not inflating functional titer values reported by the
transduction assay by affecting target cells. A stock of LV-CMV-
GFP reference control was spiked with I3A immediately prior to
transduction, and the percentage of transduced HEK293T cells was
determined at assay termination three days later (Figure 1B). A
modest dose-dependent decrease in GFP™ cells was observed, equiv-
alent to 13% at 16 nM I3A and 19% at 250 nM I3A, indicating that
active concentrations of residual I3A in crude vector harvest did
not increase target cell transduction efficiency.

Furthermore, we demonstrated that enhancement of titer was
specific to PKC activation. Transfected cells were pre-treated with
the pan-PKC inhibitor bisindolylmaleimide I (BIM-I) or vehicle
1 h prior to induction using NaBu, I3A, or their combination
(Figure 1C). NaBu treatment resulted in a 5-fold increase in LV-
CMV-GFP titer at harvest with respect to the vehicle control
(DMSO), while I3A induced a 6.3-fold increase. The combination
of both inducing agents provided the greatest increase in titer,
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resulting in a 12.5-fold increase with respect to the vehicle control
and a 2.5-fold increase compared to NaBu induction. Notably, pre-
treatment of production cells with BIM-I was sufficient to specifically
abolish I3A-induced titers without diminishing NaBu-induced LV
production. The specificity of this modulation confirmed the distinct
induction mechanisms mediated by the two drug classes.

I3A induces rapid transcription of viral RNA and release of LV
particles

The individual and combined effects of NaBu and I3A on LV pro-
duction kinetics were investigated by assessing changes in titer,
cellular vVRNA expression, viral structural protein levels, and pro-
cess quality characteristics throughout the production of LV-
CMV-GFP.

Induction with NaBu produced LV via gradual release kinetics,
achieving a functional titer of 1.1 x 10° TU/mL at 8 h post-induc-
tion and a maximum titer of 1.0 x 10’ TU/mL at 22 h post-induc-
tion (Figure 2A). In contrast, treatment with I3A resulted in a
10-fold increase in the initial rate of LV production, reaching a titer
of 1.2 x 107 TU/mL at 8 h post-induction. When I3A was used
alone, the final harvest titer decreased to 6.9 x 10° TU/mL, likely
due to vector degradation and/or loss of infectivity in the later
stages of production. However, the combination of I3A and
NaBu further enhanced LV production, resulting in a 61% increase
in titer between 8 and 22 h and a final titer of 1.9 x 10" TU/mL. The
accelerated initial release of LV particles from production cells was
confirmed by an accompanying increase in p24 capsid titer
(Figure 2B). Additionally, we observed that LV released within
the first 8 h post-I3A induction had a lower particle-to-infectivity
(P:I) ratio compared to NaBu-only induction (I3A: p < 0.001;
NaBu + I3A: p < 0.05) (Figure 2C).

A distinct and rapid increase in intracellular VRNA was observed
upon PKC activation, with cellular vVRNA increasing to 4-fold higher
levels compared to NaBu alone 8 h post-induction, as determined by
delta-delta RT-qPCR (Figure 2D). Interestingly, intracellular vRNA
levels subsequently declined in the absence of NaBu, but continued
to increase with the combined induction method to reach 10-fold
pre-induction levels. This suggests that the distinct effects of I3A
and NaBu on cellular transcription act additively to enhance
VRNA levels.

All induction conditions increased the expression of the LV struc-
tural proteins Gag precursor (p55) and VSV-G at early and late
time points compared to the uninduced control, as determined by
western blot (Figures 2E and S2). No substantial differences in total
cellular p55 expression were observed at the end of production be-
tween the different induction conditions; however, VSV-G envelope
expression at final harvest was increased by ~75% when NaBu and
I3A were combined compared to NaBu alone (Figures 2F and 2G).
Cells were also assessed for transgene (GFP) expression throughout
vector production by flow cytometry (Figure 2H). All induction con-
ditions resulted in a higher transgene expression compared to the

vehicle control. Induction with I3A alone showed moderately
higher levels of transgene expression at the end of production,
with 1.4-fold higher GFP expression compared to the NaBu condi-
tion (p < 0.05).

End-of-production cell viabilities declined to 86%, 83%, and 82% at
harvest for NaBu, I3A, and combined induction conditions, respec-
tively, reflecting the relative toxicities of inducing agents on produc-
tion cells (Figure 2I). Combined addition of I3A and NaBu appeared
to significantly reduce cell aggregation with respect to all other condi-
tions (Figure 2J). Cell cycle analysis of end-of-production cells showed
that NaBu treatment triggered cell cycle checkpoints and caused an
accumulation of cells in G, phase with a concomitant decrease of cells
in S phase (Figure 2K). The relative distribution of cell phases after
treatment with I3A alone was similar to the vehicle control.

Residual dsDNA content of the supernatant was broadly equivalent
across the conditions 8 h after induction, as measured by PicoGreen
assay (Figure 2L). At 22 h post-induction, dsDNA was 30% higher
for I3A induction and 80% higher for combined induction with
respect to NaBu. Benzonase nuclease treatment was effective at
reducing dsDNA content by approximately 2-fold across all tested
conditions. Benzonase-treated vector was subsequently purified by
Mustang Q anion exchange chromatography and used to transduce
activated T cells at matched multiplicities of infection (MOIs 1, 2,
and 5) (Figures 2M and 2N). Purified LV from conditions that pro-
duced a titer below 1 x 10° TU/mL were excluded from the T cell
transduction assay as material contained insufficient transducing
units to achieve an MOI of 1. The transduction efficiency of
CD3" T cells with vector produced under each tested induction
condition was equivalent at corresponding MOI, although differ-
ences were observed between the two donors due to their varying
permissiveness. These results demonstrate that LV infectivity was
not compromised by the use of PKC agonist or earlier harvest
time points.

PKC treatment upregulates cellular immediate-early genes
during LV production

Changes in the suspension-adapted HEK293T production cell pro-
teome caused by NaBu, I3A, and their combination were assessed
by peptide mass spectrometry (Figures 3A-3H). At 22 h post-in-
duction, 131 and 39 differentially expressed proteins (|log,
[FC]| > 1, logyo [false discovery rate (FDR)] > 1.3) were identified
in cells treated with NaBu or I3A, respectively, indicating the
comparatively broad influence of HDAC inhibition on the produc-
tion cell proteome (Figures 3D and 3E). Combined NaBu and I3A
dosing resulted in substantial dysregulation of protein expression,
with 342 host cell proteins identified as being differentially ex-
pressed at the final time point (Figure 3F). A large overlap of
differentially expressed proteins induced by HDAC inhibition
were common to both individual and combined treatment groups
(105 proteins), which included upregulation of LGALS1, PCDHY,
and HIST1HIT, and downregulation of ZIC2, SPONI1, and
GFRA2 (Figure S3).
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Figure 2. Time course analysis of LV-CMV-GFP production in suspension-adapted HEK293T

(A) Functional LV titer produced using the following induction conditions: 0.2% (v/v) DMSO (gray), 10 mM NaBu + 0.2% (v/v) DMSO (green), 250 nM I3A (blue), and 10 mM
NaBu + 250 nM I3A (red). (B) HIV p24 capsid quantification measured by p24 ELISA. (C) Particle-to-infectivity ratio derived from functional titer and physical viral particles.
(D) Cellular vRNA expression relative to RPPH1 mRNA determined by RT-gPCR and normalized to pre-induction values. (E) Representative western blot showing cellular
expression of viral structural proteins using anti-p24 and anti-VSV-G antibodies. Gag-Pol cleavage products: p55 (Gag precursor), p39 (matrix-capsid), p24 (capsid), and
envelope protein VSV-G are indicated. p-actin was used as loading control. (F and G) Changes in cellular expression of (F) p55 and (G) VSV-G relative to p-actin and
normalized to pre-induction values, as determined by quantification of western blot in (E) and Figure S2. (H) Transgene protein expression level in production cells measured
by flow cytometry. (I and J) Viability (I) and aggregation (J) of production cells. (K) Cell cycle analysis of end-of-production cells showing percentage of cells in G (blue), S (gray),
and Go (green). (L) Residual dsDNA in vector harvest measured using a PicoGreen assay showing pre-Benzonase- (solid lines) and post-Benzonase-treated (dashed lines)
cell culture supernatant. (M) Functional titer of Benzonase-treated Mustang Q purified LV determined by flow cytometry of HEK293T cells three days post-transduction. (N)
Transduction efficiency of T cells from two donors determined by flow cytometry 5 days post-transduction at MOls 1, 2, and 5. All data are mean average values + SD of
biological triplicates (n = 3).

PKC stimulation by I3A resulted in a rapid and prominent expres-  unit, JUNB, and early growth response factor, EGR1.”> Graphing of
sion of cellular immediate-early genes within 8 h of treatment, differentially expressed proteins by known functional and physical
including a sustained upregulation of AP-1 transcription factor sub-  associations using the STRING” database (version 12.0) highlighted
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Figure 3. PKC treatment upregulates cellular immediate-early genes during LV production

(A-F) Label-free quantitative peptide mass spectrometry of suspension-adapted HEK293T during production of LV-CMV-GFP. Volcano plots showing differentially ex-
pressed proteins in production cells collected 8 h (top) and 22 h (bottom) after treatment with 10 mM NaBu + 0.2% (v/v) DMSO (left), 250 nM I3A (middle), or 10 mM NaBu +
250 nM I3A (right). Changes are shown with respect to vehicle (0.2% [v/v] DMSO)-treated cells collected at the same respective time points. Highlighted proteins are shown
with llogs (FC)l > 1 and —log1o (FDR) > 1.3 (n = 3). (G and H) STRING network association graphs of up- (red) and downregulated (blue) human proteins in production cell
pellets 8 h after induction with (G) I3A and (H) NaBu + I3A. Protein candidates were selected on basis of llog, (FC)l > 1 and —log4 (FDR) > 1.3 (19 and 41 protein candidates,
respectively). Node color illustrates fold change with respect to DMSO-treated cells, and line thickness illustrates confidence of supporting data (interaction score cut-off
>0.4). (I) Western blot probing for cellular expression of AP-1 proteins JUN, JUNB, and FOS at 8 h post-induction with 0.2% (v/v) DMSO, 10 mM NaBu + 0.2% (v/v) DMSO,

250 nM I3A, or 10 mM NaBu + 250 nM I3A (n = 1).

the strength of the JUNB/EGRI axis in the immediate cellular
response to PKC activation for both treatment groups. However,
no significant protein-protein associations were observed for the
NaBu treatment group at the equivalent time point (Figures 3G
and 3H). PKC-induced upregulation of the transcriptional repressor
proteins, NAB1 and NAB2, was consistent with response to EGR1
transcription.”® Upregulation of the dual specificity protein phos-
phatase DUSP4 was indicative of feedback regulation of ERK-medi-
ated phosphorylation.” A distinct PKC-induced expression of AP-1
subunits, JUNB and FOS, was confirmed by western blot of cell lysate

8 h post-induction, whereas JUN appeared to be constitutively ex-
pressed and unaffected by induction condition (Figure 3I).

PKC activation induces the production of therapeutic LV-CAR
and synergizes with a modified U1 snRNA-based LV enhancer to
increase titers

The individual and combined effects of NaBu and I3A were assessed
in the small-scale production of a therapeutic LV. The transgene for a
therapeutic CAR targeting the tumor-associated antigen 5T4
(CAR.5T4) with an internal EFla promoter was selected as an
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example of a product that is known to yield comparatively low titers
under standard conditions. LV with a GFP transgene (and otherwise
identical cassette sequences) was produced in parallel to directly
compare the influence of induction conditions across the different
transgenes. In addition, vector was produced with and without co-
expression of modified U1 snRNA “256U1.72%%!

LV-EF1a-CAR.5T4 vyielded 7.5-fold lower integrating titers
compared to LV-EFla-GFP under NaBu induction conditions
(1.6 x 10° TU/mL vs. 1.2 x 107 TU/mL). Interestingly, we observed
that the relative fold change induced by I3A compared to NaBu
differed between the two vector products (Figures 4A-4D and S4).
Induction with I3A or NaBu induced equivalent titers of LV-
EF1a-GFP (1.2 x 10’ TU/mL), whereas I3A induced a 3.6-fold in-
crease in LV-EFla-CAR.5T4 titer compared to NaBu alone
(5.8 x 10° TU/mL vs. 1.6 x 10° TU/mL). Conversely, combined
dosing with NaBu and I3A increased titers of LV-EF1a-GFP by
3-fold with respect to NaBu (3.7 x 107 TU/mL vs. 1.2 x 10” TU/
mL), whereas no further increase in titer of LV-EF1a-CAR.5T4
was achieved.

Significant improvements in titer were observed across all conditions
where 256U1 was co-transfected alongside packaging plasmids.
Co-expression of 256Ul increased titers of LV-EFla-GFP and
LV-EF1a-CAR.5T4 produced under NaBu induction by 2.9- and
4.9-fold, respectively. When 256U1 was co-expressed together
with combined induction using I3A and NaBu, a respective 5.2-
and 8.8-fold increase in integrating titer was achieved for LV-
EF1a-GFP and LV-EF1a-CAR.5T4 compared to standard 3™ gener-
ation conditions. PKC agonist had no detrimental impact on the P:I
ratio of either vector product (Figures 4E and 4F).

Identification of kinases activated by PKC agonists and their
downstream substrates

Phosphopeptide mass spectrometry was used to identify the kinases
activated by PKC agonists and their downstream substrates in
HEK293T-derived production cells. Induction with NaBu and pros-
tratin resulted in a 2.9-fold increase in LV-EF1a-CAR.5T4 functional
titers compare to NaBu (Figure 5A). The p24 capsid titer at harvest
increased by 2.2-fold (p < 0.001) and a 24% decrease in P:I ratio was
observed (p < 0.05) (Figure S5). A total of 422, 645, and 411 differen-
tially phosphorylated peptides (|log, (FC)| > 3 and log,;, (FDR) > 1.3)
were detected at 10, 60, and 360 min following treatment with PKC
agonist, respectively (Figures 5B-5D). The immediate response to
PKC activation was characterized by pronounced phosphorylation
of SMC4 (S28), BCL7C (S122), and CTTN (T399/5405) and dephos-
phorylation of SETD2 (S2080/S2082), SPTANI1 (S1031), and
ZNF318 (S40) (Figure 5B). Activation of the mitogen-activated pro-
tein kinase (MAPK) pathway was directly observed through phos-
phorylation of MAPK1 (ERK2) at T187 and MAPK3 (ERKI) at
T203. A total of 61 phosphosites were detected as being constitutively
changed at all collected time points, including phosphorylation
RPS6KA1 at T359/S363 and dephosphorylation of LARP4B at
T732 (Figure S6).
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Gene ontology (GO) enrichment of phosphorylated substrate was
performed using Enrichr.’® GO biological process analysis high-
lighted strong enrichment of phosphorylated proteins involved in
“positive regulation of GTPase activity,” “endosomal transport,”
and “vesicle-mediated transport,” which was particularly pro-
nounced at 60 min post-induction (Figure 5E). GO molecular func-
tion analysis revealed a high enrichment of phosphorylated species
involved in “cadherin binding,” “GTPase regulator activity,” and
“RNA binding” (Figure 5F).

Kinase substrate enrichment analysis (KSEA) was performed using
the method described by Wiredja et al.”” KSEA confirmed a strong
enrichment of phosphorylated substrate associated with diacylgly-
cerol signaling, revealing high constitutive activity of the classic
PKC isoform, PKCa (PRKCA); calcium-independent isoforms,
PKCe (PRKCE) and PKC8 (PRKCD); and the C1-domain contain-
ing kinase PKD1 (PRKDI1) (Figure 5G). Activity of the MAPK
pathway was characterized by positive enrichment of substrate
associated with MEK1/2 (MAP2K1/2) and ERK1/2 (MAPK3/1),
and downstream kinases, including p70 ribosomal S6 kinase
(RPS6KB1) and MAPK activated protein kinase 2 (MAPKAPK2).
KSEA highlighted a strong initial downregulation of the activity of
cyclin dependent kinases 2 and glycogen synthase kinase 3 beta,
and strong downregulation of mammalian target of rapamycin activ-
ity at the final time point.

Differentially phosphorylated proteins (|log, (FC)| > 5 and log;o
(FDR) > 1.3) from all three time points were collated and analyzed us-
ing the MetaScape Web App® to identify enriched phosphoprotein
complexes (Figure 5H). Proteins associated with transcription and for-
mation of the elongation complex were highlighted, including RNA
polymerase IT (POLR2A; S1913P7/S19277"); the nucleosome remodel-
ing and deacetylase (NuRD) complex member CHD4 (T703P*); and
elongation factors IWSI (S248P"/S250P7/S252P%/S261P"), EAF
(T157P%), ELL (S309° ), and NELFE (S51P*). A distinct cluster of pro-
teins was identified associated with nucleocytoplasmic transport of
mRNA and pre-mRNA processing (TPR [T2137°*], NUPI153
[S516P*], NUP188 [T1712P*], RANBP2 [S1869°*], NCBP1 [S22P*],
SRRM1 [$4267*/S431P*], SRSF11 [S207P*/S212P*], SRSF5 [S231P*/
$233°*], POLDIP3 [S383"], and ZC3HIIA [S758P*/S759*]).
Furthermore, a cluster of proteins involved in translation were identi-
fied, including EIF4G1 (T1073P"), EIF4G2 (T508P*), and EIF3B
(S83P*/S85P™).

LV production induced by PKC agonist is independent of NF-xB
activation

Phosphorylation of NF-kB modulators by IkB kinase (IKK) was not
detected in the phosphoproteome after PKC activation (Figure 5G).
To further investigate if NF-kB transcriptional activity was activated
by PKC stimulation in HEK293T production cells, a luciferase re-
porter assay was performed. No change in NF-kB activity was
observed following stimulation with I3A (or NaBu) when cells
were co-transfected with a luciferase reporter containing a tandem
NF-xB response element (Figure 6A). In contrast, a ~300-fold
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Figure 4. PKC activation induces the production of therapeutic CAR LV and synergizes with a modified U1 snRNA-based LV enhancer to increase titers
(A and B) Integrating titer of (A) LV-EF1a-GFP and (B) LV-EF1a-CAR.5T4 harvested 23 h post-induction. LV was produced in suspension-adapted HEK293T using 3™
generation LV plasmids + co-transfection with a plasmid coding for the retargeted U1 snRNA enhancer “256U1.” The following conditions were used for induction: 0.2% (v/v)
DMSO (gray), 10 mM NaBu + 0.2% (v/v) DMSO (green), 250 nM I3A (blue), and 10 mM NaBu + 250 nM I3A (red). Integrating titers were determined by duplex gPCR assay
probing for ¥ and RPPH1 10 days post-transduction of HEK293T cells. (C and D) HIV p24 capsid titer of (C) LV-EF1a-GFP and (D) LV-EF1a-CAR.5T4 measured by p24
ELISA. (E and F) Particle-to-infectivity ratio of (E) LV-EF1a-GFP and (F) LV-EF1a-CAR.5T4 derived from integrating titer and physical virus particles. Statistical significance was
established using Welch’s t test: *p < 0.05, *p < 0.01, and ***p < 0.001; ns, not significant. All data are mean average values + SD of biological triplicates (n = 3).

induction of luciferase activity was observed following treatment of ~ was sufficient to induce a 3-fold increase in LV-CMV-GFP titer

cells with the NF-kB activator, tumor necrosis factor alpha (TNF-  with respect to the PBS control. We then asked whether stimulating
). Interestingly, we found that NF-kB stimulation with TNF-a  NF-kB pathways would be sufficient to further enhance LV
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Figure 5. Phosphopeptide mass spectrometry of suspension-adapted HEK293T during production of LV-EF1x-CAR.5T4

(A) Functional titer of LV-EF1a-CAR.5T4 harvested 24 h after induction with 10 mM NaBu + 0.2% (v/v) DMSO (blue) or 10 mM NaBu + 10 uM prostratin (red). LV was produced
in suspension-adapted HEK293T transfected with 3" generation LV plasmids and retargeted U1 snRNA enhancer “256U1.” Data are mean average values + SD of biological
triplicates (n = 3). Statistical significance was established using Welch’s t test: **p < 0.01. (B-D) Volcano plots showing differentially phosphorylated proteins (B) 10 min, (C)
60 min, and (D) 360 min after treatment with NaBu + prostratin. Changes are shown with respect to NaBu + DMSO treated cells collected at the same respective time points.
Highlighted phosphorylation sites are shown with llog, (FC)l > 3 and log+o (FDR) > 1.3 (n = 3). (E and F) (E) GO biological process and (F) GO molecular function enrichment
analysis of phosphorylated protein candidates (llog, (FC)l > 3 and —log4o (FDR) > 1.3) showing top 20 significantly enriched terms (left) and number of proteins detected for
each term (right). (G) Kinase substrate enrichment analysis showing kinase Z score (left) and corresponding number of identified kinase substrates (right). Analysis was
performed using PhosphoSitePlus and NetworKIN datasets with p value <0.05 and substrate count >5. Kinases with a |Z scorel > 2 at one or more time points are shown. (H)
Protein-protein interaction enrichment analysis of differentially phosphorylated protein (llog, (FC)l > 5 and —log+o (FDR) > 1.3) collated from all collected time points (264 total
protein candidates) using the Metascape Webb App with the following databases: STRING, BioGrid, OmniPath, and InWeb_IM. The molecular complex detection (MCODE)
algorithm has been applied to identify densely connected network components. Pathway and process enrichment analysis has been applied to each MCODE component
independently, and the three best-scoring terms by p value have been retained as the functional description of the corresponding components.

expression alongside HDAC inhibition and/or PKC activation
(Figure 6B). Titers were increased 1.9- and 2.6-fold when TNF-«
was combined with NaBu or I3A, respectively. However, no signifi-
cant improvement was observed upon stimulation with TNF-a in
addition to combined NaBu and I3A treatment.

DISCUSSION

Over the last 30 years, the viral vector bioprocessing field has empir-
ically identified HEK293T cells as one of the most productive to date.
This mainly relates to their high transfection efficiency and negligible
expression of relevant virus restriction factors.>**~*! However, viral
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Figure 6. LV production induced by PKC agonist is
independent of NF-kB activation

(A) Fold change in NanoLuc NF-kB response element
luciferase activity during production of LV-CMV-GFP
in suspension-adapted HEK293T (blue, left axis).
Luciferase activity was measured 5 h after stimulation of
cells with 0.2% (v/v) DMSO, 10 mM NaBu + 0.2% (v/v)
DMSO, 250 nM I3A, 10 mM NaBu + 250 nM I3A, PBS,
or 20 ng/mL hTNF-a. Corresponding functional titers of
LV harvested 22 h post-induction are shown (red, right
axis). (B) Functional titers of LV-CMV-GFP harvested
22 h post-induction with 0.2% (vv) DMSO, 10 mM
NaBu + 0.2% (v/v) DMSO, 250 nM I3A, or 10 mM

NaBu

I3A

NaBu
+I13A

NaBu + 250 nM I3A. All conditions were treated with 20 ng/mL hTNF-« (red) or PBS (blue) immediately after induction. Functional LV titers were determined by flow
cytometry of HEK293T three days post-transduction. Statistical significance was established using Welch’s t test: *p < 0.05 and ***p < 0.001; ns, not significant. All data

are mean average values + SD of biological triplicates (n = 3).

vectors are susceptible to significant transcriptional suppression that
results in suboptimal titers, often alleviated by the addition of HDAC
inhibitors such as sodium butyrate.*'""'>** Here, our results identify
PKC agonists as a class of inducing agents that complement the use
of sodium butyrate to enhance the manufacture of therapeutic HIV-
1-based LV.

Our evaluation of the interaction between sodium butyrate and I3A
revealed that combined dosing improved titers of a GFP reporter LV
by ~2-fold compared to HDAC inhibitor alone. This was character-
ized by rapid transcription of VRNA and release of p24 capsid, and
without detriment to particle-to-infectivity ratio or T cell transduc-
tion efficiency of vector product. Furthermore, combined dosing was
well tolerated by production cells despite having a pleiotropic impact
on cellular protein expression. Interestingly, we observed that high
initial PKC-induced vRNA levels were sustained in the presence of
sodium butyrate, indicating a cooperative effect resulting from the
drug combination that promotes elevated and stable levels of cellular
VRNA.

We have also shown that PKC agonists are superior to sodium
butyrate in the production of a therapeutic CAR vector (LV-
EFla-CAR.5T4), resulting in a ~3-fold increase in titer. Further-
more, increases in LV titers were observed across all inducing
conditions in the context of co-expression of the “256U1” LV
enhancer, which acts downstream of transcription initiation to in-
crease availability of full-length VRNA.”>*' The cumulative benefit
of these technologies was demonstrated by a ~9-fold increase in titer
of LV-EF1a-CAR.5T4 compared to our standard 3™ generation pro-
cess. Taken together, these results emphasize the productivity im-
provements that can be achieved by maximizing vRNA availability
in LV production.

The broad phosphoproteome signature of PKC activation during LV
production was consistent with activation of PKCa, §, and € isoforms
and the MAPK pathway. We also observed a prominent upregulation
of cellular immediate-early genes associated with the MAPK
cascade, including as EGR1 and DUSP4.3+3>% Of particular interest
was the distinct upregulation of AP-1 subunits FOS and JUNB,

which provide an association between transcription factors engaged
downstream of PKC/MAPK activation and the single TPA-respon-
element (5-TGA(G/C)TCA-3') present the CMV
immediate-early (IE) promoter.lg’“’46

sive in

PKC activation is often linked to stimulation of NF-kB signaling
pathways, which trigger the transcription of genes involved in anti-
viral defenses and inflammation.**”*’ Viruses harboring NF-B sites
in their promoter region exploit this pathway to enhance viral gene
transcription and directly regulate their replication cycle.”® Interest-
ingly, we did not observe evidence of PKC-induced NF-kB activity via
characteristic phosphorylation by the signaling intermediate IKK,
nor did we observe NF-kB transcriptional activity via luciferase re-
porter assay. This leads us to conclude that PKC-stimulated LV tran-
scription in our HEK293T-based production cells is independent of
the classic NF-kB pathway." Indeed, stimulation of production cells
with the NF-kB activator TNF-o was sufficient to induce a further in-
crease of LV titer when combined with I3A, which suggests that
concerted engagement between AP-1 and NF-kB transcription fac-
tors and the CMV-IE promoter can be achieved when these pathways
are simultaneously activated, albeit via distinct stimuli.

In addition to AP-1 upregulation, pronounced changes to the phos-
phorylation state of proteins that modulate transcription and chro-
matin remodeling were identified. Notably, changes to the phosphor-
ylation state of the C-terminal domain of the large subunit of RNA
polymerase II and elongation factors align with the complex and dy-
namic events that lead to transcription initiation and progression.’!
Furthermore, changes to phosphorylation of histone modifying pro-
teins, such as the histone methyltransferase SETD2 and the NuRD
complex member CHD4, indicates that proteins involved in epigenetic
restriction constitute downstream effectors of PKC activation.*>*>>*
Taken alongside changes to the phosphorylation state of proteins
involved in RNA binding, splicing, and export, it is plausible that
numerous concerted processes are involved in enhancing episomal
LV gene expression and vRNA availability following PKC activation.”’

The commercial case for the use of I3A within LV manufacturing is
supported by the relatively low dose required for induction, the ease
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of its incorporation within existing manufacturing processes, and its
historic GMP-grade manufacture for clinical use.’’ An in-house
high-performance liquid chromatography assay has demonstrated
to us that soluble I3A has a storage stability >8 months in solution
and is effectively cleared from vector product following anion
exchange chromatography (data not shown). Furthermore, its appli-
cation is compatible with in-house technologies to improve LV pro-
duction, including 256U1 (as shown here) and the transgene repres-
sion in production system’ (data not shown). From a bioprocessing
perspective, the increased rate of release of LV particles may present
further advantages, wherein harvesting LV at an earlier time point
reduces exposure of LV product to the bioreactor environment,
while also reducing the residual DNA and protein burden carried
through to downstream processing. Building on the understanding
of our LV production system outlined here, we will further explore
I3A as an induction enhancer with the aim of reducing the cost of
manufacturing LV-based therapies.

MATERIALS AND METHODS

Lentiviral vector production

LV was produced using suspension-adapted HEK293T cells (derived
from an adherent HEK293T GMP cell bank) in FreeStyle 293 media
(12338018, Gibco) supplemented with 0.1% cholesterol lipid concen-
trate (12531018, Invitrogen) in vented 125 mL Erlenmeyer shake
flasks (431143, Corning) or 24-deep well plates (P-DW-10ML24C,
Corning). Cells were maintained at 37°C and 5% CO, on an orbital
shaker rotating at 200 rpm throughout incubation. Approximately
24 h after seeding, cells were transfected with 3™ generation LV plas-
mids (0.95 pg/mL genome, 0.1 pg/mL Gag-Pol, 0.07 pg/mL VSV-G,

_ transduced cells (%)

) x cells at transduction x dilution factor
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determined using Equation 1. End-of-production cells were washed
with PBS and vector-containing supernatant was 0.45 pm filtered
prior to storage at —80°C for subsequent analysis.

expression score = transgene postive cells (%)
x geometric mean fluorescence intensity

(Equation 1)

Functional titer determination by flow cytometry

Tissue culture-treated 96-well flat-bottom plates (353072, Corning)
were seeded with 1.0 x 10* adherent HEK293T cells/well in
100 pL Dulbecco’s Modified Eagle’s Medium (DMEM) (D6429,
Merck) supplemented with 10% fetal bovine serum, 1x MEM
non-essential amino acids (M7145, Merck), and 4 mM
L-glutamine (G7513, Merck). Media was removed after 24 h and
replaced with 55 pL/well vector dilution in complete DMEM
supplemented with 8 pg/mL polybrene (TR-1003-G, Merck). Wells
were topped up with 150 uL complete DMEM 3-6 h post-transduc-
tion and incubated for three days at 37°C and 5% CO,. Cells were
resuspended using TrypLE Express (12605010, Gibco) for analysis
by flow cytometry. CAR.5T4-expressing cells were stained using
Alexa Fluor 594 F(ab’)2-goat anti-mouse IgG (H + L) (115-586-
072, Jackson ImmunoResearch) diluted in BSA Stain Buffer
(554657, BD Biosciences) supplemented with 5% goat serum
(G9023, Merck). Flow cytometry was performed on an Attune
NxT (Thermo Fisher Scientific) gated to collect 10,000 events on
the single cell population. Functional titers were determined using
Equation 2.

—1In ( 1
TU
Functional Titer (—) = 100
mL

and 0.06 pg/mL Rev) using Lipofectamine 2000CD (12566014, Invi-
trogen). HIV-1 LV genomes and packaging plasmids have been
described previously, and all used CMV promoters.”*>° Where indi-
cated, 0.2 pg/mL plasmid encoding a retargeted Ul snRNA (256U1)
enhancer was co-transfected with 3™ generation LV plasmids.”**'
Cells were induced using sodium butyrate (1371270250, Merck),
I3A (SML1318, Merck), prostratin (P0077, Merck), bryostatin
(B7431, Merck), and phorbol 13-myristate acetate (524400, Merck)
at stated concentrations 16-20 h after transfection. Control condi-
tions were treated with an equivalent volume (0.2% v/v) of DMSO
(D2438, Merck). For PKC inhibition experiments, 2 pM BIM-I
(203290, Merck) or 0.1% (v/v) DMSO was added to production cells
1 h prior to the addition of inducing agents. Cell culture media was
not replaced during vector production experiments. Cell viability
was monitored using a Nucleocounter NC-202 (Chemometec).
Transgene expression of cells was measured using an Attune NxT
(Thermo Fisher Scientific) and the transgene expression score was

volume diluted vector (mL)

(Equation 2)

Nuclease treatment and anion exchange chromatography
Where stated, filtered vector harvest was treated with 25 U/mL
Benzonase nuclease with 2 mM MgCl, for 1 h at 37°C. A Mustang
Q AcroPrep Advance 96-well (8171, Cytiva) plate was equilibrated
using wash buffer (20 mM Tris, 2 mM MgCl,, 0.15 M NaCl, pH
7.2) prior to loading 1 mL clarified vector with negative
pressure generated using a vacuum pump. Membrane was washed
with 64 membrane volumes of wash buffer before applying 18
membrane volumes elution buffer (20 mM Tris, 2 mM MgCl,,
1.2 M NaCl, pH 7.2). Eluted vector was equilibrated to final
formulation of 20 mM Tris, 0.15 M NaCl, 1% sucrose, 1%
mannitol, pH 7.2.

T cell transductions

Donor peripheral blood mononuclear cells (PBMCs) were activated on
the day of thawing using Dynabeads Human T-Activator CD3/CD28
for T Cell Expansion and Activation (11161D, Gibco) at a 1:1
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bead-to-cell ratio in X-Vivo 15 media (BEBP02-061Q, Lonza) supple-
mented with Human AB Serum (H5667, Merck), MEM Eagle Vitamins
(25-020-CI, Corning), GlutaMax (35050061, Gibco), HEPES
(15630056, Gibco), sodium pyruvate (58636, Merck), IL-7 (130-095-
363, Miltenyi Biotec), and IL-15 (130-095-765, Miltenyi Biotec). Acti-
vated cells were incubated for 48 h prior to transduction. Magnetic acti-
vation beads were removed on the day of transduction and T cells were
resuspended in fresh complete media. T cells were seeded in a 96-well
U-bottom plate (353077, Corning) with a seeding density of 1 x 10°
cells/well in 100 pL media. Vector dilutions were prepared in complete
media, and 100 pL diluted vector was added directly to plated T cells.
Final vector concentrations were 5 x 10° TU/mL, 1 x 10° TU/mL,
and 2.5 x 10° TU/mL at MOIs 1, 2, and 5, respectively, with a final
well volume of 200 pL. Nevirapine (SML0097, Merck) controls were
included for transductions at MOI 5. Cells were stained for flow cytom-
etry 5 days post-transduction with Zombie NIR Fixable Viability Dye
(423105, BioLegend), BUV395 mouse anti-human CD3 (564001,
BioLegend), BV421 mouse anti-human CD4 (566703, BioLegend),
and PE anti-human CD8 Antibody (344706, BioLegend). Flow cytom-
etry was performed on a LSRFortessa X-20 (BD Biosciences) gated to
collect 20,000 events on the live cell population.

Cell cycle analysis

End-of-production cells were fixed and permeabilized in ice-cold
70% ethanol for 1 h at 4°C prior to washing with PBS. Cells were
treated using RNase A and stained for analysis using propidium io-
dide according to kit instructions (ab139418, Abcam). Cells were
analyzed by flow cytometry using an Attune NxT (Thermo Fisher
Scientific) gated to collect 100,000 events on the single cell popula-
tion. The Watson method was used to determine the relative propor-
tions of cells in each cell cycle phase in FlowJo software (version
10.9.0, BD Biosciences).

Delta-delta RT-qPCR

Total cytoplasmic RNA was extracted from cell pellets using a
QIAamp Viral RNA Mini Kit (52904, QIAGEN). DNA was subse-
quently removed using a DNA-free DNA Removal Kit (AM1906, In-
vitrogen) according to kit instructions. RT-qPCR was performed us-
ing a QuantStudio 7 (Thermo Fisher Scientific) under standard
chemistry RT-PCR cycling conditions using TagMan Fast Virus
One-Step Master Mix (4444436, Thermo Fisher Scientific) and
primer-FAM-probe sets against HIV-1 packaging signal (¥) or
housekeeping gene ribonuclease P RNA component H1 (RPPH1).
Negative RT controls were included for both reaction sets. The
following primer/probe sequences were used.

Y-forward: 5-TGGGCAAGCAGGGAGCTA-3
Y-reverse: 5-TCCTGTCTGAAGGGATGGTTGT-3'

¥-probe: 5'-FAM-AACGATTCGCAGTTAATCCTGGCCTGTT-
TAMRA-3

RPPH1-forward: 5-CCCTAGTCTCAGACCTTCCCAAG-3'
RPPH1-reverse: 5'-GCGGAGGGAAGCTCATCAG-3'

RPPHI1-probe: 5'-VIC-CCACGAGCTGAGTGCGTCCTGTCA-
TAMRA-3'.

p24 capsid quantitation

HIV-1 p24 capsid quantification was performed using an Alliance
HIV-1 p24 ELISA kit (NEK050001, PerkinElmer) according to kit
instructions. Absorption was measured using a SpectraMax i3X
(Molecular Devices) at 490 nm. Physical LV particles were calculated
assuming 2,000 molecules of p24 per viral capsid.

Western blots

Cell lysate was prepared in 1x RIPA lysis buffer (20-188, Millipore)
and total protein concentration determined using a Pierce BCA Pro-
tein Assay Kit (23225, Thermo Fisher Scientific). Proteins were sepa-
rated using SDS-PAGE under reducing conditions in a 4-20% Crite-
rion TGX 26-well pre-cast gel (5678095, Bio-Rad). Western transfer
to a nitrocellulose membrane was carried out using a Trans-Blot
Turbo system (Bio-Rad). Membranes were probed with primary an-
tibodies for p24 (ab32352, Abcam), VSV-G (PA1-30138, Invitrogen),
c-Jun (9165T, Cell Signaling Technologies), JunB (3753T, Cell
Signaling Technologies), c-Fos (2250T, Cell Signaling Technologies)
or f-actin (ab8226, Abcam). Membranes were incubated with
StarBright 700 a-Rb and StarBright 520 a-Ms secondary antibodies
and imaged using a ChemiDoc Imager (Bio-Rad). Where applicable,
band intensities were quantified using Image Lab software (version
6.0.1, Bio-Rad).

Residual DNA quantification

Residual DNA was quantified using a Quant-iT PicoGreen dsDNA
kit (P7589, Thermo Fisher Scientific) according to kit instructions.
Fluorescence emission was measured with a SpectraMax i3X (Molec-
ular Devices) with an excitation wavelength of 485 nm and emission
wavelength of 538 nm.

Integrating titer determination by duplex qPCR

Tissue culture-treated 48-well flat-bottom plates (353078, Corning)
were seeded with 2 x 10* adherent HEK293T cells/well. Transduc-
tions were performed as per the functional titer assay with 100 pL/
well vector dilution and 200 pL complete DMEM top-up. Untrans-
duced cells were included as a negative control for vector integration.
HEK293T cells were serially passaged 3 times over the course of
10 days following transduction. Cells were harvested at assay termi-
nation and genomic DNA was extracted using a QIAamp 96 DNA
QIAcube HT kit (51331, QIAGEN) according to kit protocol using
a QIAcube HT (QIAGEN). Extracted DNA was used as template
for duplex TagMan qPCR reactions using TagMan Gene Expression
Master Mix (4369016, Thermo Fisher Scientific) and primer-FAM-
probe sets against ¥ and primer-VIC-probe sets against RPPH1
(described previously). Reactions were performed under standard
chemistry PCR cycling conditions using a QuantStudio 7 (Thermo
Fisher Scientific). Single integrant reference control DNA (1 copy
W per HEK293T cell) was used to derive cells per reaction. Inte-
grating vector titers were determined using Equation 3.
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Proteomics

Sample preparation

Cell lysates were prepared in 1% (v/v) SDS and 50 mM ammonium
bicarbonate prior to incubating at 70°C for 10 min. DNA was
sheared by sonication. Samples were reduced with 5 mM dithiothrei-
tol at 70°C for 10 min and alkylated with 15 mM iodoacetamide in
the dark at room temperature for 30 min. SP3 workflow was followed
for protein cleanup using Sera-Mag Speed beads (Cytiva) followed by
trypsin-LysC digestion overnight. Per sample, 0.5% (v/v) trifluorace-
tic acid was added, and samples were cleaned up using C18 SPE car-
tridge (Thermo Fisher Scientific) and eluted using 50% (v/v) aceto-
nitrile. Eluted peptide was dried using SpeedVac system and
resuspended in 0.1% formic acid.

LC-MS/MS acquisition

All data were acquired using a Vanquish Neo LC system (Thermo
Fisher Scientific) coupled to an Orbitrap Exploris 480 mass spectrom-
eter with an FAIMS Pro Duo module operating in data-independent
acquisition (DIA) mode. An Easy-Spray PepMap Neo analytical col-
umn (75 pm x 500 mm, 2 um particle) (ES75500PN; Thermo Fisher
Scientific) was used at 300 nL/min flow rate. Eluting peptides were
sprayed into the mass spectrometer at 1,800 V while FAIMS CV was
kept at —55°C and carrier gas flow was set at 4.0 mL/min. RF lens
was kept at 40%.

Data processing

Data were processed by Spectronaut (version 18, Biognosys) using a
UniProt Human FASTA database. Mass spectrometry data were
filtered to contain only protein hits present in all 3 replicates of at
least one treatment group. Missing data were imputed using random
draws from a Gaussian distribution centered around a minimal value
(0.01 quantile) with a standard deviation estimated as the median
protein-wise standard deviation. p values were determined using a
two-sample Student’s t test and adjusted for false discovery rate of
0.05 using the Benjamini-Hochberg procedure.

Phosphopeptide proteomics

Sample preparation and phosphopeptide enrichment
Phosphopeptide mass spectrometry was performed by Biognosys AG
(Switzerland). Cell pellets were lysed and denatured using Biognosys’
Denature Buffer and treated with Benzonase. Protein concentrations
were determined using a BCA assay (Thermo Fisher Scientific). Per
sample, 1.5 mg of protein mass were reduced/alkylated using Bio-
ngosys Reduction/Alkylation Solution for 1 h at 37°C and digested
overnight at 37°C using trypsin at a protein:protease ratio of 50:1.
Digested samples were desalted using an Oasis HLB 96-well plate
30 pm (30 mg) (Waters) according to the manufacturer’s instruc-
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tions and dried down using a SpeedVac system. Peptides were resus-
pended in Sol A (1% acetonitrile and 0.1% formic acid). Peptide con-
centrations were determined using a ultraviolet-visible spectrometer
at 280 nm (SPECTROstar Nano, BMG Labtech). Per sample, 500 pg
of peptide mass were phospho-enriched using Ti IMAC HP beads
(MagReSyn) on a KingFisher. Flex system (Thermo Fisher Scienti-
fic)-enriched samples were desalted as before on an Oasis HLB
pElution plate 30 pm (Waters). Dried samples were resolved in
21 pL of Sol A and spiked with Biognosys’ iRT kit calibration
peptides.

LC-MS/MS acquisition

For phospho-proteome liquid chromatography-tandem mass spec-
trometry (LC-MS/MS) hyper reaction monitoring (HRM) measure-
ments, 7 pL sample was injected to an in-house packed reversed
phase column (PicoFrit emitter with 75 pm inner diameter, 60 cm
length, and 10 pm tip from New Objective, packed with 1.7 pm
Charged Surface Hybrid C18 particles from Waters) on a Thermo
Fisher Scientific EASY nLC 1200 nano liquid chromatography sys-
tem connected to a Thermo Fisher Scientific Q Exactive HF X
mass spectrometer equipped with a Nanospray Flex ion source LC
solvents (A) 0.1% formic acid in water and (B) 20% water in aceto-
nitrile with 0.1% formic acid. A DIA method with one full range sur-
vey scan and 29 DIA windows was adopted from Bruderer et al.”’

Spectral library generation and HRM data analysis

The HRM mass spectrometric data were searched using SpectroMine
software (version 3.0) the false discovery rate on peptide and protein
level was set to 1. A human UniProt FASTA database was used for
the search engine, allowing for 2 missed cleavages and variable mod-
ifications (N-terminal acetylation, methionine oxidation, and phos-
phorylation [STY]). A direct DIA spectral library was created from
the search results by filtering for phosphorylated peptides. HRM
mass spectrometric data were analyzed using Spectronaut software
(version 15.4, Biognosys). The FDR on peptide and protein level
was set to 1%, and the data were filtered using row-based extraction.
The direct DIA spectral library generated in this project was used for
the analysis. The HRM measurements analyzed with Spectronaut
were normalized using local regression normalization.”® Data were
filtered to contain only protein hits present in all 3 replicates of at
least one treatment group. Missing data were imputed using random
draws from a Gaussian distribution centered around a minimal value
(0.01 quantile) with a standard deviation estimated as the median
protein-wise standard deviation. p values were determined using a
two-sample Student’s t test and adjusted for a false discovery rate
of 0.05 using the Benjamini-Hochberg procedure.

NF-kB response element luciferase assay

Suspension-adapted HEK293T cells were co-transfected with 3™
generation LV plasmids (as previously described) and 0.06 pg/mL
NanoLuc Reporter Vector with 5x NF-kB Response Element
(N1111, Promega). Cells were treated with inducing agents or with
20 ng/mL recombinant human TNF-a (hTNF-a) (210-TA, R&D
Systems) reconstituted in PBS + 0.1% BSA (A9418, Merck) as
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positive control 22 h after transfection. PBS + 0.1% BSA was used as
carrier control. At 5 h post-induction, 1 x 10° cells were mixed with
Nano-Glo Luciferase Assay Reagent (N1110, Promega) as per kit in-
structions. Luminescence was measured using a SpectraMax i3x
(Molecular Devices) with an integration time of 10 s per well.

Statistical analysis

Statistical analysis was performed by Welch’s unequal variances t test
(two-tailed) in GraphPad Prism (version 9.2). p < 0.05 was consid-
ered significant.
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