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ABSTRACT: HIV-infected cells persist for decades in patients
administered with antiretroviral therapy (ART). Meanwhile, an
alarming surge in drug-resistant HIV viruses has been occurring.
Addressing these issues, we propose the application of photo-
immunotherapy (PIT) against not only HIV Env-expressing cells
but also HIV. Previously, we showed that a human anti-gp41
antibody (7B2) conjugated to cationic or anionic photosensitizers
(PSs) could specifically target and kill the HIV Env-expressing
cells. Here, our photolysis studies revealed that the binding of
photoimmunoconjugates (PICs) on the membrane of HIV Env-
expressing cells is sufficient to induce necrotic cell death due to
physical damage to the membrane by singlet oxygen, which is
independent of the type of PSs. This finding persuaded us to study
the virus photoinactivation of PICs using two HIV-1 strains, X4 HIV-1 NL4-3 and JR-CSF virus. We observed that the PICs could
destroy the viral strains, probably via physical damage on the HIV envelope. In conclusion, we report the application of PIT as a
possible dual-tool for HIV immunotherapy and ART by killing HIV-expressing cells and cell-free HIV, respectively.

1. INTRODUCTION

HIV-infected cells persist in patients on antiretroviral therapy
(ART), and viremia returns if ART is halted.1,2 Furthermore,
recent surveys by the World Health Organization (WHO)
have uncovered an alarming surge in resistance to crucial HIV
antiretrovirals.3 Currently, ART aims to maintain viral loads
below detection limits (BDLs) of current commercial assays by
blocking viral replication and preventing the spread or growth
of viral reservoirs for preserving CD4+ T-cells, but its use is
restricted by long-term end-organ drug toxicities and the
expansion of viral resistance.4 In addition, persistent low-level
viremia can remain even when under ART, potentially from
tissues with low drug penetration or residual virus replication
in latently infected cells.5−7 Additionally, the clonal expansion
of HIV-infected cells may contribute to the size of the HIV
reservoir.8 Furthermore, defective HIV-1 proviruses, which
prevail after long-term “suppressive” ART9 (although not able
to produce a full replicative cycle), will produce HIV m-RNA
and HIV proteins, which will contribute to the deleterious
HIV-related microinflammation, despite years of plasma HIV-
RNA levels BDL during ART.10 In fact, antiproliferative drugs
that will reduce the size of HIV reservoir in lymphocytes
among individuals under long-term “suppressive” ART will
decrease total HIV DNA and decrease the cell activation
markers in CD4+ T cells.11 Thus, this demands the design of
therapeutic ART alternatives and novel strategies for directly

killing the latently infected cells or cells harboring defective
provirus, which may address limitations of ART and
immunotherapy (IT), ultimately acquiring the HIV remission
without the use of antiretrovirals.
Several types of immunotherapeutic strategies, with limited

success, have been studied to specifically kill HIV-infected cells
using HIV Env-targeting antibodies.12 Most of these results
were dependent on the preexisting resistance of circulating/
reservoir strains, and in all cases, viremia rapidly rebounded
upon MAb decay or cessation.13 Thus, strategies to fight both
preexisting and de novo development of viral resistance remain
a target of antibody-based therapy for chronic infection.
In acute infection, conjugation of antibodies with more toxic

drugs, including chemical drugs such as doxorubicin14 or
immunogenic toxins such as ricin,15,16 pulchellin,17 and shiga
toxin,18 may be tolerable as a short-term solution to ensure
rapid and complete cytotoxicity to treat the acute infection.19

In contrast, to treat chronic infections such as HIV infection,
antibody-based immunotherapies that are more amenable to
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long-term use with more long-lasting effects may provide an
optimal candidate.
Recently, we introduced HIV photoimmunotherapy (HIV

PIT), which is an emerging anti-HIV IT via arming HIV MAbs
with photosensitizers (PSs) targeting HIV Env-expressing
cells.20 PIT is the targeted form of conventional photodynamic
therapy (PDT), achieved through the conjugation of PS with
MAbs targeting specific cell surface receptors.21,22 A non-
ionizing light of a particular wavelength can activate PSs to kill
the cells by generating reactive oxygen species (ROS),
including hydrogen peroxide, hydroxyl radicals, superoxide,
and singlet oxygen.20,21 PIT has certain advantages over
immunotoxins (ITs) or radioimmunotherapy (RIT) to
eradicate infected cells.23 In PIT, target selection is determined
not only by antibodies but also by light, regarding the time and
local irradiation. Moreover, PIT is a minimally invasive, safer,
and cheaper therapy than ITs or RIT,21 making PIT an
appropriate candidate to treat chronic infections such as HIV.
Our recent findings on PIT might help to add more advantages
to this list.
In previous studies, we produced two different photo-

immunoconjugates (PICs) via conjugation of a human anti-

gp41 antibody (7B2)24 with two PSs, cationic porphyrin and
anionic IR700. We employed two different strategies for
conjugation to the antibody: lysine conjugation using a
phthalocyanine IRDye700DX dye25 and “Click” conjugation
using an azide-bearing porphyrin with a strained alkyne
attached via a disulfide bridge linker.26 MAb 7B2 is a non-
neutralizing antibody that recognizes both virus particles and
HIV Env-expressing cells.27 We demonstrated that the targeted
phototoxicity is independent of the PS payload.
In this study, the comparison between PICs is of interest

concerning the physical and immunological changes in PICs
during irradiation and the mechanism of in vitro cytotoxicity.
Targeted phototoxicity seems to be independent of cell
internalization while being dependent on singlet oxygen
generation by PSs, which physically damages both the antibody
and the cell membrane. This finding persuaded us to study the
virus photoinactivation of PICs using HIV-1 strains. Unlike
other HIV immunoconjugates, we observed that the PICs kill
the HIV Env-expressing cells and destroy the virus and so can
be considered a tool for ART.

Figure 1. Study of the effect of irradiation on the structure of PICs. (a and b) Microcapillary electrophoresis (a) and electropherogram (b) of 7B2
MAb and PICs of nonreduced 7B2 MAb, 7B2-porphyrin, and 7B2-IR700 with different DARs of 2, 3, and 4, before and after irradiation with 10 or
50 J/cm2. (a) In a dose-dependent manner, protein bands of PICs disappeared with forming smear, while the bands of naked 7B2 antibody were
preserved. Size standards are indicated on the side of each “gel.” (b) The system peaks and upper marker in the electropherogram are indicated in
green and violet, respectively. (c) Histograms of PICs, before and after irradiation, monitor how the hydrodynamic radius (Rh), shape, and
solubility of PICs significantly changed after irradiation with power density of 50 J/cm2, while naked 7B2 antibody showed preservation. The
irradiated 7B2-IR700 showed different types of aggregation in comparison to the irradiated 7B2-porphyrin. Each curve in an individual color
represents the average of 10 acquisitions.
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2. RESULTS AND DISCUSSION

2.1. Study the Effect of Irradiation on the Structure
and Binding Ability of PICs. Previously, two generations of
PICs were produced: homogeneous porphyrin-7B2 with a
constant drug−antibody ratio (DAR) of 4 and heterogeneous
IR700-PICs with different DARs of 2, 3, and 4.19 Herein, the
effects of light irradiation on the PICs were studied, physically
and immunologically, using microcapillary electrophoresis,
dynamic light scattering (DLS), and ELISA. Both porphyrin-
7B2 and IR700-7B2 were irradiated equally by a custom-made
LED device with a broad spectrum of light (380−780 nm).19

Results of microcapillary electrophoresis of nonreduced
antibody (H and L chains) and PICs, before and after
irradiation, revealed that the protein bands of 7B2-PICs
disappeared in a dose-dependent manner with a power density
of 10 and 50 J/cm2. The irradiation with 10 J/cm2 affected the
molecular sizes of 7B2-IR700 with different DARs and at a
higher dose of 50 J/cm2 showed smear formation, probably
due to the release of the hydrophobic ligand of IR700. A
similar smear of bands was observed for 7B2-porphyrin (Figure
1a). Electropherogram of irradiated PICs demonstrated
decreasing bands related to the full-length MAbs; however,
no truncated protein band was observed. In contrast, the naked
7B2 antibody bands did not change during irradiation (Figure
1b).
DLS measurements demonstrated that the irradiation of

PICs with 50 J/cm2 yielded different types of aggregation, with
significant changes with regard to the molecule’s average size
(hydrodynamic radius, Rh), shape, and solubility, while 7B2
showed preservation. Interestingly, the irradiated 7B2-IR700
showed different types of aggregation in comparison to the
irradiated 7B2-porphyrin (Figure 1c). Indirect ELISA showed
that the 7B2-based PICs lost their binding ability to the gp41
after irradiation with 50 J/cm2, while the irradiated 7B2 MAb
showed preserved binding ability (Figure 2). The results
signify that the excited PSs may destroy the structure of the
antibodies and the binding ability of PICs.
2.2. Singlet Oxygen Generation. We studied photo-

bleaching of ABDA by singlet oxygen (1O2) generated during
irradiation of PSs and PICs in the media with no applying cells,

as a function of continuous 380−780 nm irradiation times at a
power density of 30 mW/cm2 in water solution. ABDA rapidly
and quantitatively reacts with 1O2, resulting in the loss of
absorbance intensity of ABDA at 400 nm.
First, singlet oxygen generation by porphyrin azide was

compared before and after conjugation, with a 4× serial
concentration of porphyrin azide (156, 625, and 2500 nM) and
625 nM 7B2-porphyrin DAR4 (containing 2500 nM porphyrin
in the interaction with 625 nM antibody). The changes in
ABDA absorption at 400 nm were measured as a function of
irradiation time (0−50 min) on the generation of singlet
oxygen by porphyrin azide in comparison to porphyrin−
antibody. The results show that porphyrin’s ability to produce
singlet oxygen has decreased after conjugation due to lower
availability of oxygen in the media28 (Figure 3a).
Afterward, singlet oxygen generation by porphyrin-7B2 and

IR700-PICs was compared using an irradiation time of 50 min.
Porphyrin-7B2 (DAR of 4) showed more singlet oxygen
generation than IR700-7B2 (DAR of 2) but less than IR700-
PICs (DARs of 3 and 4). In the presence of 0.01% sodium
azide, the generated singlet oxygen was quenched. The
controls were without PIC or with naked 7B2 antibody
(controls) (Figure 3b). UV−vis absorbance spectra demon-
strated photobleaching of ABDA upon 40 min irradiation in
the presence of PICs. Interestingly, the absorption band of
porphyrin was quenched during irradiation due to the
photodegradation. In contrast, the absorption band of IR700
was preserved (Figure 3c). The controls include 7B2 and
double-distilled (DD) water (n = 3).

2.3. Phototoxicity Based on the PIC Localization
Using FACS and Two-Photon Microscopy. We studied the
singlet oxygen-induced phototoxicity based on the PIC
localization to investigate whether the singlet oxygen and
physical changes in the antibody on the membrane are
responsible for the cytotoxicity induced by PIT. Three models
of PIC localization included the internalized PICs and two
membrane-binding models irradiated in the presence and
absence of sodium azide as a 1O2 quencher (Figures 4 and S1).
A parallel study was performed on control 293T cells (Figure
S2). The hypothesis is that the azide not only prevents

Figure 2. Study of the effect of irradiation on the binding ability of PICs. ELISA plates were coated with gp41 antigen, as a peptide representing
7B2’s epitope. PICs were kept in the dark or irradiated with 50 J/cm2, before incubation with gp41. The irradiation of PICs resulted in complete
loss of binding ability, while naked 7B2 antibody retained the binding ability. Mouse IgG1 Ab was used as an isotype control. Data are mean ±
SEM (n = 2) with two individual experiments.
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antibody internalization due to the cytostatic effect but also
inhibits the singlet oxygen-induced cell death. In this study, to
avoid unwanted cell death due to the toxicity of azide,29 we
applied the minimum concentration of sodium azide (1.5 mM)
with efficacy for 1O2 quenching (Figure 4). This concentration
differs with the applied concentrations ([NaN3] = 10 or 50
mM) in the studies published elsewhere.28,30

Flow cytometric analysis demonstrated the percentage of cell
death treated by 7B2 MAb or PICs. PIC-internalized model
contains both intracellular and extracellular PICs, which can
kill the cells via two mechanisms of apoptosis and membrane-
damage necrosis. However, IR700-7B2 with a DAR of 3
showed more cytotoxicity than porphyrin-7B2. In the PIC
membrane-localized model, porphyrin-7B2, IR700-7B2 DARs
2 and 3 showed 40%, 48%, and 51% cell death, although this
cytotoxicity was inhibited by sodium azide due to the
quenching of singlet oxygen (red arrows in Figure 4a). Parallel
experiments with IR700-7B2 also showed cytotoxicity
inhibition by sodium azide. Therefore, the presence of PICs

on the cell membrane was sufficient to kill cells through singlet
oxygen generation (which was confirmed by preventing cell
death via quenching of singlet oxygen by azide). No significant
cell death was observed for transfected cells treated by isotype
controls or 293T control cells treated by PICs. These
observations signify the role of singlet oxygen in the physical
changes of the PIC−antigen complex on the cell membrane,
resulting in membrane damage and cell necrosis. This kind of
singlet oxygen-induced cell death is independent of the type of
PSs (type I or II) or the charge of PSs (cationic porphyrin or
anionic IR700), as the PSs are conjugated to the antibody.
This also suggests a different mechanism for PIT as compared
to conventional PDTs that depend on particular PSs and
production of type I radicals or type II singlet oxygen.31

Live two-photon (2P) microscopy was performed to
visualize the cellular binding locations of the porphyrin-7B2
during 2P irradiation at 800 nm. The cells were incubated with
7B2-porphyrin in PBA to block internalization (Figure 5a). In
the absence of azide (Figure 5b, orange curve), the presence of

Figure 3. Study of singlet oxygen generation by PSs and PICs, in media with no applying cells, as a function of continuous 380−780 nm irradiation
times. (a) Comparison of singlet oxygen production between a 4× serial concentration of porphyrin azide (156, 625, and 2500 nM) and 625 nM
7B2-porphyrin DAR4 (containing 2500 nM porphyrin in the interaction with 625 nM antibody). The graph shows that the ability of porphyrin to
produce singlet oxygen has decreased after conjugation. The changes in ABDA absorption at 400 nm were measured as a function of irradiation
time (0−50 min) on the generation of singlet oxygen by porphyrin azide in comparison to porphyrin−antibody (n = 3). (b) The changes in ABDA
absorption at 400 nm during 50 min irradiation due to singlet oxygen generation by porphyrin-7B2 and IR700-7B2. IR700-PIC with DAR of 3
produced more singlet oxygen than the porphyrin-PIC (DAR: 4) in the aqueous solution. Singlet oxygen generation by PICs was quenched in the
presence of 0.01% sodium azide. Data are mean ± SEM (n = 3) with two individual experiments. The controls include 7B2 and DD water (n = 3).
(c) Photobleaching of UV−vis absorbance spectra of ABDA upon 40 min irradiation in the presence of PICs. The extra absorption bands are due
to either IR700 or porphyrin, as the absorption band of porphyrin was quenched during irradiation, while the IR700 was preserved. The controls
include 7B2 and DD water (n = 3).

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c01721
ACS Omega XXXX, XXX, XXX−XXX

D

https://pubs.acs.org/doi/10.1021/acsomega.1c01721?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c01721?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c01721?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c01721?fig=fig3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c01721?rel=cite-as&ref=PDF&jav=VoR


porphyrin-7B2 on the cell membrane was sufficient to damage
the membrane, causing the internalization of porphyrin-7B2 as
well as FITC secondary antibody after 10 min irradiation and
inducing necrotic signs such as cellular swelling and bleb
formation following 30 min irradiation (Figure 5c). In
agreement with the singlet oxygen-induced phototoxicity
results (Figure 4), neither membrane damage nor internal-
ization was observed during irradiation in the presence of azide
as a 1O2 quencher. The mirror controls in darkness and 7B2
antibody alone did not show a significant percentage of cell
death (Figure 5c).
We have shown before that the HIV ITs may kill the

infected cells, with only neutralizing effect on the HIV, as the
ITs need to internalize to kill the target via apoptosis.15,17,32

Herein, we investigate whether the aforementioned PICs might
cause necrotic cell death without internalization and whether
this may lead to the potential ability of the PICs to destroy the
HIV as well.
2.4. Viral Photoinactivation. Virus photoinactivation of

the PICs was studied using two HIV-1 strains, X4 HIV-1 NL4-
3 and JR-CSF virus, that utilize the CXCR4 coreceptor on
Jurkat cells and CCR5 coreceptor on C8166.R5 cells,
respectively. These CD4+ T-cell lines not only differ in cell
surface expression of coreceptors but also in their permissive-
ness for infection.33 The qPCR assay (Figure 6a,b) and p24
antigen ELISA assay (Figure S3) were done using less

permissive Jurkat cells and high permissive C8166.R5 cells,
respectively.
In the first study, treating the X4 NL4-3 virus with PIT at

500 nM of either PSs or PICs demonstrated undetectable
levels of viral RNA load (log10 copies/mL) (Figure 6a) and
proviral DNA load (HIV DNA copies/100 cell) in each region
of HIV-1 LTR (Figure 6b). The results of PIT treated with
non-neutralizing 7B2 antibody with 0.95 copies/mL RNA virus
showed a significant decrease in viral replication, but this was
still detectable, compared to the irradiated virus-only with 2.34
copies/mL. PIT-treated virus by porphyrin isotype showed
about 10% decrease in viral load compared to isotype control,
due to the singlet oxygen generation nearby (but not bind to)
virion.34 In the dark plate, samples treated with 7B2 MAb or
PICs showed some decrease in the viral load due to the non-
neutralizing binding of the antibody on the gp41 of the virus,27

while PSs did not show virus inactivity in the absence of light
(Figure 6a).
The morphology of untreated and PIT-treated X4 NL4-3

virus was examined using transmission electron microscopy
(TEM). There were no differences in viral morphology
between untreated virions or light and dark controls (Figure
6c). In contrast to the controls, virions irradiated with PICs or
PSs showed different morphological changes depending upon
the treatment type. The virions irradiated with 500 nM of
IR700 dye showed multiple valence particle agglomerates. In
contrast, the other PIT-treated samples showed the main-
tenance of membrane structural integrity or partially destroyed
membranes with no agglomeration (Figure 6d). No change
was observed in the level of surface glycoproteins. Despite
virus inactivation by PIT, TEM images revealed minor
membrane damages with no virion disintegration, presumably
due to the oxidization of viral surface glycoproteins by singlet
oxygen generation nearby the virus envelope (Figure 6d).34

In the second study using JR-CSF virus, the results of p24
ELISA were in agreement with HIV RNA viral load results
from the first study. In the irradiated plate, the results for PIC-
treated samples showed a significant decrease in p24
production, in comparison to the mirror samples in darkness.
In the dark plate, the samples treated with 7B2 MAb or PS
antibodies showed some decline in p24 production, as 7B2
MAb binds HIV-1 Env but fails to neutralize the virus
completely. On day 3, irradiation with 20 J/cm2 of light (380−
780 nm) on the untreated viruses has an inhibition effect on
the transfection (Figure S3a). However, this is not considered
a long-term inhibition as the viral load increases for the
irradiated viruses on day 4 compared to the untreated viruses
in darkness. The results revealed that the maximum photo-
inactivity was achieved only when HIV-1 strain JR-CSF virus
was treated with PIC and exposed to light (Figure S3b).
Therefore, we showed that neither X4 HIV-1 NL4-3 nor JR-

CSF virus could infect the target cells after PDT with PICs or
PSs, demonstrating that the virus inactivity is neither
dependent on the PS type (cationic and anionic) nor
dependent on the viral internalization. Current limitations in
microscopic studies make it difficult to visualize molecular
changes on the HIV envelope. We suggest further studies using
advanced microscopy to understand the role of ROS-
dependent toxicity in hypoxic conditions,34 as well as the
photochemical reaction of PSs alone35−37 and in the PS−
antibody structure21,38 in virus inactivation.
As a scenario to obtain the HIV cure, we previously studied

ART-suppressed individuals associated with latency reversal

Figure 4. (a) Schematic picture depicts three models of PIC
localization on the HIV Env-transfected 293T cell membrane or
internalized. The irradiation was applied in the presence or absence of
sodium azide as a 1O2 quencher. The controls include unstained cells,
the cells incubated with naked 7B2 antibody, mouse IgG1 isotype
control, and porphyrin isotype. Parallel studies were performed on the
cells in darkness (b) and control 293T cells (Figure S2). Red arrows
indicate that the cell death was inhibited due to quenching of singlet
oxygen by azide, indicating that the presence of PICs on the cell
membrane is sufficient to kill the cells by singlet oxygen generation.
All PIT treatments on transfected cells were in the presence of 5 μg/
mL soluble CD4 (n = 3).
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inhibitors.39,40 The long-term ART sometimes poses harm to
human health due to the toxicity of drugs that may inhibit
proteases,41 some human polymerases, or even disrupt the
respiratory cell cycle.42 PIT is potentially less toxic and may
add potency and increase the genetic barrier of current ART
when used in association with currently used drugs. If proven
effective in vivo, PIT associated with ART may be used with a
lower number of antiretroviral drugs to decrease the long-term
toxicity of these drugs. However, one unknown issue about
PIT is the emergency of virus or cell resistance, a paradigm of
antiretroviral treatment. The use of PIT and ART, which may
decrease HIV replication substantially, might mitigate the risk
of PIT resistance.

3. CONCLUSIONS

HIV-infected cells persist and are cleared from the body
extremely slowly, despite decades of ART on a life-long basis,1

preventing the complete elimination of HIV in a person’s
lifetime. Meanwhile, HIV drug resistance to ART is a serious
threat to the global scale-up of HIV treatment.3 Several IT
strategies, using armed antibodies specific to virus Env, have
been investigated to activate the apoptotic pathway to kill
latently infected cells.12,43 But these ITs are dependent on cell
internalization and not able to destroy the HIV virus.
This study showed that the excited PSs (porphyrin and

IR700) within the PS−antibody construct may cause antibody
aggregation. When PICs bound to HIV Env on the cell
membrane, the physical changes in the structure of irradiated
PS−antibody may damage the membrane and result in
necrotic cell death without internalization. We showed that
the singlet oxygen has a pivotal role in this reaction. This
finding persuaded us to study the possibility of destroying HIV
using PICs (graphical picture). Targeted phototoxicity on both
HIV strains and HIV-infected cells is a possible dual

combination for ART, including treatment for antiretroviral
drug-resistant HIV strains. More importantly, as specialized
noninvasive IT to kill HIV-infected cells and eradicate
persistent reservoirs of HIV infection and potentially destroy
HIV due to residual viral replication, PICs may constitute a
fundamental tool for HIV cure. This mechanism may mitigate
HIV-related microinflammation and/or obtain HIV remission
without antiretrovirals. Furthermore, these strategy’s results
can potentially translate to viral PIT against other enveloped
viruses with similar mechanisms of viral replication, such as
HBV and HTLV, which cause still incurable chronic infections.

4. MATERIALS AND METHODS

4.1. Chemical Reagents. All reagents are from Thermo-
Fisher Scientific (Waltham, MA, USA), unless otherwise
stated.

4.2. Cells and Viruses. 293T cell lines stably express clade
A clinical isolate 92UG037.8 gp160 as native gp120/
gp41trimers (293T/92UG).44 293T cells were used as
uninfected control cells. The transfected and nontransfected
293T cells were maintained at 37 °C in 5% CO2 in DMEM
medium with 10% fetal bovine serum (Gibco Invitrogen,
Grand Island, NY, USA). In this paper, Env-transfected cells
refer to the 293T cells stably transfected with 92UG037.8
gp160.
Highly permissive C8166.R5 cells are CD4+ lymphoma cells

that have been transfected to express CCR5 coreceptors.33

Jurkat cell line (Clone E6-1) are CD4+ human T lymphocyte
cells with cell surface expression of CXCR4 coreceptors. The
cells were kindly provided by Dr. David Kabat.45

HIV-1 JR-CSF virus is a group M, lab-adapted variant, which
utilizes CCR5 as a coreceptor.46 HIV1 NL4-3 is also a group
M variant but uses the CXCR4 as a coreceptor.17,47

Figure 5. (a) Schematic picture depicts the model of study for comparing the cell internalization of porphyrin−antibody during 2P irradiation in
the presence or absence of azide. (b and c) The cells were incubated with 7B2-porphyrin in PBA to block internalization. FITC anti-human IgG
secondary antibody was added to detect 7B2-porphyrin. After three washes with PBS, the cells were irradiated at 800 nm. In the absence of azide,
membrane damage and rapid internalization of porphyrin−antibody were observed in 10 min (b, orange curve), resulting in necrotic signs after 30
min irradiation (c). In contrast, neither membrane damage nor internalization was observed during 60 min irradiation in the presence of azide as a
1O2 quencher (b, green curve). The white bar indicates 10 μm.
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4.3. Antibodies. MAb 7B2 (Genbank accession nos.
JX188438 and JX188439) is a human IgG1 that binds HIV
gp41 at AA 598−604 (CSGKLIC) in the helix−loop−helix
region.24,48 MAb 7B2 is a non-neutralizing antibody that
recognizes both virus particles and infected cells. The following
isotype controls were used: Mouse IgG1 kappa Isotype
Control, clone P3.6.2.8.1 (eBioscience, Inc., San Diego, CA,
USA), and HY (Genbank accession nos. JX188440 and
JX188441), an affinity matured version of the anti-CD4
binding site Ab b12.49 MAbs were purified from hybridoma
supernatant on Protein A agarose beads (Invitrogen, Carlsbad,
CA, USA) and eluted with 0.1 M glycine, pH 2.5, immediately
neutralized, and dialyzed vs PBS. Two types of soluble CD4
were used to observe CD4-mediated effects;48 CD4-183
contains the first two domains of CD4, including the region
in domain 1 that binds the HIV coat protein gp120. CD4-IgG2
is a tetrameric fusion protein comprising human IgG2 in which
the Fv portions of both heavy and light chains have been
replaced by the V1 and V2 domains of human CD4. Goat anti-
human IgG (Invitrogen) was conjugated to either alkaline
phosphatase (AP) or fluorescein isothiocyanate (FITC).
4.4. Porphyrin−Antibody Conjugation by Click

Chemistry. Conjugation between azide porphyrin and 7B2
antibody or mouse IgG1 isotype control was carried out in two
steps: antibody functionalization and then click chemistry
conjugation. The process is a modification of our protocol
described previously.20,50,51

4.5. Conjugation and Optimization of IR700−Anti-
body by Lysine Modification. IRDye 700DX (IR700, LI-
COR Biosciences, Lincoln, NE, USA) was conjugated with
7B2 antibody via Lys modification through an N-hydrox-
ysuccinimide reactive group, according to the manufacturer’s
instructions.25 The process is a modification of our protocol
described previously.20

4.6. UV−Vis Spectroscopy. UV−vis spectroscopy was
used to determine protein concentrations and PS-to-antibody
ratios, first using a Nanodrop 1000 UV−visible spectropho-
tometer (ThermoFisher Scientific, Waltham, MA, USA) and
then a Varian Cary 100 Bio UV−visible spectrophotometer
(Varian, CA, USA) operating at 21 °C. A correction factor at
280 nm of 0.25 (at A335) was employed for pyridazinedione
scaffolds, as described elsewhere.52

4.7. Electrophoresis. Molecular size, purity, and accuracy
of the conjugation of products were determined before and
after irradiation with 50 J/cm2 using nonreducing glycine-SDS-
PAGE and then confirmed by microcapillary electrophoresis
(Agilent Bioanalyzer, GE Healthcare, Piscataway, NJ, USA),
following standard lab procedures.

4.8. ELISA. ELISAs were performed for Ag-binding
specificity analysis and titration of purified MAbs and PICs
in wells coated with gp41 antigen (1 μg/mL), as described
elsewhere.32 The gp41 antigen was a linear peptide HIV-1
consensus clade B sequence [LGIWGCSGKLICTT] repre-
senting the epitope of 7B2. Binding of antibody to the antigen

Figure 6. Effect of PICs on X4 HIV-1 NL4-3 virus. The virus stock was incubated with 500 nM of PICs, PSs, anti-gp41 (7B2) naked MAb, mouse
IgG1 isotype control, porphyrin isotype, and wells with no treatment (only virus). After irradiation, the Jurkat cells were infected with viruses. (a)
HIV-1 RNA load (log10 copies/mL) in each region of LTR from harvested supernatants on day 6. In the irradiated plate, the viral load was
undetectable in the samples treated with PICs or PSs. In the dark plate, the samples treated with naked 7B2 MAb or PS antibodies showed a
decrease in the viral load due to the non-neutralizing binding of 7B2 MAb on the gp41 of the virus. Data were subtracted from HIV stock (log10
copies/mL). Data are mean ± SEM (n = 2) for the supernatant of day 6. (b) Quantification of HIV-1 proviral DNA load (HIV DNA copies/100
cells) based on the protocol of Kumar for amplification of region LTR of the virus. Total HIV DNA includes stably integrated proviruses and
extrachromosomal HIV DNA forms. The results were in agreement with viral RNA load results. Data are mean ± SEM (n = 2) for the supernatant
of day 3. (c) TEM images of dark and irradiated controls revealed that the near-spherical enveloped virions look intact with distinct envelope. (d)
The morphology of the virions irradiated with naked 7B2 antibody showed no difference with the untreated controls. While the membrane of
virions inactivated with porphyrin, porphyrin−antibody, or IR700−antibody became partially destroyed, but their membranes appeared to maintain
structural integrity. PIT-treated virions with IR700 PS were mostly agglomerated.
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was detected with AP-conjugated secondary antibody (goat
anti-human IgG) (Zymed Laboratories, South San Francisco,
CA, USA). To study the effect of irradiation on the binding
ability of PICs, the ELISAs were performed in two models;
PICs were kept in the dark during the experiment as a mirror
control or irradiated with 50 J/cm2 before incubation with
gp41. Mouse IgG1 was used as an isotype control. Data are
reported as optical density at 405 nm and represent means of
triplicate values with three independent experiments.
4.9. Dynamic Light Scattering. Hydrodynamic radii,

electrophoretic mobility, zeta potential, and polydispersity of
naked antibody and PICs were measured before and after
conjugation, as well as PICs irradiated with 50 J/cm2. Samples
with 70 μL volume at 1 mg/mL in UV-transparent 96-well
plates were measured using a DLS Wyatt Möbius (Wyatt
Technologies, Dernbach, Germany) with incident light at 532
nm, at an angle of 163.5°. Samples were equilibrated at 25 ±
0.1 °C for 600 s before the measurements, and this
temperature was held constant throughout the experiments.
All samples were measured in triplicate with 10 acquisitions
and a 5 s acquisition time. The change in cumulant fitted
hydrodynamic radius in nanometers was monitored during the
storage period. The results were calculated using the Dynamics
7.1.7 software (Wyatt Technologies, Santa Barbara, CA, USA).
Previously, using an Agilent Technologies Cary 5000 Series
UV−vis−NIR spectrofluorimeter (Agilent Bioanalyzer, GE
Healthcare, Piscataway, NJ, USA), we showed the incident
laser beam at 532 nm is not within the fluorescent sample’s
(IR700-7B2 and porphyrin-7B2) band of excitation; as the
analysis would not be disrupted or tainted.27

4.10. Singlet Oxygen Generation in the Media. Singlet
oxygen generation was evaluated by photobleaching the
chemical probe 9,10-anthracenediyl-bis(methylene)dimalonic
acid (ABDA) (purchased from Sigma-Aldrich). The singlet
oxygen produced by a range of concentrations of PICs in 0.15
mM of the sodium salt of ABDA in water was thus determined.
PICs were incubated in the presence or absence of 0.01%
sodium azide. After time-controlled irradiation (380−750 nm)
by LED array (30 mW/cm2), the decrease in absorption at 400
nm (λmax of ABDA) as well as the UV−vis spectra of ABDA +
PIC was measured with an Agilent Technologies Cary Series
UV−vis−NIR spectrophotometer (Cary 5000). The experi-
ments were also carried out without photostimulation. A
control consisting of the ABDA solution without PICs
irradiated under the same conditions was analyzed in parallel.
4.11. Singlet Oxygen-Induced Phototoxicity by Flow

Cytometry. We studied the phototoxicity of PICs in three
models of PIC-localization: the internalized PICs and the
membrane-binding models in the presence and absence of
sodium azide as a 1O2 quencher. All PIT treatments were
performed in the presence of 5 μg/mL soluble CD4. Mouse
IgG1 in naked and porphyrin-conjugated forms were used as
isotype controls.
For the internalized model, the incubation and irradiation

were done in absence of sodium azide. Env-transfected 293T
cells were incubated with 10 μg/mL MAbs/PICs for 1 h,
washed twice to remove unbound PICs, and then irradiated in
DMEM media without phenol red with 20 J/cm2 of light
(380−780 nm) by a homemade LED array (30 mW/cm2).
For the membrane-binding models, to block the PIC

internalization, the cells were incubated with PBA (PBS/1%
BSA/0.01% sodium azide) for 30 min and then treated with 10
μg/mL MAbs/PICs for 1 h in RT. The cells were washed twice

to remove unbound PICs, irradiated with 20 J/cm2 of light
(380−780 nm) in the presence and absence of sodium azide,
as a singlet oxygen quencher.
Fifteen minutes before flow cytometry measurement, the

cells were stained with 2 μg/mL of propidium iodide (Life
Technologies, Carlsbad, CA, USA) as an indicator of cell
death. PIT-treated cells (10 000) were studied on Accuri C6
(Accuri Cytometers, Ann Arbor, MI, USA), analyzed by Flow-
Jo software version 7.5 (Tree Star, Inc., Ashland, OR, USA).
Mean fluorescence of the gated cell population labeled with
immunoconjugate was calculated in relation to the mean
fluorescence of cells labeled with MAb 7B2. The process of
preparing models based on the PIC-localization is described in
a table in Figure S1. A paralleled study was performed on
control 293T cells (Figure S2).

4.12. Live Imaging by 2P Confocal Microscopy. First,
the cells were incubated with PBS/BSA/0.01% sodium azide
(PBA) to inhibit any PIC internalization. Afterward, the cells
were treated with 10 μg/mL porphyrin-7B2 and 5 μg/mL
soluble CD4 for 1 h in PBA, then washed, and stained with
FITC-conjugated goat anti-human IgG secondary antibody (2
μg/mL) for 1 h in PBA. The cells were irradiated by 2P
excitation at 800 nm (2.2 mW/cm), the presence or absence of
sodium azide (PBA or PBS) (see schematic picture in Figure
5a).
Live cell imaging was performed using a Zeiss LSM 780

confocal inverted microscope (Zeiss, Jena, Germany) with a
Coherent Chameleon laser (Ti:sapphire, Coherent, Santa
Clara, CA, USA) as a source for 2P excitation at 800 nm.
The images were obtained by the average of two scans, and no
appreciable variation was observed. Live imaging was
performed based on the time-series experiment consisting of
image sequences with time intervals of 30 s, and the nominal
light dose delivered for each image pixel was 1 J/cm2. The
spatial resolution was approximately 250 nm (considering the
numerical aperture and the wavelength of excitation), as
described previously.53

4.13. HIV Photoinactivity. Two HIV-1 strains, X4 HIV-1
NL4-3 and JR-CSF virus, were used to study the photo-
inactivity assay on Jurkat cells and C8166.R5 cells, respectively.
Virus stocks of X4 HIV-1 NL4-3 or JR-CSF virus were

diluted in 100 μL phenol-free RPMI without FCS in triplicate
wells, then were treated at 37 °C for 45 min with 500 nM of
PICs, PSs, anti-gp41 (7B2) naked MAb, mouse isotype
controls in naked and porphyrin-conjugated forms, and three
wells with no treatment. A mirror plate was incubated and kept
in darkness, as not-irradiated control. The plate was irradiated
with 20 J/cm2 of light (380−780 nm) by a custom-made LED
array (30 mW/cm2) in two equal doses separated by 10 min, as
described elsewhere.49,50 Afterward, 120 μL RPMI media with
20% FCS was added to each well, and the plates were returned
to the incubator. At 30 min after irradiation, a serial
concentration of Jurkat cells or C8166.R5 cells with the
order of 107, 106, and 105 cell/mL were added into the
triplicate wells containing 500 μL final volume of irradiated X4
HIV-1 NL4-3 or JR-CSF virus, respectively. This order of final
concentrations was representing the specific multiplicity of
infection (MOI) of 0.1, 1, and 10. The cells were incubated for
6 days, while 50 μL of sample was harvested per day, and
centrifuged. The pellets of Jurkat cells were harvested for
proviral DNA qPCR, and the supernatants were harvested for
viral RNA. In contrast, the supernatants of C8166.R5 cells
were harvested for p24 antigen assay.
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4.14. Quantification of HIV-1 Viral RNA. Total HIV-1
RNA from the supernatant of samples in day 6 with MOI of 1
was extracted and purified using the RNeasy Lipid Tissue Mini
Kit, according to the manufacturer’s (QIAGEN) protocol.
HIV-1 viral load measurement was carried out using one-step
reverse transcriptase (RT) and real-time PCR in a single buffer
system using the Abbott RealTime HIV-1 on the automated
m2000, over the dynamic range of detection of 40 to
10 000 000 copies/mL (Abbott, IL, USA). The protocol was
followed as described by the vendor (Applied Biosystems) for
the TaqMan one-step RT and PCR Master Mix Reagents Kit
(Thermo Fisher Scientific, MA, USA).54

4.15. Quantification of HIV-1 Proviral DNA by the
TaqMan Real-Time PCR Assay. The number of Jurkat cells
containing proviral DNA of HIV-1 was measured using qPCR.
The harvested samples of day 3 were centrifuged and the
pellets were separated. The quantification was done based on
two distinct previously published protocols55,56 for amplifica-
tion of proviral DNA of HIV-1 (region LTR) as well as the
amplification of CCR5 to measure the total cells.
4.16. Electron Microscopy. TEM analysis was conducted

to assess the morphology of untreated and PIT-treated HIV-1
NL4-3 virus, as described in Section 4.13. Then, the residual
virions were fixed using 0.1% paraformaldehyde for 15 min at
4°C. Samples were subjected to negative staining as previously
described57 with a few modifications. The uranyl acetate grids
were placed onto 30 μL of samples for 10 min. Staining was
carried out by 2% potassium phosphotungstate (pH 7.2). The
grids were observed under a JEOL TEM (model JEM1011)
(JEOL/Massachusetts/USA) operating at 80 kV. Images were
recorded with a charged-couple device camera (model 785
ES1000W, Gatan, USA) and the Gatan version 1.6 program.
4.17. Statistical Analyses. Statistical analyses were

performed using GraphPad Prism version 8.0 (GraphPad
Software, San Diego, CA, USA). Data are shown as mean and
SEM of the indicated number of replicate values. If no error
bar appears, the error bars are smaller than, and obscured by,
the symbol. The method for statistical comparison is the
unpaired two-tailed Student t test, unless specifically indicated
otherwise.
4.18. Data Availability. All data generated or analyzed

during this study are included in this article and its Supporting
Information.
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E. R.; Guimaraẽs, F. E. G.; Espirito Santo, M. C.; McQueen-Mason,
S.; Bruce, N. C.; Polikarpov, I. Targeted Metatranscriptomics of
Compost-Derived Consortia Reveals a GH11 Exerting an Unusual
Exo-1,4-β-Xylanase Activity. Biotechnol. Biofuels 2017, 10, 1−17.
(54) Marinho, R. D. S. S.; Sanz Duro, R. L.; Santos, G. L.; Hunter, J.;
Teles, M. D. A. R.; Brustulin, R.; De Padua Milagres, F. A.; Sabino, E.
C.; Diaz, R. S.; Komninakis, S. V. Detection of Coinfection with
Chikungunya Virus and Dengue Virus Serotype 2 in Serum Samples
of Patients in State of Tocantins, Brazil. J. Infect. Public Health 2020,
13, 724−729.
(55) Komninakis, S. V.; Santos, D. E. M.; Santos, C.; Oliveros, M. P.
R.; Sanabani, S.; Diaz, R. S. HIV-1 Proviral DNA Loads (as
Determined by Quantitative PCR) in Patients Subjected to Structured
Treatment Interruption after Antiretroviral Therapy Failure. J. Clin.
Microbiol. 2012, 50, 2132−2133.
(56) Kumar, A. M.; Fernandez, J. B.; Singer, E. J.; Commins, D.;
Waldrop-Valverde, D.; Ownby, R. L.; Kumar, M. Human
Immunodeficiency Virus Type 1 in the Central Nervous System
Leads to Decreased Dopamine in Different Regions of Postmortem
Human Brains. J. Neurovirol. 2009, 15, 257−274.
(57) Brenner, S.; Horne, R. A Negative Staining Method For High
Resolution Electron Microscopy Of Viruses. Biochim. Biophys. Acta
1959, 34, 103−110.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c01721
ACS Omega XXXX, XXX, XXX−XXX

K

https://doi.org/10.1039/b307576c
https://doi.org/10.1039/b307576c
https://doi.org/10.1002/cplu.202000338
https://doi.org/10.1002/cplu.202000338
https://doi.org/10.1002/cplu.202000338
https://doi.org/10.1002/cplu.202000338
https://doi.org/10.1021/ol3023424?ref=pdf
https://doi.org/10.1021/ol3023424?ref=pdf
https://doi.org/10.1039/b618478b
https://doi.org/10.1039/b618478b
https://doi.org/10.1039/b618478b
https://doi.org/10.1021/acs.accounts.9b00273?ref=pdf
https://doi.org/10.1021/acs.accounts.9b00273?ref=pdf
https://doi.org/10.1016/j.ebiom.2017.08.007
https://doi.org/10.1016/j.ebiom.2017.08.007
https://doi.org/10.1016/j.ebiom.2017.08.007
https://doi.org/10.1016/j.bjid.2020.01.005
https://doi.org/10.1016/j.bjid.2020.01.005
https://doi.org/10.1016/j.bjid.2020.01.005
https://doi.org/10.1007/s40121-018-0201-6
https://doi.org/10.1007/s40121-018-0201-6
https://doi.org/10.1007/s40121-018-0201-6
https://doi.org/10.1073/pnas.1421733112
https://doi.org/10.1073/pnas.1421733112
https://doi.org/10.1073/pnas.1421733112
https://doi.org/10.1099/jgv.0.000402
https://doi.org/10.1099/jgv.0.000402
https://doi.org/10.1099/jgv.0.000402
https://doi.org/10.1073/pnas.1422269112
https://doi.org/10.1073/pnas.1422269112
https://doi.org/10.1073/pnas.1422269112
https://doi.org/10.1128/jvi.76.21.11133-11138.2002
https://doi.org/10.1128/jvi.76.21.11133-11138.2002
https://doi.org/10.1128/jvi.76.21.11133-11138.2002
https://doi.org/10.1126/science.3646751
https://doi.org/10.1126/science.3646751
https://doi.org/10.1093/infdis/162.6.1233
https://doi.org/10.1093/infdis/162.6.1233
https://doi.org/10.1093/infdis/162.6.1233
https://doi.org/10.1073/pnas.90.1.332
https://doi.org/10.1073/pnas.90.1.332
https://doi.org/10.1073/pnas.90.1.332
https://doi.org/10.1074/jbc.M205456200
https://doi.org/10.1074/jbc.M205456200
https://doi.org/10.1074/jbc.M205456200
https://doi.org/10.1039/c7ob03138f
https://doi.org/10.1039/c7ob03138f
https://doi.org/10.1039/c7ob03138f
https://doi.org/10.1016/j.tetlet.2013.04.088
https://doi.org/10.1016/j.tetlet.2013.04.088
https://doi.org/10.1016/j.tetlet.2013.04.088
https://doi.org/10.1039/c7ra00788d
https://doi.org/10.1039/c7ra00788d
https://doi.org/10.1039/c7ra00788d
https://doi.org/10.1186/s13068-017-0944-4
https://doi.org/10.1186/s13068-017-0944-4
https://doi.org/10.1186/s13068-017-0944-4
https://doi.org/10.1016/j.jiph.2020.02.034
https://doi.org/10.1016/j.jiph.2020.02.034
https://doi.org/10.1016/j.jiph.2020.02.034
https://doi.org/10.1128/JCM.00393-12
https://doi.org/10.1128/JCM.00393-12
https://doi.org/10.1128/JCM.00393-12
https://doi.org/10.1080/13550280902973952
https://doi.org/10.1080/13550280902973952
https://doi.org/10.1080/13550280902973952
https://doi.org/10.1080/13550280902973952
https://doi.org/10.1016/0006-3002(59)90237-9
https://doi.org/10.1016/0006-3002(59)90237-9
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c01721?rel=cite-as&ref=PDF&jav=VoR

