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MOTIVATION DNA viruses include major human pathogens such as herpesviruses, adenoviruses, papillo-
maviruses, enteroviruses, and others. As of now, there is not an established method that can generate live-
attenuated, replication-defective viruses for vaccine development. A common technology that can be
applied to all DNA viruses presents a feasible solution to this problem. Our proposed technology solution
is the use of centanamycin (CM) to develop whole-virion, chemically attenuated, replication-defective live
DNA viruses as potential vaccines. We found that CM potently inhibits replication of human cytomegalo-
virus (HCMV), mouse CMV (MCMV), and herpes simplex virus-2 (HSV-2) in vitro. Our technology can pro-
duce live-attenuated, DNA replication-defective viruses in a few hours. It is easy, quickly scalable, adapt-
able to any type of DNA virus, requires less labor, and is inexpensive. Importantly, we demonstrate that
CM-attenuated whole virion MCMV elicits a robust serum neutralizing antibody response in mice and
that the vaccinated animals were completely protected from live-virus challenge.
SUMMARY
The development of a chemically attenuated, replication-incompetent virus vaccine can provide protection
against diseases caused by DNA viruses. In this study, we have developed a method to produce live-atten-
uated, replication-defective viruses using centanamycin (CM), a chemical compound that alkylates the A-T-
rich minor groove of the DNA and thereby blocks DNA replication. We tested the efficacy of CM to produce
live-attenuated, replication-defective human cytomegalovirus, mouse cytomegalovirus, and herpes simplex
virus-2 (HSV-2), suggesting a broad application for generating live-attenuated, replication-defective DNA vi-
ruses. Mass spectrometry analysis showed that CM alkylate viral DNA at the adenine-N3 position. Moreover,
mice immunization with CM-attenuated mouse cytomegalovirus (MCMV) produced a robust immune
response and reduced the viral load in immunized animals against challenges with live, wild-type MCMV.
Our study offers a unifying and attractive therapeutic opportunity that chemically attenuated live DNA viruses
can be readily developed as new frontline vaccines.
INTRODUCTION

Viruses are one of the most lethal microorganisms that pose a

devastating health risk to human life. At least 31 families of

DNA viruses are present that can infect a wide range of hosts,

including invertebrates, vertebrates, plants, marine organisms,

and others. Many of these viruses are responsible for thousands

of infected cases and deaths around the world. There are ample

shreds of evidence that have shown that DNA viruses that belong

to families like papillomaviridae, hepadnaviridae herpesviridae,
This is an open access article under the CC BY-N
and adenoviridae are associatedwith tumor formation in humans

and animals. More specifically, DNA viruses such as Epstein-

Barr virus (EBV) (Klein et al., 2007) (Burkitt lymphoma), human

papillomavirus (Klein et al., 2007; Parkin, 2006; Schiffman

et al., 2007) (vaginal, cervix, head, and neck cancer) (Alhamlan

et al., 2021), Kaposi’s sarcoma-associated virus (Chang et al.,

1994) (skin cancer), hepatitis B virus (Wong and Goh, 2006) (hep-

atocarcinoma), and Merkel cell polyomavirus (Feng et al., 2008)

(Merkel cell carcinoma) are classified as tumor viruses. Further-

more, DNA viruses are also the causative agents of several
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diseases, including genital herpes (Sauerbrei, 2016), chickenpox

(Ayoade and Kumar, 2020), cytomegalovirus (CMV) retinitis

(O’Donnell et al., 1987), roseola, conjunctivitis, pneumonia, can-

cers, congenital diseases, and many others. Although the anti-

viral therapies for the human simplex virus, CMV, and varicella-

zoster virus reduce the cases significantly, other viruses such

as human papillomavirus (HPV), adenovirus, and bovine PV

(BPV), where antiviral therapy is limited, continue to cause mor-

bidities and mortalities (Zerr et al., 2012).

The use of replication-defective, live-attenuated DNA viruses

is a promising viral intervening strategy to combat many viral dis-

eases that affect humans. A replication-defective virus is inca-

pable of replicating its genome, unable to produce an infectious

progeny virus in infected cells, and thus restricted primarily to the

site of inoculation. Such a vaccine has many advantages over

the classical inactivated viral vaccine as it is safe and inactive, in-

fects host cells, and expresses antigens that can be recognized

by the host immune system (Adler et al., 2019; Bloom et al., 2018;

Hoshino et al., 2005; Liu et al., 2019; Mocarski et al., 1996; Wang

et al., 2016). Studies have shown that the replication-defective

viral vaccine can induce sufficient memory T cells to provide

complete protection against infection compared with a subunit

vaccine (Adler et al., 2019;Wang et al., 2016). Replication-defec-

tive viral vaccines have been tested on many viruses. Subcu-

taneous immunization of mice with replication-defective human

simplex virus-1 protects the immunized mice from infection of

the eye and ganglion after challenge with a live virus (Morrison

and Knipe, 1996). In another study, replication-defective human

simplex virus-2 immunization in guinea pigs protects the animal

from virus challenge and reduces the replication of the chal-

lenged virus in the genital tract (Da Costa et al., 1997). It was

found that immunization with replication-defective vaccinia virus

induces robust long-term immunity in mice and provides com-

plete protection (Coulibaly et al., 2005). Immunization of mice

with replication-defective influenza virus-like particles protects

94% of mice challenged with influenza virus adapted for mice

(Watanabe et al., 2002). Recently, Merck & Co. has been testing

a replication-defective virus vaccine for CMV in phase 2 clinical

trial (Adler et al., 2019). Altogether, these studies indicate the

therapeutic potential of developing a novel method that can

expedite the production of replication-defective, live-attenuated

viruses andwill accelerate vaccine development efforts for many

untreated viral infections in humans, animals, and plants.

The main objective of this study is to develop and investigate

chemically attenuated replication-defective DNA viruses for their

potential as vaccines. CM, also known as ML-970 or AS-I-145,

was selected to be the chemical agent for attenuating the viruses

because it is a potent anticancer agent that derives its activity from

selectively binding and alkylating adenine-N3 atoms in the minor

groove of A-T-rich DNA (Kiakos et al., 2018). Studies have shown

that CM (Sato et al., 2005a) and its relative CC-1065 (Weiland and

Dooley, 1991) bind covalently to themotif (A/T)3A in genomicDNA.

CM’s interaction with these A/T motifs can lead to genomic insta-

bility, DNA damage, and disruption of essential processes such as

DNA replication and gene transcription (Yanow et al., 2008). CM is

an indolecarboxamide achiral compoundwith less toxicity than its

parent duocarmycin SA. Its chemical composition includes aro-

matic amine, aromatic ether, and organochloride. Its complete
2 Cell Reports Methods 2, 100287, September 19, 2022
name is N-[4-amino-1-(2-chloroethyl)-2-naphthyl]-5,6,7-

trimethoxy-1H-indole-2-carboxamide. CM and a related

analog, tafuramycin A, have also been found to effectively

attenuate the malaria parasite Plasmodium sp., which has

led to the development of powerful vaccines (Purcell et al.,

2008; Stanisic et al., 2018; Yanow et al., 2008). Currently,

PlasProtecT, a tafuramycin A-attenuated live Plasmodium

vaccine, is undergoing a phase 1b clinical trial in Australia

(Stanisic et al., 2018). One unique feature of PlasProtecT is

its ability to strongly induce memory T cells to eliminate sub-

sequent Plasmodium infection.

In this study, we tested the efficacy of CM in attenuating hu-

man CMV (AD169 and Toledo), herpes simplex virus-2 (HSV-

2), and mouse CMV (MCMV). In addition, we also tested the ef-

ficacy of CM in generating a replication-defective virus vaccine in

an in vivo study whereby the inoculated animals were rechal-

lenged with wild-type MCMV. Lastly, the ability of the potential

vaccine to induce the production of specific neutralizing anti-

bodies in inoculated animals was also investigated.

RESULTS

Generation of CM-attenuated live CMV
CMV is a ubiquitous betaherpesvirus that causes asymptomatic

infection in healthy individuals. However, human CMV (HCMV)

infection can have severe consequences in immunocompro-

mised and organ transplant patients. Moreover, congenital

HCMV infection induces fetal malformation and is the leading

cause of birth defects in newborns.

We first tested the effects of CM on the growth of HCMV using

Toledo-Luc, which has been widely used in the virus growth

curve analysis (Dula et al., 2009). The growth curve analysis of

Toledo-Luc was studied and compared by both the convention

plaque assay and the luciferase assay (Dula et al., 2009).

Toledo-Luc did not exhibit any growth defects and grew similar

to wild type (WT). Toledo-Luc has been analyzed in vivo using

the SCID-hu mouse model (Spiess et al., 2015). In our study,

Toledo-Luc was treated with different concentrations of CM for

2 h at room temperature (RT), followed by washing with media

and 20% sucrose using ultracentrifugation to remove unbound

CM, and then allowed to grow in MRC-5 cells. Toledo-Luc did

not replicate when treated with the 100, 10, and 1 mM CM (Fig-

ure 1A). At 100, 10, and 1 mMCM, Toledo-Luc neither replicated

nor infected the cells, leading to complete inactivation of the vi-

rus (Figure 1A). This suggested that 100, 10, and 1 mM CM were

capable of inactivating the virus in 2 h of incubation at RT,

possibly from the damage of the viral DNA (Figure 1A). These re-

sults demonstrated that 100, 10, and 1 mMCMaremost potent in

preventing HCMV infection and replication. Interestingly, when

Toledo-Luc was treated with the 0.1 mM CM for 2 h at RT, we

observed luciferase activity in the infected cells, suggesting

that virus could infect the cells but did not replicate. These re-

sults indicated that treatment of Toledo-Luc with 0.1 mM CM al-

lowed the virus to infect the cells, and the virus got damaged

(DNA alkylation) to an extent that did not allow the virus to repli-

cate. Indeed, the previous study has shown that excessive alkyl-

ation damages the DNA and prevents its replication and tran-

scription (Xu et al., 2017). This is a novel opportunity for the



Figure 1. Centanamycin treatment generates attenuated replication-defective human cytomegalovirus

(A) In vitro growth curve analysis of Toledo-Luc treated with different concentrations of centanamycin (CM). Toledo-Luc was added toMRC-5 cells after treatment

with CM for 2 h at RT, followed by washing. Luciferase activity was measured on the indicated days using IVIS-50. Growth curve lines for 10 and 100 mMCM are

hidden under a 1 mM growth curve. The virus was not able to grow in 100, 10, and 1 mM concentrations. At 0.1 mMCM, Toledo-Luc could infect the cells but was

unable to replicate, as suggested by the luciferase activity of infected cells. At low concentrations such as 0.01 mMCM, the virus grows initially but did not reach its

peak, which may be due to damage to viral DNA caused by CM. Random alkylation of viral gDNA can lead to defective replication of the virus. RLU, relative light

units. Data are presented as mean ± SEM. Each data point represents the average triplicate value.

(B) Fluorescence image of ARPE-19 cells infected with CM-treated AD169-GFP. The representative images of infected cells were acquired on the 8th day post-

infection. GFP represents the AD169-GFP-infected cells, DIC represents the cells in the bright phase, and merge represents the merge of both images. At 10 mM

CM, AD169-GFP was not able to infect the cell, and the virus was inactive. AD169-GFP treated with 1 mMCMwas able to infect the cells but unable to replicate.

Due to defective replication, the GFP signal of the virus could not spread to adjacent cells and was limited to only 1 or 2 infected cells. These results confirm

replication-defective viruses that can infect cells but not replicate. At 0.01 mM CM, AD169-GFP was able to infect and spread to adjacent cells but at a reduced

rate.
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design of an attenuated vaccinewhere a chemical treatment ren-

ders the virus infected but replication incompetent in infected

cells. Furthermore, results confirmed that treatment with

0.01–0.001 mM CM allowed the virus to grow and replicate in

the infected cells at a reduced rate, suggesting that the

Toledo-Luc guide DNA (gDNA) was alkylated at a low level at

these CM concentrations. A decrease in the luciferase activity

or less viral titer at low CM concentration depends on the extent

of damage (DNA alkylation) to the virus by CM, not by cell lysis.

The CM binds to the gDNA of the virus randomly in A-T-rich re-

gions. Therefore, it depends on the CM-mediated alkylation of

essential or non-essential genes to determine the growth of the

virus after CM treatment at low concentrations.

To understand the pathology of CM-treated viruses, we used

AD169-GFP to microscopically examine the treated virus.

AD169-GFP used in this study had a pentameric complex re-

paired that allowed the virus to infect ARPE-19 cells (epithelial

cells). The representative fluorescence images of infected

ARPE-19 cells were acquired on the 8th day post-infection.

The results indicate that at 10 mM, the CM-treated virus was

not detected in the infected cells when observed by the fluores-

cence microscope, strongly suggesting that the virus was not

able to infect cells, possibly because of complete inactivation

of the treated virus. Similarly, as suggested by very few GFP-

positive cells (Figure 1B), AD169-GFP treated with 1 mM CM

was not able to replicate in the cells. The viruses that entered

in cells could not grow or replicate. In striking contrast, at

0.1 mM CM, the treated virus was detected in the infected cells
but did not replicate, as suggested by the GFP signal confined

to a few cells, compared with the untreated virus, which repli-

cated efficiently. These results suggest that 1 and 0.1 mM CM

treatment caused the virus to mutate to such an extent that al-

lowed the virus to infect the cells but did not let the virus replicate

due to damaged DNA (Figure 1B). The GFP signal of the virus

was confined to only one or two cells. Exposure of the virus to

0.01 mM CM allowed them to infect the cells, albeit with slow

growth due to the CM-mediated alkylation effect of viral gDNA

(Figure 1B). The presence of GFP-positive cells upon infection

confirmed that the virus could not replicate while potentially in-

fecting the cells at 0.1 and 1 mM CM, suggesting that the virus

was not completely inactive. The GFP signal of the virus treated

with 0.1 and 1 mMCMdid not spread to other cells after 1week of

infection, further confirming the replication-defective nature of

the virus. The results obtained from Toledo-Luc and AD169-

GFP treatments strongly suggest that CM is an effective chemi-

cal agent to generate chemically attenuated CMV under in vitro

conditions. Plasmodium parasite treatment with CM generates

live-attenuated, replication-defective parasites (Purcell et al.,

2008; Stanisic et al., 2018; Yanow et al., 2008). Studies have

been performed on malaria parasites, including P. falciparum

and P. berghei, that generate chemically attenuated parasites

for vaccine development. CM generates DNA alkylation of para-

site gDNA and produces replication-defective parasites that are

immunogenic. Viruses are also intracellular parasites. We found

similar effects of CM treatment in DNA viruses, suggesting the

broad application of this therapeutic compound.
Cell Reports Methods 2, 100287, September 19, 2022 3



Figure 2. CM treatment generates replication-defective HSV-2

(A) Growth curve analysis of CM-treated HSV-2-GFP in the ARPE-19 cells. HSV-2-GFP was treated with different concentrations of CM for 2 h at RT, followed by

washing using 20% sucrose, and added to ARPE-19 cells at an MOI of 0.2. The experiment was performed in triplicates. A standard plaque assay was performed

to determine the growth curves of HSV-2-GFP using samples collected at indicated time points. At 100 mM CM, the virus was inactive and unable to infect the

cells. HSV-2-GFP treated with 10 mMCM could not grow in infected cells due to defective replication. At 1 mMCM, the virus was able to infect cells and grew at a

reduced rate. Data are presented as mean ± SEM.

(B) Fluorescence image of HSV-2-GFP treated with different concentrations of CM. GFP represents the HSV-2-GFP-infected cells, DIC represents the cells in the

bright phase, and merge represents the merge of both images. The images were taken at 403 objective post 36 h of virus infection. HSV-2-GFP treated with

10 mMCMwas able to infect cells, but the virus cannot further grow due to defective replication produced by CM-mediated alkylation of viral DNA. The untreated

virus grows efficiently. HSV-2-GFP treated with 100 mM CM was completely inactive. Treatment of virus with 1 mM CM leads to host cell infection and a slow

spread to neighboring cells. The alkylation of viral DNA can lead to defective replication and transcription of genes.
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HSV-2-GFP treatment with CM
To determine whether CM can attenuate other DNA viruses, we

tested its effects on HSV-2-expressing GFP (HSV-2-GFP), for

which there is no vaccine available as of now. HSV-1 and

HSV-2 are human pathogens causing mucosal infections and

establishing latent infections in sensory neurons. These viruses

reactivate to cause disease manifestation and severe complica-

tions. Patients who are Immunocompromised and those with

AIDS are at life-threatening risk. The HSV infections and genital

herpes pandemic severity in people infected with HIV require

an effective vaccine for HSV treatment.

HSV-2-GFP was treated with different concentrations of CM

ranging from 100 to 0.01 mM (10-fold serial dilution at each con-

centration), and growth curves were determined using the pla-

que assay (Figure 2A). The results obtained from the growth

curve analysis of HSV-2-GFP treated with CM confirmed that

100 mMCM completely inhibited virus infection of ARPE-19 cells

(Figure 2A). HSV-2-GFP treatment with 10 mMCM led to the virus

attenuation, and the virus was not able to spread to adjacent

cells (Figure 2A). HSV-2-GFP treatment with 1 mM caused

reduced growth compared with the untreated control. The

reduced growth of the virus did not attain a peak, as is the

case for the untreated virus, suggesting irreversible damage to

virus genomic DNA through alkylation. Growth curve analysis

showed a dose-dependent growth of the HSV-2-GFP in

response to CM (Figure 2A). Consistent with the microscopic re-

sults obtained from 36 h post-infection, 100 mM-treated HSV-2-

GFPwas not detected in infected cells, indicating complete inac-

tivation of the virus (Figure 2B). The virus was able to infect cells

but did not replicate when treated with 10 mM CM, suggesting

chemical attenuation of the virus (Figure 2B). Treatment of virus

with 1 mM CM leads to viral infection of host cells and extremely

slow spread to neighboring cells (Figure 2B). These results sug-
4 Cell Reports Methods 2, 100287, September 19, 2022
gest that CM can attenuate HSV-2, as well as other DNA viruses.

At 10 mMCM, the HSV-2-GFP signal was restricted to one or two

cells, suggesting that the virus was able to infect cells but could

not spread to adjacent cells. This confirms that CM treatment

can generate live-attenuated, replication-defective DNA viruses.

CM attenuates the DNA virus through DNA alkylation
To understand the molecular mechanism underlying CM-medi-

ated attenuation of the virus, we analyzed CM-treated viral

DNA using agarose gel electrophoresis, restriction digestion,

and heat-labile fragmentation assays. AD169 genomic DNA

was treated with 1 and 10 mM CM for 2 h at RT and analyzed

in 0.6% agarose gel. Untreated AD169 genomic DNA was

used as a control. Results showed that there was no significant

difference in the viral DNA bands, mobility, and gel pattern of

treated and untreated viral gDNA (Figure 3A). The DNA band

was less intense in the CM-treated samples, which could be

due to the slow degradation of AD169 gDNA in presence of

CM. To further characterize the effect of CM on the virus, we iso-

lated the viral gDNA and treated it with the 10 mM CM for 2 h at

RT, followed by digestion with the EcoR1 restriction enzyme.

The digestion pattern shows that CM-treated DNA has no major

missing bands due to the alkylation (Figure 3B). CMV genomic

DNA treated with CM was digested in the presence of EcoR1,

indicating that CMdid not interfere with the enzyme activity of re-

striction enzymes. These results also suggested that CM did not

interfere with the protein or enzyme activity of the virus and spe-

cifically alkylated the DNA only. However, the CM-treated vi-

ruses were alkylated efficiently when compared with the control,

which was observed by DNA fragmentation at 50�C, while un-

treated viruses have intact DNA (Figure 3C). The CM-treated viral

DNA fragmentation is consistent with the alkylation of N3 in

adenine that produces thermolabile adduct (Sato et al., 2005a).



Figure 3. CM binds with the virus DNA

(A) An agarose gel image of AD169 gDNA treated with and without CM. The gDNA of AD169 was treated with different concentrations of CM for 2 h at RT and

loaded into 0.6% agarose gel. AD169 gDNA without CMwas used as a control. No significant difference was observed in the gel pattern of viral DNA treated with

CM compared with treated without CM.

(B) An agarose gel image of digested AD169 gDNA. AD169 gDNAwas treated with 10 mMof CM, followed by digestion with EcoR1-HF. AD169 gDNAwithout CM

was used as a control. Restriction digestion of viral DNA by EcoRI in the presence of CM suggests that CM does not affect protein or enzyme activity. The

restriction digestion pattern of CM-treated AD169 gDNA was similar to untreated AD169 gDNA.

(C) AD169 gDNA was treated with 1 and 10 mM CM, followed by incubation at 50�C for 30 min to analyze thermolabile alkylation of viral DNA. The CM-treated

gDNA was thermolabile, while untreated gDNA was stable without any degradation. This suggests that CM interacts with viral genomic DNA and produces

extensive alkylation. The CM-mediated alkylation of viral genomic DNA was thermolabile at 50�C.
(D) A structure of the nucleotide adduct formed with CM. CM-treated viral gDNAwas thermolabile, and the alkylated adenine nucleotide N3 cleaved off from DNA

at 50�C. LC-MS analysis of the cleaved nucleotide showed a peak at m/z 552 for the molecular ion of adduct that corresponded to the N3 alkylation structure.
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CM exerts its virus attenuation effect through alkylating
adenine at the N3 atom
The CM-mediated alkylation of viral gDNA is thermolabile, and

the alkylated nucleotide is cleaved off from DNA at 50�C, thus
causing DNA fragmentation (Sato et al., 2005a). Therefore, we

determined the exact nucleotide affected by CM. CMV gDNA

was treated with 10 mMCM for 2 h at RT, followed by incubation

at 50ºC. The samples were prepared and analyzed by liquid

chromatography-mass spectrometry (LC-MS). The LC-MS re-

sults showed a peak at m/z 552 for the molecular ion of the

adduct that corresponded to the N3 alkylation structure (Fig-

ure 3D). Previous study has also shown that CM exerts its effect

on DNA through the alkylation of N3 of adenine, which is a ther-

molabile (Sato et al., 2005b).

MCMV-Luc growth curve analysis under in vitro

conditions
In order to demonstrate the efficacy of CM in vivo, first we

analyzed the growth curve of MCMV in vitro when exposed to

different concentrations of CM. This would identify the CM con-

centration required to accurately attenuate the MCMV. In this

assay, we used MCMV-Luc, which has a luciferase cassette en-

coded, and virus growth was measured as photon counts in the

in vivo imaging system (IVIS). MCMV-Luc was treated with

different concentrations of CM at RT for 2 h, followed by wash

with media and 20% sucrose and ultracentrifugation. Thereafter,

the treated virus was added to mouse fibroblast 3T3 cells in a
24-well plate in triplicate at an MOI of 0.1. MCMV growth curves

were determined by measuring the luciferase activity every day

using an IVIS. These results unambiguously demonstrated that

1 mM CM allowed the virus to infect host cells, but the virus

cannot replicate (Figure 4A), while at 10 mM CM, MCMV-Luc

could not infect the cells, indicating complete inhibition. These

results concluded that 1 mM CM alkylated the MCMV genomic

DNA to an extent that the virus could infect the cells but not repli-

cate because its DNA was damaged. Accordingly, different con-

centrations of CMwill result in different levels of inhibition of virus

replication. Virions after adequate CM treatment will have all the

proteins that are required for the infection of a cell. On other

hand, these virions cannot replicate further or transcribe new

genes as a result of DNA alkylation. We used this important infor-

mation to perform an in vivo analysis of CM inhibition on MCMV

replication in mice.

MCMV-Luc growth analysis under in vivo conditions
MCMV-Luc was purified using a sucrose gradient and titrated in

3T3 cells. We treated 53 105 plaque-forming units (PFUs) of the

virus with 0.1, 1, and 10 mM CM for 2 h at RT, followed by

washing with media using 20% sucrose and ultracentrifugation.

Thereafter, 1 3 105 PFUs were injected intraperitoneally into

three mice for each concentration. Interestingly, the mice in-

jected with 10 mM CM did not show any infection, suggesting a

complete inactivation of the virus. However, the mice injected

with 0.1 and 1 mM CM treated MCMV-Luc showed infection,
Cell Reports Methods 2, 100287, September 19, 2022 5



Figure 4. CM-treated MCMV immunization provides protection in the mice

(A) Growth curve analysis of CM-treatedMCMV-Luc in 3T3 cells. MCMV-Luc was treatedwith different concentrations of CM for 2 h at RT, followed bywashing to

remove unbound CM, and added to 3T3 cells in a 24-well plate at 0.1 MOI. Luciferase activity was measured as a relative light unit (RLU) using IVIS-50 on the

indicated days. At 10 mMCM,MCMV-Lucwas completely inactive. At 1 mMCM,MCMV-Luc can infect the cells but did not replicate. At lower CM concentrations,

the virus was infectious and grew at a reduced rate. The experiment was performed in triplicate. Data are represented as mean ± SEM.

(B) In vivo analysis of CM-treated MCMV-Luc. BALB/C mice were injected with untreated and CM-treated MCMV-Luc. MCMV-Luc was treated with 0.1, 1, and

10 mMCM for 2 h at RT, followed bywashing to remove unbound CM. Uninfected represents themice without virus infection, andMCMV-Luc represents themice

injected with the virus. Mice injected with MCMV-Luc treated with 0.1, 1, and 10 mMCMare indicated. The representative images show the growth of treated and

untreated MCMV-Luc in mice. MCMV-Luc was completely inactive after treatment with 10 mM CM. At 1 and 0.1 mM CM, MCMV-Luc was limited to the injected

site and could not replicate. Three mice were used in each group.

(C) A pictorial representation of the DNA virus attenuation using CM and administration into themouse. The injectedmouse will produce antibodies specific to the

attenuated DNA virus. The replication-defective virus carries all the antigens, infects cells, and does not form progeny virus because of alkylated DNA.

(D) A graphical representation of the timeline and strategy for mouse immunizations with CM-treated MCMV. The priming, first booster, and second booster were

performed on the indicated days. Immunized mice were challenged with the live virus after 15 days from the last immunization.

(E) Antibody titers determination in the CM-treatedMCMV immunized and control mice. Sera samples obtained from immunized and control mice were tested for

antibody titration using ELISA. Five mice in each group were used for this assay. ELISAwas performed in triplicate. p <0.05 compared with the control mice. Data

are represented as mean ± SEM.

(F) An antibody neutralization assay for MCMV. Polyclonal serum samples obtained from immunized and control groups of mice were tested for neutralization

titers against MCMV. CM-treated MCMV immunizations in mice generated high neutralization titers. Serially diluted serum (2-fold) samples were added to 1,000

PFUs of MCMV-Luc, followed by incubation for 1 h at RT, and added to 3T3 cells. The viral load was determined in the infected cells by IVIS. The neutralizing titer

(NT50) was determined by serial dilution that inhibits a 50% reduction (half maximum) of virus entry into 3T3 cells. p <0.05 compared with control samples.

(legend continued on next page)
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but viruses could not replicate further from the site of infection

(Figure 4B). It is conceivable that, during this attenuated infec-

tion, the mouse’s immune system might have enough time to

recognize the virus as a foreign antigen and generate antibodies

specific to the virus. CM-treatedMCMV has defective replication

and presents an opportunity to be potentially recognized by the

host and activate the immune system. MCMV-Luc without CM

treatment grew and replicated rapidly (Figure 4B).

Mice challenge assay
To determine the potential vaccine efficacy of CM-attenuated

MCMV,we immunized fivemice in a groupwith 1 mMCM-treated

13 106 PFUs/mouse (Figures 4C and 4D). A timeline of immuni-

zation and the strategy are shown in Figures 4C and 4D.We used

13 PBS to immunize mice in the control group. We did three im-

munizations at an interval of 15 days, as shown in Figure 4D, and

blood was collected 15 days after each inoculation to determine

the virus-specific antibody titer using ELISA. The ELISA results

showed that immunized mice had high antibody titers after the

second immunization and that the titer further increased after

the third immunization but at a lower rate (Figure 4E). The serum

samples collected from the immunized mice were used to deter-

mine neutralizing antibody titers. Results demonstrated that im-

munization with CM-treatedMCMV generated a specific neutral-

ization titer (Figure 4F). After 2 weeks of the last immunization, all

animals were healthy because we did not see a difference in the

body weight of the animals in the experimental and control

groups, thus demonstrating that the CM-attenuated MCMV

inoculumwas safe and not toxic. The mice were then challenged

with the MCMV WT (10,000 PFUs/mouse). Control mice include

the animal immunized with 13 PBS along with the adjuvant. To

see the virus replication and infection in themice, salivary glands

were isolated after 10 days of post-challenge from the immu-

nized and control groups. At this point, the blood was collected,

and the serum was isolated. The serum samples were stored at

�80�C until use. The virus titer was determined in salivary glands

using a plaque-forming assay. The control mice had a high viral

titer value, while the immunized group did not show any viral titer,

in tissue homogenate on day 10 post-challenge with WT MCMV

(Figure 4G). These results indicate that immunized mice had suf-

ficient neutralizing antibodies that suppressed and eliminated vi-

rus infection (Figure 4G). Prior to the end of the experiment, when

themice were sacrificed, none of the animals showed any sign of

discomfort or toxicity from the inoculation.

Passive serum immunization protects mice from virus
infection
We determined CM-attenuated MCMV vaccine efficacy using

pooled passive serum transfer to naive mice followed by the

challenge of animals with MCMVWT. The polyclonal serum ob-
(G) Determination of viral titer in immunized mice challenged with live wild-type M

administration, and tissue homogenates samples were tested for viral titer analysi

complete protection. Five mice per group were used for this experiment. p <0.05

(H) Adoptive transfer of serum from immunizedmice. A passive serum transfer from

BALB/C mice were injected intravenously with 150 mL pooled passive serum o

animals were challenged with 10,000 PFU of MCMV. Mice injected with serum o

determined in the liver and spleen of control and immunized mice on day 7 pos

compared with the control group of mice. Data are represented as mean ± SEM
tained from CM-attenuated, MCMV immunized animals was in-

jected into five mice via the tail vein. Similarly, the polyclonal

serum obtained from unimmunized mice was injected into the

control group mice via the tail vein. We used five mice in each

group, and each mouse was injected with 150 mL of respective

serum. All mice in each group were challenged with 10,000

PFUs of MCMV via the intraperitoneal route after 24 h of serum

injection. The mice administered with serum obtained from

immunized mice did not show MCMV titer in the spleen and

liver, suggesting 100% protection (Figure 4H). In contrast, the

mice in the control had high MCMV titers in the spleen and liver.

These results demonstrated that CM-attenuated, MCMV immu-

nized mice had sufficient amounts of antibodies that protected

mice from the virus challenge. Thus, passive immunization from

CM-attenuated MCMV sera could be used for the prevention

and treatment of CMV infection. The histology results show

that the liver had a well-defined cell shape, membranes, nu-

cleus, and other structures, suggesting no toxicity or other

side effects (Figures 5A and 5B). None of the animals showed

any sign of discomfort or toxicity from the inoculation. We

determined the cytotoxicity of CM-treated viruses using an

MTT assay. Cytotoxicity of cells was measured by MTT assay

as per manufacturer instructions. The untreated cells were

used as a control and compared for the percentage of cells’ sur-

vival. The immunogen AD169, Toledo-Luc, and MCMV-Luc

treated with different CM concentrations for 2 h at RT followed

by washing using 20% sucrose did not show significant cyto-

toxicity to cells (Figure 5C). It was reported that CM toxicity is

below the allowed limit of genotoxic compound (Rayburn

et al., 2012).

DISCUSSION

DNA viruses represent a significant threat to global health as well

as the economy. In this study, we comprehensively assessed the

effect of CM on virus attenuation and the potential to develop

whole-virion, chemically (CM)-attenuated, live DNA viruses as

potential vaccines. The replication-defective virus carries suffi-

cient, and possibly the largest, antigen pools that infect cells

and do not form progeny virus because of its damaged DNA.

These live replication-defective viruses represent an excellent

opportunity to present antigens and activate immune cells.

One of the major advantages of the replication-defective virus

vaccine is the safety offered by the robust inhibition of virus repli-

cation and the absence of progeny virus production.

In this study, the results showed that CM is an effective anti-

viral agent that can be used to generate replication-defective,

live-attenuated DNA viruses. In fact, the results demonstrated

that CM readily entered the virus, alkylated DNA at adenine-N3

in the minor groove of A-T-rich sequences, and effectively
CMV. Salivary glands of challenged mice were obtained after 10 days of virus

s using plaque assay. Immunized mice did not show any viral titers, suggesting

compared with the control mice. Data are represented as mean ± SEM.

immunized to unimmunizedmice protects against virus challenges. Five naive

btained from CM-treated MCMV immunized mice. After 24 h, the immunized

btained from unimmunized animals were used as control. The virus titer was

t-challenge. Five naive mice were used in each group for this assay. p <0.05

.
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Figure 5. CM-treated MCMV immunization is

safe

(A) A histology image of the liver section from control

mice. The images were acquired at 103 magnifi-

cation. Cells, nuclei, and other structures are intact

without any cytotoxicity.

(B) A histology image of the liver section from CM-

treatedMCMV immunizedmice. The cells and nuclei

can be seen intact without any cell toxicity. The

images were acquired at 103 magnification.

(C) Cell viability of ARPE-19, MRC-5, and 3T3 cells

incubated with CM-treated viruses after washing of

unbound CM. No significant difference was

observed in the viability of cells after incubation with

CM-treated virus immunogens. After washing, most

of the unbound CM is removed, and a minute

amount of CM remains bound to the virus genomic

DNA. This residual CM is present in small amounts

and has many fewer genotoxic effects. p >0.05

compared with uninfected cells.
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produced replication-defective, live-attenuated viruses. Treat-

ment of HCMVwith 0.10 mMCM for 2 h at RT produced the repli-

cation-defective, live-attenuated virus. However, 10 mMCMwas

needed to produce replication-defective HSV-2. The viruses

treated with higher concentrations of CM (100 mM and above)

were non-infectious, non-replicating, and inactive, suggesting

an extensive alkylation of viral gDNA. The viruses treated with

low concentrations of CM (0.01–0.001 mM) can infect and repli-

cate in the host cells, suggesting a lower level of viral gDNA alkyl-

ation, thus demonstrating a dose-dependent relationship that re-

quires the determination of optimal concentration for the specific

virus to be attenuated.

Using an MCMV in vivo model, the results presented demon-

strate the potential of developing a live, CM-attenuated, replica-

tion-defective MCMV for development into a vaccine for subse-

quent protection against infection from the WT virus. Mice

inoculated with the potential vaccine produced a high level of

antibody titer sufficient to neutralize live MCMV under in vitro

conditions. Moreover, challenging the immunized mice with

live MCMV did not produce an infection. Furthermore, the pas-

sive serum transfer to unimmunized mice also provided protec-

tion against new infections or viral challenges.

We have shown that the underlying mechanism that makes

replication-defective viruses after CM treatment is the interac-
8 Cell Reports Methods 2, 100287, September 19, 2022
tion of CM with the genomic DNA of vi-

ruses. Human hepatocytes treated with

80 nmol/L of CM do not have statistically

significant chromosomal aberration after

4 or 21 h of exposure (Yanow et al.,

2008). CM was not found to be toxic to

culture bone marrow cells of mice at a

concentration of 8.4 nmol/L (Sato et al.,

2005a) and was cleared from murine

plasma within 4 h when injected via the

intravenous route. The cytotoxicity anal-

ysis using the MTT assay confirmed that

CM-treated viral immunogen with resid-
ual CM was not toxic to the cells. After washing the CM-

treated viruses, only a minute residual amount of CM remains

with the virus. Furthermore, a much lower amount of CM binds

to the virus DNA for attenuation, which is well below the al-

lowed limit of genotoxic compounds (Rayburn et al., 2012).

The mechanism and nature of UV-induced DNA damage and

DNA damage caused by CM are completely different from

one another. UV causes the formation of thymine dimers

through [2 + 2] photoaddition reactions, which dramatically

deform DNA structures (Knips and Zacharias, 2017), whereas

following modeling studies done on similar doucarmycin ana-

logs reported by Boger and Johnson confirmed that CM

should bind snugly in the minor groove of A-T-rich sequences,

causing little perturbation, and alkylated the N3 position of

adenine (Boger and Johnson, 1995).

In summary, results from this study present evidence

that chemical attenuation (CM treatment in this case) is an

effective method of producing live-attenuated, replication-

defective DNA viruses that can be used for immunization

to produce broadly neutralizing antibodies. While this study il-

lustrates the ability of CM to attenuate HCMV, MCMV, and

HSV and generate live-attenuated, replication-defective vi-

ruses, future studies will include its impact on other DNA

viruses.
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Limitations of the study
This method cannot be applied to generate live-attenuated,

replication-defective RNA viruses. CM binds specifically to the

A-T-rich sequences of DNA and generates live-attenuated, repli-

cation-defective DNA viruses. Viruses that grow at a high rate

would require a higher concentration of CM for producing live-

attenuated viruses. CM concentration should be identified for a

specific DNA virus for attenuation. We recommend performing

virus growth curve analysis in the presence of different concen-

trations of CM and then determining an optimal CM concentra-

tion to generate live-attenuated viruses. CM is toxic to cells

and viruses, and therefore, we further recommend washing

CM-treated viruses after incubation to remove any free and un-

bound CM and then completing subsequent experiments to

establish a growth curve. Future studies will evaluate the efficacy

of CM-attenuated CMV to prevent congenital CMV infections

and birth defects in newborns. Future work will also establish

the feasibility of the method for other DNA viruses of medical

importance.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Goat anti-mouse antibody conjugate with AP Thermofisher Cat. no. 31320

Bacterial and virus strains

AD169-GFP with repaired pentamer Created in the lab Rutgers University, NJ

HSV-2-GFP Created in the lab Rutgers University, NJ

MCMV-Luc Dr. Qiyi Tang Howard University, DC

Toledo-Luc Created in the lab Rutgers University, NJ

Chemicals, peptides, and recombinant proteins

Centanamycin Prof. Moses Lee Georgia State University, USA

Ethyl Alcohol Sigma Cat. no. E7023-1L

Tween-80 Sigma Cat. no. P1754-500ML

Glucose Sigma Cat. no. G8270-1KG

Phenol Sigma Cat. no. P4557-400ML

Critical commercial assays

MTT assay kit Sigma Cat. no. 11465007001

Experimental models: Cell lines

ARPE-19 ATCC CRL-2302TM

3T3 cells ATCC CRL-1658TM

MRC-5 ATCC CCL-171TM

Experimental models: Organisms/strains

BALB/C, Female, 6–8 months Charles River Laboratories

Kingston, NY

https://www.criver.com/products-services/

find-model/balbc-mouse?region=3611

Software and algorithms

Image J, version 1.51 National Institutes of Health https://imagej.nih.gov/ij/ download.html

Prism, version 8.1.1 GraphPad https://www.graphpad.com/ scientific-software/prism/

Photoshop 2020 Adobe https://www.adobe.com/products/photoshop.html

Image lab Bio-Rad https://www.bio-rad.com/ en-us/product/image-lab-

software?ID=KRE6P5E8Z

Illustrator 2020 Adobe https://www.adobe.com/products/illustrator.html

Other

Dulbecco’s Modified Eagle Media (DMEM) Corning Cat. no. 50-013-PB

Minimum Essential Media Thermofisher Cat. no. 11095080

Fetal Bovine Serum, heat-inactivated Corning Cat. no. 35-011-CV

0.25% trypsin, 2.25mM EDTA Corning Cat. no. 25-053-Cl

Syringe filter,.2mm, Corning Cat. no. 431219

Syringe Fisher Scientific Cat.no. 09-719A

Vortex mixer Fisher Scientific, Cat. no. 02215365

Water bath National Appliance Company, Model 220

Chloroform Sigma Cat. no. C2432-1L

Sucrose Sigma Cat. no. 84097-1KG

In Vivo Imaging System-200 (IVIS-200) PerkinElmer http://www.perkinelmer.com/Catalog/Product/ID/IVIS200

D-Luciferin Sodium Salt BD Bioscience Cat. no. 556876

Ultra-centrifuge Beckman https://www.beckman.com/centrifuges/ultracentrifuges

Penicillin-streptomycin solution (100X) Corning Cat. no. 30-002-Cl

RPMI Corning Cat. no. 50-020-PB
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Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Dabbu K.

Jaijyan, dkj28@njms.rutgers.edu.

Materials availability
Any material used in this paper can be requested to lead contact. A material transfer agreement may be executed for transferring a

reagent. The USA and worldwide patents have been filed for the material used in this study.

Data and code availability
d All the data published in this paper will be available from the lead contact upon request.

d No original codes were used in this paper.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Female BALB/C mice aged 6–8 months purchased from the Charles River company were used in this study. Animal work was con-

ducted in accordance with all federal regulations in an AAALAC-accredited facility per the standards of the Guide for the Care and

Use of Laboratory Animals and approved by the Institutional Animal Care and Use Committee (IACUC) at Rutgers University.

Viruses, cell lines, and animals
Viruses used in this study include Toledo-Luc (Dula et al., 2009), AD169-GFP with repaired pentameric complex, MCMV Luciferase

(MCMV-Luc, Smith strain), and HSV-2 GFP. Mammalian cell lines used in this work were mouse 3T3 fibroblast cells (ATCC # CRL-

1658), human retinal pigment epithelial ARPE-19 (ATCC # CRL-2302), and human lung fibroblast MRC-5 cells (ATCC, # CCL-171).

The ARPE-19 and MRC-5 cells were grown in Dulbecco’s modified eagle medium (DMEM) containing 50U/mL penicillin, 50 mg/mL

streptomycin (Invitrogen), and 10% fetal bovine serum (FBS, HyClone). The 3T3 cells were grown in minimum essential medium

(Gibco) with 50U/mL penicillin, 50 mg/mL streptomycin (Invitrogen), and 10% fetal bovine serum (FBS, HyClone). Viral infections

of cells were performed in DMEM containing 5% FBS.

METHOD DETAILS

Centanamycin stock
A 3.3mMstock of CMwas prepared in PET (polyethylene glycol 400, absolute ethanol, and Tween-80 in a 6:3:1 ratio)/glucose solution

as described previously (Purcell et al., 2008). The working stock of CM for virus treatment was obtained by diluting 3.3mM stock in

PET/glucose solution (6:3:1).

Toledo-Luc treatment with CM
A Toledo-Luc containing luciferase expression cassette was used in this study as described previously (Dula et al., 2009). TheMRC-5

cells were seeded into 12-well plates. The Toledo-Lucwas treatedwith 100mM, 10mM, 1mM, 0.1mM, 0.01mM, and 0.001mMofCM for 2

hours at room temperature. After 2 hours of treatment with CM, the virus samples werewashedwith DMEMcontaining 5%FBS using

20% sucrose and ultracentrifugation and then added to MRC-5 cells at an MOI of 0.1 in triplicate wells. Toledo-Luc treated with the

PET vehicle was used as a control. The growth kinetics of Toledo-Luc was determined by a bioluminescence assay. The luciferase

activity of the Toledo-Luc virus wasmeasured every 48 hours using an in vivo imaging system (IVIS-50) as described previously (Dula

et al., 2009).

Fluorescence microscopy
AD169-GFP with repaired pentamer was incubated with 10mM, 1mM, 0.1mM, and 0.01mM of CM for two hours at room temperature

(RT). After treatment, viruses were washedwith the DMEM containing 5%FBS using 20% sucrose and ultracentrifugation and added

to ARPE-19 cells in triplicate at an MOI of 0.1. Virus growth was analyzed by fluorescence microscopy. In a control experiment, the

viruses were treated with the PET vehicle.

Human simplex Virus-2 GFP (HSV-2 GFP) treatment with CM
ARPE-19 (ATCC CRL-2302) cells were grown in 12-well plate in DMEM with 10% FBS and 1% P/S. HSV-2 GFP was treated with

different concentrations of CM (100mM, 10mM, 1mM, 0.1mM, and 0.01mM) for two hours at RT. CM-treated viruses were washed

with DMEM containing 5% FBS using 20% sucrose and ultracentrifugation to remove unbound CM and added to ARPE-19 cells

in triplicate at anMOI of 0.2. The supernatant was collected at 6, 12, 18, 24, 30, 36, and 42 h post-infection. Virus titer was determined
e2 Cell Reports Methods 2, 100287, September 19, 2022

mailto:dkj28@njms.rutgers.edu


Article
ll

OPEN ACCESS
using the standard plaque assays on ARPE-19 cells. We also determined the effects of CM on HSV-2 GFP using fluorescence

microscopy. Infected live cells were imaged at different time points post-infection.

Analysis of CM and viral gDNA
We analyzed the CM-treated and untreated HCMV gDNA by agarose gel electrophoresis, restriction digestion, and thermal incuba-

tion at 50�C. AD169 was grown in ARPE-19 cells and virus particles were purified by 20% sucrose using ultracentrifugation. AD169

gDNA was extracted and the concentration was determined by optical density (OD) at 260/280. Briefly, 90% of confluent ARPE-19

cells were infected at 0.2–0.5 MOI of AD169, and the supernatant was collected after 5–6 days post-infection. Supernatant was then

centrifuged at 8,000 RPM for 20 min at 4�C to pellet the cell’s debris. Virus particles were purified using 20% sucrose and ultracen-

trifugation at 80,000g for one hour at 4�C. AD169 pellet was suspended in two mL of lysis buffer (150mM Tris pH 8.0, 1mM MgCl2

0.2mM EDTA, 200mM NaCl, 1% sodium sarkosyl, 200mg/mL) and lysed. Lysate was then subjected to an equal volume of phenol:-

chloroform (1:1) followed by chloroform extraction. Approximately, 10mg of AD169 gDNA was incubated with 1mM and 10mM CM at

RT for one hour. Control includes 10mg of AD169 gDNA treated with vehicle control in the absence of CM. Treated gDNA was

analyzed by agarose gel electrophoresis to see if there was any effect of CM on the HCMV gDNA. In a separate experiment, the

CM-treated (1mM and 10mM) AD169 gDNA was incubated at 50�C for 30 minutes to test whether the alkylation of DNA was thermo-

labile (Sato et al., 2005a). Untreated AD169 gDNA was also treated similarly. In another experiment, 3mg of CM treated (10mM) and

untreated AD169 gDNA was digested with EcoRI-HF overnight at 37�C and analyzed by 0.6% agarose gel electrophoresis.

Identification of CM nucleotide adduct in viral DNA
5mg (50mL) of AD169 gDNAwas incubated with 10mMof CM for two hours at room temperature followed by a 30-minute incubation at

50�C. Thereafter, DNA samples were adjusted to a volume of 200mL with Tris buffer (pH 9.0). Ethyl acetate (400mL) was added to the

DNA samples and vortexed vigorously. The top ethyl acetate layer was collected in a new Eppendorf tube. This extraction process

was repeated 4 more times. The combined ethyl acetate extract was allowed to evaporate inside a fume hood, and the residue was

dissolved in the HPLC grade acetonitrile and filtered through a 0.2mm filter. LC-MS analysis was performed to identify the CM-nu-

cleobase adduct using Xevo G2-XS QT.

In vivo experiments
First, we determined the growth curve of mouse cytomegalovirus expressing a luciferase gene (MCMV-Luc) under in vitro conditions.

MCMV-Luc was treated with 10mM, 1mM, 0.1mM, and 0.01mM CM for two hours at RT followed by a wash using 20% sucrose and

ultracentrifugation. After washing, the viruses were added to 3T3 cells in a 24- well plate in triplicate at anMOI of 0.1. The virus growth

curves were determined by measuring the luciferase activity every day using an in vivo imaging system (IVIS-50). For the animal ex-

periments, approximately 53 105 PFU of MCMV-Luc were treated with 0.1mM, 1mM, and 10mMCM for two hours at RT. Viruses were

then washed with RPMI to remove CM using ultracentrifugation and were resuspended in 1mL of RPMI. Thereafter, 200mL of CM-

treatedMCMV-Luc was injected intraperitoneally into eachmouse. We used three mice in each group. The growth of the CM-treated

and untreated viruses in injected mice was determined by IVIS. Briefly, the mice were anesthetized using isoflurane and injected with

the luciferin substrate (150mg/kg body weight). The injected mice were then incubated for five minutes at RT, and luciferase activity

was determined using IVIS (Zhang et al., 2007). In the control experiments, the MCMV-Luc was treated with PET and followed in a

similar way as described above.

Immunization with CM-attenuated replication-defective virus
For the first immunization, 6x106 PFU ofMCMVwere treatedwith 1mMCM for two hours at RT. The viruses were purified through 20%

sucrose in RPMI and ultracentrifugation to remove unbound CM. Five BALB/Cmice per group were immunized subcutaneously with

the attenuated MCMV (13 106 PFU per mouse) along with alum adjuvant. The second and third immunizations were performed with

CM-treated 0.53 106 PFU with alum adjuvant per mouse. Subcutaneous immunizations were performed on day 1, day 15, and day

30. Pre-bleedwas performed before immunization and serum sampleswere stored at�80�Cuntil use. Blood samples were collected

15 days after each immunization. Blood samples were centrifuged, and the serum was collected for storage at �80�C until use. The

mice administered with PBS/alum adjuvant were used as control and treated in a similar manner.

Virus-specific antibody response in immunized mice
Mice sera samples were analyzed by ELISA to see if MCMV-specific antibodies were present in the immunized mice. MCMV virus

particles (2 mg/mL) were coated (50mL/well) into the 96 wells plate at 4C overnight. The uncoated viruses were removed by washing

three times with 13 PBST (0.1% Tween 20) and blocked with 1% BSA in 13 PBST for two hours at 37C. Serially diluted serum sam-

ples were added in triplicates and incubated for 2 hours at 37C. The plate was washed three times with 13 PBST (0.1% Tween 20).

AP-conjugated secondary antibody diluted in 1% BSA (1:1000) was added to each well (50mL/well) and incubated for 1 hour at 37C.

Thereafter, the plate was washed five times to remove the unbound secondary antibodies. Next, alkaline phosphatase substrate was

added to each well, and the plate was read at 405 nm in an ELISA reader (Tecan).
Cell Reports Methods 2, 100287, September 19, 2022 e3
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Virus neutralization assay
A plaque reduction assay was performed to determine the neutralizing antibodies in the serum obtained from immunized mice.

Serum from unimmunizedmice was used as a control. Briefly, 3T3 cells were seeded into a 24-well plate. Serially diluted serum sam-

ples (2-fold) in MEM were added to the 1,000 PFU of MCMV-Luc and incubated for one hour at RT. After incubation, MCMV-Luc

(1,000 PFU/well) was added to the 3T3 cells, and the media was changed after 4 hours of incubation. Virus infection continued

for 48 hours, and the viral load was determined in relative light units (RLU value) using the IVIS. The 50% neutralization titer

(NT50) was determined by calculating the antibody titer that is required to neutralize 50% of the virus load.

Mice challenge assay
After 15 days of the last immunization, the mice in each group were challenged by intraperitoneal injection of 13 104 PFU of MCMV.

After 10 days of virus administration, salivary glands were isolated from the challenged animals and the tissue homogenates were

prepared to determine MCMV titer using a plaque assay. Unimmunized mice challenged with MCMV were served as control. For

the plaque assay, the tissue lysate (0.2mL) was diluted serially and added to the 3T3 cells in a 24-well plate. The virus titer was deter-

mined using tissue homogenate prepared from each mouse. The liver tissues were also obtained for histology to analyze any sign of

cytotoxicity due to CM-treated MCMV immunization.

Passive sera transfer
To determine the vaccine protective efficacy in vivo, we did a passive serum transfer assay using polyclonal serum obtained from

immunized mice. About 150mL of pooled serum/mouse was intravenously injected into five non-immune BALB/C mice (six months

old) via the tail vein. Animals in the control groups were administered with 150mL of polyclonal serum obtained from unimmunized

mice. After 24 hours of serum administration, the mice were challenged with 10,000 PFU of MCMV-WT via intraperitoneal injection.

After seven days of challenge, the spleen and liver were harvested and homogenized in MEMmedia that contained 10% FBS. About

0.2mL of homogenate was titrated using a standard plaque assay.

The cytotoxicity of each immunogen
The cytotoxicity of each immunogen was measured by the MTT assay kit (Sigma). Briefly, ARPE-19, MRC-5, and 3T3 cells were

seeded into the 96 well plate at a density of 8,000 cells per well in 100mL of DMEM (containing 10% FBS). AD169, Toledo-Luc,

and MCMV-Luc were treated with different concentrations of CM (100mM to 0.001mM) for two hours at RT followed by a wash to re-

move unbound CM using 20% sucrose and ultracentrifugation. After the washings, CM-treated viruses were added to the respective

cells and incubated for 24 hours. The media was changed with 25mL of MTT (5 mg/mL). After 6 hours of incubation, 100mL of dime-

thylsulfoxide (DMSO) was added to each well. The cell viability was determined by the absorbance of each well at 570 nm (Spectro-

photometer, TECAN) and normalized by comparing with the untreated group.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed using GraphPad Prism 8.1.1. Luciferase assays were performed, and luciferase expression was

quantified. Mean represents the average of triplicate values. Data are represented as mean ± SD. The significance of the difference

was analyzed by analysis of variance (ANOVA). A p value<0.05 was considered significant. The statistical details are provided in the

figure legends.
e4 Cell Reports Methods 2, 100287, September 19, 2022
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