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Abstract 
Background: Oncolytic herpes simplex virus (oHSV) have been proved effective 
and safe to treat tumors. Glycoprotein D (gD) has been engineered for targeting 
cancer cells and de-targeting normal cells successfully, however, the effectiveness 
and safety of oHSVs still need to be improved. Method: Here we sequenced the 
DNA encoding gD of our recently isolated new strain HSV-1-LXMW and com-
pared the gD amino acid sequence with the gDs of other 7 HSV-1 and 3 HSV-2 
strains. Results: Phylogenetic analysis revealed that HSV-1-LXMW is evolutio-
narily close to HSV-1-Patton and -KOS strains. The gD amino acid sequence 
alignment identified 19 conserved and 8 variable regions. We further predicted 
10 new motifs in HSV gD for the first time and identified motif differences in 
HSV-1 and HSV-2. We summarized the gD-engineered oHSVs and found that 
some of the newly identified gD motifs are actually functional. Conclusion: Our 
results shed light on HSV gD biology and provided new directions for future gD 
functional studies and engineering in order to make better oHSVs. 
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1. Background 

Tumors contain heterogeneous cancer cells, such as tumor stem cells, and tumor 
stromal cells, immune cells in the tumor microenvironment [1]-[6]. The infec-
tion of herpes simplex virus 1 and 2 (HSV-1 and -2) is spread worldwide. The 
infection of HSV-1 often causes oral lesion and is frequently diagnosed in child-
ren, while the HSV-2 causes genital lesion and sexually transmitted diseases [7]. 
HSV in not only a human pathogen, but HSV mutants named oncolytic herpes 
simplex virus (oHSV) can be used to treat cancer [8] [9] [10]. Because the infec-
tion of HSV can induce rapid and efficient cell killing, HSVs have a wide host 
range, and the virus replication and infection can be controlled by effective an-
ti-herpetic agents, HSVs have been widely used as oHSVs [11]-[18]. Targeting 
cancer cells without infecting normal cells is still a big challenge in cancer treat-
ment [19]. Oncolytic viruses provided a new way to retarget to the specific can-
cer cells [20]. For example, Jeeninga et al. used the characteristics that human 
immunodeficiency virus 1 (HIV-1) infects T lymphocytes specifically to con-
struct HIV-1 derived oncolytic viruses to treat the T-cell acute lymphoblastic 
leukemia (T-ALL) [21]. Schneider et al. engineered measles virus to enter cells 
expressing specific receptors for epidermal growth factor or the insulin-like 
growth factor 1, and trigger cell death [22]. T-VEC is engineered by deletion of 
the genes γ34.5 and US11 (ICP47) and insertion of the gene encoding human 
granulocyte macrophage colony-stimulating factor (GM-CSF) [15]. In 2015, the 
US Food and Drug Administration (FDA) proved that T-VEC as the first oHSV 
to treat advanced inoperable malignant melanoma [16]. HSV envelope glyco-
proteins were also engineered to target the special receptors expressed on tumor 
cells [23]. 

The process of virus entering into the host cells includes recognition of virus 
receptors, triggering the fusion process and fusion execution [24]. This process 
needs the glycoprotein D (gD), heterodimer glycoprotein H/glycoprotein L (gH/gL) 
and glycoprotein B (gB), as well as their cognate receptors [25] [26] [27] [28] 
(Figure 1(A)). gD is a glycoprotein that can interact with one of its three recep-
tors, herpes virus entry mediator (HVEM), nectin-1, and 3-O-sulfated heparan 
sulfate (3-OS HS), thus inducing the initiation of entry process [29]-[34]. Re-
ceptor binding leads to the conformational change of gD, which will trigger the 
virus fusion process after activation of the heterodimer gH/gL and gB [35] 
(Figure 1(A)), thus gD is the major tropism determinant. 

The gD protein has been divided into three parts, including the extracellular, 
transmembrane and cytoplasmic domains [36] [37] [38]. gD is made up of 394 
AA and becomes a mature form (369 AA) after cleavage of the 25 AA signal se-
quence at the N-terminal and the transmembrane domain is between AA 317 
and 339 [39]. The gD co-crystal structure revealed that the HVEM binding site 
in the gD is located at amino acids 1 - 37 [40]. The nectin-1 biding site is discon-
tinuous, and the critical residues have been identified at AA 34, 38, 215, 222, and 
223 [41] [42] [43]. The N-terminus (residues 1 - 260) contains the receptors  
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Figure 1. Wild type (A) or gD retargeted (B) HSV enters the cell. 
 

binding sites, while the C-terminus (residues 260 - 310) acts as the pro-fusion 
domain (PFD) that can be used to induce virus infectivity and fusion process 
[44]. A quantity of mutations in gD can abolish the binding of HVEM and 3-OS 
HS with gD at the same time, so these two receptors binding sites in gD are at 
least overlapping in part [45]. However, several mutations aborted the HVEM 
binding to the gD but not nectin-1, so the nectin-1 binding site is discrete from 
HVEM but partially overlapping, and its location is downstream of residue 32 
[36] [41] [43] [45] [46] [47] [48]. The interaction of gD with HVEM or nectin-1 
can lead to displacement of the binding of C-terminus and N-terminus, then 
lead to the structural change of gD [44] [49]. In the process of virus entry into 
host cells, AA 61-218 don’t code executable meanings and the interaction of the 
ligand with its receptor doesn’t need to change the structure of gD [50]. Consis-
tent with reports, mutations the amino acids between 25 - 27 can abolish the 
binding of gD with HVEM and increase the affinity of gD with ncctin-1 [33] 
[45] [51]. 

The majority of oHSV given through systemic route were cleared by neutrali-
zation antibodies and other immune effects [52]. The intralesional injection of 
oHSV limited the oHSV usage in clinics. The effectiveness and safety of oHSV 
still need to be improved. Here we sequenced the DNA encoding gD of our re-
cently isolated new strain HSV-1-LXMW, compared the gD amino acid se-
quence with the other 10 gDs by phylogenetic analysis, amino acid sequence 
alignment, and motif predictions. Our results shed light on HSV gD biology and 
provided new options for future engineering of gD in order to make improved 
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oHSVs. 

2. Materials and Methods 
2.1. HSV Genomic DNA Sequencing Analysis 

A new HSV strain from an oral herpes lesion of a patient in Beijing, named as 
HSV strain LXMW, was isolated earlier [53]. The HSV DNA sequence identifica-
tion was carried out by genomic DNA sequencing as described earlier [53]. Briefly, 
we isolated HSV DNA in our laboratory, high-quality genomic DNA (500 ng) was 
submitted to Beijing Genomics Institute (BGI, http://www.genomics.cn) for se-
quence analysis and Burrows-Wheeler Aligner (BWA) software was used for 
alignment. The genomic sequences of other 10 HSV strains were obtained from 
NCBI Reference Database (Table 1). 

2.2. Phylogenetic Analysis of the gD Amino Acids in HSV-1 and 
HSV-2 

For phylogenetic analysis of the gD amino acid sequences of 11 HSV strains, the 
software MEGA7 was used. The evolutionary history was calculated by means of 
the Maximum Likelihood method option based on the General Time Reversible 
model with “completely deletion”. The bootstrap consensus tree is taken to 
represent the evolutionary history of the taxa analyzed. Branches corresponding 
to partitions reproduced in less than 50% bootstrap replicates are collapsed. Ini-
tial tree(s) for the heuristic search were obtained automatically by applying 
Neighbor-Join and BioNJ algorithms to a matrix of pair wise distances estimated 
using the Maximum Composite Likelihood (MCL) approach, and then selecting  

 
Table 1. HSV strains studied in this article. 

HSV Strain 
Gene Bank 

ID 
Tax-ID Sub-Date gD DNA sequence University, Country 

HSV-1 strain LXMW    138401-139585 
Yangtze University, Jingzhou, 
China 

HSV-1 strain 17 JN555585.1 10299 2011-08-02 138313-141052 Glasgow University, UK 

HSV-1 strain H129 GU734772.1 744249 2010-2-9 138193-140911 Princeton University, USA 

HSV-1 strain RH2 AB618031.1 946522 2011-2-28 136619-137803 Osaka University, Japan 

HSV-1 isolate SC16 KX946970.1 10309 2016-10-30 138699-141443 Severo Ochoa, Spain 

HSV-1 strain Patton isolate MF959544.1 10308 2017-10-11 138199-140937 NYU, New York, USA 

HSV-1 strain F GU734771.1 10304 2010-2-9 138171-140910 Princeton University, USA 

HSV-1 strain KOS JQ673480.1 10306 2012-2-14 138279-139463 University of Kansas, USA 

HSV-2 strain SD90e KF781518.1 1177628 2013-10-25 140686-141867 
Harvard Medical School, Boston, 
USA 

HSV-2 strain HG52 JN561323.2 10315 2011-08-05 141016-143588 University of Glasgow, UK 

HSV-2 strain G KU310668.1 10314 2015-12-16 150357-151400 Einstein College, USA 
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the topology with superior log likelihood value. 

2.3. Alignment of gD Amino Acid Sequences of HSV-1 and HSV-2 
Strains 

The genomic sequences used for analysis were the same as above. The online 
software EMBL-EBI (https://www.ebi.ac.uk) was used to align the gD amino acid 
sequences. Amino acid differences were marked. 

2.4. Prediction of the gD Secondary Structure, Motifs and Function 
Domains 

The online software UCL-CS Bioinformatics (http://bioinf.cs.ucl.ac.uk/) was 
used to predict the secondary structure. The stringent conditions were set as de-
fault by the online program. The online software Phobius  
(https://phobius.sbc.su.se/) was used to predict the gD function domain. We 
predicted the conserved domain of gD in LXMW using the online software 
NCBI (https://www.ncbi.nlm.nih.gov), and the motifs were predicted using the 
online software MEME (http://meme-suite.org/).  

3. Results 
3.1. gD DNA Sequencing of Our New Strain HSV-1-LXMW 

The sequence of gD was determined as follows: 138401ATGGGGGGGGCTGCC 
GCCAGGTTGGGGGCCGTGATTTTGTTTGTCGTCATAGTGGGCCTCCAT
GGGGTCCGCGGCAAATATGCCTTGGCGGATGCCTCTCTCAAGATGGCC
GACCCCAATCGCTTTCGCGGCAAAGACCTTCCGGTCCTGGACCAGCTG
ACCGACCCTCCGGGGGTCCGGCGCGTGTACCACATCCAGGCGGGCCTA
CCGGACCCGTTCCAGCCCCCCAGCCTCCCGATCACGGTTTACTACGCC
GTGTTGGAGCGCGCCTGCCGCAGCGTGCTCCTAAACGCACCGTCGGAG
GCCCCCCAGATTGTCCGCGGGGCCTCCGAAGACGTCCGGAAACAACCC
TACAACCTGACCATCGCTTGGTTTCGGATGGGAGGCAACTGTGCTATC
CCCATCACGGTCATGGAGTACACCGAATGCTCCTACAACAAGTCTCTG
GGGGCCTGTCCCATCCGAACGCAGCCCCGCTGGAACTACTATGACAGC
TTCAGCGCCGTCAGCGAGGATAACCTGGGGTTCCTGATGCACGCCCCC
GCGTTTGAGACCGCCGGCACGTACCTGCGGCTCGTGAAGATAAACGAC
TGGACGGAGATTACACAGTTTATCCTGGAGCACCGAGCCAAGGGCTCC
TGTAAGTACGCCCTCCCGCTGCGCATCCCCCCGTCAGCCTGCCTCTCCC
CCCAGGCCTACCAGCAGGGGGTGACGGTGGACAGCATCGGGATGCTG
CCCCGCTTCATCCCCGAGAACCAGCGCACCGTCGCCGTATACAGCTTG
AAGATCGCCGGGTGGCACGGGCCCAAGGCCCCATACACGAGCACCCT
GCTGCCCCCGGAGCTGTCCGAGACCCCCAACGCCACGCAGCCAGAACT
CGCCCCGGAAGACCCCGAGGATTCGGCCCTCTTGGAGGACCCCGTGGG
GACGGTGGCGCCGCAAATCCCACCAAACTGGCACATCCCGTCGATCCA
GGACGCCGCGACGCCTTACCATCCCCCGGCCACCCCGAACAACATGGG
CCTGATCGCCGGCGCGGTGGGCGGCAGTCTCCTGGCAGCCCTGGTCAT
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TTGCGGAATTGTGTACTGGATGCACCGCCGCACTCGGAAAGCCCCAAA
GCGCATACGCCTCCCCCACATCCGGGAAGACGACCAGCCGTCCTCGCA
CCAGCCCTTGTTTTACTA139585. 

3.2. Translation of HSV-1-LXMW gD DNA Sequence into Amino 
Acids 

We used the DNAMAN software to translate the DNA sequence to amino acids; 
the translation result is shown as follow: 

MGGAAARLGAVILFVVIVGLHGVRGKYALADASLKMADPNRFRGKDLP
VLDQLTDPPGVRRVYHIQAGLPDPFQPPSLPITVYYAVLERACRSVLLNAPS
EAPQIVRGASEDVRKQPYNLTIAWFRMGGNCAIPITVMEYTECSYNKSLGA
CPIRTQPRWNYYDSFSAVSEDNLGFLMHAPAFETAGTYLRLVKINDWTEIT
QFILEHRAKGSCKYALPLRIPPSACLSPQAYQQGVTVDSIGMLPRFIPENQRT
VAVYSLKIAGWHGPKAPYTSTLLPPELSETPNATQPELAPEDPEDSALLEDP
VGTVAPQIPPNWHIPSIQDAATPYHPPATPNNMGLIAGAVGGSLLAALVIC
GIVYWMHRRTRKAPKRIRLPHIREDDQPSSHQPLFY. 

3.3. Phylogenetic Analysis Showed HSV-1-LXMW Is Close to 
HSV-1-Patton and -KOS 

To understand the evolutionary relationship of our HSV strain with other HSV-1 
and HSV-2 strains, a phylogenetic analysis was performed. The gD DNA se-
quence of HSV-1-LXMW together with 7 HSV-1 strains (17, F, H129, RH2, 
SC16, Patton and KOS) and 3 HSV-2 strains (G, HG52 and SD90e) (Table 1) 
were translated to amino acid sequences and analyzed. Our gD is highly similar 
to HSV-1 strains, but there is no significant similarity between the sequences of 
our HSV-1-LXMW and other HSV-2 strains. Our data supported that HSV-1- 
LXMW is an HSV-1 strain. 

Both the phylogenetic tree data (Figure 2(A)) and neighbor network data 
(Figure 2(B)) showed the presence of four groups of clustering structures. Our 
new strain HSV-1-LXMW isolated in Beijing, China is close to strains HSV-1- 
Patton in New York, US and HSV-1-KOS in Princeton, US, and far from the 
strain HSV-1-17 in University of Kansas, USA (Figure 2). The data showed a 
mean distance of approximately 87% among the strains tested collectively. 

3.4. The gD Amino Acid Sequence Alignment Identified 19  
Conserved and 8 Variable Regions 

To understand if the gD amino acid sequences are conserved among HSVs and 
thus likely to be biologically functional, the sequence alignments of the 11 
above-described sequences of HSVs were performed (Figure 3). We found that 
all the HSV-1 gD have 394 amino acids, while there are 393 amino acids in 
HSV-2 strains SD90e and HG52, and 347 amino acids in HSV-2 strain G (Figure 
3). Our results showed that there were fewer mutations among HSV-1 strains in 
the gD amino acids sequences, but there are more variations between HSV-1 and 
HSV-2. Our results identified that there are 2 amino acids of HSV-1-LXMW  
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Figure 2. Phylogenetic analysis of HSV-1-LXMW and 10 other HSV strains. The tree was gener-
ated by neighbor-joining (NJ) method by means of MEGA7. Trees with the maximum log like-
lihood are shown. The percentage of trees in which the associated taxa clustered together is 
shown above the branches. A: The tree is drawn to gage with branch lengths measured in the 
number of substitutions per site. B: The bootstrap consensus tree is taken to represent the evolu-
tionary history of the taxa analyzed. The phylogenic evolutionary tree discovered that the gD in 
HSV-1-XLMW was close to HSV-1-Patton and HSV-1-KOS. 

 
(AA 365 and AA 369), HSV-1 strain patron and strain KOS are different from 
other HSV-1 strains. There are 2 amino acids (AA 25 and AA 367) difference in 
HSV-1 strain 17 from other HSV-1 strains. There are many amino acids of gD in 
HSV-2 are different from HSV-1 strains. The gD of HSV-2 strain G is shorter 
than other HSVs. Both phylogenic analysis and alignment showed that gD ami-
no acids of LXMW are very similar to HSV-1 strain Pattern and HSV-1 strain 
KOS. The gD amino acid sequence alignment identified 19 conserved and 8 va-
riable regions (Figure 3). In addition, there is an arginine cluster in HSV-1  
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Figure 3. The amino acid sequence alignment of gD. 
 

strains RH2, H129, SC16 and F, and all the HSV-2 strains (black boxes in Figure 3). 
The conserved domains among all the gD amino acids of 11 HSVs are marked 

as numbers 1 - 19 and underlined in red and the variable amino acids are 
marked as numbers 1 - 8 underlined in black. The conserved domains predicted 
by NCBI software are marked in gray. The motifs predicted by the online soft-
ware are marked by color boxes. 

3.5. Prediction of the Conserved Domains, Motifs and Secondary 
Structures in gD 

The conserved domains of HSV predicted by NCBI software. 
We used the online NCBI conserved domain database  

(https://www.ncbi.nlm.nih.gov/) to predict the conserved domains of the gDs of 
all the 11 HSVs, and the result is marked in gray (Figure 3). We found that the 
conserved domain in HSV-1 strains 17, Patton, KOS, LXMW and HSV-2 strain 
HG52, sd90e are the same (located at AA 82-206), however, the conserved 
domains in HSV-1 strain H129, RH2, SC16, F are the same (located in AA 
82-206 and 343-373), the conserved domain in HSV-2 strain G is located in 
AA 36-106. 

3.6. The Prediction of gD Function Domains 

To predict the function domains of gD, we used online software Phobius 
(https://phobius.sbc.su.se/). We found that the gD function domains of HSV-1 
strain 17 and LXMW are the same (Figure 4). The signal peptide is located at  
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Figure 4. The gD function domains of HSV-1 strains 17 and LXMW, and HSV-2 strain HG52 were pre-
dicted by the online software. 

 
AA1-25, the non-cytoplasmic domain located in AA26-339, and the transmem-
brane domain is located at AA 340-364, and the cytoplasmic domain is located at 
aa 365-394 (Figure 4). The gD function domains in HSV-2 strain HG52 are as 
follows: The signal peptide is located at AA 1-30, the non-cytoplasmic domain is 
located at AA 31-340, the transmembrane domain is located at AA 341-363, and 
the cytoplasmic domain is located at AA 364-393 (Figure 4). The results are also 
shown in Figure 3. The mutation at AA 25 is located in the signal peptide do-
main and all the other 3 mutation sites in HSV-1 are located in the cytoplasmic 
domain. 

3.7. The Prediction of 10 gD Motifs 

To predict the gD motifs, we used the online software MEME  
(http://meme-suite.org/). The motif amino acids are marked in Figure 5(A) and 
the predicted new motifs are named as 1-10 in Figure 5(B). The results showed  
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(A) 

 
(B) 

Figure 5. (A) The predicted consensus sequences of the 10 motifs in gD of 11 HSV strains; (B) The position of predicted 10 motifs 
in gD of 11 HSV strains. 
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that the motifs of gD in 7 HSV-1 strains 17, H129, RH2, SC16, Patton, KOS, and 
LXMW are the same. HSV-2 strains HG52 and SD90e have the same motifs. The 
main motif differences between HSV-1 and HSV-2 are located in the motifs 8 
and 9. The motifs of gD in HSV-2 strain G is different from any others. All the 
HSV-2 gD lack the motif 9 that is located in the signal peptide of AA 1-15 
(Figure 3 and Figure 5). The HSV stain G also lacks the motif 7 that is located 
in the receptor binding region. The motif 8 in strains HG52 and SD90e is located 
at AA 328-342 and the motif 8 in HSV-1 is located at AA 329-343. The motif 8 is 
near to the transmembrane domain and overlapped with the pro-fusion domain 
located at AA 250/260-310 (AA 275/285-335 in the alignment in Figure 3) [54]. 
The motif 5 is also located in the profusion domain. In addition, all the gDs in 
HSV-2 lack the AA 329 in the motif 8. Most of the gD amino acid mutations 
between HSV-1 and HSV-2 are located in the variable regions 1, 6 and 7, which 
overlapped respectively with the signal peptide and transmembrane domains, 
and with motifs 9, 8 and 6 (Figure 3 and Figure 5). 

3.8. The Prediction of gD Secondary Structures 

We predicted the gD secondary structures of HSV-1 strain 17, LXMW, and 
HSV-2 strain HG52 using the online software UCL-CS Bioinformatics  
(http://bioinf.cs.ucl.ac.uk/). The prediction results are shown in Figure 6. Ac-
cording to the results in HSV-1 strain 17, AA 327-337 form disordered protein 
binding sites, while in HSV-1 strain LXMW, this site locates at AA 327-338. 
Both 2 sites are located in the pro-fusion domain and the motif 8. 

3.9. The gD-Engineered oHSVs 

We summarize the oHSV engineered on the gD to retarget the HSVs to cancer 
cells (Figure 1(B) and Table 2). Zhou et al. first engineered gD to retarget to the 
IL13 α2 receptor (IL13Rα2) and the viruses can enter cells via the IL13Rα2 re-
ceptor [23]. Then Kamiyama et al. engineered the gD in HSV-1 to retarget to the 
urokinase plaminogen activator receptor (uPAR) using the same strategy [55]. 
However, both the engineered HSVs R5111 and R5181 are keeping the ability to 
bind to the HVEM and nectin-1 [23] [55]. Guoying Zhou et al. engineered HSVs 
to retarget to the uPAR, named R5322 and R5141, which cannot bind with 
HVEM/nectin-1 any more [43] [50]. Menotti et al. constructed an oHSV R-LM113 
by replacing the AA 6-38 with single-chain antibody (scFv) to HER2 (human 
epidermal growth factor receptor 2) [56]. Laura Menotti engineered oHSV to 
retarget to HER2, named R-LM249, in which AA 61-218 were replaced by scFv 
to HER2 [57]. Shibata et al. explored the oHSV retargeted to the epithelial cell 
adhesion molecule (EpCAM) [58]. oHSV retargeted to the human epidermal 
growth factor receptor (EGFR) or human carcinoembryonic antigen (CEA) also 
have been explored [59]. Most of the engineering was done in the motif 7. We 
first compared the relationship of engineering sites in gD with conserved re-
gions, domains and motifs. 
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Figure 6. The predicted gD secondary structures of HSV-1 strain 17 and LXMW, and HSV-2 strain HG52. 

4. Discussion 

Studies on HSV gD molecular biology will aid future development of more ef-
fective and safer oHSVs. In this article, for the first time, we did systematic 
comparative sequence analysis of gDs from 8 HSV-1 and 3 HSV-2 strains, in-
cluding our recently isolated new strain HSV-1-LXMW. These comparisons in-
clude phylogenetic analysis, aminoet acid sequence alignment, prediction of 
functional domains, motifs and secondary structures, and reported oHSVs. We 
identified 19 conserved regions, 8 variable regions and 10 new motifs in HSV gD 
and correlated the gD engineering sites with the newly identified motifs, for the 
first time. These findings have important implications on HSV gD biology and 
making better oHSVs. 

The phylogenetic analysis showed that the gD amino acid sequence in HSV-1- 
LXMW isolated in China is close to HSV-1 strains Patton and KOS in USA, 
while our earlier study showed ICP27 is close to HSV-1 strains Patton and H129  
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Table 2. oHSV engineered in gD. 

Virus 
(HSV-1) 

Name Receptor Detargeted 
from 
HVEM/ 
nectin-1 

Mutations in gD 
(corresponding 
sites in Figure 3) 

Conserved 
region in 
gD 

Functional 
domain in 
gD 

Motif 
in gD 

Additional 
modification 

Ref 

Strain 17 R5111 IL13Rα2 - gD: IL-13 inserted 
after AA24 (AA49) 

None Non- 
cytoplasmic 
domain 

7 gCΔ136-152: IL-13 
replaced AA148; 
gBΔ68-77 

[23] 

Strain F 
 

R5141 IL13Rα2 + gD: Replaced aa 
1-32 with 
IL-13(25-57) 

None Non- 
cytoplasmic 
domain 

7 gB: Poly(K) deletion 
gC: replaced the aa 
1-132 with IL-13 

[43] 

Strain F 
 

R5181 uPAR - gD: uPA inserted 
between AA 24 and 
25 (AA49 and 
AA50) 

None Non- 
cytoplasmic 
domain 

7 gC: N-terminal 
domain of 
gC was replaced with 
IL-13  
gBΔ68-77 

[55] 

Strain F 
 

R5322 uPAR + gDΔ1-32 
mutations at AA 34, 
38, 215, 222, 
and 223 in gD, 
62-218 deletion 
(gDΔ25-57, 
mutation at 
AA 59, 63, 
240, 247 
and 248 in 
gD, 87-243 
deletion) 

1, 3-11 Non- 
cytoplasmic 
domain 

1, 2, 4, 
6, 7 

None [50] 

Not 
mentioned 

R-LM113 HER2 + gD: replaced the 
AA 6-38 with scFv 
to HER2 (AA31-63) 

1 Non- 
cytoplasmic 
domain 

7 None [56] 

Not 
mentioned 

R-LM249 HER2 + gD: Replaced the 
AA 61-218 with 
scFv to HER2 
(AA86-243) 

3-11 Non- 
cytoplasmic 
domain 

1, 2, 4, 
6 

None [57] 

Strain KOS KGNEp EpCAM + gD: Replaced the 
AA 2-24 with scFv 
to EpCAM 
(AA27-49) 

None Non- 
cytoplasmic 
domain 

7 gB: a hyperactive 
allele, D285N/A549T 
(gB:NT). 

[58] 

Strain KOS KNE 
(retargeted 
to EGFR) 
KNC 
(retargeted 
to CEA) 

EGFR 
CEA 

+ gD: Replaced the 
AA 2-24 with scFv 
to EGFR or CEA, 
and introduced the 
Y38C to ablate 
responsiveness 
to nectin-1. 
(AA27-49) 

None Non- 
cytoplasmic 
domain 

7 gB: D285N/A549T 
(gB:NT). 

[59] 
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[53]. This suggests that our strain is revolutionarily closer to strain Patton. Our 
identified relatively conserved arginine cluster (RRR residues 365-367) in the 
cytoplasmic domain was reported to be required for the efficient induction of 
plasma membrane projection and viral final envelopment, a function important 
to the viral replication and cell-cell spread [60]. Our literature search identified 
only one study, which reported that the putative HSV gD domains, motifs or 
their functions [60]. The only one such article reported that the putative choles-
terol-binding motif that overlaps HRR is not essential for the gBsyn phenotype 
and cell-to-cell spread in HSV-1 strain KOS [61]. Future studies may focus on 
the functional analysis of our newly identified HSV gD domains and motifs. 

Our phylogenetic analysis showed a mean distance of approximately 87% 
among the strains tested collectively. An earlier study reported that the gDs of 
HSV-1 and HSV-2 show 82% distinctiveness, and are supposed to be similar in 
structure and function [36]. Several studies have further indicated that the gDs 
of HSV-1 and HSV-2 have similar affinities for nectin-1 and are interchangeable 
in virus infection and soluble gD entry inhibition [51] [62] [63]. A report 
showed that the HSV-2 subunit vaccine containing gD can provide protection in 
HSV-1 genital infections but not preventing HSV-2 infection [64]. The authors 
suggest that this phenomenon probably is caused by the 89% gD amino acids 
homology from HSV-1 and -2 [64]. Among the gD receptors, nectin-1 plays a 
more important role in the process of HSV-2 infection at least in murine models 
[65] [66]. Although we still cannot find any reports about engineering the gD in 
HSV-2 to retarget the virus to cancer cells, there are some reports about oHSV-2 
[67] [68] [69]. HSV-2 is reported to have more potent ability to destroy tumor 
cells, more potent virulence in causing necrotizing stromal keratitis, encephalitis, 
and produce higher titers in animal models [70]. Future engineering of HSV-2 
gD may be pursued. 

5. Conclusions 

The ideal route of delivery of oHSV is systemic route, but the production of 
neutralization antibody limits this application [52] [71]. The intralesional injec-
tion of oHSV limits oHSV usage in clinics. To improve oHSV vectors, we can 
engineer the epitopes in gD to reduce the production of neutralization antibody 
[71]. In addition, engineered oHSVs can enter only the cancer cells, but the clin-
ical usage grade viruses should be produced in normal cells. gD can be engi-
neered to retarget to two different receptors, so that the virus can enter both 
cancer and special normal cells [72]. 

Through the understanding of HSV gD, we can engineer the gD to detarget 
from normal cells and retarget to cancer cells more precisely and efficiently, in 
order to make better oHSVs. 
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Abbreviations 

oHSV   Oncolytic herpes simplex virus 
HSV   Herpes simplex virus 
gD    Glycoprotein D 
AA   Amino acids 
OV   Oncolytic virus 
T-ALL   T-cell acute lymphoblastic leukemia T 
GM-CSF  Granulocyte macrophage colony-stimulating factor 
PFD   Pro-fusion domain 
uPAR   Urokinase plaminogen activator receptor 
scFv   Single-chain antibody 
CEA   Carcinoembryonic antigen 
EGFR   Epidermal growth factor receptor 
HIV-1   Human immunodeficiency virus 1 
ALL   T-cell acute lymphoblastic leukemia 
FDA   Food and Drug Administration 
HVEM   Herpes virus entry mediator 
3-OS HS  3-O-sulfated heparan sulfate 
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