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Major target for UV-induced
complete loss of HIV-1
infectivity: A model study of
single-stranded RNA
enveloped viruses
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Deep ultraviolet light (UV) is useful for the disinfection of microorganisms,

including bacteria and viruses. Although genome damage by UV has been

widely accepted, the adverse effects of UV on the activity and/or function of

viral proteins including the envelope components are poorly documented.

Worthy of note, the observed unfavorable UV-effects for viruses are only

insufficiently analyzed in association with the reduction in viral infectivity. In

this study, we aimed to clarify which component of virions affected by UV

significantly correlates with the loss of viral infectivity using HIV-1 as a model

for single-stranded RNA enveloped viruses. Using our UV irradiation apparatus

at three wavelengths (265, 280, and 300 nm), we first quantitatively determined

the UV power density and irradiation period of each wavelength required for a

reduction in infectivity. A heat-treated sample as a control drastically reduced

the virion-associated reverse transcriptase (RT) activity and Gag-p24 level. The

UV-irradiated samples at the three wavelengths, completely lacking viral

infectivity, showed p24 levels similar to those without irradiation. While the

virion-associated RT activity was gradually decreased in a wavelength and

power density dependent manner, this reduction did not explain the loss of viral

infectivity by UV. Remarkably, virological assays revealed that the entry

efficiency of the UV-irradiated virus samples at the three wavelengths is

comparable to those without irradiation. Importantly, this result shows that,

even the virions exposed to UV of various wavelengths at the lethal level, still

maintain the function of their envelope composed of a host lipid bilayer and

viral proteins. In sharp contrast, UV-induced genome damage shown by

semiquantitative RT-PCR correlated well with the reduction in viral infectivity,

indicating that it is a major determinant for virus inactivation by UV. The degree

of damage was found to be distinct among the regions analyzed. This was

probably due to the different nucleotide sequences in those genomic regions
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amplified by PCR. Our data clearly demonstrate a principal mechanism for viral

inactivation by UV and provide information contributing to the improvement of

UV-based disinfection technology for microorganisms.
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Introduction

The disinfection of pathogenic microorganisms in various

environments is vital for public health. It is critically important

not only in this particular COVID-19 pandemic period but also

in other periods of time as a general and highly effective

anti-infectious disease strategy. Of the several commonly used

disinfectants, including heat and alcohol, deep ultraviolet light

(UV) is a time-saving and efficacious means to disinfect/

inactivate microorganisms such as bacteria and viruses (1–3).

We and others have shown that UV is effective to inactivate a

variety of viruses including SARS-CoV-2 (4–8). UV irradiation

to inactivate microorganisms can be applied to various

environments, such as public spaces and water, by using

different kinds of light sources with distinct energy or by

combining it with photosensitizer agents.

Based on the wavelength, UV is categorized into UV-A

(315-400 nm), UV-B (280-315 nm), and UV-C (200-280 nm).

UV-A inactivates microorganisms in the presence of

photochemical agents such as titanium dioxide and amotosalen

HCl. This is probably due to the induction of oxidative stress

through the production of reactive oxygen species (9–11). UV-B

and UV-C, close to the adsorption peak of nucleic acids at 265 nm,

can be absorbed by viral genomes (DNA or RNA). It is well

established that UV damages RNA through photochemical

modification of nucleotides such as the formation of pyrimidine

dimers, and through crosslinks of RNA-RNA and RNA-protein

(12–18; for review, see 19, 20). UV-C at lower wavelengths of 254

and 222 nm also exhibits antimicrobial activities (21, 22; for

review, see 19, 20). UV-C also has been reported to degrade the

major outer viral protein capsid of bacteriophage MS2 (non-

enveloped RNA virus), feline calicivirus (non-enveloped RNA

virus), and mouse norovirus (non-enveloped RNA virus) by

oxidation, whereas proteins of human adenovirus (non-

enveloped DNA virus), Tulane virus (non-enveloped RNA

virus), and rotavirus (non-enveloped RNA virus) are not

significantly affected by UV-C irradiation (23–27). For SARS-

CoV-2 (enveloped RNA virus), while the virion morphology

exposed to UV appears to be unchanged, whether UV affects

viral proteins S and N has not been concluded yet (28, 29).

Moreover, the envelope integrity of hepatitis C virus (enveloped
02
RNA virus) is not affected by UV irradiation, whereas UV can act

on lipids constituting the envelope of herpes simplex virus

(enveloped DNA virus) (30, 31). Studies so far have extensively

investigated the effects of UV on apparent changes, integrity loss,

or reduction in levels of virion components. However, even if viral

proteins and the envelope are not apparently damaged by UV, it is

possible that UV can affect the activity and function of virion

components essential for viral replication. In this regard, targets

directly related to the loss of viral infectivity by UV need to

be determined.

We have reported a quantitative evaluation of SARS-CoV-2

inactivation by UV at three wavelengths (265, 280, and 300 nm)

by calculating the dose of UV energy irradiated to the virus itself

through the culture media (8). In our previous study, we

definitely showed the length of the UV irradiation periods,

which wavelength, and what doses of UV are required for

SARS-CoV-2 inactivation. Our unique and useful UV

irradiation apparatuses enable us to quantitatively evaluate the

decrease in viral infectivity. As described above, UV irradiation

can affect proteins, lipids, and nucleic acids. UV-irradiation in

large quantities, of course, induces the loss of viral infectivity

and also adversely affects proteins, lipids, and nucleic acids.

For enveloped viruses like HIV-1 and SARS-CoV-2, if UV

detrimentally and decisively affects lipids and Envelope (Env)

proteins, major components of viral envelope, the entry process

would be hampered. Our purpose in this study is to clarify which

component of virions affected by UV significantly correlates

with the loss of viral infectivity, and this would provide an

important aspect of virus inactivation. To this end, we utilized

HIV-1 as a model of single-stranded RNA enveloped viruses.

HIV-1 has measurable reverse transcriptase (RT) and p24

proteins within virions, and various experimental systems to

precisely analyze each viral replication step have been

well-established for HIV-1 (Figure 1). After irradiation to cell-

free virions, we can investigate the direct effect of UV on

components within virions including envelope, enzymatic

activity, and RNA genome (Figure 1). Through virological

analyses, we demonstrate that UV can have an effect on the

enzymatic activity of a viral protein but not the entry process at

all, and that the loss of viral infectivity principally results from

UV-induced genome damage.
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Materials and Methods

Cells

Monolayer cell lines HEK293T (ATCC CRL-1573) and

HeLa-derived reporter TZM-bl (32) were cultured and

maintained in Eagle’s minimal essential medium containing

10% heat-inactivated fetal bovine serum (FBS) as previously

described (33). A lymphocyte line M8166 was cultured and

maintained in RPMI 1640 medium containing 10%

heat-inactivated FBS.
Virus preparations

HIV-1 proviral clones pNL4-3 (34) and pNL-Kp

(an env-deficient clone) (35) were used in this study.

Proviral clones were transfected into HEK293T cells by the

calcium phosphate co-precipitation method as previously

described (34, 36). The virus amounts were determined by

virion-associated RT assays as previously described (36, 37). For

quantification of the Gag-CA (p24) level, an HIV-1 p24 antigen

enzyme-linked immunosorbent assay (ELISA) kit (ZeptoMetrix

Corporation) was used according to the manufacturer’s

protocol. When necessary, HIV-1 virus stocks were treated with
Frontiers in Virology 03
Recombinant DNase I (RNase-free) (TAKARA BIO INC.) to

remove the contamination of transfected plasmid DNA. Heat-

treated virus stocks were prepared by incubating at 65°C

for 15 min.
UV irradiation

UV irradiation apparatuses with three different wavelengths

(265 nm, 280 nm, and 300 nm) that we made previously (8), were

used in this study. Our irradiation apparatuses carry UV-light

emitting diode (LED). The distance from the UV-LED chip to the

virus inoculum was about 30 mm. The UV light from the UV-

LED was collimated by a reflector and irradiated to a well. The

UV-LED irradiation area was set large enough to obtain uniform

irradiation. These apparatuses enable us to estimate doses

irradiated to the virus itself by calculating the transmittances

through the culture medium (8). To ensure repeated and

reproducible irradiation by UV-LED light, a virus solution was

placed in a defined well of a 96-well plate as a chamber, and set

directly under the UV-LED upon irradiation. Prior to UV

irradiation, the virus stocks were appropriately diluted with PBS

containing 2% FBS (104 RT units/100 mL). The diluted samples

were exposed to UV with different irradiation power densities at

each wavelength for appropriate time periods (8).
FIGURE 1

Experimental outline. Major virion components are depicted on the left. Cell-free virions were prepared from 293T cells transfected with proviral
clones. Cell-free virions were treated with UV or heat, and then used for various assays. Details of assay procedures were described in the
Materials and Methods section.
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Virus infectivity assay

TZM-bl cells (5 × 103/well) were seeded onto a 96-well plate

and cultured overnight. The UV-irradiated virus samples were

inoculated into the cells. Virus samples without any treatment

and with heat-treatment were used as controls. On day 2

post-infection, cell lysates were prepared for luciferase assays

(Promega) as previously described (33). HIV-1 infectivity was

calculated as a relative light unit (RLU) of the UV- or heat-treated

virus samples relative to that without any treatments.
Entry assay

Virus stocks were prepared from transfected HEK293T cells,

diluted (105 RT units/100 mL in PBS containing 2% FBS), and

then subjected to UV irradiation. Heat-treated virus stocks were

also diluted in the same manner. Entry assays were carried out

similarly to as described previously (38–40). Briefly, 200 mL of

each sample was inoculated into M8166 cells (2 × 106), and the

cells were incubated for 2 h at 4°C, extensively washed, and

collected as viral binding fractions. To measure the substantial

level of the virus entry, following incubation at 4°C as above,

cells were trypsinized for 5 min at 37°C, extensively washed, and

incubated for 2h at 37°C to collect the viral entry fractions. Cells

collected as binding and entry fractions were lysed for p24

ELISA. The entry efficiency of each sample was calculated as

the p24 level of the entry fraction/p24 level of the binding

fraction. NL-Kp (delta Env) and heat-treated virus were used

as controls.
Semiquantitative RT-PCR analysis

To assess the genome damage by UV, semiquantitative

RT-PCR analysis was performed similarly to as described

previously (33, 41). Briefly, DNase I-treated virus stocks were

diluted and subjected to UV irradiation as above. Heat-treated

virus samples were used as controls. The viral genome was isolated

from the samples using a QIAamp Viral RNA Mini Kit (Qiagen

GmbH), and reverse transcribed by using mixed primers (oligo

(dT) and random hexamer) and the SuperScript III first-strand

synthesis system (Life Technologies Corporation). The primer pairs

used for semiquantitative RT-PCR analysis were as follows: primer

set A (forward) (GGCCTGAAAATCCATACAAT) and (reverse)

(TCTAAAAGGCTCTAAGATTTTTGTCAT); primer set

B (forward) (CTTGGCACTAGCAGCATTA) and (reverse) (CT

GGATGCTTCCAGGGCTCT); primer set C (forward) (GGAA

TAACATGACCTGGATG) and (reverse) (CGCAGATCG

TCCCAGATAAGTG); primer set D (forward) (GAGGATTGTG

GAACTTCT) and (reverse) (CTAGGTCTCGAGATACTGCTC).

To gain PCR products amplified within a linear range, the cycle
Frontiers in Virology 04
number of PCR reactions was carefully determined using a control

sample without UV irradiation (33, 41). Negative controls for

semiquantitative RT-PCR were prepared by reverse transcription

of the UV-irradiated or heat-treated samples without any primers.

PCR amplicons were separated on 2%Metaphor agarose gel (Lonza

Ltd.), and stained with ethidium bromide. The signal intensities of

the PCR amplicons were quantified by using the Amersham Imager

600 instrument (GE Healthcare UK Ltd.). For viral RNA samples

without irradiation and with heat-treatment, the signal intensities of

the PCR products were calculated by subtracting the signal intensity

of each negative control from that of each sample.
Results

Experimental outline

To examine the direct effect of UV on components of HIV-1

virions, cell-free virions were exposed to UV using our

irradiation apparatuses (Figure 1). First, we quantitatively

evaluated energy doses of UVs with three wavelengths (265

nm, 280 nm, and 300 nm) required for the reduction in viral

infectivity. UVs irradiation conditions, which give an around

half reduction in viral infectivity or the complete loss of viral

infectivity, were determined. Then, we examined the effect of

UVs on viral components/function (virion-associated RT

activity and p24 integrity, and entry ability) under the

irradiation conditions we determined. Finally, UV-induced

genome damage was investigated by semiquantitative RT-PCR

using cDNA synthesized from viral RNA isolated from cell-free

virions exposed to UV under the determined conditions.
Quantitative evaluation of HIV-1
inactivation by UV irradiation

To study the viral components responsible for the reduction in

infectivity by UV, we used HIV-1 in which a number of

experimental systems to analyse its replication step have been

established. We first quantitatively evaluated a dose-dependent

reduction in viral infectivity using our UV-LED irradiation

apparatuses with major wavelengths (265, 280, and 300 nm). The

reasons why we chose these three wavelengths in this study are as

follows: 265 nm is an absorption peak wavelength of

RNAs, at which the inactivation effect must be maximum in the

UV-C region. 280 nm is an absorption peak wavelength of proteins,

and RNAs also have moderate absorption at 280 nm.

Furthermore, an LED at 280 nm has excellent characteristics of

power and lifetime in commercial products. 300 nm is far from the

absorption peak of RNAs and proteins, which can be used

as a control. Viruses were prepared from HEK293T cells

transfected with a proviral clone. The infectivity of viruses
frontiersin.org
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exposed to UV was measured using a HeLa-derived TZM-bl cell

line. TZM-bl cells express HIV receptor CD4 and coreceptors

CCR5/CXCR4, and carry a long terminal repeat-driven luciferase

gene (32). Upon infection, HIV-coded Tat protein trans-activates

luciferase expression in TZM-bl cells, and thus infectivity can be

measured as luciferase activity. A heat-treated virus, which has a

different inactivation process from UV, was used as a control (29).

The power densities of UV at three wavelengths were determined

by preliminary experiments to give a similar level of luciferase

activity for the same irradiation period (0.47 mW/cm2 for 265 nm,

0.73 mW/cm2 for 280 nm, and 1.50 mW/cm2 for 300 nm). As

shown in the left panel of Figure 2, for samples irradiated with UV

for 20 sec at each wavelength, the virus infectivity was decreased to

20~40% relative to that without irradiation. A longer irradiation

period was associated with a further reduction in viral infectivity.

Infection was not detected for viruses exposed to UV at three

wavelengths for 160 sec or treated with heat. Consistent with our

previous result for SARS-CoV-2 inactivation (8), viral infectivity

was similarly decreased by the UV energy dose for 265 nm and 280

nm, whereas a higher dose was required for the complete loss of

viral infectivity at 300 nm (Figure 2, right panel).
UV irradiation can reduce the enzymatic
activity of HIV-1 reverse transcriptase
(RT) but this reduction does not explain
the loss of infectivity

The HIV-1 virion core is formed by Gag-p24 proteins which

play important roles in viral replication, and also contains two

copies of single-stranded RNA genome and two enzymes, RT and

integrase, essential for the early replication phase (42) (Figure 1).

The inhibitory effects of UV on the activity/function of RT or
Frontiers in Virology 05
Gag-p24, if any, are very likely to impair HIV-1 replication. To

examine how UV affects the RT activity and p24 level in virions,

viruses prepared from transfected HEK293T cells were exposed to

UV for 20 and 160 sec at a fixed power density of each wavelength,

which resulted in the reduction to 20~40% and the complete loss of

infectivity, respectively (Figure 2). We first monitored the Gag-p24

levels of virus samples as shown in Figure 3. A heat-treated virus

showed a significant decrease in the Gag-p24 level. The UV-

irradiated samples tested exhibited a similar Gag-p24 level to that

without irradiation, although the Gag-p24 levels were marginally

decreased for samples exposed to UV at 280 nm and 300 nm for

160 sec (Figure 3). On the one hand, RT activity was undectable in

heat-treated viruses as expected, and a longer UV irradiation time at

three wavelengths resulted in a decline in the RT activity,

particularly for 160 sec irradiations of UV at 280 nm and 300 nm

(Figure 3). The RT activity was moderately reduced to around 60%

compared to that without irradiation. The results here suggest that

there may be effects of UV on viral proteins in a wavelength- and

dose-dependent manner. It has been reported that some HIV-1 RT

mutants with about half activity relative to a wild-type virus can

moderately replicate in lymphocyte cells (primary cells and MT-2)

(43). Taken together, these results indicated that while UV can

induce a decrease in enzymatic activity and/or denaturation of viral

proteins, these changes in the viral proteins do not directly lead to

the complete loss of viral infectivity.
UV irradiation does not affect the HIV-1
entry process

Since an HIV-1 virion has an envelope composed of a host lipid

bilayer and viral envelope Env proteins, the viral entry process is

expected to be hampered if UV adversely affects these components.
FIGURE 2

Effect of UV-irradiation with various wavelengths on HIV-1 infectivity. Virus stocks prepared from transfected HEK293T cells were diluted with
PBS containing 2% FBS to make 104 RT units/100 µL of virus samples. The diluted samples were exposed to UV at three wavelengths with the
indicated power densities for the indicated time periods. Heat-treated virus stocks were also diluted in the same manner as the UV-irradiated
samples. The samples were inoculated into TZM-bl cells, and on day 2 post-infection, the cells were lysed and subjected to luciferase assay.
(Left panel) Viral infectivity is presented as relative RLU of UV-irradiated and heat-treated samples to that of the sample without any treatment.
(Right panel) The inactivation efficacy at various total doses of UV energy at three wavelengths is shown. Mean values with standard errors (SE)
are shown (n=3). PC, positive control; NC, negative control.
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It has been reported that no effect of UV irradiation on virus

binding to cells is observed for the non-enveloped Tulane virus and

rotavirus, and for the enveloped influenza virus (27, 44). Functional

HIV-1 Env is a trimer of a heterodimer consisting of Env-gp120

and Env-gp41, which are produced by cleavage of precursor Env-

gp160 with furin or furin-like protease within the Golgi apparatus

(42). HIV-1 Env-gp160 has been shown to have the CD4 binding

capability but not the entry ability (45, 46). Thus, it is necessary to

examine the entry potential as the function of Env. To determine

whether viral Env exposed to UV is functional, entry assays were

performed. Since the Gag-p24 level was not significantly changed

after UV irradiation (Figure 3), the entry efficiency was calculated

by measuring the amounts of virus-binding and entry using Gag-

p24 ELISA. Env-deleted or heat-treated virus samples were used as

negative controls. Virus samples were exposed to UV at three

wavelengths with a fixed power density for 160 sec, which resulted

in the complete loss of infectivity (Figure 2). As shown in Figure 4,

heat-treated viruses were binding-incompetent and thus the entry

efficiency was not detected. Entry efficiency was dramatically

reduced for Env-deficient virus samples. Of note, viruses exposed

to UV still displayed a similar level of entry efficiency to that

without irradiation, that is, viral Env is fully functional even after

UV irradiation at a lethal level. Importantly, the results here indicate

that the complete loss of HIV-1 infectivity is not explained by the

impairment of the Env function via the adverse effect of UV on Env

proteins and/or lipid bilayers.
Viral genome is damaged by UV
irradiation, leading to the loss of
viral infectivity

The results in this study so far indicated that while UV can

moderately affect the HIV-1 RT activity, the viral core and
Frontiers in Virology 06
envelope still remain to be functionally normal after sufficient

UV irradiation to cause the complete loss of infectivity

(Figures 1–4). It is well known that UV damages RNA

including viral genome through photochemical modification of

nucleotides such as the formation of pyrimidine dimers, and

through crosslinks of RNA-RNA and RNA-protein (12–18; for

review, see 19, 20). For analysis of genome damage by UV, it has

been reported that conventional RT-qPCR, which amplifies 128

bp of PCR products in the N gene region of the SARS-CoV-2

genome, failed to detect viral genome damage (28). This was

because the length of PCR products was too short to detect

genome damage (28). Thus, to investigate the correlation

between the reduction in viral infectivity and genome damage,

semiquantitative RT-PCR analysis was carried out. Primer sets

used for the analysis were designed to amplify four different

regions (~0.4 kb in length), and enable us to examine whether

the difference in positions and/or sequences of the genome

affects UV-induced damage (Figure 5 and Supplementary

Figure 1). Viruses were exposed to UV with a fixed power

density for 20 and 160 sec, which resulted in a 60-80%

reduction and complete loss of infectivity, respectively

(Figure 2). A heat-treated virus was used as a control.

Consistent with a previous report (29), heat treatment at a

lethal level did not strongly induce genome damage (Figure 5

and Supplementary Figure 1). A longer UV-irradiation at three

wavelengths was associated with a lower signal intensity of PCR

products, suggesting that the genome damage is linked to the

reduction in infectivity. This is probably due to inefficient cDNA

synthesis using UV-damaged RNA genome (modification of

nucleotides and crosslinking) as a template. It is well known that

RNA quality affects the efficiency and quality of cDNA

synthesized by RT, and that subsequent PCR reaction is also

affected. This inferiority of cDNA synthesized from

UV-damaged RNA may be responsible for the inhibition/
FIGURE 3

Effect of UV-irradiation with various wavelengths on HIV-1 proteins in virions. Viruses were prepared from HEK293T cells transfected with
proviral clones. Virus stocks with and without heat-treatment were diluted as described in Figure 1. The diluted samples were exposed to UV at
three wavelengths for the indicated time periods, and then were subjected to p24 ELISA and RT assays. The relative p24 level (left) and RT
activity (right) in each sample to those in the sample without any treatment are presented. Mean values with SE are shown (n=4). Significance
relative to the sample without any treatment as calculated by Welch’s t test is shown (*P < 0.05; **P < 0.02, ***P < 0.01). PC, positive control;
NC, negative control.
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failure of the subsequent PCR amplification. All virus samples

exposed to UV at 300 nm showed relatively higher signal

intensities compared to those irradiated UV at 265 and 280

nm, implicating weaker damage by UV irradiation at 300 nm
Frontiers in Virology 07
and the difference in the efficacy of genome damage by UV

wavelengths. This result may explain why a higher level of

energy dose of UV at 300 nm is required for HIV-1

inactivation. In conclusion, the results demonstrated that
FIGURE 4

Effect of UV-irradiation on the viral entry process. Viruses were prepared from HEK293T cells transfected with proviral clones pNL4-3 (WT) or
pNL-Kp (delta Env). Virus stocks were diluted with PBS containing 2% FBS, and exposed to UV at three wavelengths with various power densities
(0.47 mW/cm2 for 265 nm, 0.73 mW/cm2 for 280 nm, 1.50 mW/cm2 for 300 nm) for 160 sec. Heat-treated WT virus stocks were also prepared
and diluted in the same manner as UV-irradiated samples. The diluted UV- or heat-treated samples were used for the entry assay. The assays
were carried out as described in “Materials and Methods” (Entry assay). The entry efficiency of each sample, calculated as the p24 level of entry
fraction/p24 level of the binding fraction, is presented. Mean values with SE are shown (n=3). The control heat-treated virus sample did not bind
to cells and thus the entry efficiency was not determined. ND, not determined.
FIGURE 5

Effect of UV-irradiation on the HIV-1 genome. Virus stocks were prepared from HEK293T cells transfected with pNL4-3, and virus samples were
appropriately prepared as indicated. The viral genome isolated was subjected to semiquantitative RT-PCR analysis using specific primer sets. The
primer sets used in the analysis and the sizes of the RT-PCR products are shown in red arrows and letters in the schematic HIV-1 genome at the
top. For details of the primers, see “Materials and Methods” (Semiquantitative RT-PCR analysis). Signal intensities of the semiquantitative RT-PCR
products were quantitated. The relative intensity is presented as a signal intensity of each sample relative to that of the sample without UV
irradiation. Mean values with SE are shown (n=3). ND, not detected.
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UV-induced genome damage is primarily responsible for the

loss of infectivity.
Discussion

For virus inactivation by UV, its effects on viral components

including genome damage and protein degradation have been

reported (for review, see 19, 20). However, whether adverse effects

of UV on the activity and function of viral components can lead to

the loss of viral infectivity have been poorly documented. To

address this issue, we investigated major targets for virus

inactivation by UV using HIV-1 as a model for single-stranded

RNA enveloped viruses. The reduction in HIV-1 infectivity was

quantitatively evaluated using our UV-LED irradiation apparatuses

with three wavelengths (265, 280, and 300 nm). The power densities

of these apparatuses were fixed to give around 60-80% reduction

and an undetectable level of infectivity by irradiating UV to viruses

for 20 and 160 sec, respectively. Under these conditions, the Gag-

p24 level was not significantly affected, whereas the RT activity was

gradually decreased in virus samples exposed to UV, especially at

280 and 300 nm. This attenuated RT activity did not explain the

complete loss of infectivity, since it has been shown to be still able to

support viral replication in cells (43). Unexpectedly, our entry assays

revealed that even for virions exposed to UV at a lethal level, the

entry process normally proceeded, indicating no appreciable effect

of UV on the function of viral Env composed of proteins and lipids.

Unlike these viral components, viral genome damage by UV

irradiation was obviously correlated to the loss of infectivity. In

addition, the requirement of a higher energy dose of UV at 300 nm

for viral inactivation may be related to its weaker damage to the

viral genome compared to those by 265 and 280 nm. In terms of the

HIV-1 life cycle, UV irradiation to cell-free virions can directly

damage both tRNA primer and viral genome RNA within the

virions. Such damaged RNA would not be a good template/primer

for cDNA synthesis with HIV-1 RT and tRNA primer in infected

cells. Thus, the loss of infectivity for UV-irradiated virions is highly

likely to result from inhibition of the reverse transcription process

through UV-induced damage to RNA such as viral genome and

tRNA. In conclusion, we clearly demonstrate here that viral genome

damage is a major target for UV-induced complete loss of HIV-

1 infectivity.

Although UV can attack viral proteins and lipids, which are

components of the envelope, our entry assay revealed that UV

does not affect the HIV-1 entry into cells. A bacteriophage MS2

exposed to UV has been shown to have attachment ability but

reduced genome penetration ability to enter into bacteria (47).

This may be due to the difference in methods used to analyze the

entry process. In our assays, viral entry was assessed by

measuring the Gag-p24 level which is not affected by UV,

whereas for MS2, genome penetration assays as monitored by

quantitative PCR were performed. Alternatively, it may be due to

the difference in the entry process between membrane fusion for
Frontiers in Virology 08
HIV-1 and genome penetration for bacteriophages. The degree

of damage to viral proteins may vary with the light sensitivity of

the protein itself and with the wavelength and energy dose of

UV. Indeed, the HIV-1 RT activity tended to decrease in virions

exposed UV, particularly at 280 and 300 nm, which have higher

energy doses relative to that of 265 nm. This implies that UV can

adversely affect the enzymatic activity of viral proteins in a

wavelength- and energy dose-dependent manner, although it is

not directly associated with the loss of infectivity.

The degree of HIV-1 genome damage by UV correlated well

with the loss of infectivity. In our semiquantitative assays (Figure 5),

PCR products for primer set D were still detected in the virus

samples exposed to UV at the three wavelengths for 160 sec. The

efficiency in PCR amplification was different between primer sets C

and D, which were designed in a close position on the viral genome.

This suggests that the degree of genome damagemay be different by

sequences of amplified regions of the genome. In this regard, the

reason why we designed primers to adjacent positions on the viral

genome is that the ratio of contiguous pyrimidine nucleotides (UU)

in the two regions is different (8.2% for set C and 4.3% for set D).

Considering the formation of pyrimidine dimers by UV, a higher

rate of UU sequence may lead to a reduction in amounts of PCR

products. Indeed, the ratio of UU sequences within set D region

(4.3%) is lower than those within sets A (7.4%) and B (5.7%). There

are some reports on the prediction of UV susceptibility based on the

nucleotide sequences (20). The establishment of such prediction

methods would contribute to the development of more efficient and

effective inactivation techniques by UV. Further studies are required

to examine whether a higher ratio of UU in the sequences is

associated with a higher rate of genome damage. The genome

damage by UV has been reported for various viruses (for review, see

19, 20). We were interested in the genome damage in SARS-CoV-2,

since we have reported the quantitative evaluation of SARS-CoV-2

inactivation by UV at three wavelengths (8). In the previous study,

we showed that undetectable SARS-CoV-2 infectivity as determined

by plaque assay was achieved by distinct UV energy doses at

different wavelengths (3 mJ/cm2 for 265 nm, 5 mJ/cm2 for 280

nm, and 30 mJ/cm2 for 300 nm). These UV energy doses required

for SARS-CoV-2 inactivation were around 7 to 10-fold lower than

those for HIV-1 (50 mJ/cm2 for 265 and 280 nm and 200 mJ/cm2

for 300 nm) (Figure 2). The data do not necessarily imply that

SARS-CoV-2 is more susceptible to UV irradiation compared to

HIV-1. Although the sensitivity of the two distinct assay methods

using different viruses/cells is absolutely not comparable, the

difference in the UV energy doses that are required for HIV-1

and SARS-CoV-2 inactivation can be accounted for by the

sensitivity of the infectivity assays used (luciferase expression vs

plaque formation, respectively). The genome damage in SARS-

CoV-2 was investigated in our laboratory by semiquantitative RT-

PCR analysis using samples exposed to UV under each condition

which inactivates SARS-CoV-2 and HIV-1 (Supplementary

Figure 2). Two regions, orf1b and nucleocapsid, of the SARS-

CoV-2 genome were targeted for PCR amplification. All the PCR
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products amplified were still detected in virus samples exposed to

UV at energy doses which lead to the loss of SARS-CoV-2

infectivity (3 mJ/cm2 for 265 nm, 5 mJ/cm2 for 280 nm, and

30 mJ/cm2 for 300 nm), although the signal intensities of the PCR

products were decreased compared to those without irradiation. As

expected, the PCR products were undetectable or only slightly

detectable for virus samples irradiated with UV at lethal levels of

energy doses for HIV-1 (50 mJ/cm2 for 265 and 280 nm, and

200 mJ/cm2 for 300 nm). Again, these results underscore our

conclusion that genome damage is a major determinant for virus

inactivation by UV, because virions that are exposed to UV at a

lethal level for HIV-1 still retain the Gag-p24 level and entry ability

into cells (Figures 3 and 4). For RT-PCR analysis, RT and PCR

enzymes available for experiments are powerful tools to amplify

nucleic acids. In terms of virus inactivation by UV, we may need to

prudently consider whether severe genome damage to the extent

that cannot be amplified by RT-PCR is necessary for virus

disinfection/inactivation. Avoiding an overdose of UV to

inactivate viruses would lead to reducing the effect of UV on the

environment and the waste of light sources and electricity.

In this study, we showed that HIV-1 is inactivated even

without apparent destruction of proteins and lipids composing

virions by UV irradiation. To determine the relationship

between virus inactivation and energy dose of UV, we have

properly quantified the actual dose of UV irradiated to virus

itself by measuring values for irradiated power densities minus

those for the light absorbance by the culture media (this study

and 8). However, the efficacy of UV irradiation on virus

inactivation can be affected by environments/conditions

surrounding virions, e.g. virions in air, droplets, or blood.

Further studies are required to solve this issue by considering

the effect of environmental factors on virus inactivation by UV.

UV is a highly efficacious means to disinfect/inactivate

pathogenic microorganisms, such as HIV-1 and SARS-CoV-2,

by causing genome damage. Actually, there are commercially

available blood photochemical treatment systems with UV to

reduce pathogens in blood (48). Our apparatuses and data here

would be useful to determine the energy dose of UV required for

disinfection/inactivation of pathogens. The future issue for

UV-based inactivation would include what kind of light to use

and in what situations to use it, considering the wavelength and

power, the light sources, the cost performance, and the effects on

the human body. It is necessary to consider how UV can be

effectively and efficiently used for public spaces and clinical sites.
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