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SUMMARY

Polymorphonuclear neutrophils (PMNs), the most abundant white blood cells, are recruited rapidly to sites of
infection to exert potent anti-microbial activity. Information regarding their role in infection with human immu-
nodeficiency virus (HIV) is limited. Here we report that addition of PMNs to HIV-infected cultures of human
tonsil tissue or peripheral blood mononuclear cells causes immediate and long-lasting suppression of
HIV-1 spread and virus-induced depletion of CD4 T cells. This inhibition of HIV-1 spread strictly requires
PMN contact with infected cells and is not mediated by soluble factors. 2-Photon (2PM) imaging visualized
contacts of PMNs with HIV-1-infected CD4 T cells in tonsil tissue that do not result in lysis or uptake of in-
fected cells. The anti-HIV activity of PMNs also does not involve degranulation, formation of neutrophil extra-
cellular traps, or integrin-dependent cell communication. These results reveal that PMNs efficiently blunt HIV-

1 replication in primary target cells and tissue by an unconventional mechanism.

INTRODUCTION

Invading pathogens face a wide range of innate and adaptive im-
mune responses that need to be bypassed or counteracted for
efficient spread in the new host. In this tug-of-war between path-
ogen and host, polymorphonuclear neutrophils (PMNs), the most
abundant human white blood cells, are considered a first line of
host defense. High numbers of PMNs are recruited rapidly to
sites of infection or sterile injury, where they can survive for as
long as 7 days to exert potent anti-microbial activities.' Path-
ogen elimination by PMNs can occur by a wide array of PMN
effector functions that include degranulation of secretory gran-
ules with anti-microbial content such as a-defensins and myelo-
peroxidase (MPO), production of reactive oxygen species (ROS),
release of neutrophil extracellular traps (NETs), phagocytosis, or
trogocytosis of pathogens, cancer cells, and virus-infected
cells.*® In addition, PMNs can indirectly affect pathogen survival
by regulation of innate and adaptive immune responses; e.g., by
affecting production of interferon-y by other immune cells.?
Which of these mechanisms are triggered varies between path-
ogens, and most studies focus on effects of PMNs on bacteria
and fungi. Among viruses, PMNs are best studied in the context
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of respiratory infections such as influenza A virus (IAV) and se-
vere acute respiratory syndrome coronavirus 2 (SARS-CoV-2),
where inflammation in infected lungs is associated with massive
PMN recruitment and activation.®'" For AV, an important role of
PMNs in controlling virus spread in mouse models has been es-
tablished,'®'® and the ability of PMNs to modulate the antiviral
adaptive immune response is well documented.’*"'” Moreover,
neutrophil-to-lymphocyte ratios are used increasingly as predic-
tive markers for the clinical course of respiratory virus infec-
tion."®2° A series of in vitro studies also reported direct antiviral
activity of PMN secretory granule components or NETs toward
additional viruses, including herpes simplex virus (HSV) 1 and
2, cytomegalovirus, vesicular stomatitis virus, respiratory syncy-
tial virus, and vaccinia virus,”'2® but whether PMNs play a phys-
iologically relevant role in controlling these infections remains
unclear.

This scenario particularly applies to human immunodeficiency
virus type 1 (HIV-1), the causative agent of AIDS; host responses
to acute HIV-1 infection are thought to be dominated by innate im-
mune-sensing events and cell-intrinsic antiviral factors (restriction
factors).>’ 29 Although it is well established that PMN numbers and
function, including adhesion and chemotaxis, are impaired in
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individuals with HIV,*°** the antiviral role of PMNs is not well stud-
ied. The few reports addressing whether PMNs can affect HIV-1
infection or spread observed that artificial activation of PMNs by
phorbol 12-myristate 13-acetate (PMA) interfered with HIV-1 repli-
cationinaT cell line and defined production of MPO and ROS trig-
gered by PMN activation as the inhibitory components.®®> More-
over, incubation of PMNs with high concentrations of cell-free
HIV-1 virions has been shown to induce NET production in a
Toll-like receptor (TLR)7/8-dependent manner ex vivo.*%®
Although these studies indicated that PMNs may be able to exert
anti-HIV activity, they did not assess whether PMNs impair HIV-1
replication in physiologically relevant target cells and tissue, where
virus spread occurs predominately via cell-associated transmis-
sion and not cell-free virus particles.>**' We therefore set out to
study the effects of PMNs on HIV-1 replication in ex vivo cultures
of human tonsil tissue and peripheral blood mononuclear cells
(PBMCs). We find that PMNs exert immediate and potent anti-
HIV-1 activity that requires direct cell-cell contact but is not
mediated by any of the classic PMN effector functions described
so far.

RESULTS

PMNs reduce HIV-1 titers and CD4 T cell depletion in an
ex vivo tonsil histoculture and PBMCs

The goal of this study was to define whether PMNs exert antiviral
activity toward HIV-1 in the context of multiple rounds of virus
infection in primary human target tissue. We therefore used
ex vivo cultures of human tonsil tissue as a model system that al-
lows following HIV-1 spread and associated CD4 T cell depletion
in a natural HIV-1 target tissue explant without the need for exper-
imental cell activation, thus serving as an approximation of HIV
infection of lymphoid tissue.**° Tonsil tissue removed by routine
tonsillectomy from HIV-negative donors was processed to sus-
pension cultures (human lymphoid aggregate culture [HLAC]) or
tissue blocks (human lymphoid histoculture [HLH]))***® and in-
fected with HIV-1y. 4.3 SF2 Nef, a well-characterized, laboratory-
adapted X4 tropic HIV-1 variant encoding for the nef gene of
HIV-1gp,.*%%7 Viral titers were monitored over approximately
2 weeks by determining the reverse transcriptase (RT) activity in
the cell culture supernatant using the SYBR (2-{2-[(3-Dimethyla-
mino-propyl)-propylamino]-1-phenyl-1H-chinolin-4-ylidenmethyl}-
3-methyl-benzothiazol-3-ium-Kation) Green-based product
enhanced reverse transcriptase assay (SG-PERT). The extent
of CD4 T cell depletion was analyzed by flow cytometry 12-14
dpi (Figure 1A). Under these conditions, HIV-1 spread efficiently
in HLACs, as indicated by a robust increase of RT activity in the
cell culture supernatant over time (Figure 1B, control [ctrl]),
which was suppressed efficiently when the HIV-1 fusion inhibitor
enfuvirtide (+T20) was added to HIV-1-infected samples 24 h
post infection (pi). HLACs contained a complex array of cell types,
including CD4 and CD8 T lymphocytes, B cells, monocytes,
macrophages, and dendritic cells,****® but did not contain detect-
able amounts of PMNs (data not shown). To test the effect of
PMNs on HIV-1 spread, we added 1 x 10° freshly isolated
PMNs to infected cultures 24 h pi. Interestingly, addition of
PMNs to HIV-1-infected cultures exerted an immediate negative
effect on virus spread because RT activity in the supernatant did
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not increase further over time but declined in a manner compara-
ble with T20-treated cultures (Figure 1B, +PMNSs). These results
suggest that the addition of PMNs prevents infection of additional
target cells but does not suppress residual production of virus
particles from cells that were infected in the initial round of infec-
tioninthe absence of PMNs. Relative CD4 T cell depletion, calcu-
lated as the ratio of CD3*/CD8~ (CD4 T cells) versus CD3*/CD8*
(CD8T cells), was only observed in cultures infected with HIV-1 in
the absence of PMNs, whereas addition of PMNs abrogated CD4
T cell depletion (Figures 1C and 1D). Importantly, addition of
PMNs did not affect the viability or abundance of CD4+ T cells
in uninfected HLACs (Figure 1C). This interference with HIV-1
spread by PMNs was observed reproducibly using HLACs and
PMNs from several donors; comparing viral load by plotting the
area under the curve (AUC) of virus replication over 14 days, as
shown in Figure 1B, revealed a more than 100-fold reduction in
HIV-1 replication in the presence of PMNs (Figure 1E). This
reduction in virus replication by PMNs was associated with a sig-
nificant 4-fold decrease in HIV-1-induced CD4 T cell depletion
(Figure 1F). Importantly, PMNs also potently suppressed HIV-1
replication in HLH tissue blocks, indicating that this antiviral activ-
ity of PMNs is also exerted in the context of infection of HIV target
tissue with physiological architecture (Figures 1G and S1A-S1D).
Because, in these experiments, PMNs were added to HLAC or
HLH cultures from heterologous donors, the observed antiviral
effect might have involved nonspecific reactions between cells
from different donors. Once we had the opportunity to obtain
matched HLAC and PMNs from the same donor and observed
that inhibition of HIV-1 replication in these cultures by autologous
PMNs was at least as potent as by heterologous PMNs (Fig-
ure 1H). Moreover, HIV-1 replication in PBMCs was also inhibited
by PMNs independent of whether they were of autologous or
heterologous origin (Figures 11, S1E, and S1F). PMNs thus bear
antiviral activity that can suppress HIV-1 replication and virus-
induced CD4 T cell depletion in ex vivo lymphoid explant and
PBMC cultures.

PMN-mediated inhibition of HIV-1 replication is
independent of the viral strain and time point of PMN
addition but dependent on the PMN:HLAC ratio

Because all experiments described above were conducted with
the same CXCR4 using a lab-adapted HIV-1 strain, we next
tested whether PMNs exert antiviral activity against R5 tropic
and primary HIV-1 strains. HLACs were infected with an R5
tropic variant of HIV-1y.4.3 (R5 HIV-1) or the R5 tropic primary
transmitted founder virus (T/FV) HIV-1cHosg and cultured in the
presence of 1 x 10° PMNs for 13 days (Figures 2A, 2B and
S2A). Similar to infection with X4 HIV-1 (Figure 1B), PMNs imme-
diately caused a decline of virus replication of both HIV-1
variants, indicating that PMN-mediated inhibition of HIV-1 repli-
cation is independent of cell tropism and not restricted to lab-
adapted strains. An immediate reduction of viral titers was also
observed when PMNs were added 4 or 5 days after HIV-1 infec-
tion (Figures 2C and S2B). Addition of PMN to infected cultures
can thus also blunt virus spread at later time points. In line with
previous repor‘cs,3 PMNs were viable for more than 72 h after
addition to HLAC cultures, and the presence of HIV did not affect
PMN survival (Figure 2D). Notably, HIV-1 replication did not
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Figure 1. PMNs inhibit HIV-1 replication in HLACs and HLH

(A) Schematic of the experimental setup. HLACs and HLH were prepared from human tonsils, infected with HIV-1, and cultured in the presence (red) or absence
(black) of 1 x 108 PMNs for 12-14 days. Cell culture supernatant was harvested every 2-3 days, and viral load was analyzed by SG-PERT.

(B) Representative replication curves of HIV-1-infected HLACs + T20 in the presence or absence of PMNs. Data points are mean values + SD of triplicate in-
fections of cells from the same donor.

(C) Representative flow cytometry dot plots of the cells analyzed in (B), stained for CD3 and CD8 at 14 dpi, followed by analysis of CD4 T cell depletion. Numbers
indicate the percentage of cells of the total living cell population in the respective gate.

(D) CD4 T cell depletion of the experiment shown in (C). The ratio of CD4 (CD3*CD8 ) and CD8 (CD3"CD8*) T cells was calculated, and CD4 T cell depletion was
determined relative to the respective mock samples, which were arbitrarily set to 0.

(E) HIV-1 replication, depicted as the area under the curve (AUC) of 23 independent experiments performed in triplicates (mean + SD).

(F) CD4 T cell depletion in HLACs from 14 donors, analyzed at 12-14 days post infection (dpi) as shown in (D). Shown are mean values of experiments performed in
triplicates + SD.

(G) Representative replication curves of HIV-1-infected HLHs + T20 in the presence or absence of PMNs. Data points are mean values + SD of duplicates from
one well containing four HLH blocks of the same donor.

(H and I) HLACs from one donor (H) or activated PBMCs from two donors (I) were infected with X4 HIV-1 and cultured in the presence of 1 x 10° autologous
(orange) or heterologous (red) PMNs or in the absence (black) of PMNs for additional 13 (HLACs) or 14 (PBMCs) days.

Gray bars with errors in (E) and (F) indicate the median + interquartile range of all experiments and the fold reduction, respectively. Data points are mean values +
SD of triplicate infections of cells from the same donor. Statistical significance was assessed by Mann-Whitney U test (*p < 0.05, **p < 0.01, ***p < 0.0001). See
also Figure S1.
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Figure 2. PMN-mediated inhibition of HIV-1 replication is independent of the viral strain and time point of PMN addition but depends on the
PMN:HLAC ratio

Cell culture supernatants for viral load determination by SG-PERT were harvested every 2-3 days.

(A and B) HLACs were infected with (A) R5 HIV-1 or (B) the primary HIV-1 isolate T/FV CH058 and cultured in the presence or absence of 1 x 10° PMNs for 14 days.
Presented are mean AUC values of HIV-1 replication over 14 days from independent experiments performed in triplicates, with each individual data point
representing cells from 3 distinct donors.

(C) HLACs infected with X4 HIV-1 were cultured in the presence or absence of 1 x 10° PMNs added on day 4/5 pi for 14 days. Data points are mean AUC values of
a 7-day period starting from the time point of PMN addition of independent experiments performed in triplicates, with each individual data point representing cells
from 4 distinct donors.

(D) HLACs were infected with X4 HIV-1 or left uninfected (mock) and cultured in the presence of 1 x 10° PMNs for 72 h. At 0 h, 24 h, 48 h, and 72 h, cells were
stained with the viability dye V450, the PMN marker CD66b, and the T cell marker CD3 and analyzed by flow cytometry. Shown is the percentage of viable PMNs
normalized to the mock sample at 0 h (set to 100%). Depicted are mean values + SD from 4 independent experiments performed in triplicates.

(E-G) HLACs were infected with X4 HIV-1 and cultured in the presence or absence of 1 x 108 (1:2, E), 5 x 10° (1:4, F), or 1 x 10° (1:20, G) PMN's for 14 days. Shown
are mean AUC values of HIV-1 replication of 3-5 experiments performed in triplicates. Gray bars with errors and numbers indicate the median + interquartile range
or the fold change of all experiments, respectively. Data points are mean values + SD of triplicate infections of cells from the same donor.

(H-J) HLACs of the same donor were infected with X4 HIV-1, cultured in the presence or absence of 1 x 108 (1:2, H), 1 x 10°(1:20, I), or 1 x 10* (1:200, J) PMNs,

and the amount of productively infected cells was determined by intracellular flow cytometry for p24Gag 6 days post infection. Shown are mean values + SD of
triplicate infections.

See also Figure S2.
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Figure 3. PMN-mediated inhibition of HIV-1 replication depends on cell-cell contacts

(A-D) HLACs were infected with X4 HIV-1 and cultured for 13 days in the presence or absence of 1 x 10° native or PMA pre-activated PMNs (A and C), treated with
the supernatant from (A) (B), or spatially separated from native or PMA pre-activated PMNs by a membrane with 1-um pore size (D). Cell culture supernatants
were harvested every 2-3 days for determination of viral load by SG-PERT and are presented as AUC values for the integrated viral load over the duration of the
entire experiment for HLAC-PMN co-cultures of 4 (A and B) or 6 (C and D) HLAC donors.

(A) Standard HLAC-PMN co-culture.

(B) Supernatant of HLAC-PMN co-cultures in (A) was transferred 24 h after PMN addition to infected HLACs (tissue from the same donors as in A).

(C) Standard HLAC-PMN co-culture.

(D) HLAC-PMN co-culture with tissue from the same donors as in (C) but with physical separation of infected HLAC and PMNs.

Note that viral titers of the control co-culture experiment (C) are higher than titers of the Transwell experiment (D) because the volume of a standard 96-well V-
bottom is smaller than the overall volume of the Transwell system. Gray bars with errors indicate the median + interquartile range of all experiments. Data points
are mean values + SD of triplicate infections of cells from the same donor. Associated datasets from individual donors are color coded. Each statistical sig-

nificance was assessed by Mann-Whitney U test (not significant [ns], p > 0.05; *p < 0.05; **p < 0.01). See also Figure S3.

resume over 14 days of replication (Figures 1B, 1G, and S1A-
S1D) and, thus, long after the amounts of viable PMNs had
declined. Physiologically, PMNs are recruited in high numbers
to sites of infection and sterile injury to ensure potent anti-micro-
bial effects.*® Such marked infiltration may be reflected by the
1:2 ratio of PMNs to infected HLACs used in most of our exper-
iments, which resulted in potent inhibition of X4 HIV-1 replication
(>70-fold inhibition in this experimental series; Figure 2E). Inter-
estingly, PMN-mediated inhibition was already reduced to 10-
fold when a 1:4 ratio was used (Figure 2F), and adding PMNs
at a 1:20 ratio almost completely abrogated the antiviral activity
of PMNs (2-fold inhibition) (Figure 2G). Notably, this reduction of
virus production induced by addition of PMNs was paralleled by
a marked reduction in the number of p24-positive cells in HLAC
cultures when high but not low amounts of PMNs were added
(Figures 2H-2J). Potent and long-lasting inhibition of HIV-1 repli-
cation by PMNs is thus achieved during the short lifespan of
PMNs in these cultures but requires a high abundance of
PMNs. These results suggest that the immediate antiviral effect
of PMNs results in irreversible and quantitative elimination or
inactivation of infected cells in these cultures. Because this ef-
fect was observed with X4 and R5 tropic HIV-1, X4 tropic HIV-
1 can also infect macrophages in HLACs, and CD4 T cells are

the predominant target of HIV-1 infection in tonsil tissue,* we
focused on X4 tropic HIV for the subsequent studies.

PMN-mediated inhibition of HIV-1 replication depends
on cell-cell contacts

Next we wanted to gain insight into the PMN effector func-
tion(s) involved in inhibition of HIV-1 replication. Because a
main PMN effector mechanism involves release of granular
content into the phagolysosome or the extracellular space by
degranulation, we first tested whether secretion of anti-viral
effector molecules into the supernatant is essential for inhibition
of HIV-1 replication. To this end, we co-cultured X4 HIV-1-in-
fected HLACs and PMNs for 24 h (Figure 3A) and transferred
the supernatant to a monoculture of HIV-1-infected HLACs
(Figure 3B). As a positive control, PMNs pre-activated with
PMA (act) were used because it has been shown that the su-
pernatant of artificially pre-activated PMNs is sufficient to
reduce HIV-1 replication.®® In these co-cultures, PMNs and
pre-activated PMNSs inhibited HIV-1 replication to a similar
extent (Figure 3A). Importantly, transfer of the supernatant of
co-cultures with native PMNs did not reduce HIV-1 replication
in infected HLACs, whereas the supernatant of co-cultures
with pre-activated PMNs caused a decline of HIV-1 replication
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that was almost as potent as in the direct co-culture (Figure 3B).
This effect was independent of the duration of the HLAC-PMN
co-cultures because comparable results were obtained with
supernatants taken from co-cultures after 3 h (Figure S3B),
6 h (Figure S3C), 48 h (Figure S3D), or 72 h (Figure S3E).

These results suggest that release of antiviral compounds into
the cell culture supernatant was not sufficient to explain the anti-
HIV activity of native PMNs. To specifically address whether this
inhibitory effect required direct contact between PMNs and
HLACs, we next compared direct co-cultures allowing cell-cell
contacts (Figure 3C) with cultures in Transwell chambers in which
PMNs and HLACs were physically separated by a membrane with
1-um pore size, which prevented PMN migration and direct con-
tact (Figure 3D). Although PMNs efficiently inhibited HIV-1 repli-
cation in direct co-cultures, this antiviral activity was almost
completely abrogated when the two cell populations were sepa-
rated by a Transwell porous membrane. In contrast, and consis-
tent with release of a soluble antiviral compound, pre-activated
PMNs reduced HIV-1 replication to a similar extent in both exper-
imental settings. These results reveal that native PMNs exert their
anti-HIV activity in a manner that strictly depends on direct cell
contact with infected HLACs and is fundamentally distinct from
the action of artificially pre-activated PMNs.

Visualization of contacts between HIV-1-infected CD4

T cells and PMNs in HLH

To gain insight into the anti-HIV activity of PMNs, we next sought
to visualize the behavior of PMNs in HLH blocks (Figure 4A) and
their interactions with HIV-1 infected CD4 T cells (Figure 4D) by
2-photon microscopy (2PM). PMNs efficiently swarm to sites of
infection with multiple pathogens or upon sterile injury.®’ Inter-
estingly, addition of PKH26-labeled PMNs to uninfected HLH
(Figures 4A and 4B) revealed immediate infiltration of PMNs
into the tissue and subsequent formation of transient swarms
(Figure 4B; Video S1). PMNs were also attracted to non-infected
HLACs and PBMCs in a Transwell migration assay with an effi-
cacy that was comparable with the very potent chemotactic
stimulant N-formylmethionine-leucyl-phenylalanine (fMLP) (Fig-
ure 4C). In line with this observation and consistent with activa-
tion of PMNs, the PMN surface markers CD66b, CD63, and
CD64 were upregulated and CD16 was downregulated when
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added to HLACs, and these changes occurred independent of
HIV-1 infection (Figures S4A-S4D). Such activation was also
detectable at the level of cytokine production, where addition
of PMNs to HLACs triggered production of typical PMN cyto-
kines such as MCP-1 or HGF, but, again, this cytokine response
was comparable between mock and HIV-infected cultures and,
thus, elicited by PMN interactions with HLAC components inde-
pendent of HIV (Figure S4E). Production of interferon o or y was
not observed in these cultures, which may reflect that only mod-
erate amounts of these cytokines were produced that were
below the level of detection in our assay. HIV infection is thus
neither required for basal PMN activation nor their efficient infil-
tration into cultures of human lymphoid tissue or PBMCs.

To determine whether and how PMNs interact physically with
HIV-1-infected CD4 T cells, HLHs were infected with HIV-1*GFP,
which expresses GFP in productively infected cells.* 3 dpi,
PMNs were seeded onto HIV-1*GFP-infected tissue blocks to
allow their infiltration and analyzed by 2PM for up to 3 h (Fig-
ure 4D). This analysis allowed us to detect several events where
HIV-1-infected cells underwent contacts with PMNs. One type of
interaction consisted of rather transient contacts (less than
10 min) of single PMNs with infected cells (Figure 4E; Video
S2). At later time points, dissolving PMN swarms were followed,
and a single HIV-1 infected cell was observed to remain in pro-
longed contact with a single PMN (>30 min; Figure 4F; Video
S3). Before engaging in these transient or prolonged contacts,
PMNSs did not display a particular chemotactic behavior, and
no swarming toward infected cells was observed. The encounter
between PMNs and HIV-infected CD4 T cells also did not have
appreciable immediate consequences for both cell types
involved because cell disintegration or engulfment was not de-
tected during the observation period. Manual tracking of inter-
acting cells revealed the majority of interactions between
PMNSs and HIV infected cells to be transient (Figure 4G; median
interaction time, 2 + 4.7 min) with repetitive interactions of
various PMNs with a single HIV-infected cell occurring
frequently. Long-lasting interactions were observed only rarely
(longest continuous interaction, 34 min). Tracking of HIV-in-
fected cells irrespective of PMN interactions revealed consider-
able migratory capacity of HIV-infected CD4 T cells in HLH.
Migration speed (Figures 4H; 4.22 + 2.73 pm/min median speed)

Figure 4. Visualization of PMN CD4 T cell contacts in HIV-1-infected tonsil tissue blocks by 2-photon microscopy (2PM)

(A) Schematic overview of the experimental setup for analysis of uninfected HLH. 1 x 10° PKH26-labeled PMNs were added on top of the HLH. Hoechst was
added to the culture medium to visualize the tissue environment, and the HLH was imaged with 2PM for 40 min. Images were taken every 20 s.

(B) Still images of a representative 2PM video (Video S1), showing the motility of PMNs in uninfected HLH. PMN swarms are encircled by dotted lines. Numbers
indicate the order of appearance. Scale bars, 20 pm.

(C) 3 x 10* PKH67-labeled PMNs were subjected to a Transwell chemotaxis assay toward medium, DMSO, 100 nM fMLP, or mock- or HIV-1-infected HLACs or
PBMCs. Cells were allowed to migrate for 3 h or 24 h at 37°C, resuspended in PBS + precision counting beads, and quantified by flow cytometry. Depicted is the
mean percentage of migrated PMNs after 3 h (white) and 24 h (black) of one experiment performed in duplicates.

(D) Schematic overview of the experimental setup for HIV-infected HLHs. HLHs were infected with 5 x 10* infectious units of HIV-1*GFP. 3 dpi, 1 x 10° PKH26-
labeled PMNs were added on top of the tissue blocks.

(E and F) HLHs were imaged directly after PMN addition (E) or 3 h after PMN addition (F) by 2PM for 30 min. Images were taken every 20 s. Shown are stillimages
of the videos, with white arrowheads pointing to infected cells. In (E), the last 3 images are from a second video that was started immediately after the first video
stopped (images 1 and 2). Shown are PMNs (red), nuclei (blue), HIV-1-infected cells (green), and second harmonic generation (SHG)/collagen (cyan). Scale bars,
20 um. See also Videos S1, S2, and S3.

(G-I) HIV-1-infected cells were tracked manually using InViewR (Arivis) for interactions with PMNs (G), migration speed (H), and track straightness (). Each data
point represents an individual interaction or track, with the bar indicating median with interquartile range.

See also Figure S4.

Cell Reports Medicine 2, 100317, June 15, 2021 7



¢? CellP’ress Cell Reports Medicine

OPEN ACCESS

>
m
(9]

ROS
Iy 3h o) 24h
2 59 2 5- 10°+
. g £
=d S e 5 )
anicotta Y kel o O 1084
L £ 2
5 - 59 =
2 £ S 1074
S 2] S 2] kel
c . o =1
S & 1] £ 10
d 0 0
= ¢ AL 8 T
Phaqulyml% Nucleus | o 0 - L [v4 0 . — 1054
® Serine proteases ROS Gsa receptor N\ integrin (\}. N e\y- s NG & ¥ PMNs - + - +
° oo e nR78s (A1 Sy Q“ F N - Cata-
J % ] NI NN < lase
H MPO I J Serine protease
Hlobular dround BNET
120 3h 120 24h 10°4 oU RT/l 101 ns 10%9 ns——
= 8
8100 g 100 S- 5x ‘lOB %) %) )
c c o 1x 10 2 2 2
S 80 S 80 > 2 2 2
© © =3 = oy =
® ® = 7 o ° e}
5 40 5 40 % E E E
PN X 90 = > s S
0 0
ELCS58S ECS58S PMNs- + - + PMNs - PMNs -
22 %X %X 2Z X% X% - 4-ABAH ~ iODN
[0} — «— O (] — —
2 AV, 2 AV, 2088
[pU RT/ul] [PU RT/ul]
D NE E DNA K Chareceptor L Calcium M LFA-1+Mac-1
3h 24h
204 204 10°4 1010 n.s. 10973 109+
—_ ° — = (o]
= = _ O 100 = ) 5)
£ 15 £ 15 T 10°] g 10 3 10°4 S 10°]
£ £ 2 = 10e 4 S =
o el
:E‘ 104 -E‘ 10 § 1074 8 . . 5 1073 S 1074
- E=d - —_— k| —_— p—
8 % = s g g g 6 >
w 5 w 54 £ 10° > 105 ] > 1067 S 10°4
04 . 0 . 10¢- 105 105- 1054
&F AW & AW PMNs- + - + PMNs- + - + PMNs- + - + PMNs-_+ +
Ny &< < &< ~ DNasel = W-54011 - BAPTA- - bAb
AM

Figure 5. The reduction of HIV-1 titers is independent of classic PMN effector functions

(A) Schematic overview of the different PMN effector functions and drugs or blocking antibodies used.

(B) Quantification of NET formation by PMNs incubated with HIV-1 particles. PMNs were co-cultured with medium, 100 nM PMA, or different amounts of viral
particles on fibronectin-coated cover glasses for 3 h and 24 h. Samples were stained with anti-MPO antibody and Hoechst. 5 random images (see Figure S5A for
images) were taken per condition and time point, and NET-forming cells were counted manually. In PMA-treated samples, differentiation between NET-forming
cells and normal PMNs was not possible because of the overall coverage of the selected areas with NETs. NET formation in these samples was set as an
approximate value of 100%. For the other samples, PMNs were categorized as lobular nucleus (red), round nucleus (gray), and NET forming (blue). Depicted are
mean values + SD of 4 and 3 independent experiments for 3 h and 24 h, respectively.

(C) HLACs were infected with X4 HIV-1, and supernatant for determination of the viral load by SG-PERT was harvested on days 4 and 7 pi. Depicted are mean
values + SD of 8 independent experiments performed in triplicates. Dotted lines indicate the number of viral particles used in (B).

(D) Production of NE. HLACs were infected with X4 HIV-1 or left uninfected (mock) and cultured in the presence of 1 x 108 PMNs for 3 h and 24 h. As a positive
control, 20 nM PMA was added to the mock culture. At the indicated time point, NE activity was determined (na,, = 5, no4n = 3). Shown are mean values of
experiments performed in duplicates or triplicates.

(E) 5 U/mL DNase | was added to X4 HIV-1-infected HLACs cultured with or without 1 x 10° PMNs. Each symbol designates the AUC of HIV-1 replication of 4-5
independent experiments performed in triplicates, hostogram bars indicate mean values + SD.

(F) ROS production; experiment as in (D) but analyzed for ROS production by flow cytometry. Shown are mean values + SD of experiments performed in
triplicates (nan = 4, Naan = 2) relative to mock samples (set to 1).

(G-M) Experiment as in (E) but using the following agents to affect PMN activity: (G) 1,000 U/mL catalase, (H) 100 uM 4-ABAH (n = 6), (I) 1 utM iODN 2088 (n = 4), (J)
50 uM AEBSF (n = 3), (K) 300 uM W054011 (n = 4), (L) 10 pxM BAPTA-AM (n = 2), and (M) 100 pg/mL blocking antibody against CD18, CD11a, and CD11b (n=1 or
2). Cells were treated for 30 min before addition to X4 HIV-1 infected HLACs, and experiments were performed in the presence of the inhibitors. Shown are mean
values + SD of experiments performed in duplicates or triplicates.

(legend continued on next page)
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and directionality (Figure 4l; median track straightness, 0.26 +
0.2) of these HIV-1-infected cells were comparable with migra-
tion of HIV-1-infected cells in 3D collagen matrices.*® Our 2PM
analysis thus allowed us to visualize physical contacts between
PMNs and HIV-1-infected cells that do not result in an immedi-
ately appreciable effect on the infected cell.

Inhibition of HIV-1 replication by PMNs is independent of
classic PMN effector functions

Because imaging showed formation of contacts between PMNs
and HIV-infected CD4 T cells in HLH but did not provide indica-
tions about the molecular events that mediate inhibition of HIV-1
spread, we next assessed the involvement of classic anti-micro-
bial effector functions. To this end, we monitored production of
anti-microbial components in infected HLAC-PMN co-cultures
and assessed the effect of specific inhibitors targeting individual
PMN activities on HIV-1 spread (Figure 5A; see Figure S5H for
cell viability at the inhibitor concentrations used). We first tested
whether PMNs release NETs in this experimental system, as
described to occur in response to high amounts of HIV 1 viral
particles and to reduce HIV infectivity.>® We therefore consid-
ered the possibility that HIV-1 particles released in the cell cul-
ture supernatant or the local high concentrations of HIV-1 parti-
cles at cell-cell contacts formed to transmit the virus from
infected donor to uninfected target cells (virological syn-
apse)*?°*° might trigger a similar response and contribute to
the anti-HIV-1 activity in HLACs. Hence, we incubated PMNs
with various amounts of HIV particles (between 1 x 10°-5 x
108 pU RT/pL) and stained these samples for DNA and MPO to
detect NETs (Figures 5B and S5A). Although the positive control
PMA rapidly induced NET formation in virtually all PMNs, incuba-
tion with HIV particles did not result in significantly higher NET
production relative to the medium control (Figures 5B, 3 h).
Although longer incubation (Figure 5B, 24 h) resulted in a change
of the typical lobular shape of PMN nuclei in control and HIV-
treated samples, significant formation of NETs was not
observed. Importantly, the lowest amount of HIV particles used
in these experiments corresponded to the amount detected inin-
fected HLAC at peak viremia, and NET production was not
observed even when 50-fold more virions were used (Figure 5C).
Neutrophil elastase (NE), a marker for NET release associated
with extracellular NET fibers,*®°® was also produced by PMNs
only after PMA treatment but not in co-cultures with HIV-infected
HLAC (Figure 5D). In line with this absence of NET production,
adding DNase | to HLAC-PMN co-cultures at the time of PMN
addition at a concentration that degraded PMA-induced extra-
cellular DNA fibers did not reverse the inhibition of PMNs on
HIV-1 replication (Figures 5E and S5B). Production of ROS,
which was involved in HIV-1 particle-dependent NET forma-
tion,® was also not triggered in HIV-infected co-cultures (Fig-
ure 5F), and the ROS inhibitor catalase (Figure 5G), which
neutralized ROS produced at the concentration used (Fig-
ure S5C), did not impair the anti-HIV activity of PMNs in infected
HLACSs. Inhibition of MPO, an enzyme stored in azurophilic gran-
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ules that is crucial for inhibition of HIV-1 replication by PMA
pre-activated PMNs incubated with viral particles as well as
NET formation in response to HIV-1 particles,**¢ with 4-amino-
benzoic acid hydrazide (4-ABAH) did not reverse inhibition of
HIV-1 replication by PMNs (Figures 5H and S5D). Finally, NET
release by PMNs in response to contact with HIV particles has
been reported to be triggered via TLR7/8 signaling.*® However,
inhibition of TLR7/8 by inhibitory oligodeoxynucleotide (iODN)
2088 did not impair the anti-HIV activity of PMNs in infected
HLACs (Figure 5I). These results imply that inhibition of HIV-1
replication in HLACs by PMNs does not involve formation of
NETSs or the activity of NET-associated anti-microbial PMN com-
ponents and suggest that the previously described induction of
NETosis®***” may result from incubation of PMNs with nonphy-
siologically high amounts of HIV-1 particles.

We therefore next assessed the relevance of additional PMN
effector molecules or signaling pathways. This included inhibition
of serine protease activity involved in PMN trogocytosis required
for killing T. vaginalis® with 4-(2-aminoethyl) benzenesulfonylfluor-
ide (AEBSF) (Figure 5J). In addition, because it has been shown to
be involved in PMN chemotaxis and degranulation,®”>° we inter-
fered with C5a using the Cb5a receptor agonist W-54011 (Fig-
ure 5K). Another study showed antibody-mediated trogoptosis
of cancer cells by PMNs involving release of Ca®*,” which was in-
hibited by the calcium chelator BAPTA-AM (Figure 5L). Finally,
PMNs depend on cell surface lymphocyte function- associated
antigen 1 (LFA-1) (CD18/CD11a) and Mac-1 (complement recep-
tor 3 [CR3], CD18/ CD11b) to facilitate PMN arrest on endothelial
cells, and Mac-1 has also been shown to be involved in conjugate
formation between PMNs and T cells;"®%°® thus, we incubated
PMNs with blocking antibodies against CD18, CD11b, and
CD11a before addition to HLACs (Figure 5M; see Figures S5E-
S5G for antibody blocking efficiency). Remarkably, none of these
treatments impaired the anti-HIV activity of PMNs in infected
HLACSs. These results suggest that inhibition of HIV-1 replication
in HLACs by PMNs is exerted by a still to be identified, non-con-
ventional effector function.

DISCUSSION

Because PMNs constitute the first line of defense against many
pathogenic microorganisms but their role in HIV-1 spread in
physiological target cells had not yet been evaluated, the goal
of this study was to assess the effects of PMNs on HIV-1 spread
in primary human CD4 T cells. Our analyses revealed that, in
ex vivo cultures of human tonsil tissue or PBMCs, PMNs can
exert potent anti-HIV activity that rapidly suppresses virus repli-
cation. This activity was observed with lab-adapted and primary
HIV variants irrespective of their co-receptor use and was ex-
erted by PMNs from heterologous donors as well as from the
one autologous donor we were able to test. Interference with
HIV replication is thus a general intrinsic property of PMNs.
These findings suggest that PMNs are a relevant arm of the
innate immune response against HIV-1 infection.

Open circles indicate mean values of data points of experiments in which the cells of the control experiment could not be analyzed because of cell death. Gray
bars with errors indicate the mean + SD of all experiments. Data points are mean values + SD of triplicate infections of cells from the same donor. Statistical
significance was assessed by Mann-Whitney U test (*p < 0.05, **p < 0.01). See also Figure S5.
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Figure 6. Schematic model of contact-dependent inhibition of HIV-1 replication by PMNs
Depicted are established PMN effector functions (NETosis, trogocytosis, phagocytosis, and trogoptosis) described to act against bacteria, parasites, and cancer
cells (left half). On the right, the characteristics of contact-dependent inhibition of HIV-1 replication in tonsil tissue are shown. See text for details.

Using artificial PMN activation or nonphysiologically high
amounts of virus particles, previous studies have revealed the
potential of PMN effector functions, such as release of MPO or
NET, to interfere with HIV-1 spread in cell lines.*>*° In contrast,
characterization of the anti-HIV-1 activity in our primary cell sys-
tems revealed that inhibition of HIV-1 spread did not involve
these effector functions because (1) neither NET formation nor
PMN activation resulting in release of ROS was induced in
HIV-1-infected cultures, and (2) inhibitors of NET formation or
ROS and MPO activity failed to suppress the anti-HIV activity
of PMNs. The antiviral activity of PMNs we observed in HIV-1-in-
fected HLACs is thus fundamentally mechanistically distinct
from previously described effects of PMNs on HIV-1 infection
and occurs at physiological levels of HIV-1 replication in primary
human explant culture. Moreover, inhibitors of other anti-micro-
bial effector functions, including serine protease activity for elim-
ination of the parasite T. vaginalis by trogoptosis, C5a and Mac-1
interactions that drive complement activation, and cell interac-
tion and calcium release required for trogoptosis of cancer cells,
did not impair the ability of PMNs to suppress HIV-1 spread (Fig-
ure 6, left panel). These results suggest that PMNs act on HIV-1
by an unconventional and still to be identified molecular
mechanism.

Although the molecular details of this unconventional inhibi-
tion of HIV-1 spread by PMNs remain to be identified, our
analysis characterized a series of properties of this anti-HIV
activity (Figure 6, right panel). A central feature of this process
is its strict dependence on direct cell contacts of PMNs with
HIV-1-infected CD4 T cells, which likely explains why high
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PMN ratios are required for efficient suppression of HIV-1
spread. Unlike, e.g., fungal infections, HIV-infected cells did
not seem to potently chemoattract PMNs, and interactions
with HIV infected cells did not trigger PMN activation, as
judged by surface exposure of established PMN activation
markers, induction of cytokine release, and triggering of clas-
sical PMN effector functions. Rather, uninfected tonsil tissue
or PBMCs were sufficient to attract PMNs and trigger expres-
sion of activation markers on and cytokines by PMNs. We
thus hypothesize that contact with uninfected tissue induces
a state of pre-activation that is functionally distinct from full-
blown activation by, e.g., PMA but may prime PMNs to exert
their anti-HIV activity. The ability of HIV-1 particles to bind to
PMNs® may contribute to the observed reduction in HIV-1
replication. However, because the supernatant of HIV-1-in-
fected cultures challenged with PMNs did not display anti-
HIV activity, physical separation of HIV-infected HLAC and
PMNs abrogated the negative effect of PMNs on HIV-1
spread, and PMNs reduced the amounts of productively in-
fected cells, the main effect of PMNs must be directly on
HIV-1-infected cells. This could involve targeted and confined
secretion of anti-HIV components at cell-cell contacts or in-
duction of signaling cascades by receptor engagement or tar-
geted release of components at cell-cell contacts that trigger
antiviral programs. Future studies will focus on identifying
transcriptional changes that could account for the inhibition
of HIV-1 replication.

Our attempts to visualize the interaction of PMNs with HIV-1-
infected CD4 T cells in infected tonsil tissue readily revealed
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such cell-cell interactions. However, these cell-cell contacts (1)
did not display formation of typical synapse-like structures that
mediate, e.g., lysis of target cells by cytotoxic T or natural killer
(NK) cells®*®® and (2) did not lead to targeted cell uptake or
lysis within the observation period. These results are most
consistent with a mechanism that triggers antiviral signaling in
infected CD4 T cells upon cell-cell contact without the need
for stable and polarized interaction in the form of a synapse.
Of note, addition of PMNs to HIV-1-infected cultures not only
suppressed production of new HIV particles but also potently
reduced the amounts of virus-producing (p24-positive) cells.
This suggests that antiviral signaling induced by PMNs limits
viral gene expression and/or long-term survival of HIV-1 in-
fected CD4 T cells. Both mechanisms would reduce production
of new viral progeny and limit HIV-1 spread by cell-free and
cell-associated transmission modes and would be consistent
with the observed blunting of virus spread upon PMN addition.
Because the suppression of HIV-1 replication lasted far beyond
the lifespan of PMNSs in the culture, we currently favor the hy-
pothesis that PMNs exert a negative effect on the survival of in-
fected CD4 T cells that is not observed immediately after initi-
ation of cell-cell contacts but after the time frame we were able
to capture by our imaging analyses. Although inhibition of HIV-1
spread by PMNs was often highly efficient and comparable
with the effect of the entry inhibitor T20, residual low-level virus
production persisted over time despite addition of PMNs in
some experiments. This may indicate donor variability in the
sensitivity to PMN inhibition or the ability of the virus to circum-
vent inactivation by PMNs. Future research, which will include
transcriptional profiling of infected cells and PMNs, will focus
on defining the molecular mechanisms that allow PMNs to
recognize HIV-infected CD4 T cells and inactivate virus produc-
tion of these cells.

Several observations in individuals with HIV suggest that
PMNs may indeed contribute to control of HIV-1 spread; low
PMN counts in high-risk groups are associated with an
elevated likelihood to acquire HIV-1 infection, including
mother-to-child transmission;***" PMN function is impaired in
individuals with chronic HIV-1;***° and PMNs have been
described to infiltrate lymph nodes in HIV-infected individ-
uals.** Because murine PMNs also exerted anti-HIV activity
when added to infected human tonsil cultures (data not shown),
we tested the effect of PMN depletion on HIV-1 replication in
humanized mice (data not shown). These experiments did not
reveal an increase in HIV-1 replication upon PMN depletion.
To compare animals with individual HIV replication kinetics,
PMN depletion had to be induced after robust virus titers had
been established at peak viremia, which limited the possibility
to observe an additional increase in virus titer. Nevertheless,
these results indicate that PMNs may be involved in limiting
acute HIV infection at transmission sites rather than systemic
virus replication in individuals with chronic HIV. In support of
this hypothesis, PMNs are present at HIV transmission sites
such as vaginal mucosae (e.g., HSV-2),°"°® and enhanced
PMN chemotaxis is associated with low rates of HIV-1
transmission.®®

Here we describe that, in our ex vivo HLAC model, PMNs exert
potent inhibition of HIV-1 spread in cultures of primary human
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target cells and tissue that is not mediated by classical PMN
effector functions but via an unconventional mechanism. These
results suggest PMNs to be a previously overlooked arm in the
innate arsenal of host defense to HIV infection and possibly other
viruses.

Limitations of the study

Although this study reveals potent anti-HIV activity of PMNs
added to infected HLACs, the underlying mechanism and rele-
vance to AIDS pathogenesis remain to be established. Our re-
sults with specific pharmacological inhibitors suggest that
PMNs suppress HIV-1 spread by an unconventional mechanism.
Although these treatments were titrated carefully to occur at the
highest non-cytotoxic concentration, and controls for the effec-
tiveness of the drugs were included when possible, we cannot
fully exclude that some of these known effectors contribute to
PMN-mediated suppression of HIV-1 replication. In addition,
the imaging approaches used to visualize the effect of PMNs
on HIV-1-infected cells in HLH blocks (1) did not allow fluores-
cent labeling of uninfected CD4 T cells or other cell types during
2PM imaging, and (2) quantification of cell-cell interactions on
fixed HLH tissue sections by immune histology was hampered
by bleaching of the GFP signal of HIV-infected cells during fixa-
tion. Finally, the HLA cultures used here do not reflect the cell
composition and activity at mucosal portals of HIV entry and
do not recapitulate all aspects of lymphoid tissue in vivo, and
our in vivo experiment could not be conducted via mucosal virus
transmission. Future studies will thus require testing of the effect
of PMN depletion on HIV-1 spread in mucosal explants and nat-
ural transmission animal models and visualizing the interactions
of HIV-1-infected cells and PMNs in this context.
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Detailed methods are provided in the online version of this paper
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

Brilliant Violet 785 (BV785) anti-human CD3 Biolegend Cat#300472
(clone UCHT1)

Fluorescein isothiocyanate (FITC) anti- Biolegend Cat#305104
human CD66b (clone G10F5)

Peridin-Chlorophyll-protein (PerCP) anti- Biolegend Cat#344814
human CD83 (clone SK7)

Allophycocyanin (APC) anti-human CD8 Biolegend Cat#344722
(clone SK1)

AlexaFluor® 700 anti-human CD18 (clone Biolegend Cat#302123
TS1/18)

AlexaFluor® 594 anti-human CD11b (clone Biolegend Cat#301340
ICRF44)

AlexaFluor® 647 anti-human CD11a (clone Biolegend Cat#301218
H111)

Mouse anti-human MPO (clone 2C7) Abcam Cat#ab25989
AlexaFluor® 568 goat anti-mouse antibody Life Technologies Cat#A11004
Bacterial and virus strains

HIV-1y.4.3 SF2 Nef X4 Fackler et al.*’ N/A
HIV-1y14.3 SF2 Nef R5 Fackler et al.*” N/A

T/F HIV-1 CHO58 Keele et al.,”’ Salazar-Gonzalez et al.”” NIH AIDS Reagents
X4 HIV-1*GFP Baldauf et al.* N/A
Biological samples

Human Peripheral Blood Mononuclear Cells Blood bank IKTZ Heidelberg N/A

from Buffy coats

Polymorphonuclear neutrophils (PMNs) Blood donor volunters N/A

from human full blood

Human tonsil tissue Department of Otorhinolaryngology, Head N/A

and Neck Surgery, University Hospital
Heidelberg, Germany

Chemicals, peptides, and recombinant proteins

fixable viability dye eFluor™ 450

DNase |, RNase free

Catalase

4-aminobenzoic acid hydrazide (4-ABAH)

4-(2-aminoethyl) benzenesulfonylfluoride
(AEBSF)

iODN 2088

C5a Receptor Antagonist, W-54011 - CAS
405098-33-1

N-Formylmethionine-leucyl-phenylalanine
(fMLP)

PKH67

Phorbol 12-myristate 13-acetate (PMA)
fibronectin

Hoechst 33342

CellROX Oxidative Stress Reagent

ebioscience
Sigma-Aldrich
Sigma-Aldrich
Santa Cruz
ThermoFisher

Enzo Life Sciences
Calbiochem

Sigma-Aldrich

Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Invitrogen

ThermoFisher

Cat#65-0863-18
Cat#69182
Cat#C30-100MG
Cati#tsc204107
Cat#78431

Cat#ALX-746-250-T050
Cat# 234415

Cat#05-22-2500-25MG

Cat#MIDI67-1KT
Cat#P8139
Cat#F4759-2MG
Cat#H3570
Cat#C10444
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REAGENT or RESOURCE SOURCE IDENTIFIER
PKH26 Sigma Aldrich Cat#MIDI26-1KT
Penicillin/Streptomycin Solution 100x Capricorn Cat#PS-B

DMEM, high glucose GlutaMAX™ Supplement Cat#61965026
Ficoll® Paque Plus Merck Cat# GE17144003
Critical commercial assays

NETosis Assay Kit Cayman Cat#601010
Neutrophil MPO activity assay kit Cayman Cat#600620
Experimental models: cell lines

Human embryonic kidney 293 T cells Pear et al.”” RRID:CVCL_1926; ATCC Cat#CRL-11268

(HEK293T)

TZM-bl cells, human carcinoma cell,
derived from HelLa

NIH AIDS Reagents
Program (Platt et al.”®)

PRID: CVCL_B478; Cat#8129-442

Oligonucleotides

SG-PERT fwd primer; Vermeire et al.”* N/A
TCCTGCTCAACTTCCTGTCGAG

SG-PERT rev primer; Vermeire et al.”* N/A
CACAGGTCAAACCTCCTAGGAATG

Recombinant DNA

pHIV-1NL4.3 SF2 Nef X4 Fackler et al.*” N/A

pHIV-1NL4.3 SF2 Nef R5 Fackler et al.*’ N/A

pT/F HIV-1 CH058 Keele et al.,”® Salazar-Gonzalez et al.”” NIH AIDS Reagents
X4 HIV-1* GFP Baldauf et al.*” N/A

Software and algorithms

BD FACSDiva Software
FlowJo software 10.4.2
Microsoft Office Excel 2016
Prism 6.0

BD FACSuite Software
ImSpector software

Imaris software

Vivofollow software

BD Biosciences
BD Biosciences
Microsoft Office
GraphPad

BD Biosciences
LaVision BioTec
Bitplane
Vladymyrov et al.”®

https://www.bdbiosciences.com/en-us
https://www.flowjo.com/
https://www.microsoft.com/en-us/
https://www.graphpad.com:443/
https:www.bdbiosciences.com/en-us
https://www.lavisionbiotec.com/
https://imaris.oxinst.com/

N/A

Arivis Vision 4D Arivis AG https://www.arivis.com
InViewR Arivis AG https://www.arivis.com
Other

Gelfoam® absorbable gelatin sponge Pfizer Cat# 59-9863
12cmx12cm

precision count beads Biolegend Cat#424902

Falcon® 96 Square Well Angled Bottom Falcon Cat#353938

Insert Plate, with Lid, Sterile, 5/Case

Falcon® 96-well Multiwell Insert System Falcon Cat#351130

with 1.0 um Pore Translucent PET

Membrane, with Feeder Tray and Lid, 1/

Case

Infinite 200 PRO plate reader Tecan N/A

Nikon Eclipse FN-1 upright microscope Nikon N/A

equipped with a 25X Nikon CFI-Apo (NA

1.1) objective

TrimScope Il 2PM system and Ti:Sapphire LaVision Biotech N/A

laser with an optical parametric oscillator

(OPO, Coherent MPX Package)

Fluorescence microscope 1X81 Olympus N/A
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Prof. Dr.
Oliver T. Fackler (oliver.fackler@med.uni-heidelberg.de).

Materials availability
There are no new materials generated in this paper. All material has to be requested from authors of cited references.

Data and code availability
Primary data from cytokine analysis generated in this study are available from the Lead Contact with a completed Material Transfer
Agreement.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human lymphoid aggregate culture (HLAC), human lymphoid histoculture (HLH) and peripheral blood mononuclear
cells (PBMC)

HLACs and HLHs were generated as previously described.>**“® Tonsils were removed and peripheral blood received from
randomly selected anonymous donors with informed consent in accordance with the ethics vote S-123/2014 from the Heidelberg
University Hospital ethics committee. Gender and age of the donors is not known. One half of each tonsil was collected during stan-
dard tonsillectomy while the other half was processed in the department of pathology to assess chronic tonsillitis and exclude any
unexpected malignancy. Removed tonsil tissue was immediately transferred to 50ml Falcon tubes containing 1X phosphate-buffered
saline (PBS) and either directly used for further processing or stored overnight at 4°C and processed the next day. Dead and burnt
tissue was removed and tonsils were sliced into blocks of approximately 2mm size.

For the generation of HLAC tonsil tissue was mechanically disrupted and cells were filtered through a 40pm mash nylon strainer.
The strainer was rinsed once with tonsil medium (RPMI 1640 GlutaMAX, 15% FCS, 5% Fungizone, 5% non-essential amino acids,
5% Gentamycin, 5% sodium pyruvate, 1% ampicillin) and cells were centrifuged at 1500rpm (Heraeus MEGAFUGE 40R) for 5min at
room temperature. Cells were resuspended in 10ml of tonsil medium and viability and cell counts were determined by counting a
1:100 dilution with Trypan blue. Cells were resuspended in tonsil medium at 1x10° cells/ml and 200yl of the cell suspension was
added per well of a V bottom 96-well plate.

For culturing HLHs one Gelfoam® absorbable gelatin sponge (Pfizer) was cut into four equally sized pieces and each piece was
added separately into one well of a 12-well plate. Each sponge was soaked with 500ul of tonsil medium and 4 tonsil blocks per
sponge were placed on top. For culturing, additionally 1ml of tonsil medium was added. The HLAC and HLH were cultured at
37°C, 5% CO, under humidified conditions for up to three weeks.

Buffy coats for isolation of human PBMCs were obtained from healthy anonymous blood donors at the Heidelberg University Hos-
pital Blood Bank according to the regulations of the local ethics committee. PBMC were isolated from buffy coats by Biocoll (Merck
Biochrom) density gradient centrifugation using SepMate tubes (StemCell Technologies).

Isolation of polymorphonuclear neutrophils (PMN)

Heparinized blood from healthy volunteer donors (gender of the donors is not known), collected by venipuncture, was immediately
used for PMN isolation as previously described with some modifications.”® In brief, whole blood was diluted 1:2 in 1X PBS. 30ml of
the blood-PBS mixture was overlaid on top of 15ml Biocoll Separating Solution (Merck) and centrifuged for 15min at 600 g without
break at room temperature. The PMN layer on top of the red blood cells (RBCs) was collected and RBCs were removed by 2x hy-
potonic lysis with ice-cold water for 20sec. The lysis was stopped by the addition of 10X PBS. PMNs were either resuspended in
tonsil medium or supplemented RPMI 1640 GlutaMAX (10% FCS, 5% Penicillin/Streptomycin). Viability and cell count after isolation
were determined by counting a 1:10 dilution with Trypan blue. The purity of the isolated PMNs was always above 95%.

The viability of PMNs co-cultured with HLACs was determined by staining with fixable viability dye eFluor 450 (1:1000, ebioscience)
for 20min in 1X PBS at 4°C. Cells were washed with 1X PBS before fixation with 3% paraformaldehyde (PFA) for 90min at room tem-
perature. Cells were washed with 1X PBS and incubated with brilliant violet 785 (BV785)-conjugated antibodies against CD3 (1:100,
clone UCHT1, Biolegend) and Fluorescein isothiocyanate (FITC)-conjugated antibodies against CD66b (1:100, clone G10F5, Bio-
legend) for 20min in 1X PBS. To determine absolute cell numbers 20ul of precision count beads (Biolegend) were added to 180ul
of cells. Samples were measured by flow cytometry using a BD FACS Celesta with BD FacsDiva Software. Gating was done using
FlowdJo software 10.4.2 and data was processed with Microsoft Office Excel 2016 and GraphPad Prism 6.0 software.

Cell culture

Human embryonic kidney 293T (HEK293T) cells were cultured in Dulbecco’s modified Eagle medium (DMEM; ThermoFisher Scien-
tific) supplemented with FBS, 50 U/ml penicillin and 50 pg/ml streptomycin (Penicillin/Streptomycin Solution 100x Cat. No.PS-B,
Firma Capricorn). The cells are female and have not been authenticated.
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TZM-bl cells (also called JC53BL-13) were obtained from the NIH AIDS Research and Reference Reagent Program (Cat. no. 8129).
The TZM-bl cell line is derived from a HeLa cell clone that was engineered to express CD4, CCR5 and CXCR4"° and to contain in-
tegrated reporter genes for firefly Luc and E. coli B-galactosidase under the control of an HIV-1 long terminal repeat,”” permitting
sensitive and accurate measurements of infection.

METHOD DETAILS

Virus production, infectivity measurements, infection assays and CD4 T cell depletion

Virus production from 293T cells, infectivity measurements using SG-PERT for total viral particles and TZM-bl luciferase reporter
assay were performed as described previously.”® 2x108 HLACs were infected with 1x10'® pU RT/well of the proviral CXCR4 tropic
chimera HIV-1y 4.3 SF2 Nef WT (X4 HIV-1) in 200ul of tonsil medium. In some experiments, the proviral CCR5 tropic HIV-1y 4.3 SF2
Nef WT or the primary HIV-1 isolate transmission/founder virus (T/FV) CHO58 were used for infection. For imaging experiments, HLHs
were infected by the addition of 4x10° infectious units X4 HIV-1*GFP (expresses GFP in productively infected cells®?) per block in 6yl
of tonsil medium. One day post-infection (dpi) HLACs were washed once with 200ul tonsil medium and HLHs were washed 3x with
1ml tonsil medium. 1x108 freshly isolated PMNs were added to the HLAC or on top of the HLH. HLACs and HLHs were cultured for 11-
14 days. Every two to three days supernatant for determination of viral titers was harvested and half of the medium was exchanged.
The measurement started 1dpi with the initial supernatant collected after the washing step. To determine CD4 T cell depletion in
HLACSs, cells were harvested 11-14dpi, incubated with fixable viability dye eFluor 450 (1:1000, ebioscience) for 20min in 1X PBS.
HLACs were washed with 1X PBS and incubated with Peridin-Chlorophyll-protein (PerCP)-conjugated antibodies against CD3
(1:100, clone SK7, Biolegend) and Allophycocyanin (APC)-conjugated antibodies against CD8 (1:100, clone SK1, Biolegend) for
20min in 1X PBS before fixation with 3% PFA for 90min. Samples were measured by flow cytometry using a BD FACSVerse with
BD FACSuite Software. CD4 T cell depletion was quantified as described previously.*® In brief, the CD4/CD8 ratio was calculated
and the mean of the triplicate mock measurements was generated separately for mock — PMNs and mock + PMNs. The CD4/
CD8 ratio of the infected samples -/+ PMNs was related to the respective mockmean -/+ PMNSs. Gating was performed using FlowJo
software 10.4.2 and data was processed with Microsoft Office Excel 2016 and GraphPad Prism 6.0 software.

Pharmacological inhibition of PMN effector functions

2x108 mock or X4 HIV-1 infected HLACs were co-cultured with 1x10° PMNSs in the presence of the indicated PMN inhibitors: 5U/ml
rDNase | (Sigma-Aldrich), 1000U/ml Catalase (Sigma-Aldrich), 100uM 4-aminobenzoic acid hydrazide (4-ABAH; Santa Cruz), 50uM
4-(2-aminoethyl) benzenesulfonylfluoride (AEBSF; ThermoFisher), 1uM iODN 2088 (Enzo Life Sciences), and 300uM W-54011 (Merck).
PMNs were pre-incubated with 100ug/ml blocking antibodies against CD18 (Clone TS1/18), CD11b (Clone ICRF44) and CD11a (Clone
HI111) for 30min at room temperature. Viral titers were determined by SG-PERT similar to co-cultures in the absence of inhibitors.

1um transwell assay

1x10% PMNs were resuspended in 260yl of tonsil medium and added per well of a 96 square well angled-bottom (Falcon). 2x10°
HLACs were resuspended in 70ul of tonsil medium and added per insert of a 96-well Insert System 1um (Falcon). Every two to three
days 5ul of supernatant were collected from the bottom well to determine the viral load via SG-PERT and half of the medium was
exchanged. The measurement started 1dpi with the initial supernatant collected after the washing step.

3um transwell chemotaxis assay

A 96-well transwell system with 3um pore size was coated with 2.5ug/ml fibronectin for 1h at 37°C. 200ul of tonsil medium containing
either medium alone, DMSO, 100nM N-Formylmethionine-leucyl-phenylalanine (fMLP) or 2x10® mock or infected HLACs or PBMCs
were added to the bottom well. The insert was placed into the bottom well and 60pl tonsil medium containing 3x10* PMNs labeled
with PKH67 (Sigma-Aldrich), according to manufacturer’s instructions, were added into the insert. Cells were allowed to migrate for
3 h and 24h at 37°C. 50mM EDTA were added to the bottom well and incubated for 10min at 4°C. Cells within the bottom well were
collected, resuspended in 200ul 1X PBS containing 20ul precision counting beads (Biolegend) and the amount of migrated PMNs
was analyzed by flow cytometry (BD FACS Verse). The number of events in the FITC positive population and the number of counting
beads was quantified and absolute PMN counts were calculated.

Supernatant swap experiment

2x10° X4 HIV-1 infected HLACs were co-cultured with 1x10% PMNs for 3, 6, 24, 48 and 72h. Co-culture supernatant was transferred
after the indicated time points to X4 HIV-1 infected HLACs only. Every two to three days 5ul of supernatant were collected to deter-
mine the viral load via SG-PERT and half of the medium was exchanged. The measurement started 1dpi with the initial supernatant
collected after the washing step.

Neutrophil elastase (NE) activity

2x10® mock or X4 HIV-1 infected HLACs were co-cultured with 1x10° PMNs for 3 and 24h. Mock HLACs co-cultured with PMNs in the
presence of PMA (20nM, Sigma-Aldrich) served as a positive control. NE activity was analyzed by the NETosis Assay Kit (Cayman)
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according to the manufacturer‘s instructions. In brief, after the indicated incubation time the supernatant was aspirated and the cells
were washed twice by the addition of 200l prewarmed NET Assay Buffer followed by the addition of 200ul S7 Nuclease for 15min at
37°C. 200yl of the supernatant was transferred to a 96-well flat bottom plate containing 4ul of EDTA Assay Reagent solution and
centrifuged for 5min at 300 g. To inactivate HIV-1, 180ul of the supernatant was transferred to a new 96-well flat bottom plate con-
taining 20pl of 5% Triton X-100 and incubated for 10min at room temperature. For the preparation of the assay, 100ul of standard and
sample were added to a new 96-well flat bottom plate, 100ul of the 1:30 diluted Elastase substrate was added, the plate was covered
and incubated for 1-2h at 37°C. The cover was removed and the absorbance was analyzed at 405nm using the Infinite 200 PRO plate
reader (Tecan).

Neutrophil MPO activity assay kit

1x10° PMNs were incubated in the presence or absence of 20nm PMA for 3h and cells were analyzed according to the manufac-
turer’s instructions (Cayman, 600620). Briefly, 25pl of the supernatant were transferred to a 96-well flat bottom plate and either incu-
bated with the same amount of assay buffer or Cell-Based Assay MPO Inhibitor solution. The 3,3;,5,5; -tetramethyl-benzidine (TMB)
substrate solution was added and the plate was incubated for 10min at room temperature before reading the absorbance at 650nm
with a Tecan plate reader.

Immunofluorescence

NET formation was monitored by the presence of extracellular DNA covered with MPO. Cover glasses (CS) were coated with fibro-
nectin (2.5ug/ml, Sigma-Aldrich) for 1h. 3x10* freshly isolated PMNs were resuspended in 30ul of RPMIA (RPMI 1640 GlutaMAX
without supplements), seeded on CS and allowed to adhere for 20min. 20ul of medium containing either medium alone, DMSO,
100nM PMA or different amounts of HIV-1 viral particles were added to the CS and cells were incubated for 3 or 24h at 37°C, 5%
CO.,. Cells were then fixed with 3% PFA for 90min at room temperature, permeabilized with 0.1% Triton X-100 and stained with
anti-human MPO (1:100, clone 2C7, Abcam) followed by Alexa Fluor 568 goat anti-mouse antibody (1:2000, Life Technologies). Cells
were additionally stained with Hoechst 33342 (1:10000, Invitrogen).

Quantification of NET formation was performed as follows: 5 random sections on the CS were imaged. Cells were divided in three
categories: lobular nucleus, round nucleus and NET forming cell. The cells were attributed to one of the categories, counted manually
and the percentage was calculated. NET formation in PMA treated samples was artificially set to 100% since the entire CS was
covered with NETs which did not allow distinction.

Reactive oxygen species (ROS) production

2x10° mock or X4 HIV-1 infected HLACs were co-cultured with 1x10% PMNs for 3 and 24h. Mock HLACs co-cultured with PMNs in the
presence of PMA (20nM) served as a positive control. ROS production was analyzed using CellROX Oxidative Stress Reagent (Ther-
moFisher) according to the manufacturer’s instructions. In brief, after the indicated incubation time cells were washed once with 1X
PBS and incubated with 5uM of CellROX oxidative stress reagent for 30min at 37°C. Cells were washed with 1X PBS and fixed with
3% PFA for 90min. After washing once with 1X PBS the cells were resuspended in 200ul of 1X PBS and measured using a BD FACS
Verse or BD FACS Celesta with BD FACSuite or FacsDiva Software, respectively. The gating strategy was as follows. PMNs and
HLACs were separated via FSC and SSC (PMNs = SSCygn, FSCy,gn) and the median fluorescence intensity (MFI) of the FITC signal
within the PMN population was measured.

2-photon microscopy (2PM) of HLHs

HLHs were infected or not with 4x10° infectious units HIV-1* GFP. Three dpi HLH was transferred into a grease-sealed silicone ring on
a pre-warmed metal plate, filled with conditioned tonsil medium containing 20mM HEPES. 1x108 freshly isolated PMNSs, labeled with
PKH26 (Sigma Aldrich) according to manufacturer’s instructions, were added on top of the tissue block and the block was sealed with
a cover glass. Imaging was performed immediately or 3h after PMN addition using a Nikon Eclipse FN-1 upright microscope equip-
ped with a 25X Nikon CFl-Apo (NA 1.1) objective and a TrimScope Il 2PM system controlled by ImSpector software (LaVision BioTec)
combined with an automated system for real-time correction of tissue drift.”> For 2-photon excitation, a Ti:Sapphire laser with an
optical parametric oscillator (OPO, Coherent MPX Package) were tuned to 880nm and 1200nm, respectively. For 4-dimensional anal-
ysis of cell migration, 16 x-y sections with z-spacing of 2um (30um depth) were acquired every 20sec for up to 3h; the field of view was
up to 400x400um. Emitted light and second harmonic signals were detected through 447/60-nm, 525/50-nm, 595/50-nm and 690/
50-nm bandpass filters using non-descanned detectors. Time-lapse movies were reconstructed and analyzed using Arivis Vision4D
software (Arivis AG) and interactions of PMNs with HIV infected GFP positive lymphocytes were manually tracked by InViewR (Arivis
AG) as published previously.”®

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis of datasets was carried out using Prism version 6.0 (GraphPad). Statistical significance was calculated using the
Mann-Whitney U test. n.s., not significant; *, p < 0.05; **, p < 0.01; ***, p < 0.0001. See figure legends for details.
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