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ABSTRACT Application of the combination antiretroviral therapy (cART) has reduced
AIDS to a manageable chronic infectious disease. However, HIV/AIDS cannot be cured
because of the presence of latent reservoirs, thus calling for the development of antire-
troviral drugs that can eliminate latency-reversing agent (LRA)-activated HIV-1 virions
and latent cells. In this study, we conjugated a small-molecule toxin, DM1, to a gp120-
binding protein, mD1.22, a mutated CD4 domain I, and found that mD1.22-DM1 could
inactivate HIV-1 virions. However, it could not kill LRA-activated latent cells. We then
designed and constructed a dual-targeting protein, DL35D, by linking mD1.22 and the
single-chain variable fragment (scFv) of a gp41 NHR-specific antibody, D5, with a 35-mer
linker. Subsequently, we conjugated DM1 to DL35D and found that DL35D-DM1 could
inhibit HIV-1 infection, inactivate HIV-1 virions, kill HIV-1-infected cells and LRA-reacti-
vated latent cells, suggesting that this toxin-conjugated dual-targeting recombinant pro-
tein is a promising candidate for further development as a novel antiviral drug with
potential for HIV functional cure.

IMPORTANCE Although HIV-1 replication was successfully controlled by antiretroviral
drugs, cure strategy for HIV-1/AIDS is still lacking. The long-lived HIV reservoir is con-
sidered one of the major obstacles to an HIV/AIDS cure. CD4-PE40 was the first drug
that designed to kill HIV-1 infected cells; however, lower efficiency and high immu-
nogenicity have limited its further development. In this study, we designed several
dual-targeting recombinant proteins DLDs by linking gp120-binding protein mD1.22
and gp41-binding antibody D5 scFv with different length of linkers. Among them,
DL35D with 35-mer linker showed the best anti-HIV-1 activity. We further conjugated
the DM1 toxin to DL35D to produce DL35D-DM1, which maintained DL35D's inhibi-
tory and inactivation activity against cell-free HIV-1 strains. Most importantly, DL35D-
DM1 could specifically kill HIV-1-infected cells and LRA-reactivated-latent infected
cells, suggesting that it is a proper candidate for development as a novel antiviral
drug for use in combination with an LRA for HIV functional cure.
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Multiple antiviral drugs against HIV-1 that caused AIDS (1) have been developed
and approved (2), including reverse transcriptase inhibitors, protease inhibitors,

and entry inhibitors. The administration of combination antiretroviral therapy (cART)
has resulted in significant reduction of morbidity and mortality. However, no approved
therapeutics can entirely eliminate HIV-1 infection since HIV-1 is able to integrate into
the host cell genome and establish a latent HIV-1 reservoir, the main barrier to an HIV
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cure (2, 3). This calls for the development of novel antivirals to eliminate the latency-
reversing agent (LRA)-activated HIV virions and latently HIV-infected cells.

To achieve a cure, or functional cure, of HIV/AIDS, some research groups have pro-
posed immune-based strategies, antibodies, gene editing, T-cell vaccine, and immuno-
toxin (4). One approach, called “shock and kill,” uses an LRA to activate the virions in
the latently infected cells, which are then expected to be killed by the patient's
immune system (5). However, clinical trials revealed that treatment with LRA could,
indeed, activate viral RNA expression, but still not eliminate the reactivated HIV-
infected cells by resort of the immune system (6). In addition, reactivated latent-
infected cells in patients receiving antiretroviral therapy were rarely cleared by apopto-
sis (7). Commonly, no viral proteins are expressed on HIV latent-infected cells (5). Using
LRA reactivation, newly expressed Env on the cell surface could be recognized by the
human immune system, and it could also act as the target of antiviral drugs.

The envelope protein of HIV-1 is a complex of gp120 and gp41. To infect the target
cell, gp120 binds to cell receptor CD4 molecule and co-receptor CXCR4 or CCR5, induc-
ing conformational change of gp120. Following this, the fusion peptide (FP) of gp41
inserts into target cells, and 3 NHR molecules interact with each other to form an inner
NHR-trimeric helix. Then, 3 CHR molecules bind to the NHR trimer to form a six-helix
bundle (6-HB), which brings viral and target cell membranes into close proximity for
fusion (8–10) (Fig. 1Aa). Based on the CD4 receptor, a recombinant protein, CD4-PE40,
which consists of the first 178 amino acids of CD4 molecules and domains II and III of
pseudomonas exotoxin A (PE40) (11), displayed specific toxicity to HIV-1-infected cells
(11, 12). However, it was revealed that the CD4 molecule in the recombinant protein
could have adverse effects on the otherwise normally functioning immune system,
potentially enhancing HIV-1 infection in CD4-CCR51 cells (13). ACH-2 cells, a cellular
model used to study HIV latency, derived from an HIV-infected A3.01 (CD41 T) cells,
could be reactivated with latent-reversing agents (14, 15). In a previous report, the
number of HIV-1 Env-positive ACH-2 cells is correlated with the concentration of LRA
tested (16). Consequently, it is unknown whether CD4-PE40 could kill the ACH-2 cells
that are not fully reactivated by LRA. Moreover, CD4-PE40 treatment showed no reduc-
tion of HIV-1 RNA load in plasma and provirus level in PBMCs (17). It could also induce
anti-PE antibodies in some patients (18). Therefore, it is essential to develop an efficient
toxin-conjugated protein with better specificity and safety than CD4-PE40 to finally
achieve an HIV-1 functional cure.

Accordingly, in this study, we first constructed a toxin-conjugated recombinant pro-
tein, mD1.22-DM1 (Fig. 1Ab), which consists of mD1.22 (a modified single CD4 do-
main), SMCC (an uncleavable linker), and DM1 (a potent microtubule-disrupting agent
that can promote apoptosis by interfering with mitosis [19]). The mD1.22, a cavity-
altered CD4 domain I with high affinity for gp120, good stability and solubility, exhibits
broad and potent neutralizing activity against HIV-1 infection (20). SMCC-DM1 was
conjugated to an HER2 antibody to generate an anticancer drug, Emtansine (formerly
called Trastuzumab-DM1), which has been approved for clinical treatment of invasive
HER2-positive breast cancer (21). We found that mD1.22-DM1 could inactivate HIV-1 vi-
rions, but not LRA-activated latent cells.

Our previous study has shown that combining mD1.22 with a gp41 NHR-binding
antibody D5 single-chain variable fragment (scFv) exhibits synergistic anti-HIV-1 effect
and that D5 scFv could enhance mD1.22-mediated HIV-1 inactivation (22). Based on
these findings, we designed and built a dual-targeting protein, DL35D, by linking
mD1.22 and D5 scFv with a 35-mer linker. We next conjugated DM1 to DL35D to pro-
duce a toxin-conjugated dual-targeting protein, DL35D-DM1 (Fig. 1Ac). We found that
DL35D-DM1 could effectively inhibit HIV-1 infection, inactivate HIV-1 virions, and kill
HIV-1-infected cells and LRA-reactivated latent cells, suggesting that it is a promising
candidate for development as a novel antiviral drug with potential as an HIV functional
cure.
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FIG 1 Activity of toxin-conjugated protein mD1.22-DM1 in vitro. (A) Cartoon of the membrane fusion process and the mechanisms of mD1.22-DM1 and
DLD-DM1. (a) After HIV-1 gp120 binds to the receptor CD4 molecule and then a co-receptor, CXCR4 or/CCR5, on the target cell, serial conformational
changes occur in gp120 and gp41, including the exposure of the gp41 NHR and formation of NHR-trimer, which then interacts with 3 CHR molecules to
form a 6-HB, resulting in virus-cell membrane fusion. (b) mD1.22-DM1 binds to gp120 through its the mD1.22 portion and then delivers DM1 to the target
cell. (c) DLD-DM1 binds to gp120 through its mD1.22 portion and gp41 NHR domain via its D5 scFv portion, resulting in the release of DM1 to the target
cell. (B) Analysis of mD1.22 and mD1.22-DM1 by SDS-PAGE (a) and Western blot using a rabbit anti-CD4 polyclonal antibody (b). (C) Detection of the
binding activity of mD1.22-DM1 to HIV-1 gp120 by ELISA. The protein mD1.22 and toxin-conjugated protein mD1.22-DM1 were coated onto the wells of a
96-well plate at 5 mg/ml, respectively, followed by addition of gp120 at 3 mg/ml. The binding activity was determined by using mouse anti-gp120 sera. (D)
Inhibitory activity of mD1.22-DM1 against infection of HIV-1 laboratory-adapted strains IIIB (a) and Bal (b). The red, green, and blue curves represent the
HIV-1 inhibitory activity of mD1.22-DM1, SMCC-DM1, and T20 peptide, respectively. (E) The inactivation activity of mD1.22-DM1 against HIV-1 laboratory-adapted
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RESULTS
mD1.22-DM1 exhibits inhibitory and inactivation activity against divergent

HIV-1 strains, but no killing effect on LRA-reactivated latent-infected cells. The rec-
ognition of gp120 by CD4 and CXCR4 or CCR5 triggers virus fusion and entry into the
target cell (Fig. 1Aa). An engineered cavity-altered single-domain CD4 protein, mD1.22,
with high gp120-binding affinity, is a potent HIV-1 entry inhibitor (20). After the
mD1.22 component in mD1.22-DM1 binds to gp120, we propose that its DM1 compo-
nent could be delivered to the cells to disrupt the microtube system (23–25) (Fig. 1Ab).
Therefore, we expressed and purified mD1.22 protein and then conjugated DM1 to it
to form an mD1.22-DM1 conjugate. According to SDS-PAGE, the position of mD1.22-
DM1 in the gel was slightly higher than that of mD1.22 (Fig. 1Ba), suggesting that
some DM1 molecules were conjugated to mD1.22. In Western blot, both mD1.22 and
mD1.22-DM1 were recognized by rabbit anti-human CD4 polyclonal antibody
(Fig. 1Bb). We then conducted ELISA to determine whether mD1.22-DM1 could interact
with gp120. As shown in Fig. 1C, mD1.22-DM1 was, indeed, bind with HIV-1 gp120 as
strongly as mD1.22. Subsequently, we tested mD1.22-DM1 for its inhibitory activity
against infection of HIV-1 laboratory strain IIIB (X4) and Bal (R5). As shown in Fig. 1D,
mD1.22-DM1 displayed potent inhibitory activity against HIV-1 IIIB and Bal with the
half maximal inhibitory concentration (IC50) values of 23.98 and 9.77 nmol/liter, respec-
tively, which was more effective than the HIV-1 fusion inhibitory peptide T20 (IC50: 46
and 61 nmol/liter), while the control toxin molecule SMCC-DM1 did not inhibit HIV-1
infection at the concentration up to 67 nmol/liter. Our previous study showed that
mD1.22 could bind gp120 and inactivate laboratory-adapted and primary HIV-1 virions
(22). Similarly, mD1.22-DM1 also exhibited inactivation activity against cell-free HIV-1
IIIB and Bal particles with median effective concentration (EC50) values of 17.78 and
2.96 nmol/liter, respectively. In contrast, DM1 and T20 had no inactivation activity with
a concentration up to 500 nmol/liter (Fig. 1E). These results indicate that mD1.22-DM1
can efficiently inhibit HIV-1 infection and inactivate cell-free HIV-1 virions.

Next, we tested the killing effect of mD1.22-DM1 on LRA-reactivated latent ACH-2
cells using romidepsin as an LRA. It was reported that romidepsin, a histone deacety-
lase inhibitor (HDACi), could efficiently reactivate latent HIV-1 in vivo (26). It was also
reported that romidepsin could reactivate ACH-2 cells by inducing 54% of ACH-2 cells
expressing Env protein 24 h post-stimulation at the concentration of 3 nmol/liter (16).
Here, we found that romidepsin could significantly reactivate latent HIV-1 at the con-
centration of 5 nmol/liter, as shown by the increased expression of p24 in the cell
lysate (Fig. S1) and the enhanced expression of Env on the surface of ACH-2 cells
(Fig. 1F). Romidepsin induced about 40%, 37% and 1% of ACH-2 cells expressing Env
protein 12 h post-stimulation at the concentration of 10, 5 and 2.5 nmol/liter, respec-
tively (Fig. S2). We then used romidepsin to reactivate ACH-2 cells at the concentration
of 5 nmol/liter and found that mD1.22-DM1 exhibited no significant killing effect on
LRA-reactivated ACH-2 cells at the concentration up to 50 nmol/liter (Fig. 1G).
Therefore, when its target is the CD4-binding site on gp120, mD1.22-DM1 cannot kill
LRA-reactivated ACH-2 cells.

Construction, expression, and detection of the dual-targeting recombinant
protein. Since the NHR of gp41, exposed transiently during the membrane fusion pro-
cess, could serve as a conserved target for the development of HIV-1 entry inhibitors,
we linked the gp120-binding protein mD1.22 and a gp41-targeting single-chain frag-
ment (scFv) of an NHR-specific antibody D5 with a flexible linker (GGGGS)n, in which n
means 4, 5, 6, 7 or 8, to construct a dual-targeting recombinant protein, mD1.22-linker-

FIG 1 Legend (Continued)
strain IIIB (a) and Bal (b). The red, green, and blue curves represent the HIV-1 inactivation activity of mD1.22-DM1, SMCC-DM1, and T20 peptide, respectively. (F)
The proportion of gp120-positive ACH-2 cells 12 h post-stimulation with romidepsin. ACH-2 cells were treated with romidepsin at different concentrations. Then
the cells were incubated with the HIV-1 gp120-specific human antibody N6. The proportion of gp120-positive ACH-2 cells was detected with FITC-labeled goat
anti-human IgG antibody using flow cytometry. (G) The killing effect of mD1.22-DM1 on LRA-reactivated and nonreactivated ACH-2 cells. One-way ANOVA was
used in the statistical analysis. **** and NS mean P , 0.0001 and no statistical significance, respectively.
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D5 scFv (DLDs) (Fig. 2A). (GGGGS)n were commonly used linkers with high flexibility,
allowing the two functional domains linked move freely (27). DLDs proteins were
expressed in Expi293 cells, purified with affinity chromatography, and verified by SDS-
PAGE and Western blot. With different linker length, expected molecular weight of
DL20D, DL25D, DL30D, DL35D, and DL40D were about 38.7, 39.0, 39.3, 39.7, and
40.1 kDa, respectively (Fig. 2B). The yield of DL20D and DL35D is higher than other
DLDs, while that of DL40D is the lowest. We could obtain about 1 mg of DL20D and
DL35D from 100 ml of Expi293 cells, while only about 0.2 mg of DL40D from 100 ml of
Expi293 cells. Similar to mD1.22, all of these proteins reacted with rabbit anti-human
CD4 polyclonal antibody and anti-mD1.22 mouse serum (Fig. 2C and D), whereas no

FIG 2 Expression and verification of dual-targeting recombinant proteins, DLDs. (A) Construction strategy for dual-targeting recombinant proteins,
DLDs. A DLD is comprised of mD1.22 and D5 scFv linked with a flexible linker (GGGGS)n, in which “n” means 4, 5, 6, 7, or 8. Analysis of DLDs with SDS-
PAGE (B). Detection of DLDs with Western blot using a rabbit anti-human CD4 polyclonal antibody (C), mouse anti-mD1.22 serum (D), and mouse anti-
D5 scFv serum (E). Detection of binding of DLDs in ELISA with anti-CD4 antibody (F), mouse anti-mD1.22 antibody (G), and mouse anti-D5 antibody (H),
respectively.
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band was shown in the line where D5 scFv was loaded. These DLDs also reacted with
anti-D5 scFv mouse serum (Fig. 2E). Similarly, DLDs were be recognized by anti-CD4
antibody and anti-mD1.22 mouse serum, as well as anti-D5 scFv mouse serum, as
determined by ELISA (Fig. 2F to H). These results suggest that DLDs comprised of
mD1.22 and D5 scFv were successfully expressed.

Bifunctional protein DLDs bind with gp120 and gp41 to inhibit 6-HB formation. To
evaluate the antiviral mechanism of DLDs, we measured their binding affinity to gp120
and gp41. Through ELISA, we found that the DLDs bound gp120 with an affinity similar
to that of mD1.22 binding to gp120, while D5 scFv showed no apparent binding with
gp120 (Fig. 3A). We then determined whether DLDs could block gp120 binding to the
CD4 receptor on TZM-bl cells that stably expressed CD4, CCR5, and CXCR4 (28) using a
cell-based ELISA. As shown in Fig. 3B, DLDs efficiently inhibited the binding of gp120
to CD4 as strongly as mD1.22, but, again, D5 scFv was unable to block gp120-CD4
binding. Meanwhile, we used N63 peptide derived from gp41 NHR and N63-trimeric
protein to determine the binding effect of DLDs. The results showed that DLDs bind
with N63 peptide and N63-trimer as strongly as D5 scFv, while mD1.22 not (Fig. 3C and
D). Because 6-HB formation is critical during HIV-1 Env-mediated membrane fusion, we
further conducted a fluorescence native polyacrylamide gel (FN-PAGE) assay (29) to
detect whether DLDs could block 6-HB formation like D5 scFv. N36 peptide and FAM-
labeled C34 peptide at identical concentrations were mixed to mimic the 6-HB core
formation (29). When the mixture of N36 peptide and FAM-C34 peptide at equal con-
centration was run in the gel, we saw two fluorescence bands, the FAM-C34 band and
the fluorescence 6-HB band in the lower and middle positions in the gel, respectively
(Fig. 3Ea and 3Ec). No bands were revealed in FN-PAGE if only N36 peptide, DLDs,
mD1.22, and D5 scFv were run in the gels because they were not labeled with FAM
(Fig. 3Ea) and they carried net positive charges (Fig. 3Ec). When DLDs were mixed with
FAM-C34 peptide before adding N36 peptide, we saw the C34 bands, but no 6-HB
bands were observed (Fig. 3Ea and 3Ec), suggesting that DLDs can effectively block 6-
HB formation between N36 and FAM-C34 peptides (Fig. 3Ea and Ec). As a positive con-
trol, D5 scFv also inhibited 6-HB formation between N36 and FAM-C34 peptides, while
the negative-control mD1.22 could not (Fig. 3Eb and 3Ed). Thus, through their D5 scFv
component, DLDs were now able to interact with gp41 NHR, resulting in the inhibition
of 6-HB formation between N36 and FAM-C34 peptides.

Dual-targeting recombinant protein DLDs with 35-mer linker exhibits the best
activity against HIV-1 infection.We next evaluated the inhibitory and inactivation activ-
ity of the above five DLDs against divergent HIV-1 strains, hoping to select a DLD with the
highest anti-HIV-1 activity for subsequent study. As shown in Fig. 4A and B, all five DLDs
could inhibit infection of the HIV-1 laboratory-adapted strains IIIB and Bal with IC50 values
in the range of 15.7 to 33.5 and 9.0 to 112.8 nmol/liter, respectively. Moreover, DLDs effi-
ciently inactivated cell-free HIV-1 IIIB and Bal virions with EC50 values in the range of 11.28
to 22.54 and 0.85 to 5.64 nmol/liter, respectively (Fig. 4C and D). These DLDs also effectively
inhibited HIV-1 Env-mediated cell-cell fusion, as determined using a cell-cell fusion assay as
previously reported (30), with EC50 values ranging from 23.88 to 48.87 nmol/liter (Fig. 4E).
DL35D, the recombinant protein containing a 35-mer linker, showed the best HIV-1 inhibi-
tory and inactivation activity, as well as cell-cell fusion inhibitory activity, among all five
DLDs. These results suggest that (GGGGS)7 is the linker with optimal length for the con-
struction of recombinant bifunctional proteins, consistent with our previous observation
(31). A previous report demonstrated that cell-to-cell transmission of HIV-1 is more efficient
than the release of cell-free virions (32). We also evaluated the inhibitory activity of DL35D
against HIV-1 cell-to-cell transmission as previously reported (33). As shown in Fig. 4F,
DL35D effectively inhibited HIV-1 cell-to-cell transmission with 53% inhibition at the con-
centration of 25 nmol/liter.

Then, we tested the inhibitory activity of DL35D against infection by HIV-1 primary
isolates with different subtypes and tropism as well as T20-resistant strains. We found
that DL35D potently inhibited infection of divergent HIV-1 primary isolates, including
92UG029 (A, X4), 93BR020 (F, X4/R5), BCF02 (O, X4), 92TH009 (CRF01_AE, R5), and
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92UG024 (D, X4), with IC50 values ranging from 3 to 17.9 nmol/liter, and suppressed
the infection of T20-resistant strains with IC50 values ranging from 9.3 to 16 nmol/liter
(Table 1). More interestingly, DL35D effectively inactivated cell-free HIV-1 virions with
EC50 of 0.6 ; 5 nmol/liter (Table 2). These results suggest that DL35D is a promising

FIG 3 Detection of the antiviral mechanism of DLDs. (A) Binding activity of DLDs with gp120 was measured with ELISA
using mouse anti-His-Tag monoclonal antibody. (B) Inhibitory activity of DLDs on the binding of gp120 and CD4 receptor
on the target cell was measured with cell-based ELISA using TZM-bl cells expressing CD4 and rabbit anti-HIV-1 gp120
antibody. (C) The binding between DLDs and N63 peptide derived from gp41 NHR was measured with ELISA using mouse
anti-His-Tag monoclonal antibody. (D) The binding between DLDs and N63-trimer was measured with ELISA using mouse
anti-His-Tag monoclonal antibody. (E) Measurement of inhibitory activity of DLDs on 6-HB formation between N36 and C34-
FAM peptides by FN-PAGE. DLDs were incubated with N36 peptide at 37°C for 30 min before addition of C34-FAM. After
incubation for 30 min, the mixtures were analyzed by FN-PAGE using an imaging system through U.V. detection (panels a
and b). After imaging, the gels were stained with Coomassie blue (panels c and d).
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candidate for development as a novel HIV-1 entry inhibitor and HIV-1 inactivator for
treatment and prevention of HIV-1 infection.

Toxin-conjugated recombinant protein DL35D-DM1 efficiently inhibits HIV-1
infection. In order to improve the inactivation activity of DL35D against cell-free HIV-1
virions and HIV-1-infected cells, we conjugated DL35D with a linker-toxin, SMCC-DM1,
to construct a toxin-conjugated recombinant protein, DL35D-DM1 (Fig. S3). After the
mD1.22 component in DL35D-DM1 binds to gp120, it is expected that the D5 scFv

TABLE 1 Inhibitory activity of DL35D against HIV-1 primary isolates and T20-resistant strains (IC50)

Virus isolates mD1.22 (nmol/L) D5 scFv (nmol/L) DL35D (nmol/L)
Primary HIV-1 isolates
92UG029 (A, X4) 3.226 0.62 .250 3.026 0.35
93BR020 (F, X4/R5) 18.236 5.40 .250 16.956 5.92
BCF02 (O, X4) 24.966 0.73 .250 17.926 4.58
92TH009 (CRF01_AE, R5) 11.866 2.95 .250 6.696 1.30
92UG024 (D, X4) 4.046 1.61 .250 4.666 0.16

T20-resistant virus (HIV-1NL4-3 [36G])
(D36G) V38A/N42D 15.836 1.25 .250 15.986 4.01
(D36G) N42T/N43K 13.896 3.54 .250 11.056 2.29
(D36G) V38E/N42S 13.026 3.82 .250 9.276 1.08

FIG 4 Anti-HIV-1 activity of DLDs in vitro. (A-B) Inhibitory activity of DLDs against infection by HIV-1 laboratory-
adapted strains IIIB (X4) and Bal (R5). MT-2 and M7 cells were used for infection by HIV-1 IIIB and Bal, respectively. (C-
D) Inactivation activity of DLDs against cell-free HIV-1 IIIB and Bal virions. (E) Inhibitory activity of DLDs on HIV-1 Env-
mediated cell-cell fusion. The HIV-1IIIB chronically infected H9 (H9/HIV-1IIIB) cells and CD41 MT-2 cells were used as the
effector and target cells in the cell-cell fusion assay. (F) Inhibitory activity of DL35D on HIV-1 cell-to-cell transmission.
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component in DL35D-DM1 will bind the exposed NHR-trimer and that the DM1 will be
released to the target cell, causing apoptosis (Fig. 1Ac).

To test our hypothesis, we first evaluated the inhibitory and inactivation activity
against some HIV-1 strains. As shown in Fig. 5A and B, DL35D-DM1 inhibited infection
of the HIV-1 laboratory-adapted strain IIIB and Bal with the IC50 values of 14.45 and
34.33 nmol/liter, respectively. Meanwhile, DL35D-DM1 efficiently inactivated HIV-1 IIIB
and Bal virions with EC50 of 18.17 and 1.71 nmol/liter, respectively (Fig. 5C and D).
Notably, DL35D-DM1 potently inactivated the virions of HIV-1 primary isolates, includ-
ing 92UG029 (A, X4), 92UG024 (D, X4), 93BR020 (F, X4/R5), and 92TH009 (CRF01_AE,
R5), with EC50 values in the range of 6.82 ; 15.4 nmol/liter (Table 3). Next, we eval-
uated the inactivation effect of DL35D-DM1 against HIV-1 virions released from romi-
depsin-reactivated ACH-2 cells. As shown in Fig. 5E, DL35D-DM1 at the concentration
of about 20 nmol/liter inactivated more than 50% infectious viral particles. Like DL35D,
DL35D-DM1 also inhibited HIV-1 cell-to-cell transmission in a dose-dependent manner
(Fig. 5F). These results suggest that DL35D-DM1 exhibits potent inhibition and inactiva-
tion activity against cell-free HIV-1.

Toxin-conjugated recombinant protein DL35D-DM1 specifically inactivates
HIV-1-infected cells and LRA-reactivated latent cells. To determine whether DL35D-
DM1 can specifically kill HIV-1-infected cells, we evaluated its killing effect on HIV-1 IIIB
chronically infected H9 (H9/HIV-1IIIB) cells and romidepsin-reactivated ACH-2 cells. As
shown in Fig. 6A, DL35D had no significant killing effect on H9/HIV-1IIIB cells and H9
cells at the concentration up to 100 nmol/liter (Fig. 6A). In contrast, DL35D-DM1
showed potent killing effect on H9/HIV-1IIIB cells in a dose-dependent manner, with an
EC50 of 14.48 nmol/liter (Fig. 6B). For the negative-control H9 cells, DL35D-DM1 exhib-
ited only 22% killing effect at a concentration of 50 nmol/liter. Then, we tested the kill-
ing effect of DL35D-DM1 on ACH-2 cells stimulated with romidepsin, an LRA, for 12 h
at the concentration of 5 nmol/liter. Similarly, DL35D had no apparent killing effect on
either LRA-activated or nonactivated ACH-2 cells at 100 nmol/liter (Fig. 6C), while
DL35D-DM1 at 50 nmol/liter could kill 51% and 15% of LRA-reactivated and nonreacti-
vated ACH-2 cells, respectively (Fig. 6D). Finally, we evaluated the killing effect of
DL35D-DM1 on other human cell lines as controls, including a human T cell line (MT-2),
a human rhabdomyosarcoma cell line (RD), a human hepatocyte cell line (Huh-7), and
a human glioblastoma cell line (U87 CD41CCR51), which are derived from primary
cells in different human tissues. We found no significant killing effect of DL35D-DM1 at
the indicated concentrations (Fig. 6E). These results demonstrated that this toxin-con-
jugated dual-targeting recombinant protein DL35D-DM1 could specifically and effi-
ciently kill HIV-1-infected cells and LRA-reactivated ACH-2 cells, suggesting its superior
ability to eliminate HIV-1-infected cells in the blood and organs, and the LRA-reacti-
vated latently infected cells in the HIV latent reservoir.

DISCUSSION

Even with increasing access to the highly effective cART, HIV-1 still threatens the
world's public health, thus far claiming 36.3 million lives (https://www.who.int/news

TABLE 2 Inactivation activity of DL35D against HIV-1 primary isolates and T20-resistant
strains (EC50)

Virus isolates mD1.22 (nmol/L) D5 scFv (nmol/L) DL35D (nmol/L)
Primary HIV-1 isolates
92UG029 (A, X4) 5.466 1.31 .250 5.226 2.02
92UG024 (D, X4) 13.506 4.46 .250 3.926 1.28
93BR020 (F, X4/R5) 2.706 0.75 .250 2.786 1.02

T20-resistant virus (HIV-1NL4-3 [36G])
Parental 1.306 0.59 .250 1.036 0.34
V38A 1.976 0.47 .250 2.036 1.05
V38A/N42D 1.456 0.41 .250 0.606 0.05
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-room/fact-sheets/detail/hiv-aids). Nevertheless, along with the successful control of
HIV-1 replication by antiretroviral drugs, HIV-1 infection has become a manageable
chronic health condition, even though lacking a cure for HIV-1/AIDS. The long-lived
HIV reservoir, including latently infected resting memory CD41 T cells, is considered

FIG 5 Activity of DL35D-DM1 against HIV-1 strains in vitro. (A-B) Inhibitory activity of DL35D-DM1 against
infection by HIV-1 laboratory-adapted strains (IIIB and Bal). (C-D) Inactivation activity of DL35D-DM1 against
cell-free HIV-1 particles (HIV-1 IIIB and Bal). (E) Inactivating LRA-reactivated HIV-1 virions released from ACH-2
cells by DL35D-DM1. (F) Inhibition of HIV-1 cell-to-cell transmission by DL35D-DM1.

TABLE 3 Inhibitory and inactivation activity of DL35D-DM1 against HIV-1 primary isolates
(EC50)

Primary isolates Inactivation activity (nmol/L)
92UG029 (A, X4) 15.40
92UG024 (D, X4) 11.30
93BR020 (F, X4/R5) 6.82
92TH009 (CRF01_AE, R5） 8.85
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one of the major obstacles to an HIV/AIDS cure (2, 3, 34). The persistence of HIV-1
makes it necessary for patients to comply with long-term medication regimens, affect-
ing the quality of life and risking the emergence of drug resistance. To overcome this
obstacle, several research groups have proposed the “shock and kill” strategy, i.e.,
using LRAs to reactivate HIV latent cells and then killing the newly produced virions

FIG 6 Killing effect of DL35D-DM1 on HIV-1-infected cells. (A) Killing effect of protein DL35D on HIV-1-infected
H9/HIV-1IIIB cells and uninfected H9 cells. (B) Killing effect of DL35D-DM1 on H9/HIV-1IIIB cells and H9 cells. (C)
Killing effect of protein DL35D on LRA-reactivated HIV-1 latent-infected ACH-2 cells. (D) Killing effect of DL35D-
DM1 on LRA-reactivated HIV-1 latent-infected ACH-2 cells. Nonreactivated ACH-2 cells were used as control. (E)
Killing effect of DL35D-DM1 on cells without expression of HIV-1 Env. MT-2 cells (a), RD cells (b), U87
CD41CCR51 cells (c), and Huh-7 cells (d) were used in this experiment. Two-way ANOVA was used in the
statistical analysis. ****, ***, and * mean P , 0.0001, P , 0.001, and P , 0.05, respectively.
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and HIV-infected cells by antiviral drugs or host immune system in order to eradicate
the latent HIV reservoirs (5, 35). Many LRAs are highly effective in reactivating HIV
latent cells, such as HDACi (36). Romidepsin is one of the most efficient HDACis (37).
We chose romidepsin as an LRA to reactivate ACH-2 cells because it was reported that
romidepsin could effectively reactivate the HIV reservoir and reduced the reservoir size
when combined with a therapeutic vaccine in a clinical trial (38).

Although cART is highly effective in the inhibition of HIV replication, it cannot kill
HIV and HIV-infected cells. So far, very few antiviral drugs with capacity to kill cell-free
HIV virions and HIV-infected cells have been reported. Some antibody-drug conjugates
(ADCs), in which HIV-1 Env-specific antibodies are conjugated with toxin, have shown
specific killing effect in vitro and in vivo (33, 39, 40), but they have difficulty in accessing
the tissues with HIV latent reservoirs because of their large molecular size. It has been
shown that an immunotoxin targeting the CD4-binding site in gp120, CD4-PE40, could
specifically kill HIV-1-infected cells (11). However, the low efficiency of CD4-PE40 and
the high immunogenicity against PE40 in clinical trials have limited its further develop-
ment (18). Different from the toxic protein (PE40) in CD4-PE40, the toxic molecule in
DL35D-DM1, DM1, is not a protein, but a small-molecule compound, which is expected
to have no or low immunogenicity to humans in clinical trials in the future.

In this study, we aimed to design and characterize a toxin-conjugated recombinant
protein with lower molecular size and higher killing activity against HIV-1 and HIV-1-
infected cells or LRA-reactivated HIV latent cells. We first constructed a CD4-PE40-like
recombinant protein by using mD1.22 to replace CD4 and DM1 to substitute for PE40
because 1) mD1.22 has more potent anti-HIV-1 activity (20) and is safer than sCD4,
which could enhance HIV-1 infection in CD4-CCR51 cells (13, 18), and 2) a recombinant
protein with PE40 (MW: 66 kDa) may have less accessibility to the limited space of HIV
latent reservoir than that containing the small-molecule toxin DM1. Interestingly,
mD1.22-DM1 was able to bind to gp120, inhibit HIV-1 infection, inactivate cell-free
HIV-1 virions, but could not significantly kill LRA-activated latent cells (Fig. 1), possibly
because the ACH-2 cells is not fully reactivated at low concentration of LRA (16). In
addition, the rapid shedding of gp120, after its binding with a CD4 molecule, from HIV-
1-infected cells or LRA-reactivated latent cells may further reduce the cell-killing effect
of mD1.22-DM1. These results suggest that the specific killing effect of a toxin-conju-
gated protein targeting only CD4 binding site in gp120 might be too weak to kill LRA-
reactivated latent cells. Therefore, we decided to construct a recombinant protein with
multiple targets in order to improve its capacity to kill HIV-1-infected cells and LRA-
reactivated latent cells.

Compared with a single-target drug, a multitarget drug generally has more advantages,
including higher binding affinity, better efficiency, and better functionality because of the
potential synergistic effect of acting on different targets (41). We previously constructed
the dual-targeting protein-based HIV-1 inactivator 2DLT, which is comprised of the D1D2
domains of CD4 that target the CD4-binding site in gp120 and a peptide-based HIV-1
fusion inhibitor targeting the NHR domain in gp41. We reported that it was more efficient
in inhibiting HIV-1 infection and inactivating cell-free HIV-1 virions than D1D2 alone. Unlike
sCD4 or D1D2, 2DLT did not enhance HIV-1 infection in CD4-/CCR51 cells, making it safer
to use (29). Protein-based viral inactivators are recombinant or nonrecombinant proteins
that can attack the cell-free virion directly through interaction with viral envelop protein,
inducing its conformational change or destroying the integrity of the viral membrane,
resulting in the loose of its infectivity (42).

The exact distance between the CD4-binding site in gp120 and the NHR domain in gp41
is unknown. Therefore, we constructed five dual-targeting recombinant proteins, DLDs, by
linking mD1.22 and D5 scFv expected to bind the CD4-binding site in gp120 and the NHR
domain in gp41, respectively, with different length of flexible linkers (GGGGS)n. All five DLDs
showed efficient inhibition and inactivation activity against HIV-1 laboratory-adapted strains.
However, DL35D, which contains a 35-mer linker, bound to both gp120 and gp41, had the
highest inhibitory activity against infection by divergent HIV-1 strains, including those
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resistant to T20. It blocked HIV-1-mediated cell-cell fusion and HIV-1 cell-to-cell transmission,
as well as inactivate cell-free HIV-1 particles, suggesting that the flexible 35-mer linker is suffi-
cient to allow the mD1.22 and D5 scFv parts in DL35D to interact simultaneously with the
CD4-binding site in gp120 and NHR domain in gp41, respectively. We then conjugated DM1
to DL35D using a method to generate mD1.22-DM1 similar to that described above. As
expected, DL35D-DM1 efficiently inactivated cell-free HIV-1 virions and kill HIV-1 chronically
infected H9/HIV-1IIIB cells, as well as romidepsin-reactivated latent ACH-2 cells, in a dose-de-
pendent manner, while it had no significant killing effect on H9 cells, nonreactivated ACH-2
cells, and other CD41 cells because these cells do not express HIV-1 gp120 and gp41. These
results confirm that DL35D-DM1, targeting both CD4-binding site in gp120 and NHR domain
in gp41, is much more potent in killing LRA-reactivated latent cells than mD1.22-DM1 that
only targets the CD4-binding site in gp120, providing theoretical and experimental evidence
for guiding the rational design of toxin-conjugated multitarget or multifunctional viral inacti-
vators in the future. The putative mechanisms of action of DL35D-DM1 are illustrated in
Fig. 7. First, DL35D-DM1 binds to HIV-1 gp120 through its mD1.22 part to trigger a confor-
mational change of gp120 and the exposure of gp41 NHR trimer, to which DL35D-DM1 fur-
ther binds through its D5 scFv part, resulting in the inactivation of HIV-1 virion (Fig. 7a).
Second, during HIV-1 infection, DL35D-DM1 binds to gp120 through its mD1.22 part, block-
ing the interaction between gp120 and cellular receptor. DL35D-DM1 could also bind to
gp41 NHR-trimer through its D5 scFv part, blocking the 6-HB formation. Either of the above
actions could inhibit HIV-1 infection (Fig. 7b). Third, DL35D-DM1 binds to HIV-1 Env on the
cell surface and enters into the cell through endocytosis. Then, DL35D-DM1 is degraded in

FIG 7 The putative mechanisms of action of DL35D-DM1 to inhibit HIV-1 infection, inactivate cell-free HIV-1
virions and kill cells expressing HIV-1 Env. (a) The mechanism of DL35D-DM1 to inactivate cell-free HIV-1
virions. DL35D-DM1 binds HIV-1 gp120 to trigger its conformational change and then binds to exposed gp41
NHR trimer, resulting in the inactivation of HIV-1 virion. (b) The mechanism of DL35D-DM1 to inhibit HIV-1
infection. DL35D-DM1 binds to gp120 to block the interaction between gp120 and cell receptors or binds to
gp41 to block 6-HB formation, resulting in inhibition of HIV-1 infection. (c) The mechanism of DL35D-DM1 to
kill LRA-reactivated HIV-1 latently infected cell or HIV-1-infected cell. DL35D-DM1 binds to HIV-1 Env expressed
on the surface of cells (e.g., LRA-reactivated HIV-1 latently infected cell or HIV-1-infected cell) and gets into the
endosome in the cell, where the released DM1 to disrupt the microtube system, resulting cell death. The figure
was created with BioRender.com.
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the lysosome to yield metabolites containing DM1 with linker SMCC and lysine (23), where
DM1 is able to disrupt the microtube system and induce cell death (Fig. 7c).

The only limitation of this approach is that a toxin-conjugated antiviral protein may
have nonspecific killing effect on noninfected cells at high concentration. For example,
DL35D-DM1 at 50 nmol/liter could kill 22% and 15% of H9 and nonreactivated ACH-2
cells, respectively. Therefore, it is necessary to further optimize the ratio of toxin and
protein to be conjugated, select a better linker with higher resistance to proteolytic
enzymes, and improve coupling efficiency in order to reduce the off-target effect.
Study on the effect of DL35D-DM1 treatment on the eradication of HIV-1 latent reser-
voir in an animal model is recommended.

MATERIALS ANDMETHODS
Cells and viruses.MT-2 cells, CEMx174 5.25 M7 cells, ACH-2 cells, H9 cells, and H9/HIV-1IIIB cells were

obtained from the NIH AIDS Reagent Program and cultured with RPMI 1640 medium containing 10% fe-
tal bovine serum (FBS). Huh-7 cells, RD cells, U87 CD41CCR51 cells and TZM-bl cells were stocked in
our lab and cultivated in DMEM medium with 10% FBS. Expi293 cells were cultured with the SMM 293-
TII Expression Medium (Sino Biological, China). Viruses used in this study were also obtained from the
NIH AIDS Reagent Program.

Expression of proteins and construction of toxin-conjugated recombinant protein. The
recombinant protein mD1.22 was expressed and purified as described previously. According to a previ-
ous report, the tubulin inhibitor DM1 containing linker SMCC was purchased from MedChemExpress
(Cat. No.: HY-101070, Molecule weight: 1072.61 Da) and coupled with antibodies or proteins by lysine
reaction (43–45). Briefly, the protein was mixed with SMCC-DM1 at the molar ratio of 1:5 and reacted for
4 h at room temperature. Then the reaction mixture was centrifuged with Amicon Ultra to remove the
unconjugated SMCC-DM1 and organic solvent. Finally, the concentration of toxin-conjugated protein
was determined by Nanodrop spectrophotometer and TaKaRa BCA Protein assay kit.

According to the previous report (29, 31), we selected flexible amino acid linker (GGGGS)n with differ-
ent lengths to link mD1.22 and D5 scFv. The genes encoding recombinant protein mD1.22-linker-D5
scFv (DLDs) were synthesized by Shanghai HuaGen Biotech Co., Ltd. and digested by restriction enzymes
SfiI and XhoI, followed by construction of the expression vector pSecTag2B. Their sequences were con-
firmed by sequencing subsequently. As in the previous study, the proteins were expressed in Expi293
cells and purified with Ni Smart beads (22). The proteins were then analyzed with rabbit anti-human
CD4 polyclonal antibody (Proteintech, China), mouse anti-mD1.22, and mouse anti-D5 scFv serum in
ELISA and Western blot. Mouse anti-mD1.22 and D5 scFv serum were obtained in our lab through immu-
nizing a mouse with the adjuvant Alum. For Western blot, purified proteins were mixed with loading
buffer, respectively, and boiled for 5 min. Electrophoresis was conducted in SDS running buffer at 120V
for 1 h. Then the proteins were transferred to the PVDF membrane at 200 mA for 30 min.

ELISA and cell-based ELISA. For detection of the binding effect between proteins and gp120,
gp120 was coated onto a 96-well polystyrene plate at 10 mg/ml at 4°C overnight. Then, the plate was
blocked with 2% nonfat milk at 37°C for 2 h, followed by the addition of recombinant protein DLDs.
Similarly, to determine the binding effect between fusion proteins and gp41, the N63 peptide derived
from gp41 and N63-trimeric protein were coated at 5 mg/ml, respectively, followed by adding recombi-
nant proteins DLDs. Mouse anti-His-Tag monoclonal antibody (Proteintech, China) was used to deter-
mine the binding effect.

Cell-based ELISA was conducted to measure whether DLDs could block gp120 binding to the CD4
receptor. Briefly, TZM-bl cells expressing CD4 were seeded into a 96-well plate at 2 � 105 cells/ml and
cultured overnight. Then the cells were blocked with blocking buffer (PBS with 2% nonfat milk and 3%
BSA) at 37°C for 2 h. The protein DLDs (10 mM) and gp120 (5 mg/ml) were mixed and added into TZM-bl
cells. After incubation at 37°C for 1 h, HIV-1 gp120 antibody (Sino Biological, China) was added and
allowed to incubate for another 1 h. The effect was determined by HRP-conjugated Goat anti-Rabbit
antibody (Dako, Denmark).

Inactivation of HIV-1 strains. Recombinant protein-mediated HIV-1 inactivation activity was deter-
mined as previously described (29). Briefly, 100 ml diluted recombinant protein were mixed with HIV-1 at
500 TCID50 (50% tissue culture infectivity dose) and incubated at 4°C for 1 h. Next, PEG-6000 was added
at a final concentration of 3% to precipitate the virus at 4°C for 1 h. After that, the protein-virus mixture
was centrifuged at 15,000 rpm for 30 min and washed 3x with 3% PEG containing 10 mg/ml BSA. The vi-
rus pellet was resuspended with RPMI 1640 and cultured with MT-2 cells (X4 virus) or TZM-bl cells (R5 vi-
rus). For the X4 virus, after a 5-day infection, the supernatants were collected and tested for p24 expres-
sion level with ELISA. For R5 virus, luciferase was detected 2 days postinfection as described previously
(22). The median effective concentration (EC50) was calculated by using the CalcuSyn program as previ-
ously described (22).

Inhibition of HIV-1 infection. The inhibition assay was determined as previously described (30).
Briefly, HIV-1 at 100 TCID50 was incubated with diluted proteins at 37°C for 30 min. Following this,
1 � 104 MT-2 cells (X4 virus), M7 cells, or TZM-bl cells (X4 or R5 cells) per well were counted and added
to the virus-protein mixture. After 10 h of infection, the supernatants were replaced with fresh medium
containing 10% FBS. For MT-2 cells or M7 cells, the supernatant was collected after an additional 5-day
culture and treated with 5% Triton X-100. The expression level of p24 was detected by ELISA as
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previously described (29). For TZM-bl cells, luciferase was detected 2 days postinfection and IC50 was cal-
culated by using the CalcuSyn program as previously described (22).

Inhibition of HIV-1 Env-mediated cell-cell fusion. H9/HIV-1IIIB cells were labeled with calcein-AM at
37°C for 30 min and washed with PBS twice. Then the cells were mixed with graded dilution proteins
and cultured at 37°C for 30 min. After incubation, MT-2 cells were added and cultured for an additional
2 h. Fusion cells were observed under a fluorescence microscope. Five photos were taken for each well.
The fused and unfused cells were then counted. The inhibition rate of HIV-1 Env-mediated fusion cells
and the IC50 values were calculated as described previously (29).

Inhibition of HIV-1 cell-to-cell transmission. The activities of recombinant proteins in inhibiting
HIV-1 cell-to-cell transmission were tested as described previously (33). Briefly, TZM-bl cells were seeded
into a 96-well plate at 1 � 105/ml and cultivated overnight. The recombinant protein was diluted with
DMEM medium and transferred to TZM-bl cells. Then 6,000 H9/HIV-1IIIB cells were added to the TZM-bl
cells. After co-incubation for 6 h at 37°C, the supernatants containing protein and cells were removed,
and the TZM-bl cells were washed with PBS three times. Luciferase was detected 48 h later and % inhibi-
tion of HIV-1 cell-to-cell transmission was calculated as previously described (33).

Fluorescence native polyacrylamide gel electrophoresis (FN-PAGE). FN-PAGE used to detect 6-
HB formation was performed according to the previous report (29). Briefly, the fusion protein (30 mM)
was pre-incubated with N63 peptide (100 mM) at 37°C for 30 min, and then the C34 peptide (100 mM)
was added to the mixture and incubated for an additional 30 min. Afterwards, the samples were mixed
with a high-pH loading buffer and analyzed by native gel electrophoresis at 120 V for 2 h on ice. The
gels were visualized with the Gel Image System (Tanon 1600) and stained with Coomassie blue.

Reactivation of ACH-2 cells. HIV-1 latent-infected ACH-2 cells were seeded into a six-well plate at
the concentration of 1 � 105 cells/ml, followed by the addition of romidepsin to cells with different con-
centrations. After 12 h of stimulation, the cells and supernatants were collected to detect Env-expression
level on the cell surface by flow cytometry and p24 level on the supernatants by ELISA. Briefly, ACH-2
cells were washed with PBS and incubated with N6 antibody (46) at a final concentration of 20 mg/ml on
ice for 1 h. Then the cells were washed with PBS three times and incubated with Goat anti-human IgG
(FITC) on ice for 45 min. After that, the cells were washed with PBS four times and tested with flow
cytometry. ELISA was conducted as above.

Cell-killing effect. HIV-1-infected H9/HIV-1IIIB cells and reactivated latently infected ACH-2 cells were
used to determine the cell-killing effect of toxin-conjugated recombinant protein; uninfected H9 cells
and nonreactivated ACH-2 cells were used as control. The toxin-conjugated recombinant protein
mD1.22-DM1 or DL35D-DM1 was diluted with DMEM, respectively, followed by the addition of cells
(1 � 104) and incubation for 3 days. The killing effect on cells was detected using CCK8 kit (DOJINDO,
Japan) (47). Latent-infected ACH-2 cells were activated with the LRA, romidepsin.

Statistical analysis. Analysis of Variance (ANOVA) was used in the statistical analysis of data
between groups in vitro. P , 0.05 indicates statistical difference. **** means P , 0.0001, *** means
P, 0.001, ** means P, 0.01, and *means P, 0.05, NS means no statistical significance.
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