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ABSTRACT

HIV represents a persistent infection which negatively alters the immune system. New tools to reinvigorate
different immune cell populations to impact HIV are needed. Herein, a novel nanotool for the specific
enhancement of the natural killer (NK) immune response towards HIV-infected T-cells has been developed.
Bispecific Au nanoparticles (BiAb-AuNPs), dually conjugated with IgG anti-HIVgp120 and IgG anti-human
CD16 antibodies, were generated by a new controlled, linker-free and cooperative conjugation method
promoting the ordered distribution and segregation of antibodies in domains. The cooperatively-adsorbed
antibodies fully retained the capabilities to recognize their cognate antigen and were able to significantly
enhance cell-to-cell contact between HIV-expressing cells and NK cells. As a consequence, the BiAb-AuNPs
triggered a potent cytotoxic response against HIV-infected cells in blood and human tonsil explants.
Remarkably, the BiAb-AuNPs were able to significantly reduce latent HIV infection after viral reactivation in
a primary cell model of HIV latency. This novel molecularly-targeted strategy using a bispecific nanotool to

enhance the immune system represents a new approximation with potential applications beyond HIV.

© 2020 The Author(s). Published by Elsevier Ltd.
CC_BY_NC_ND_4.0

Introduction

The augmentation of the effector immune responses towards
specific targets, such as virally-infected or cancerous cells, is posi-
tioning itself as a new promising therapeutic intervention [1]. In-
deed, an efficient immunological synapse between immune effectors
and aberrant cells is a key factor to promote an effective immune-
mediated killing of such undesired cells. In this context, cell-to-cell
contact is required for natural killer (NK) cells, lymphocytes of the
innate immune system that eliminate abnormal cells through
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several sophisticated biological mechanisms, including antibody-
dependent cellular cytotoxicity (ADCC), to accomplish their mission
[2-4]. Unfortunately, in the context of a persistent viral infection,
like the one established by the human immunodeficiency virus
(HIV), the virus integrates into the genome of host cells and is able to
escape from the immune response, therefore perpetuating the in-
fection [5]. In turn, chronic infection leads to a persistent immune
activation that promotes the appearance of dysfunctional NK cells
with diminished capacity to kill infected cells [6], further impairing
immune defences. Importantly, this functionality is not completely
restored with the current antiretroviral therapy, and discontinuation
of the treatment leads to a rapid viral rebound [7]. Thus, new tar-
geted interventions are needed to help the immune system of HIV-
infected patients to control the virus. In this regard, novel ther-
apeutic strategies focused on the re-direction, potentiation and/or
promotion of an efficient immunological synapse between NK and
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Fig. 1. Characterization of the bispecific gold nanoparticles (BiAb-AuNPs). (a) Representative TEM image of the ~40 nm AuNPs. (b) A32-AuNPs saturation curve. Zeta potential
(mV) versus the antibody concentration is plotted. The red arrow indicates the saturating concentration for the A32 antibody. (c) 3G8-AuNPs saturation curve. The blue arrow
indicates the saturating concentration for the 3G8 antibody. (d) Representative UV-Vis spectra of the BiAb-AuNPs compared to naked AuNPs. (e) Z-potential measurements of
BiAb-AuNPs, naked AuNPs, and the single antibodies A32 and 3G8 (n =3, mean with SD). (f) Representative Dynamic light scattering (DLS) characterization of the BiAb-AuNPs
compared to naked nanoparticles. (g) Representative UV-Vis spectra of the BiAb-AuNPs at 48 h and 1 month after antibody conjugation.

infected T-cells are highly desirable to efficiently combat such per-
sistent viral infections.

Nano-based approaches with a dual capacity of recognition are
emerging as promising bispecific formats to engage cell-to-cell
contacts and potentiate antiviral and antitumor immunity [8]. Such
nanotools based on nanoparticles (NPs) displaying mixtures of an-
tibodies showed significant advantages over the more conventional
bispecific antibodies, such as the possibility to regulate biological
processes in a size-dependent manner, their capacity to penetrate
into some tissues and cells and their enhanced potency mediated by
their multivalent properties [9-11].

The interaction of proteins, including antibodies, onto inorganic
surfaces, such as gold, has been a subject of intense studies in the
field of biochemistry and medicine since implants were developed.
These studies on the adsorption of proteins at surfaces, a phenom-
enon ubiquitous in nature, have shown two models: Random
Sequential (disordered) vs Clustering (cooperative) adsorption [12].
The first indications on the mode in which IgGs adsorb onto AuNPs is
the kinetics of the adsorption process that already points towards a
cooperative mode: proteins at the NPs surface evolve from forming a
transient corona to become permanent with time, known as soft and
hard NP-Protein Corona (PC) respectively [13]. As it has been well
described, when NPs are dispersed in protein solutions, these rapidly
form a soft protein corona around the NP, formed of loosely bound
proteins, in equilibrium with free proteins in solution. With time,
this PC evolves, due to rearrangements and crowding effects, to-
wards a permanent corona since protein-dense clusters are more
stable at the NP surface than single proteins. Indeed, cooperative
adsorption implies that a protein adsorbed to a surface binds more
strongly to it if it is surrounded by similar proteins thanks to
the possibility of build compact arrangements with identical
building blocks, increasing coating stability (cooperative effect) as
the protein domain grows. This evolves towards the formation of a
complete hard corona of proteins permanently attached to the NP
surface that remains associated to the NP even after NP precipitation
and resuspension into protein-free media [13,14], thus conferring

biological identity to the NP [15]. In these conditions, similar pro-
teins pack better than those which are different, favoring thus the
formation of homogeneous coating domains from a mix of coating
molecules [16]. This evolution towards a more stable state, an ex-
pression of the Vroman effect on the surface of NPs [17], is what
allows to explore enthalpy-driven, rather than entropy-driven states,
which implies macromolecular ordering and domain segregation
[18]. Thus, by controlling the principal parameters affecting the NP-
protein interactions, such as relative concentrations and affinity,
incubation time, pH, temperature, media ionic composition and
solubility, it is possible to find the optimal conditions to promote the
cooperative adsorption of proteins onto the NP [14] and consequently
the formation of highly polarized NP conjugates [12,19,20].

Here, with the purpose to enhance the NK immune response
towards HIV-expressing cells we have constructed bispecific nano-
particles following a novel cooperative adsorption conjugation pro-
tocol of a mixture of antibodies, inducing their domain segregation
at the NP surface and resulting in a certain degree of NP functionality
polarization. This novel molecularly-targeted approach uses the
antibodies A32 (IgG anti-HIVgp120), which recognizes the protein
gp120 expressed on the membrane of HIV-infected cells, and the
3G8 (IgG anti-human CD16, clone 3G8) that recognizes the CD16
receptor expressed on NK cells, conjugated to a 40 nm AuNP. This
novel nanotool appears very promising for the targeting and im-
mune-mediated elimination of HIV-infected cells.

Results
Generation of functionalized bispecific nanoparticles

Our goal was to develop multivalent bispecific NPs after a co-
operative adsorption of the antibodies at their surface. For that, we
carefully studied the conjugation medium and the conditions to
achieve a cooperative adsorption protocol and we validated the
approach. First, we generated monoconjugates with the antibodies
A32 and 3G8 separately and studied the impact of the conjugation
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process on the capacity of these antibodies to still recognizing their
cognate antigens. In order to assess the affinity of the different an-
tibodies for the AuNP surface, we performed Langmuir-type iso-
thermal adsorption curves to identify the concentration needed to
obtain surface-saturated monoconjugates. AuNPs of 42 + 6 nm
(Fig. 1a) with a surface charge of -44 mV, colloidally stable in a
2.2 mM sodium citrate (SC) at 5 x 10'° NPs/ml concentration and
with an UV-Vis Spectroscopy absorption peak at 532 nm, were ex-
posed to the different antibodies dispersed in a 2.2-4 mM SC-Borate
selected conjugating medium at different concentrations. From the
adsorption curves, 5 pg/ml and 20 pug/ml were identified as the an-
tibody saturation concentrations needed for A32 and 3G8, respec-
tively (Fig. 1b and c). The specific cell-surface binding abilities of
both monoconjugates were evaluated by flow cytometry. We found
that A32-AuNPs retained the same binding capability than the free
antibody and recognized the entire population of HIV* cells, in-
dicating that the conjugation process did not alter its targeting ca-
pacity (median 98.60% for the conjugate and 99.60% for free A32)
(Supplementary Fig. 1a). Similarly, 3G8-AuNPs were able to re-
cognize the CD16 molecules expressed on NK cells in a similar
manner as the non-conjugated free antibody (median 58.60% for the
conjugate vs. 51.30% for free 3G8) (Supplementary Fig. 1b), indicating
that antibody adsorption did not result in any decrease in its ability
to recognize the cognate antigen.

Next, we generated the polarized bispecific nanoparticles (pBiAb-
AuNPs) by mixing equal volumes of the AuNPs solution with the mix
of antibodies in solution for 48 h at 4 °C carefully controlling the
conjugating medium. By mildly destabilizing ~40 nm AuNPs in a mix
of A32 and 3G8 antibodies, we observed how the system slowly
evolved towards a new equilibrium state where NPs got fully coated
by the two antibodies (vide infra). In a close-up, A32 and 3G8 pre-
sent differences in their fine structure and physicochemical prop-
erties, that enabled its segregation when adsorbed at the NP surface.
For instance, A32 has a reported isoelectric point (pl) of 8.8 [21] and
a surface charge of ~-15 mV, meanwhile the 3G8 antibody has an
estimated pl of 8.2 (according to its sequence) and a more negative
measured surface charge. The aim was to work under conditions
where antibodies and NPs were rather stable and therefore slowly
conjugated, allowing them to explore their minimum energy posi-
tions which correspond with clustering and crystallization.

The ratio of each antibody in the solution was chosen according
to the saturation curves and their different relative affinities for the
AuNP surface. In order to obtain an approximate 50:50 proportion of
each antibody at the NP surface, a ratio of 100:60 for 3G8 and A32
respectively was finally chosen. After conjugation, polarized bispe-
cific nanoparticles (pBiAb-AuNPs) presented a redshift in the UV-Vis
spectra of 4nm (Fig. 1d), consistent with a full coating of the NP
surface with proteins [22]. The surface charge of the pBiAb-AuNPs
was also characterized (Fig. 1e), reporting a lower negative value
(-31.4 mV), corresponding to half way between the values of the two
homoconjugates (Supplementary Table 1) indicating the presence of
a 50% mixture of antibodies in the fully coated surface of AuNPs [23].
The DLS (Dynamic Light Scattering) hydrodynamic radius signal also
increased upon conjugation (about 10 nm), correlating well with the
UV-Vis spectroscopy measurements and attributed to the formation
of a dense antibody monolayer on top of the AuNP (Fig. 1f). No
further shifts of the UV-Vis post conjugation were observed after a
month (Fig. 1g), indicating the high stability of the formed con-
jugates. Note that if antibodies were denaturalized as a consequence
of the interaction with the AuNP surface, they would inevitably lead
to antibody aggregation and detectable NP cross-linking [24]. Im-
portantly, the characteristic width of the measured peaks after
conjugation remained similar to the measurements before con-
jugation, further confirming the formation of homogeneous anti-
body coronas [25]. Otherwise, if a dispersion in the conjugation
process would occur leading to NPs with different degrees or types
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of antibody coatings, UV-Vis, DLS and Z-potential peaks would be-
come broader than in the case of non-conjugated NPs, integrating
the dispersion of both, the NP core and the NP coating.

Using a theoretical approximation of 150 nm? per antibody on
dense antibody coatings [26], we estimated that 32 antibodies were
displayed on the surface of our pBiAb-AuNPs (Supplementary Note
1). Moreover, thermogravimetric analysis (TGA) of the conjugates,
considering a density of 1.35 and 19.30 g/ml for an antibody and the
Auy, respectively, led to similar results. In this case, the evaporation at
450 °C of a 10 nm corona of antibodies in a ~40 nm diameter of solid
AuNP accounted for about 10% of the total weight loss
(Supplementary Fig. 2).

Polarization assessment after following the cooperative adsorption
conjugation protocol

Molecular mixtures on a NP surface are difficult to characterize
[27], especially in their working environment. In the early 1990s,
studies suggested that two alkanethiols of different chain length
segregate on a gold surface, forming microscopic islands, despite the
strong bond between thiols groups and Au [16]. Since then, other
mixtures of alkanethiols [19], organic molecules as MUA and PEG
[28] and also peptides did show a tendency to segregate onto the NP
surface, and this effect was discussed not without controversy
[19,29-31]. This tendency to grow domains was described to occur
during the self-assembly process onto the NP surface, and not when
the molecules were free in solution [32]. Simulations performed
mimicking our experimental conditions showed the tendency of
cooperative adsorption of antibodies onto the NP surface when en-
ough time was allowed to the antibodies to organize themselves
onto the AuNP surface. Similarly, once few clusters had nucleated
onto the NP surface, these grew until the whole surface was densely
covered (Fig. 2a-d).

Describing the organization of molecules at the NP surface is
challenging. Despite the literature is full with examples of functio-
nalized nanoparticles generally illustrated with inspiring schemes,
the actual distribution and conformation of molecules at the NP
surface is still unknown and often remain poorly characterized. We
obtained the first evidence for the formation of antibody domains on
top of the AuNPs from the antibody loading curves and geometrical
considerations. The progressive coating of the antibodies on the NPs
can be observed in the UV-Vis, DLS and Z-potential measurements
after purification as a function of incubation time. If the adsorbed
proteins were distributed purely at random, those NPs with just
above the 50% of coverage should be resistant to aggregation during
the purification process (that forces NPs together). In a perfect
random distribution, after loading more than 50%, the remaining
grooves would not be large enough to efficiently fit another protein
(carrying an attached NP), nor the two AuNP surfaces could be in
contact (see schema in Supplementary Fig. 3). In our experiments,
NPs aggregated during purification up to surface coverages close to
the 80%, well away from the theoretical 50% suggesting cooperative
growth of the antibody coating (Supplementary Fig. 4a and b). This
time-dependent hardening of the protein corona was also confirmed
by the analysis of the evolution of the surface charges. A minimum of
24 h of antibody exposure was needed for the formation of a stable
antibody layer (Supplementary Fig. 4c). This time point for con-
jugation (24h) was associated to an 80% of surface coverage
(Supplementary Fig. 4d). Note that in a Langmuir-like isothermal
adsorption behavior, the observed shift of the characteristic plas-
monic peak position between zero and saturation is directly pro-
portional to the degree of coating [28]. We used this information to
prepare partially and fully antibody-coated AuNPs, and gain further
insight into the growth regimen of the antibody layer under our
protocol conditions by visualizing the prepared conjugates through
transmission electron microscopy (TEM) and scanning electron
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Fig. 2. Simulations and Transmission electron microscopy (TEM) and Scanning electron microscopy (SEM) analysis of conjugates following the cooperative adsorption protocol.
Four snapshots of the resultant simulations are shown (a-d). From the left to the right, the water-antibodies bead interacting parameters are increased from 24 to 50. (a) The
adsorption of these proteins starts to be observed but without any preferences. (b-d) All the antibodies are adsorbed onto AuNP for minimizing their interaction with water. Note
that, the higher is the repulsion with water, the closer will be the antibodies. Polarized AuNPs are observed when water-antibodies repulsion is bigger than its own interaction. (e)
In the upper panel TEM images of partially-coated (60% surface cover) and fully-coated Au conjugates can be seen. In the lower panel SEM images are shown. (f) AuNPs
functionalized following cooperative adsorption with anti-BSA IgG and anti-HSA IgG, and exposed to smaller conjugates as labels (AuNPs of 25 nm functionalized with BSA and of
15 nm with HSA), are shown. It can be observed a hemispherical distribution of the labels, with three BSA-AuNPs distributed in one side of the bispecific AuNP and one HSA-AuNP
in the opposite side. (g) The same can be observed in this panel but with an inverted proportion of the labels, further confirming polarity.

microscopy (SEM). We cannot distinguish by TEM different anti-
bodies on top of the NP, but we can observe if before saturation, the
distribution of proteins is random or if the coating grows co-
operatively onto the AuNP. In Fig. 2e, representative TEM and SEM
images of partially (at the 60%) and fully antibody coated AuNPs are

shown. In the TEM images (Fig. 2e upper panel) we observe how in
case of saturation, AuNPs do not touch each other, while for the
unsaturated samples the AuNP-AuNP direct contact is more evident.
In the SEM images (Fig. 2e lower panel), the charging effects of the
organic layer on the edge of the NPs can be clearly seen, and it can be
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observed how the coating is complete in the case of antibody satu-
rated samples while only one side of the partially coated AuNPs
appears to wear it.

In addition, to directly analyze the distribution of antibodies per
NP following our conjugation protocol, we used doubly functiona-
lized AuNPs with anti-HSA and anti-BSA IgGs. We then used 25 nm
AuNPs functionalized with BSA and 15nm AuNPs functionalized
with HSA, as labels to directly observe the presence and distribution
of the two antibodies at the AuNP surface. This experiment was not
performed with the A32 and 3G8 antibodies because their cognate
antigens are embedded at the cell surface, and therefore, it will re-
quire the use of recombinant gp120 and CD16 to functionalize the
label nanoparticles. Moreover, anti-human secondary antibodies
could not be used because it does recognize not only the A32 but
also the 3G8 antibody, providing a high unspecific background signal
and preventing the real discrimination between the A32 and 3G8
domains. After conjugation, the three functionalized AuNPs were
incubated together and analyzed using TEM. The cooperative ad-
sorption approach was confirmed by the observation of NPs with a
hemispherical distribution of the labels (Fig. 2f and g). After fully
characterization, 50% of the sample presented non- or mono- con-
jugated NPs (identified by the absence of labels or by only one type
of the secondary labels), 26% of the multiconjugated NPs showed
some polarity, while 24% of them seemed to present stochastic or-
ientation of the antibodies. All in all showing the tendency of pro-
teins to grow forming domains in these conditions. A gallery of TEM
images representing different structures indicating the cooperative
adsorption of the antibodies is shown in Supplementary
Information 2.

BiAb-AuNPs promote specific cell-to-cell contact between CD4-
expressing HIV and NK cells

Once the pBiAb-AuNPs presenting A32 and 3G8 antibodies
were characterized, we investigated their potential to bring closer
cytotoxic NK cells (characterized by dim expression of the marker
CD56 and high levels of the CD16 molecule) and primary
CD4 T cells coated with the viral protein gp120. We performed
cell-to-cell contact experiments by culturing both cell types in the
presence of different bioconjugates. As control, irrelevant bispe-
cific AuNPs (Irre-AuNPs) coated with polyclonal IgG mouse and
polyclonal IgG rat antibodies, were similarly prepared. In addition,
we prepared 10:100 and 40:100 A32:3G8 ratio conjugates. The
conjugation ratio 100:10 A32:3G8 was also prepared but it rapidly
led to the irreversible aggregation of the AuNPs precluding its
further use. Besides, we also compared our pBiAb-AuNPs gener-
ated using the cooperative approach, with an already well de-
scribed conjugation protocol expected to yield randomly antibody-
coated NPs (rBiAb-AuNPs) [33]. Results for the employed con-
jugates are shown in Supplementary Table 1. No direct toxicity in
ex-vivo HIV-infected CD4" T cells was associated with the presence
of any pBiAb-AuNPs or Irre-AuNPs in culture after 4 h incubation
(mean percentage 95.83 + 6.56 and 90.10 + 7.78 for pBiAb-AuNPs
and Irre-AuNPs, respectively). Longer incubation times (48 h) did
not significantly affect cell viability either (91.2% and 86.67% cell
viability, for pBiAb-AuNPs and Irre-AuNPs, respectively). We ob-
served that 60% and 100% of the saturating concentration for each
antibody (A32 and 3G8, respectively) produced the highest
number of NK-HIV® CD4 T doublets, with a 2.5-fold increase
compared with controls (median % doublets of 5.66 compared to
2.23%, 3.30% and 4.65% for control medium, 10:100 and 40:100
ratios, respectively) (Fig. 3a and b). Thus, 60% and 100% of the
saturating concentration for A32 and 3G8 were selected as the
optimized concentrations for the generation of the pBiAb-AuNPs.
Importantly, a dose-dependent response was observed, and the
addition of the pBiAb-AuNPs coated with 10 ug/ml of antibodies
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significantly increased the mean of cell doublets by over 7-fold
(p=0.01) (Fig. 3a and b). Of note, the rBiAb-AuNPs with a random
(non-polarized) disposition of the A32 and 3G8 antibodies at their
surface, were not efficient at performing cell-to-cell engagement
(Fig. 3b). These results position our pBiAb-AuNPs as better candi-
dates to achieve such biological effects. In addition, we performed
a different analysis and assessed the composition of the cell
doublets in the absence and presence of pBiAb-AuNPs and rBiAb-
AuNPs. First, we observed that our pBiAb-NPs were better nano-
conjugates at inducing the formation of cell-doublets (Fig. 3c
upper panel), and within these cell doublets, we observed an in-
crease in the specific CD4-NK doublets and formed less homo-
doublets CD4-CD4 compared to the medium control (Fig. 3¢ lower
panel and 3d), further supporting their polarized nature. Besides,
rBiAb-AuNPs generated significantly less cell doublets, with in-
creased percentages of NK-NK doublets (Fig. 3d). Note that in the
absence of AuNP polarization, one would expect also an increase of
homodoublets (NK-NK or CD4-CD4) due to the random distribu-
tion of both antibodies on the surface of the NPs. This is consistent
with results observed for rBiAb-AuNPs which increased NK-NK
doublets (Fig. 3d). After the precise quantification by flow cyto-
metry, we imaged the preparation by confocal microscopy, since
the very low dielectric constant of AuNPs scatters light very effi-
ciently [34] and therefore the ~40 nm AuNPs can be observed in
the confocal microscope, especially if they form any kind of ag-
gregates. Direct contact of NK and HIV* cells zipped by the pBiAb-
AuNPs, which appear in red, can be observed (Fig. 3e).

pBiAb-AuNPs induce a potent cytotoxic response against primary CD4 T
cells from HIV-infected patients and against ex vivo human infected
tonsillar explants

Next, in order to evaluate the ADCC-like activity of NK cells to-
wards HIV-expressing cells in the presence of the pBiAb-AuNPs, we
performed the corresponding functional assays. CEM NKR CCR5 cells
coated with gp120 were co-cultured with NK cells during 4 h in the
presence of different nanoconjugates. Cells non-coated with gp120
were included as a control. Cell killing was measured by the loss of
the marker eFluor670 by flow cytometry. A representative example
and gating strategy are shown in Fig. 4a and Supplementary Fig. 5,
respectively. As a positive control we used plasma from a viremic
HIV* patient containing a pool of antibodies targeting the gp120 viral
protein. Values were normalized to this positive control which is
considered the maximum ADCC response that could be achieved for
the individual samples. First, we tested NK cells from healthy donors
and we observed that pBiAb-AuNPs were able to promote a highly
potent and specific ADCC-like response (Fig. 4b). The effect of the
pBiAb-AuNPs was significantly better than the cytotoxicity reached
by the addition of IrreAuNPs or the free A32 antibody, which is de-
scribed in the literature as one of the most potent non-neutralizing
antibodies [35]. Value for the pBiAb-AuNPs was close to 100% of the
maximum NK immune effector response (median 97.04% vs. 44.09%,
37.37% and 18.63% for A32, Irre-AuNPs and the combination of A32
and 3G8 unconjugated antibodies, respectively) (Fig. 4b). Note that
the addition of both 3G8 and A32 antibodies to cell culture de-
creased the ADCC levels compared to A32 alone. 3G8 is commonly
used to block Fc receptors (through the interaction with the variable
fraction) at concentrations near 5 pg/ml, thus when presented in a
non-conjugated form it may block part of the ADCC response pro-
moted by A32. Next, we assessed the capacity of the pBiAb-AuNPs to
restore the functional activity of NK cells from HIV* patients, since it
is well known that HIV infection impairs their effector immune re-
sponses [6]. These patients presented a median CD4 T cell count in
blood of 590 cells/ul and a median time under suppressive anti-
retroviral treatment of 69 months (plasma viral load < 50 copies/ml).
Using the A32 antibody we observed, as expected, that NK cells from
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Fig. 3. The pBiAb-AuNPs induce cell-to-cell contact between HIV-expressing cells and NK cells. (a) Representative flow cytometry plots showing cell doublets corresponding to
primary CD4" T cells coated with gp120 (CD3") and primary NK cells (CD56") after 20 min co-culture in the presence of the different nanoconjugates. Double positive cells for the
markers CD3 and CD56 denote pairs of cells formed by CD4-HIV* and NK cells. Controls corresponding to medium alone and non-conjugated (naked) nanoparticles are shown.
Different ratios for the generation of BiAb-AuNPs and different total antibody concentrations on the nanoparticles (2.5 pg/ml for all conjugates and an additional dose of 10 pg/ml
for 60:100 ratio) are shown. (b) Summary graph for the induction of cell-to-cell contacts in the presence of different nanoconjugates. Mean with SEM for the experimental
replicates are shown. Statistical analysis consisted on a paired t-test. *p < 0.05. (c) Representative example of the gating strategy to identify cell doublets using the FSC-H and FSH-
A signals, and the subsequent analysis of the frequency of different types of cell pairs using the cell markers CD3 and CD56. (d) Distribution of the cell doublets. Cell doublets were
identified by flow cytometry using the FSH-H and FSH-A plot. The total cell doublets were distributed in T-T cells (CD3*CD3"), NK-NK (CD56"CD56") or T-NK (CD3*CD56") doublets
and the percentages are plotted. Data shows mean with SEM of n=6 independent experiments. Statistical comparisons were performed using Wilcoxon matched-pairs signed
rank test. (e) Representative confocal micrographs of HIV-expressing cells (CEM.NKR CCR5" coated with HIV gp120 recombinant protein and stained with PKH67 in green, and
DAPI nuclei staining in blue) and primary NK cells (DAPI nuclei staining). Both cell types were co-cultured at 1:1 ratio for 20 min in the presence of the pBiAb-AuNPs. pBiAb-AuNPs

are visualized in red. Scale bar represents 5 pm.

HIV-infected patients had a diminished capacity to kill by ADCC in
comparison to healthy donors (Fig. 4c). Importantly, after the addi-
tion of the polarized pBiAb-AuNPs, the functionality of NK cells was
significantly restored (Fig. 4d). Of note, polarization of the antibodies
at the AuNPs surface was a requisite for the enhancement of the NK

cell immune response, since we found that non-polarized rBiAb-
AuNPs could not strongly potentiate the NK cytotoxic response
(Fig. 4d).

As the triggering through the CD16 receptor can be a potent ac-
tivating signal, we addressed the possibility of direct NK activation
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Fig. 4. NK-mediated cytotoxic response against HIV-expressing cells promoted by the pBiAb-AuNPs. (a) Representative flow cytometry plots for NK-mediated cytotoxicity assays.
CEM-NKR.CCR5* cells were double-stained with PKH67 and eF670, and coated with the HIVg, gp120 recombinant protein. Cells were co-cultured with primary NK for 4 h at 1:10
target/effector ratio and in the presence of different nanoconjugates at the following antibody doses: 10 ug/ml for plrre-AuNPs, 10 ug/ml for pBiAb-AuNPs and 5 pg/ml for each free
antibody. Loss of the eF670 marker was used to determine the percentage of dead cells in an eF670 versus PKH67 plot. (b) Summary graph (n = 6) of the ADCC activity mediated by
NK cells from healthy donors in the presence of different nanoconjugates at the following antibody doses: 10 ng/ml for irrelevant AuNPs, 10 ng/ml for pBiAb-AuNPs and 5 pug/ml for
each free antibody. Represented data is normalized to the positive control condition (plasma from a viremic HIV* patient). Statistical comparisons were performed using Wilcoxon
matched-pairs signed rank test. Median with range (min-max) are shown. *p < 0.05. (¢) Graph comparing the ADCC NK-mediated response between healthy donors and treated
HIV-infected patients in the presence of the anti-gp120 antibody A32. Statistical comparisons were performed using Mann-Whitney test. Median with range (min-max) are
shown. *p < 0.05; **p < 0.01. (d) Summary graph (n=6) of the ADCC activity mediated by NK cells from treated HIV-infected patients in the presence of different nanoconjugates
at the following antibody doses: 10 pg/ml for irrelevant AuNPs, 10 pg/ml for pBiAb-AuNPs and non-polarized rBiAb-AuNPs, and 5 pg/ml for each free antibody. Represented data is
normalized to the positive control condition (plasma from a viremic HIV" patient). Statistical comparisons were performed using Wilcoxon matched-pairs signed rank test.
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Median with range (min-max) are shown. *p < 0.05. (e) Representative flow cytometry plots showing CD16-expressing cells in digested cells after 24 h of tonsil histoculture in the
presence of the pBiAb-AuNPs or Irre-AuNPs (5 pg/ml of antibody burden dose). (f) Summary graph showing CD16-expressing cells after different tissue culture conditions (basal
condition, 24 h incubation with 5ul of pBiAb-AuNPs at 5ug/ml dose or 5l of Irre-AuNPs at 5pg/ml dose per block) in n=8 histocultures. Median and ranges (min-max) are
shown. Statistical comparisons were performed using Wilcoxon matched-pairs one tailed signed rank test. “p < 0.05; **p < 0.01. (g) Representative flow cytometry plots showing
reduction in HIV infection (by detection of the viral protein p24) after 6 days of infection of the tonsil histocultures, in the presence of the pBiAb-AuNPs or Irre-AuNPs (5 pl of the
5 ng/ml dose per tonsil block). (h) Graph summarizing the results of the HIV inhibition assays (measured at day 6 of HIV infection by detecting the p24 antigen expression by flow
cytometry) in tonsil histocultures in the presence of the pBiAb-AuNPs or Irre-AuNPs (5 ul of the 5pug/ml dose per tonsil block) (n=8). Median with ranges are represented.

Statistical comparisons were performed using Wilcoxon matched-pairs signed rank test. *p < 0.05.

by our pBiAb-AuNPs. Human peripheral blood mononuclear cells
(PBMCs) were cultured with the pBiAb-AuNPs for 4.5h and the
different activation and cytotoxicity markers were measured by flow
cytometry. We observed that after incubation with the pBiAb-AuNPs,
primary NK cells (CD3" CD56") produced IFN-y (Supplementary
Fig. 6a). Accordingly, 3G8 free antibody and IrreAuNPs also increased
IFN-y production in NK cells, showing that in general, targeting Fc
receptors could also stimulate NK cells to produce IFN-y, as pre-
viously reported [36]. By contrast, the pBiAb-AuNPs not always in-
duced the expression of CD107a (a degranulation marker)
(Supplementary Fig. 6b), nor significantly affected cell activation,
measured by the expression of HLA-DR (Supplementary Fig. 6¢).
We also used a human tissue histoculture model [37] to assess
the penetrability of the pBiAb-AuNPs in blocks of lymphoid tissue
and the NK immune effector function during ex-vivo HIV infection
(Supplementary Fig. 7). Note that the only valuable animal model to
study the NK biology in tissues during HIV disease are primarily
non-human primates. Tissue blocks were infected with HIV, and
after 15 min pBiAb-AuNPs were added to the culture. After 24 h in-
cubation, we checked the penetrability of the pBiAb-AuNPs by de-
tection of the CD16 marker in NK cells. 6 days later, the infection was
measured by intracellular staining of the HIV p24 viral protein. We
observed that pBiAb-AuNPs were able to penetrate these cultured
tonsil blocks, as demonstrated by the specific loss in the detection of
the CD16 marker by flow cytometry in the presence of the pBiAb-
AuNPs (Fig. 4e and f). This reduction of CD16 expression is attributed
to the blockage of CD16 by the 3G8 antibody present in the pBiAb-
AuNPs after tissue penetration. In addition, the pBiAb-AuNPs sig-
nificantly decreased HIV infection in this lymphoid tissue, reaching

up to 50% reduction in some cases (Fig. 4g and h). This is noteworthy,
since the majority of the persistent HIV infection in antiretroviral
treated individuals reside in secondary lymphoid tissue such as
lymph nodes and the gut-associated lymphoid tissue (GALT), being
the main barrier to reach a cure [38]. Interestingly, NPs are being
extensively studied as drug carriers and targeting vehicles for their
ability to target some of these tissue compartments [39].

pBiAb-AuNPs strongly enhance the NK-mediated killing of latent HIV-
infected cells after viral reactivation

Reducing or eliminating the persistent reservoir is the main
challenge in HIV research field. Recently, therapeutic strategies
named “shock and kill” are being designed and tested to clear the
HIV reservoir. This approach tries to induce the expression of dor-
mant HIV viruses with latency reversal agents (LRAs), relying on
achieving also a potent immune response able to eliminate the
HIV-infected cells. For assessing the suitability of the pBiAb-AuNPs
to be used in the context of a shock and kill strategy, we tested their
capacity to induce a cytotoxic response on viral reactivated HIV-
infected cells with LRAs, first on the latently infected cell line ACH-
2 and then on a primary cell model of HIV latency. When pBiAb-
AuNPs were added to ACH-2 cells and subjected to viral reactiva-
tion, we consistently observed a highly potent response against
HIV* cells, inducing a median of 80.0% of cell death in 4 h (Fig. 5a).
This potent response was also reproduced with NK cells when
pBiAb-AuNPs were added to the primary cell model of HIV latency
after viral reactivation; in the absence of nanoparticles, NK cells
were able to reduce the pool of reactivated cells by a median of
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Fig. 5. The pBiAb-AuNPs enhance the killing of the latently HIV-infected cells after viral reactivation. (a) Cytotoxic response against latently-infected ACH-2 cells after viral
reactivation. PHA and PMA-reactivated ACH-2 cells were cultured with primary NK cells at ratio 1:10 target/effector for 4 h in the presence or absence of the pBiAb-AuNPs at
10 pg/ml. Cytotoxicity was calculated as the disappearance of ACH-2 target cells using flow cytometry count beads. Data is normalized to the control condition in absence of the
pBiAb-AuNPs. Mean with SD of 4 independent experiments is shown. (b) Graph representing the cytotoxic response mediated by NK cells in a primary cell model of HIV latency
and after viral reactivation with Ingenol (ING) (100 nM) (ratio reactivated cells:NK cells 1:1) in the absence of pBiAb-AuNPs. Median with range of n=5 experiments is re-
presented. (c) Summary graph of the enhancement of the NK-mediated cytotoxic response against viral reactivated CD4" T cells induced by the presence of the pBiAb-AuNPs or
Irre-AuNPs (2.5 ng/ml total antibody burden) (n=5). Median with range is represented. Statistical comparisons were performed using the one sample t-test. *p < 0.05.
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23.08% (Fig. 5b). However, this killing was highly enhanced when
cells were cultured in the presence of the pBiAb-AuNPs, further
reducing the pool of viral reactivated CD4 T cells by a median of
58.0% (in comparison to median of 23.20% achieved by the control
Irre-AuNPs) (Fig. 5¢). Therefore, the properties of our pBiAb-AuNPs
make them also highly valuable in the context of emerging shock
and kill clinical strategies.

Discussion

The development of novel therapeutic strategies to target per-
sistent HIV in patients treated with antiretroviral therapy represents
a current priority in the search for an HIV cure [40,41]. Here, with
the aim to generate a potent immune-based approach to specifically
target and deplete productively HIV-infected and reactivated la-
tently-infected cells, we have constructed novel targeted and po-
larized bispecific nanoparticles. For that, we have optimized and
developed a linker-free method for promoting cooperative antibody
conjugation, generating AuNPs with 2 specificities; on the one hand
the A32 antibody recognizes the HIV protein gp120 displayed in the
cell membrane of productively or viral-reactivated HIV-infected
cells, and on the other hand, the anti-CD16 monoclonal antibody
(3G8) recognizes the molecule CD16 mainly expressed on the cyto-
toxic subset of NK cells (CD56dim NK cells). Using this novel con-
jugation strategy, antibodies were attached to the AuNPs surface
forming ordered domains and fully retaining their antigen specifi-
city. Thus, pBiAb-AuNPs were able to significantly enhance the
generation of desired cell doublets, and activate NK cells which in-
duced a potent cytotoxic response against both, cultured HIV-ex-
pressing cells and infected lymphoid tissue cells. Importantly, and
supporting its application in “shock-and-kill” approaches, the pBiAb-
AuNPs efficiently reduced the pool of latent HIV-infected cells after
pharmacological reactivation.

The results presented here support not only the beneficial effects
of the pBiAb-AuNPs bispecific platform to eliminate HIV-infected
cells, but also the importance of developing polarizing antibody
conjugation methods to construct bispecific nanotools in order to
achieve better biological results. Herein, we carefully studied the
conjugation medium and the process to obtain bispecific hard pro-
tein coronas, driven by a cooperative adsorption of the mix of anti-
bodies, leading to their organization in domains at the AuNP surface.
In the case of non-conjugated non-neutralizing anti-HIV antibodies,
such as free A32, indirectly recruit NK cells through their Fc portion
and promote ADCC activity. The potency of the ADCC immune re-
sponse depends on many factors, such as the valence of the anti-
body-epitope binding, the antibody orientation on the bounded
antigen and the resulting size of the immune complex [42-44]. In-
terestingly, pBiAb-AuNPs multivalency (they held about 32 anti-
bodies at their surface) favored all these conditions to take place and
triggered a potent anti-HIV NK-mediated cytotoxic response, which
was also facilitated by their specific cell engaging capacity.

NK cells express a broad variety of inhibitory and activating cell
receptors, and only a specific balance between the expressions of
these receptors triggers a cytotoxic immune response [45]. However,
CD16, the cognate antigen of 3G8 antibody, has been reported as the
only receptor able to activate cytotoxicity and cytokine secretion
without the need of additional signals [46]. We proved that direct
CD16 engagement by pBiAb-AuNPs helped to achieve a potent anti-
HIV cytotoxic response mediated by the stimulation of NK cells and
the enhanced contact with cell targets. Free 3G8 antibody and
IrreAuNPs slightly increased the percentage of NK cells producing
IFN-y, showing that in general, targeting Fc receptors could stimulate
NK cells to produce this cytokine, as previously reported [36]. These
irrelevant nanoparticles (IrreAuNPs), used as an unspecific control,
are composed of polyclonal IgG mouse and polyclonal IgG rat anti-
bodies, which can bind Fc receptors expressed on NK cells, such as
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CD16, and provide unspecific cell activation. Of note, it is uncertain
the exact orientation of the antibodies on top of the AuNPs. The cell
targeting results indicate that the variable chain of the antibodies
remains available for antigen recognition. However, it is also possible
that the Fc portion stills accesible and might stimulate NK cells
through Fc receptors. Both scenarios are likely possible if antibodies
are adsorbed laterally on AuNPs. This would explain the results
obtained in the cytotoxic assays, both against cultured gp120-coated
cells and HIV-infected tonsillar tissue cells, in which control Irre-
AuNPs showed certain effect. In the mentioned cytotoxicity assays,
pBiAb-AuNPs efficiently eliminated gp120-coated cells, providing
better response than Irre-AuNPs and the A32 free antibody, a non-
neutralizing antibody highly potent at performing ADCC [35]. Be-
sides, the combination of unconjugated A32 and 3G8 resulted in a
weak cytotoxic response, further supporting that their combination
and confinement in a polarized and multivalent AuNP platform is
essential to mediate potent anti-HIV effect.

Furthermore, pBiAb-AuNPs were able to rescue NK cells from
HIV-infected patients, triggering a cytotoxic response similar to the
one provided by the positive control. This is noteworthy, since HIV
persistent infection leads to the appearance of dysfunctional NK cells
with diminished capacity to kill cell targets [6], and this NK cell
exhaustion persists despite the antiretroviral treatment [47-49].
Thus, all these properties place pBiAb-AuNPs as an attractive mole-
cularly-targeted nanotool to redirect and potentiate the NK cell re-
sponse to combat persistent HIV infection. Other nano-based
approaches trying to boost anti-viral immunity have been previously
developed [50,51].

To our knowledge, the pBiAb-AuNPs are the first nanotool de-
scribed engaging NK cells with HIV-infected cells. Bispecific AuNPs
have been previously developed to target malignant B cells [52].
However, such dual-affinity AuNPs were generated attaching both
antibodies via a linker in a randomly-distributed manner, which
consequently also attached cells of a similar type. In a similar
manner, several bispecific antibody derivatives targeting NK cells
through CD16 have been explored for cancer therapy [53,54],
showing CD16 engagement as a powerful way for tilting the balance
in favor of NK activation.

Importantly, the pBiAb-AuNPs were able to penetrate and greatly
reduce the HIV infection in tonsillar lymphoid human tissue. This is
of relevance since the majority of the persistent HIV infection in
antiretroviral treated individuals, which hinders the eradication of
the HIV [55], reside in secondary lymphoid tissue such as the lymph
nodes and the GALT [38]. The histocultures assays performed here
are highly valuable as evidence for in vivo performance, since the
only animal models that fully recapitulate NK cell function are non-
human primates [56].

Finally, we tested the potential of the pBiAb-AuNPs to promote a
NK-mediated clearance of the HIV-latently infected cells after viral
reactivation, mimicking “shock and kill” assays. Latently HIV-in-
fected cells are supposed to be efficiently killed by the immune
system after the pharmacologically reactivation of dormant viruses.
However, reactivation of viral expression alone has appeared not
sufficient to eradicate cell reservoirs [57-59]. Thus, the appropriate
potentiation of the immune system is essential to fully eliminate the
latent reservoir. NK cells could help to completely clear viral-re-
activated cells [4,60,61]. The A32 antibody is a good candidate for
targeting latently infected cells in the setting of viral reactivation for
several reasons; it broadly reacts against envelopes from all HIV-1
clades [62], A32-like epitope residues are highly conserved [63],
there is no evidence of epitope escape mutations [64], and it targets
the earliest known epitope expressed post-infection [35]. Im-
portantly, pBiAb-AuNPs extensively reduced the pool of reactivated
latently infected cells by triggering a potent NK immune response.
This is very relevant since viral-reactivated cells have been reported
to be partially resistant to the well-studied CD8 cell-mediated
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immune responses, and therefore novel strategies are urgently
needed [65].

Materials and methods
Ethics statement

PBMCs from healthy donors were obtained from the Blood and
Tissue Bank, Barcelona, Spain. The study protocol was approved by
the Comité d’Etica d’Investigacié Clinica (Institutional Review Board
number PR(AG)350/2017) of the Hospital Universitari Vall d’Hebron,
Barcelona, Spain. Samples were obtained from adults, who all pro-
vided written informed consent, and were prospectively collected
and cryopreserved in the Biobanc (register number C.0003590). All
samples received were totally anonymous and untraceable. PBMCs
from HIV-1-infected patients were also obtained from the HIV unit
of the Hospital Universitari Vall d’Hebron (Institutional Review
Board number PR(AG)350/2017). In addition, tonsil tissue was ob-
tained from eight individuals who were undergoing routine tonsil-
lectomy from the Otolaryngology Department of the Hospital
Universitari Vall d’Hebron, Barcelona, Spain (Institutional Review
Board number PR(AG)116/2018). All participants gave written in-
formed consent for their participation in these studies.

Cells, antibodies and reagents

We used the cell lines CEM.NK® CCR5* and ACH-2 (obtained
through the NIH AIDS Reagent Program, Division of AIDS, NIAID, NIH,
from Dr. Alexandra Trkola [66,67] and Dr. Thomas Folks [68,69],
respectively). PBMCs were isolated by Ficoll-Paque density gradient
centrifugation and cryopreserved in liquid nitrogen. Cells were cul-
tured in RPMI 1640 medium supplemented with 10% fetal bovine
serum (FBS; Gibco, Life Technologies, Inc.), 100 U/ml penicillin, and
100 ug/ml streptomycin (Life Technologies, Inc.) (R10; control
medium), and maintained at 37 °C in a 5% CO, incubator. The A32
antibody was obtained through the AIDS Research and Reference
Program, NIAID, NIH (Cat#11438) from Dr. James E. Robinson [70,71].
The anti-CD16 clone 3G8 was purchased from Stemcell. BaL gp120
recombinant protein was also obtained through the NIH AIDS Re-
agent Program. Polyclonal IgG mouse and IgG rat were purchased
from Sigma-Aldrich. IL-2 was obtained from the Vall d’Hebron
Hospital pharmacy.

Synthesis of gold nanoparticles and conjugation with antibodies

Chemicals

Sodium citrate tribasic dihydrate (299%), gold (III) chloride tri-
hydrate HAuCl4*3H,0 (99.9% purity) and sodium tetraborate dec-
ahydrate were purchased from Sigma-Aldrich. All reagents were
used as received without further purification and all glass material
was sterilized and dehydrogenated in an oven prior to use. Mili-Q
water was used in the preparation of all solutions.

Nanoparticle synthesis

Aqueous solutions of sterile endotoxin free ~40 nm citrate-sta-
bilized AuNPs were synthetized according to previously developed
seeded-growth method following a citrate reduction protocol as
previously described [72]. AuNPs were obtained after different se-
quential steps of growing, yielding 5 x 10'® NPs/ml (33 pg/ml). After
purification by centrifugation, to discard by-products and con-
taminants, NPs were resuspended in a solution of 2.2 mM sodium
citrate (SC) and stored at 4 °C in the dark. All the particles were used
within 20 days after their synthesis.
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Nanoparticle conjugation

Following our protocol, antibodies were dispersed in the con-
jugating medium, consisting in a 4 mM borate 2.2 mM SC solution.
The initial antibody concentrations were 3ug/ml of the anti-
HIVgp120 (A32), and 20 pg/ml of the anti-CD16 (clone 3G8). Then,
the solution of AuNPs 2.2 mM was added drop-wise (volume ratio
antibodies solution:NP solution of 1:1). The mixture was incubated
for 48 h at 4°C under mild agitation conditions (without magnet).
Finally, we removed the conjugates from the unbound antibodies by
centrifugation at 5000 gx for 40 min. The difference in the antibody
concentration used for each antibody is directly related to their
different affinity for the AuNP surface, as demonstrated in the iso-
thermal adsorption curves (Fig. 1b and c¢). We optimized our protocol
of conjugation by exploring different mixtures of ions to increase the
stability of the process and the conjugates. We found that 3-10 mM
range of borate and 2.2 mM SC solution conferred high stability to
both antibodies and the nanoparticles (data not shown), allowing a
soft interaction between them. In addition, it is well known that a
slow and controlled addition of nanoparticles to an ion-optimized
solution of diluted antibody (protein), and long-term incubation of
the mixture at 4 °C under mild agitation conditions, lead to an or-
dered disposition of the different antibodies into segregated do-
mains, forming polarized nanoparticles [13]. This cooperative
adsorption phenomenon, facilitated by a weak perturbation of the
conjugation system, translates the mixture to a new equilibrium,
leading to polarized NPs [12,19].

In addition, we reproduced a previously reported antibody-ad-
sorption conjugation protocol to generate bispecific gold nano-
particles [33]. This protocol leads to a random disposition of the
antibodies on the surface of gold nanoparticles (non-polarized).
Briefly, 133 pl of 15 mM borate buffer pH 8.7 was added to 1 ml of
AuNPs. 3 pg/ml of A32 antibody and 20 pg/ml of 3G8 were added and
allowed to react under agitation for 30 min. Afterwards, sucrose was
incorporated to a final concentration of 5% and incubated for 30 min.
Then, 160l of 3% bovine serum albumin (BSA) were added and
shaken for 10 min. Thereafter, we centrifuged the sample (7500 gx
for 30 min) to remove unbound antibodies and AuNPs were re-sus-
pended in 1 ml of 2 mM borate buffer pH 8.7 containing 5% sucrose,
2% glycerol, 0.5% BSA, and 0.01% Tween. The washing step was re-
peated and the conjugate was re-suspended in 100l of the men-
tioned borate buffer.

Physicochemical characterization of BiAb-AuNPs

Physicochemical characteristics of the synthesized nanoparticles
were assessed by different methodologies, such as electron micro-
scopy. To characterize the different conjugates, we evaluated sam-
ples by UV-Vis spectrophotometry (Cary 60 UV-Vis
Spectrophotometer, Agilent), Dynamic Light Scattering (DLS) and
Zeta potential experiments. DLS and Zeta potential experiments
were conducted in a Zetasizer Nano series instrument (Malvern).
The particles size and Zeta potential were measured simultaneously
three times. Previously to the characterization experiments, samples
were centrifuged to remove the unbound antibodies.

TEM - SEM analysis

Transmission Electron Microscopy. Gold nanoparticles and Gold
nanoparticles - antibody complexes were visualized using FEI
MAGELLAN 400 L XHR SEM. This microscope allows for images ac-
quisition in the high energy (15-30kV) SEM and STEM mode. The
ultrathin Formvar-coated 200-mesh copper grid (Ted-pella, Inc.)
were directly dipped in the sample solution and left to dry in air
overnight. TEM images of the prepared colloidal AuNP were used for
the size distribution measurements. For each sample, the size of at
least 100 particles was measured and the average size and the
standard distribution were obtained. TEM and SEM images of the
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prepared AuNP - antibody complexes were used for the analysis of
surface contact between AuNPs in the case of total antibody surface
passivation or partial antibody surface passivation. The charging
effect observable on the edge of the NPs visualized by SEM is asso-
ciated to the presence of the organic layer. This effect provides in-
formation on the degree of NP surface passivation by the antibody.

UV-Visible absorption spectroscopy

UV-Visible absorption (UV-Vis) spectra were acquired on an
Agilent Cary 60 UV-Vis Spectrophotometer. A total volume of 1 ml of
the analysed sample was placed in a plastic cell and the spectral
analysis was performed between 300nm and 800nm at room
temperature. Cary WinUV software by Agilent has been used to
collect the spectrophotometer output.

DLS and Zeta potential measurements

The hydrodynamic diameter and the surface charge of the col-
loids were measured by Dynamic Light Scattering (DLS) and Zeta
Potential on a Malvern Zetasizer Nano ZS90 which incorporates a Z-
potential analyser (Malvern Instruments Ltd, Worcestershire, UK).

Bioconjugates analysis by TEM-SEM

For conjugation, 50 nm AuNPs were used at final concentration
4x10'° NP/ml (total surface area approximately 2x10'* nm?/ml).
AuNPs were exposed to IgG molecules at two different final protein
concentration, corresponding to (i) a situation in which the number
of IgG molecules theoretically cover the 60% of the total NPs surface,
and (ii) a situation in which IgG molecules theoretically cover the
total NP surface with a 100x excess of antibody molecules. The total
NP surface was calculated knowing the surface area of the 50 nm
AuNPs (7.85x 10> nm? per particle). The IgG surface area used to
estimate the theoretical number of IgG molecules in solutions, and
consequently, the total NP surface coverage was calculated according
to the relation with molecular weight specific for globular proteins
[73] and approximating the IgG molecules to a sphere. IgG was ad-
sorbed onto AuNPs by incubating the AuNPs with IgG in 10 mM
Borate Buffer pH 8.5 for a total time of 48 h at 4 °C under mild agi-
tation (650 RPM). After 48 h of incubation time, IgG-conjugated NPs
were analyzed without further purification.

Bioconjugation to Nivolumab

50 nm AuNPs were conjugated to Nivolumab antibody. To per-
form bioconjugation, we calculated the theoretical number of bio-
molecules required to cover the whole NP surface knowing the
surface area of the 50 nm AuNPs (7.85 x 10> nm? per particle) and the
surface coverage of Nivolumab molecule. For Nivolumab, we esti-
mated the number of antibodies molecules needed to cover the NP
surface according to the relation with molecular weight specific for
globular proteins [73]. Incubation was performed in 10 mM Phos-
phate Buffer, pH 7.4 at Room Temperature, by directly diluting the
AuNP in the protein solution in the presence of a 100x Nivolumab
excess, in order to ensure complete surface coverage.

Distribution of antibodies on cooperatively-conjugated AuNPs by TEM

With the aim to directly observe if the optimized conjugation
method leads to the segregation of a mix of antibodies in two different
domains (polarization), we performed a straight forward experiment.
On the one hand, AuNPs of ~60 nm were doubly conjugated with
rabbit anti-HSA IgG (18 pg/ml) and rabbit anti-BSA IgG (18 ng/ml). On
the other hand, we conjugated smaller AuNPs as labels: AuNPs of
25 nm were functionalized with BSA (5uM) and of 15 nm functiona-
lized with HSA (5 uM). The bispecific conjugates were incubated with
the AuNPs functionalized with BSA and the AuNPs functionalized with
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HSA for 24 h. Then, the sample containing the three types of AuNPs
was purified from the excess of smaller AuNPs by decantation and
after that, the TEM grids were prepared by dipping, by directly im-
mersing the grids in the AuNPs solution and letting them dry in an
open atmosphere overnight. Finally, the sample was analyzed by TEM,
using an 80-keV TEM JEOL 1010 equipped with an Orius (Gatan) CCD
Camera. TEM grids consisted on an ultrathin-formvar coated 200 mesh
copper grid covered with a layer of carbon (Ted-Pella). The TEM
images of 232 AuNPs of 60 nm were randomly obtained and classified
depending on the apparent polarization formed by the specific re-
cognition between 25 nm and 15 nm label AuNPs.

Thermogravimetric assay

Thermogravimetric analyses (TGA) were carried out on a Pyris
TGA 8000 under N2 flow with a temperature range from 30 °C to
600 °C at a heating rate of 5°Cmin'. Considering that the limit of
detection is a loss in mass of 5 ug of antibody, a total volume of 417 ul
of AuNPs was conjugated with mouse IgG producing 0.269 mg of
bioconjugates. The purified bioconjugates were deposited in a
ceramic crucible, allowing the excess of water to evaporate during
24hin a laminar flow cabinet.

Simulation model

Coarse-grained (CG) models were employed to extract the re-
levant characteristics for the studied processes [74]. In our model,
one bead comprises three heavy atoms. The bead interaction para-
meters, topology and composition are chosen to mimic the inherent
chemistry for the atoms. The employed model is Dissipative Particle
Dynamics (DPD) |75], a stochastic CG simulation model that has been
used to study soft matter [76], complex fluids and biomolecular
systems, such as self-assembling amphiphilic micelles and bilayers,
polymers, proteins, nanoparticles [18,77] and colloidal systems [78].

The cooperative adsorption of immunoglobulins onto AuNPs is
studied by DPD-MC hybrid model. All the simulations are performed
in a NPT ensemble (constant number of particles N, pressure P and
temperature, T) using a dimensionless units system. For our para-
meterization, p=3, m=3 and V" =30 A and the friction constant (1)
necessary for evaluating the dissipative force is set equal to 4.5. For
each system, the length of the simulation is normally 300,000 cycles,
equivalent to 1350 ns if using 0.03t as time step. The working tem-
perature use throughout the simulations is K, T =0.42 [79,80].

All experiments are performed in a cubic box water of
LyxLyxL,=30x30x 30d3. Simulations contain 80,000 beads of
water (equivalent to 240,000 molecules of water), 3000 beads
of gold (equivalent to 9000 gold atoms) that form a unique AuNP and
100 molecules of each biological ligand. All compounds are ran-
domly distributed along the box.

Cell targeting assays

We assessed the binding capabilities of conjugated A32 (anti-
HIVgp120) and 3G8 (anti-CD16) antibodies to their targets by flow
cytometry. Briefly, for evaluation of A32-monoconjugates we used
the CEM.NK® CCR5* cell line. Cells were coated with 1 pg of the HIV-
1 BaL gp120 recombinant protein during 1h at room temperature
(RT). After incubation, cells were extensively washed in ice-cold R10
medium and staining buffer (PBS containing 3% FBS). Thereafter,
cells were incubated for 20 min at RT in R10 medium containing
naked AuNPs, AuNPs conjugated with A32 or free A32, and stained
with an anti-human FITC-labelled secondary antibody (dil 1:100)
(Thermo Fisher) for A32 detection (20 min at RT). To assess the
targeting capacity of 3G8 monoconjugates, NK cells were obtained
from PBMCs of healthy donors by negative isolation using magnetic
beads (MagniSort™ Human NK cell Enrichment Kit, eBioscience).
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Then, NK cells were incubated in medium containing naked AuNPs,
AuNPs conjugated with 3G8 or free 3G8. For detection of 3G8 by flow
cytometry, we used an anti-mouse AF647-labelled secondary anti-
body (dil 1:200) (Invitrogen). R10 media controls were included for
both conjugates. Cells were then fixed with paraformaldehyde so-
lution (PFA; Affymetrix) (2%) and acquired in an LSR Fortessa flow
cytometer (Becton Dickinson). Results were analyzed with Flow]o
v10 software (Tree Star).

Cell-to-cell contact assays

CD4" T cells and NK cells were isolated from cryopreserved
PBMCs of healthy donors by commercial kits (MagniSort Human
CD4" T Cell Enrichment; Affymetrix, and MagniSort™ Human NK cell
Enrichment; eBioscience). CD4"* T cells were coated with 1 pg of re-
combinant gp120 protein during 1h at RT. After extensive washes,
CD4" T cells were mixed with NK cells in a 1:1 ratio and stained with
anti-CD56 (PE; Becton Dickinson) and anti-CD3 (PE-Cy7; Becton
Dickinson) antibodies for detection of NK cells and CD4 T cells, re-
spectively. After washing, we added naked AuNPs or BiAb-AuNPs at
two different doses (2.5 pg/ml and 10 pg/ml of total antibody). After
20 min incubation at RT, cells were washed and fixed with PFA (2%).
Samples were then acquired on a LSR Fortessa flow cytometer
(Becton Dickinson) and data were analyzed using FlowJo V10
software.

Confocal microscopy

Attachment of BiAb-AuNPs to their targets and subsequently
promotion of dual cell conjugates were assessed by confocal mi-
croscopy. First, CEM.NKR CCR5" cells were stained with 2 uM of the
membrane lipid marker PKH67 (Sigma-Aldrich) according to the
manufacturer instructions. These cells were also coated with 1 g of
HIV-1 BaL gp120 recombinant protein for 1h at RT. Then, NK cells
isolated from PBMCs of healthy donors were obtained as described
above. NKs and PKH67-labelled CEM.NK® CCR5" cells were mixed at
1:1 ratio and incubated for 20min at RT with pBiAb-AuNPs
(2.5 pg/ml of total antibody burden), then attached to coverslips (by
centrifugation at 800 xg for 5 min) previously coated with 0.1 mg/ml
of poly-1-lysine (Sigma-Aldrich) and fixed with PFA (4%) for 15 min
at RT. Cells were finally stained with DAPI (1:5000 dilution) (Thermo
Fisher) and mounted with Fluoromount G (eBioscience).
Preparations were imaged with an Olympus Spectral Confocal
Microscope FV1000. Image] software was used for image composi-
tions. A total of 20 images were counted, containing 1650 cells. Note
that AuNPs of 40 nm do not reflect or diffract light because they are
below the visible light resolution limit, but they are good at dis-
persing light, especially if aggregated. Thus, the light scattering/
dispersion can be observed with a confocal microscope [25].

NK cell activation and functional activity assays

The activation and cytotoxicity phenotype of NK cells after sti-
mulation with pBiAb-AuNPs was evaluated. Cytotoxicity was as-
sessed by the measurement of CD107a and IFN-v. Briefly, PBMCs
were cultured in R10 medium with 10 pg/ml pBiAb-AuNPs, 10 pg/ml
Irre-AuNPs, 5 pg/ml of A32, 5pg/ml of 3G8 or 10 ng/ml PMA plus
1 M ionomycin (positive control) for 4.5 h in a 96-well plate at 37°C
and 5% CO,. CD107a-PE-Cy5 (H4A3; Becton Dickinson), BD GolgiPlug
Protein Transport Inhibitor (Beckton Dickinson) and BD GolgiStop
Protein Transport Inhibitor containing monensin (Becton Dickinson)
were also added to each well at the recommended concentrations.
Cells were then washed and stained with a viability dye (LIVE/DEAD
Fixable Violet dead cell stain; Thermo Fisher). To measure the acti-
vation marker HLA-DR, cells were stained with anti-CD56-FITC
(B159; Becton Dickinson), anti-CD3-PE-Cy7 (SK7; Becton Dickinson)
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and anti-HLA-DR-SB600 (LN3; eBioscience) antibodies for 20 min at
RT. Cells were then fixed and permeabilized with Fixation/
Permeabilization Solution (Becton Dickinson) for 20 min at 4 °C,
washed with BD Perm/Wash buffer and stained with anti-IFN-¥
AF700 (Life technologies) for 30 min at 4 °C. After washing, cells
were fixed with PFA (2%) and acquired on an LSR Fortessa flow
cytometer (Becton Dickinson). Data were analyzed using FlowJo V10
software.

Antibody-dependent cell-mediated cytotoxicity (ADCC) assay

The ADCC assay was performed as described by others with some
modifications [81]. Briefly, CEM-NKR. CCR5 cells were used as target
cells after being double-stained with PKH67 (Sigma-Aldrich) and
eF670 (Labclinics) dyes following manufacturer’s instructions. Then,
cells were coated with 1pg of the HIV-1 BaL gp120 recombinant
protein for 1 h at RT and extensively washed in ice-cold R10 medium.
Target cells were dispensed in U-bottom 96-well plates (5000
cells/well) and incubated for 15 min with 5 pg/ml of free A32, 5ug/
ml of free 3G8, Irre-AuNPs or BiAb-AuNPs (10pug/ml antibody
burden), and plasma (1:1000 dilution) from a viremic (high viral
load in blood) HIV* patient as a positive control. After incubation, NK
effector cells isolated from PBMCs of healthy donors or antiretroviral
therapy (ART) suppressed HIV* patients were added at 1:10 target/
effector ratio. Plates were centrifuged and incubated for 4 h at 37 °C
and 5% CO,. Finally, cells were washed, fixed with PFA (2%), acquired
on a LSR Fortessa flow cytometer (Becton Dickinson) and analyzed
using FlowJo software. Flow cytometry count beads (AccuCount
Blank Particles, Cytognos) are used to normalize cell collection to a
constant number of particles (1000 events). Target cells were iden-
tified in a PKH67-versus side scatter (SSC) plot. Loss of the eF670
marker was used to determine the percentage of killing in an eF670
versus PKH67 plot. ADCC on virally-reactivated cells was performed
as follows; the latently-infected cell line ACH-2 was stimulated to
produce HIV by the addition of 10 ug/ml PHA (Phytohemagglutinin;
Fisher Scientific) and 10nM PMA (phorbol myristate acetate;
Abcam) during 17 h at 37 °C. Then, cells were subjected to the ADCC
assay as described above. ADCC of viral-reactivated cells was cal-
culated as the fraction of cells that disappeared within the target
population after the addition of pBiAb-AuNPs in comparison to the
control condition with targets and NK cells, but lacking the nano-
particles. To assess the absolute number of cells killed by ADCC, we
added to each well flow cytometry particles for absolute cell
counting (5 x 10*/ml) (AccuCount Blank 5.0-5.9 pm, Cytognos).

Tonsillar tissue processing and infection

Tonsils from healthy children were obtained and processed as
previously described [82]. Briefly, the tissue was processed within
the first 2 h following surgery. We dissected the tissue into uniform
blocks of approximately 2 mm =2 mm x 1 mm, after discarding all
cauterized, bloody or necrotic areas. Ten blocks per condition were
placed on top of a piece of sponge (Absorbable gelatin Surgispon;
AEGIS LIFESCIENCES) suspended in RPMI1640 medium supple-
mented with 20% FBS (R20) and 100 U/ml penicillin and 100 pg/ml
streptomycin in a 6-well plate. Then, for viral infection experiments,
5ul of HIVg, virus (457 TCID5o) were added on top of each tissue
block. Some pieces were not infected as a control. After 15 min in-
cubation, we added 5 pl of pBiAb-AuNPs or [rre-AuNPs at 5 pug/ml of
total antibody burden on each block and placed the plate in the
incubator (37 °C 5% CO,). We performed two different assays with
the tonsillar blocks. First, after one day incubation with the nano-
particles, we digested the blocks as previously described [82] and
performed the staining with LIVE/DEAD Far Red viability (Thermo
Fisher) to identify dead cells for 30 min at RT. After washing with
PBS, we stained the digested cells with the following labeled
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antibodies: anti-CD45-FITC (HI30; Biolegend), anti-CD3-PerCP (SK7;
Becton Dickinson), anti-CD8-APC (RPA-T8; Becton Dickinson) and
anti-CD16-PE (3G8; Biolegend), for 20 min at RT. Then, cells were
washed and fixed with PFA (2%). Second, we assessed HIV infection
at day 6 of tonsil culture by tissue digestion and staining with LIVE/
DEAD Far Red viability, anti-CD45-FITC, anti-CD3-PerCP and anti-
CD8-APC as described. After the surface staining, cells were fixed
and permeabilized with Fixation/Permeabilization Solution (Becton
Dickinson) for 20 min at 4 °C, washed with BD Perm/Wash buffer and
stained with anti-p24-PE (Beckman Coulter) for 20 min on ice and
20 min at RT. Finally, cells were washed and fixed with PFA (2%).
Samples were acquired in a FACSCalibur flow cytometer (Becton
Dickinson) and analyzed with Flow]o V10 software.

Generation of latency model, viral reactivation and cytotoxicity assays

PBMCs from healthy donors or HIV-infected patients were thawed.
Then, CD4 T cells were isolated using a commercial kit (MagniSort
Human CD4" T Cell Enrichment; Affymetrix) and infected with HIV
(350,000 TDClIsp/million cells) with NL4.3 viral strain for 4 h at 37 °C
5% CO, or by spinoculation at 1200 xg and 37 °C for 2 h. Cells were
washed twice with PBS and cultured in R10 with IL-2 (10 U/ml) and
IL-7 (1 nM) (Bio-Techne R&D Systems). After 2 days of infection,
Raltegravir (1uM), Darunavir (1uM) and Nevirapin (1uM) were
added to the cell culture to prevent new rounds of viral infection. Next
day, cells were incubated with Q-VD (10 uM) for 2 h at 37 °C and 5%
CO,, in R10 medium containing IL-2, IL-7, Raltegravir, Darunavir and
Nevirapin at the indicated concentrations, and then latent viral in-
fection was reactivated during 22 h with Ingenol (100 nM) and sub-
jected to the cytotoxic NK assay. NK cells were added at ratio 1:1 in
the presence or absence of pBiAb-AuNPs or irrelevant AuNPs (2.5 ug/
ml total antibody burden), for 22 h at 37 °C and 5% CO,. In some cases,
we included as a negative control AuNPs conjugated with the anti-
body Palivizumab. The cytotoxic assays were performed in round
bottom 96 wells plates, at a cellular concentration of 2.5 M cells/ml.
Finally, cells were stained with LIVE/DEAD violet viability (Thermo
Fisher) for 20 min at RT. After washing once with staining buffer, cells
were stained with anti-CD3-AF700 (SK7; Biolegend) and anti-CD56-
FITC (B159; Becton Dickinson) antibodies for 20 min at RT. Cells were
then fixed and permeabilized with Fixation/Permeabilization Solution
(Becton Dickinson) for 20 min at 4 °C, washed with BD Perm/Wash
buffer and stained with anti-p24-PE (Beckman Coulter) for 20 min on
ice and 20 min at RT. After washing, cells were fixed with PFA (2%).
Samples were acquired on an LSR Fortessa flow cytometer (Becton
Dickinson) and data analyzed using FlowJo V10 software.

Cell toxicity of pBiAb-AuNPs and Irre-AuNPs was measured using
the primary cell line CEM-NK® and ex-vivo infected primary CD4* T
cells. Cells were incubated with the different nanoconjugates for 4
and 48 h. Then, cell viability was determined by staining with a LIVE/
DEAD viability dye and measured by flow cytometry.

Statistical analysis

Analyses were performed with GraphPad Prism v6 and statistical
tests are reported within each figure legend. p values < 0.05 were
considered statistically significant.
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