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Oncolytic herpes simplex virus (HSV)-1-derived viruses are be-
ing developed for cancer treatment. Here, we describe the isola-
tion of a novel strain of HSV-1 and its engineering to safely
harness it as an oncolytic therapeutic. This strain (UT1a) was
isolated from a de-identified consented patient biorepository.
CRISPR-Cas9-based recombination was utilized to insert bac-
terial artificial chromosome (BAC) genes into the viral UL39
and UL40 locus, resulting in the deletion of both large and
small subunits of the viral ribonucleotide reductase (RR). Sub-
sequent deletion of viral RL1 genes encoding the neuroviru-
lence factor g34.5 resulted in OncoDelta (OncoD), a virus
deleted for UL39, UL40, and both copies of RL1. OncoD re-
tained tumor-cell-specific cytotoxicity and replication; was
safe and non-toxic in intracranial injections in naive mice up
to doses of 5 � 106, the maximal injectable dose for OncoD;
and showed significant anti-tumor immune-activating poten-
tial in multiple tumor models. Transcriptome profiling of
OncoD showed that it impaired DNA damage repair pathways
and hence synergized with radiation to improve therapeutic
response in vitro and in vivo.

INTRODUCTION
Oncolytic viruses are an emerging biotherapy, and they function
through the direct destruction of tumor cells, releasing tumor anti-
gens to prime anti-tumor immunity.1,2 While there are currently
many viruses that are being investigated, two herpes simplex virus
(HSV)-1-based virotherapies have garnered approval for treatment
so far. Imlygic is approved in the USA and Europe for the treatment
of advanced melanoma, and DELYTACT is approved in Japan for the
treatment of recurrent glioblastoma (GBM).3,4 The Imlygic virus
currently approved in the USA and European Union (EU) for mela-
noma is deleted for both copies of the RL1 gene (encoding for
ICP34.5) and harbors an additional deletion in the ICP47 gene.
This virus retains UL39 and UL40 genes. Imlygic is additionally
armed with granulocyte-macrophage colony-stimulating factor
(GM-CSF) to increase anti-tumor immune responses. DELYTACT
is an unarmed, triple-mutated oncolytic virus that is disrupted for
UL39 and deleted for both copies of ICP34.5 and also harbors a dele-
tion in the ICP47 gene. The potential to employ these viruses as addi-
tional gene therapy vehicles to further improve tumor cell killing and
augment anti-tumor immune responses is an important avenue of
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research,5–7 and having a viral backbone that permits the insertion
of therapeutic payloads with ease is important. Recombination-
driven gateway-designed viruses have facilitated efficient viral loading
with genetic payloads.8,9 Here, we isolated a new strain of HSV-1,
UT1a, from a de-identified consented patient biorepository to engi-
neer an oncolytic HSV (oHSV). UT1a was significantly better at
killing tumor cells compared to F-strain HSV-1. Deletion of viral neu-
rovirulence genes resulted in the generation of OncoDelta (OncoD), a
triple-gene-deleted oHSV-1 virus that remains safe in non-tumor-
bearing mice, is sensitive to antiherpetic agents, and has demon-
strated therapeutic efficacy in multiple tumor models. The OncoD
viral backbone described here is deleted for both copies of ICP34.5
as well as for UL39 and UL40 but retains the wild-type (WT)
ICP47 gene.

RESULTS
The UT1a strain of HSV-1 was derived from a human labial lesion
from a consented patient under an approved institutional review
board (IRB) protocol at the University of Texas, Health Sciences Cen-
ter at Houston. After isolation, the isolated strain was propagated in
Vero cells (Figure 1A). The cytotoxicities of WT HSV-1 strains UT1a
and F-strain were compared in a panel of tumor cells (Figure 1B).
UT1a was observed to be more cytotoxic toward tumor cells
compared to F-strain. To facilitate genomic manipulations of the viral
genome, we utilized CRISPR-Cas9-guided homologous recombina-
tion (HR) to insert flippase recognition target (FRT) sites and loxP-
flanked bacterial artificial chromosome (BAC) genes into the UL39/
UL40 locus (Figure 1C).8 DNA sequencing of the BAC genome
confirmed the insertion of the BAC sequences and the loss of
UL39/UL40 (Figure S1A). Next, the g34.5-expressing genes (RL1)
were targeted by HR in bacteria, and the loss of RL1 was confirmed
by PCR (Figure S1B).

The GFP-containing BAC sequence inserted into the UL39/UL40 lo-
cus was designed to be flanked by FRT (blue arrow) and loxP (red ar-
row) recombination sites (Figure 1C). To easily insert transgenes (e.g.,
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Figure 1. Generation of triple-mutated oncolytic HSV-1 OncoD from UT1a strain

(A) HSV-1 strain UT1a was isolated from a consented patient’s labial lesion and propagated in Vero cells. (B) Human tumor cells MDA-MB-468 and HCT116 andmouse DB7

cells were infected with UT1a and F-strain HSV-1 at the indicated MOIs for 72 h. (C) Schematic of mutations in UT1a to generate OncoD. (D) Immunofluorescence imaging of

Vero cells transfected with UT-BACwith andwithout Cre-mediated recombination to remove the bacterial sequences, including GFP. Scale bar, 100 mm. (E and F) Analysis of

OncoD replication in human cell lines GBM28 (E) and A549 (F) at the indicated MOIs. (G and H) Cytotoxicity analysis of OncoD against human tumor cells GBM12 (G) and

HCT116 (H). **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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RFP) into the oncolytic virus backbone, FRT-based recombination
between the BAC and an FRT-containing transfer plasmid encoding
for the RFP and containing a loxP site was used. This recombination
inserted the entire RFP-containing transfer plasmid into the BAC
(blue dotted line, Figure 1C) to generate UT-BAC + pTransfer. A sub-
sequent recombination between the loxP sites (red dotted lines) en-
ables the removal of the bacterial transfer plasmid and BAC bacterial
2 Molecular Therapy: Oncology Vol. 33 June 2025
sequences from the UT-BAC + pTransfer backbone. Thus, before
Cre-lox recombination, the transfected cells are both RFP+ and
GFP+, but once the bacterial sequences are excised out, the resulting
virus loses GFP and retains the inserted transgene (RFP) (Figure 1D).
The loss of ICP34.5 was validated by genomic PCR of the virus (Fig-
ure S1B) and by western blot for phosphorylated eIF2a (p-eIF2a)
(Figure S1C). ICP34.5 in the WT virus dephosphorylates eIF2a,
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Figure 2. OncoD is safe at high doses in mice and

improves survival in multiple in vivo mouse tumor

models

(A) Effect of OncoD on syngeneic A20 subcutaneous tu-

mor growth in BALB/c mice. Once tumors reached the

indicated tumor volume, OncoD or PBS was injected in-

tratumorally at the indicated time points (green arrows).

After treatment, tumor volumes were measured every

other day. (B) Kaplan-Meier curve showing the proportion

of mice reaching the established endpoint tumor volume

over time. (C and D) Effect of OncoD on syngeneic

MC38 (C) and LLC (D) subcutaneous tumor growth in

C57BL6 mice. (E) Kaplan-Meier curve showing the effect

of OncoD on the survival of NSG mice bearing

intracranial human GBM12 tumors. OncoD was

administered intratumorally at the indicated time points

(green arrows). (F) Kaplan-Meier curve showing the

effect of OncoD on the survival of C57BL6 mice bearing

005 mouse glioma tumors. *p < 0.05, **p < 0.01,

***p < 0.001, and ****p < 0.0001.
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and thus treatment with WT HSV-1 (F-strain and UT1a) shows
reduced p-eIF2a. ICP34.5-deleted viruses are unable to reverse pro-
tein kinase RNA-activated (PKR)-induced eIF2a phosphorylation,
so these viruses show increased phosphorylation of eIF2a.

Real-time imaging of RFP+-infected cells revealed efficient OncoD
replication in tumor cells (Figures 1E and 1F) but not in normal cells
(Figures S2A and S2B). We then compared the replication of OncoD
(DRL1,DUL39, andDUL40) virus to a previously published oncolytic
HSV (oHSVQ) virus that is a double-deleted virus (DRL1 and
DUL39), similar to G207 in the clinical investigation8. Real-time fluo-
rescent imaging of infected cells over time revealed that while the ki-
netics of OncoD and HSVQ were similar (same slopes of virus spread
over time), the viral replication (burst size) was higher for OncoD.
This permitted a higher yield of OncoD from Vero cell production
Mole
runs (Figures S2C and S2D). We next evaluated
the cytotoxicity of OncoD and saw efficient
killing of tumor cells with increasing multiplic-
ity of infection (MOI) (Figures 1G, 1H, S2E,
and S2F). Notably, despite the triple deletion
and consistent with a similar kinetics of virus
spread in vitro, the cytotoxicity of OncoD was
similar to oHSVQ in treated tumor cells
(Figures S2G and S2H). No cytotoxicity was
observed in the normal cells tested with OncoD
(Figures S2I and S2J) or with both OncoD and
oHSVQ (Figure S2K) at MOIs as high as 1,
and thus no LD50 could be calculated from
these cells (Figure S2L).

To determine if OncoD retained sensitivity to
acyclovir (ACV), an antiherpetic agent,10 we
evaluated its cytotoxicity toward Vero cells in
the presence and absence of ACV. ACV conferred 95.3% ± 6.3% pro-
tection from OncoD-mediated cytotoxicity (Figure S3A), which was
similar to that observed with oHSVQ (Figure S3B). Due to the
increased viral replication of OncoD compared to oHSVQ, viral ti-
ters from each virus purification were significantly higher, allowing
for the evaluation of higher doses in vivo (Figure S3C). To evaluate
the clinical utility of OncoD, we evaluated its safety profile in
mice. Intracerebral inoculation of 5 � 102 plaque-forming units
(PFUs) of UT1a virus in non-tumor-bearing adult mice was toxic
in 4/5 mice. However, injections of OncoD up to doses as high as
5 � 106 PFUs (maximum injectable dose) were found to be safe
and well tolerated in naive mice (Figure S3D). In comparison, the
maximum injectable dose for oHSVQ was 1 � 106 PFUs, at which
it remained safe. The different tested doses and the response in
mice are listed in Figure S3E.
cular Therapy: Oncology Vol. 33 June 2025 3
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We next evaluated the in vivo efficacy of OncoD in mouse tumor
models. Treatment with OncoD was found to be effective against
human tumors in NSG (NOD.Cg-PrkdcscidIL2rgtm1Wjl/SzJ) mice
(GBM12) and syngeneic murine tumors in immunocompetent mice
(A20, LLC, and MC38) (Figures 2A–2F). Transcriptomic analysis of
human glioma cells (GBM12 and GBM28) treated with or without
OncoD revealed a significant enrichment of pathways related to
apoptosis and DNA repair relative to untreated cells (Figures 3A–
3D). Significantly de-regulated genes in OncoD-infected GBM cells
relative to PBS control are listed in Tables S1 and S2. To check for in-
crease in DNA damage in cells treated with OncoD, we analyzed the
levels of gH2AX phosphorylation by western blot and immunofluo-
rescence. Infection with OncoD induced gH2AX protein levels
(Figures 3E–3G). DNA repair plays a significant role in response to
chemo- and radiation therapy, and this suggested that OncoD might
synergize with radiation therapy (IR) to improve outcomes. To eval-
uate this, we measured the clonogenic capacity of OncoD-treated cells
with and without radiation. Both spheroid formation and limited
dilution assays showed a significant reduction in the clonogenic ca-
pacity of cells treated with both OncoD and irradiation
(Figures 3H–3J). In immunocompetent mice, the combined treat-
ment of OncoD and radiation (2 Gy) significantly improved survival
compared to either monotherapy (Figure 3K).
DISCUSSION
Here, we describe the engineering of a triple-gene-deleted HSV-1-
derived oncolytic virus. The attenuations in the expression of
UL39, UL40, and RL1 gene products imparted tumor specificity.
UL39 and UL40 encode for the large and small subunits of ribonu-
cleotide reductase (RR) and are, hence, essential to initiate nucleo-
tide metabolism in quiescent cells. In mammalian cells, this is regu-
lated by the Rb pathway, and its loss in tumor cells provides
unrestricted access to the cellular RR, which compensates for this
attenuation.11,12 Deletion of the UL39/UL40 locus was verified by
genomic sequencing. To our knowledge, this is the only oncolytic
virus that has been attenuated for both RR subunits. The viral
RL1 gene encodes for a multifunctional ICP34.5 that helps HSV-1
counter numerous anti-viral defense responses and also plays a
role in latent HSV-1 reactivation.13,14 Cellular EIF2AK2 senses
infection and phosphorylates cellular eIF2a to block protein trans-
lation and, hence, virus replication. Viral ICP34.5 reverses EIF2AK2
phosphorylation by PKR to facilitate viral replication.15,16 The lack
of functional ICP34.5 in OncoD was validated by PCR and western
blot analysis. Interestingly, despite the three mutations in OncoD
(UT1a strain), compared to only two deletions in HSVQ (F-strain),
OncoD has a bigger viral burst than HSVQ and consistently gave a
better viral yield.
Figure 3. OncoD induces DNA damage in infected tumor cells and synergizes

(A–D) Heatmaps and significantly enriched gene set enrichment analysis (GSEA) pathw

(GBM12 and GBM28 cells, E) and immunofluorescence analysis (GBM12 cells, F) for g

(G). Scale bar, 10 mm. (H–J) Reduced colony formation in the indicated glioma cells aft

survival curve showing the effect of OncoD combination with IR in the mouse glioma 0
Apart from having a better viral yield and exhibiting tumor-cell-spe-
cific cytotoxicity, OncoD also remains sensitive to ACV and is safe
upon intracerebral injections in mice. The treatment of tumor-
bearing mice with OncoD showed increased therapeutic benefit
with and without radiation. Given the safe and effective profile of On-
coD inmultiple different tumormodels, its further development as an
anti-neoplastic agent is recommended.

MATERIALS AND METHODS
Additional methods are detailed in the supplemental information.

Animal studies

All animal studies were conducted with the approval of the Augusta
University Institutional Animal Care and Use Committee. NSG
(stock #005557), C57BL/6 (stock #000664) and BALB/c (stock
#000651) were obtained from Jackson Laboratory. Intracranial injec-
tions were performed as described.5 For the establishment of subcu-
taneous tumor models, 1 � 105 MC38 cells were injected into the
right flank in 100 mL of PBS. The formation of tumors was monitored
daily, and once tumors reached 70–100 mm3, the mice were divided
randomly into PBS or OncoD treatment groups. OncoD (1 � 107

PFUs) or PBS was administered at days 0, 3, and 6, and tumor vol-
umes were measured every other day until endpoint (2,000 mm3).
For LLC and A20 models, 1 � 106 cells were injected into the right
flank in 100 mL of PBS in C57BL6 and BALB/c mice, respectively.
Once tumors reached 100–150 mm3, mice were randomly divided
into treatment groups. OncoD was administered at 1 � 107 PFUs
in LLC tumors on days 0 and 7 and at 1 � 106 PFUs on days 0, 2,
and 4 in A20 tumors. Tumors were measured every other day, and
when the tumor volume reached 1,000 mm3, the mice were sacrificed.

DATA AND CODE AVAILABILITY
Processed and raw RNA-seq data are available at the Gene Expression Omnibus Database
(accession no. GEO: GSE288846). Source data from this manuscript are available from
the corresponding author upon reasonable request.
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