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Stunning of neutrophils accounts for the
anti-inflammatory effects of clodronate liposomes
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Kim Fischer"2®, Deborah Kienhofer"2@®, Georgiana Crainiciuc®®, Jonas Hahn'2@®, Anika Griineboom™2@®, Falk Nimmerjahn*®, Stefan Uderhardt'?@®,
Andrés Hidalgo>*®, Georg Schett??®, Markus H. Hoffmann»>®*@®, and Gerhard Kronke'?*®

Clodronate liposomes (Clo-Lip) have been widely used to deplete mononuclear phagocytes (MoPh) to study the function of
these cells in vivo. Here, we revisited the effects of Clo-Lip together with genetic models of MoPh deficiency, revealing that Clo-
Lip exert their anti-inflammatory effects independent of MoPh. Notably, not only MoPh but also polymorphonuclear
neutrophils (PMN) ingested Clo-Lip in vivo, which resulted in their functional arrest. Adoptive transfer of PMN, but not of
MoPh, reversed the anti-inflammatory effects of Clo-Lip treatment, indicating that stunning of PMN rather than depletion of
MoPh accounts for the anti-inflammatory effects of Clo-Lip in vivo. Our data highlight the need for a critical revision of the

current literature on the role of MoPh in inflammation.

Introduction

Mononuclear phagocytes (MoPh) including blood monocytes
and macrophages comprise heterogeneous populations of cells
that fulfill essential roles during homeostasis, inflammation, and
host defense (Ginhoux and Jung, 2014). Blood monocytes, which
are constantly replenished from bone marrow precursors, can
be subdivided into “resident” Ly6C'°” monocytes and “inflam-
matory” Ly6CP&h monocytes (Geissmann et al., 2010). Both sub-
groups of monocytes show distinct behavior and are considered to
fulfill specific and non-redundant functions. Ly6C!°“ mono-
cytes display a patrolling migratory pattern in the vasculature
and constantly survey the tissue, whereas Ly6Ch&" monocytes
primarily extravasate upon onset of inflammation and repre-
sent the major source for subsequently differentiating monocyte-
derived macrophages that infiltrate inflamed tissues (Ginhoux
and Jung, 2014). Most organs additionally harbor tissue-resident
macrophages (TRM) that derive from precursors settling the tis-
sue during the pre- or perinatal period and that self-maintain
their numbers largely independent of blood monocytes (Blériot
et al., 2020). TRM thus represent the predominant type of mac-
rophages during steady state in organs such as the brain, the liver,
or the synovial joints, where they primarily support tissue ho-
meostasis and organ function (Davies et al., 2013).

Despite decades of research, the exact role MoPh exert during
tissue homeostasis as well as during the onset and resolution
of inflammation remains controversial and Janus-faced. Both
monocytes and macrophages were repeatedly suggested to per-
petuate tissue damage during chronic inflammatory disorders
such as inflammatory bowel disease, multiple sclerosis, or
rheumatoid arthritis (RA). At the same time, they have been
implicated in the prevention and resolution of inflammation
as well as the repair of tissue injury (Bogie et al., 2014; Caér
and Wick, 2020; Culemann et al., 2019a; Culemann et al.,
2019b; Gordon, 2007; Kurowska-Stolarska and Alivernini,
2017; Solomon et al., 2005; Udalova et al., 2016). Although
cellular plasticity and a differential role of individual monocyte
and macrophage subsets might account for these seemingly
controversial data, there are also considerable methodologic
shortcomings in the field of macrophage and monocyte research
that currently hinder an unbiased and comprehensive view of
the exact role of these cells. Especially, the use of clodronate
liposomes (Clo-Lip) as a widely used approach to deplete MoPh in
the blood and tissue of mice has generated a considerable amount
of data that substantially shaped our understanding of the role of
these cells during inflammation (Barrera et al., 2000; Moreno,
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2018; Richards et al., 1999; Summan et al., 2006; van Rooijen
et al., 1996).

In an effort to revisit the specificity of Clo-Lip-mediated ef-
fects on the MoPh system, we compared the effect of Clo-
Lip-mediated depletion of MoPh with the phenotypes resulting
from genetic MoPh deficiency and depletion during the mouse
model of K/BxN serum transfer arthritis (STA). The resulting
data show that in vivo effects of Clo-Lip did not rely on the
presence of MoPh and corresponded neither to a global nor a
subset-specific deficiency in monocytes or macrophages. In-
stead, we observed that Clo-Lip were also readily taken up by
polymorphonuclear neutrophils (PMN), which did not result in
the depletion of PMN but provoked a substantial impairment of
PMN function. This included a Clo-Lip-mediated block of PMN
phagocytic capacity, cytokine expression, ROS production, as
well as the formation of neutrophil extracellular traps (NETs)
and additionally altered the migratory and swarming behavior
of these cells. Depletion of PMN, in turn, resulted in a pheno-
type that resembled Clo-Lip treatment, and adoptive transfer of
PMN, but not of MoPh, reversed the anti-inflammatory effects
observed upon Clo-Lip treatment. Together, these data demon-
strate that functional stunning of PMN is a major consequence of
the application of Clo-Lip, whereas depletion of MoPh does not
account for the anti-inflammatory effects of this widely used
compound, a finding that necessitates a critical revision of the
current literature on monocytes and macrophages.

Results and discussion

In an effort to validate the specificity of the action of Clo-Lip on
MoPh, we decided to study the model of STA as an established
mouse model mimicking the autoantibody-mediated inflam-
matory effector phase of RA. Monocytes, macrophages, and
PMN have all been implicated in the onset and perpetuation of
inflammation as well as the pathogenesis of both RA and STA
(Bruhns et al., 2003; Firestein and McInnes, 2017; Knab et al.,
2022; Kurowska-Stolarska and Alivernini, 2017; Solomon et al.,
2005; Udalova et al., 2016; Wipke and Allen, 2001). However, the
individual experimental approaches of previous studies inves-
tigating the contribution of MoPh during this and other inflam-
matory disease models substantially varied and often yielded
discrepant results describing both a pro- and anti-inflammatory
role of different subsets of MoPh (Knab et al., 2022; Kurowska-
Stolarska and Alivernini, 2017).

As expected, we observed an efficient and rapid depletion of
circulating CD115*CD11b* monocytes upon i.v. injection of Clo-
Lip into mice (Fig. 1 A and Fig. SI, A and B). The number of other
leukocyte subsets within the peripheral blood including PMN,
eosinophils, T cells, and B cells did not significantly change upon
Clo-Lip treatment (Fig. 1 A and Fig. S, A and B). In accordance
with previously published data (Misharin et al., 2014), a single
injection of Clo-Lip not only led to the disappearance of blood
monocytes but also to almost complete inhibition of arthritis in
the model of STA (Fig. 1 B).

Such potent anti-inflammatory effects of Clo-Lip have been
previously attributed to the depletion of Ly6Cl°" monocytes
and monocyte-derived macrophages, suggesting a major pro-
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inflammatory role of MoPh during the onset of joint inflam-
mation (Misharin et al., 2014; Richards et al., 1999; Solomon
et al., 2005). We subsequently studied STA in various genetic
models that either lacked individual monocyte and macrophage
subsets or allowed their specific depletion. Initially, we decided
to study NR4al~/~ mice that specifically lack the Ly6C'®" mon-
ocyte subset (Fig. 1 C; Carlin et al., 2013; Hanna et al., 2011).
Notably, NR4al~/~ mice showed no reduction in joint inflam-
mation suggesting that Ly6C!°" monocytes are dispensable for
the onset of STA (Fig. 1 D). Next, we studied mice that expressed
a Cre recombinase under the Cx3crl promoter together with a
Cre-inducible diphtheria toxin (DT) receptor (Cx3crlcre;iDTR
mice). Cx3crl is broadly and specifically expressed by blood
monocytes as well as by the pre- and perinatal precursors of all
TRMs (Yona et al., 2013). Continuous injection of DT accordingly
resulted in a global depletion of blood monocytes and tissue
macrophages in Cx3crlcre;iDTR mice (Culemann et al., 2019b;
Fig. 1, E, F, and I). However, we again observed a regular onset of
STA during these experiments (Fig. 1 G). These results sub-
stantially questioned a major proinflammatory role of MoPh
during the initiation of STA as well as the MoPh specificity of
Clo-Lip. Selective application of DT on days 5 and 6 prior to in-
duction of STA, in turn, allowed the specific depletion of TRM
during STA in Cx3crlcre;iDTR mice as blood monocytes rapidly
repopulated within 48 h and were thus present prior to the onset
of inflammation (Fig. 1, H and I). In contrast to the phenotype
observed after Clo-Lip injection, this protocol resulted in an
exacerbated course of joint inflammation during STA (Fig. 1]),
which was in accordance with the reported anti-inflammatory
role of Cx3crl*Trem2* TRMs of the synovial tissue (Alivernini
et al., 2020; Culemann et al., 2019b; Fris¢ié¢ et al., 2021). Ex-
periments using the mouse model of monosodium urate crystal
(MSU)-induced gouty arthritis recapitulated these findings. The
onset of MSU-induced arthritis was blocked by Clo-Lip injection,
whereas neither the deficiency of Ly6C'®" monocytes in NR4al~/~
mice nor depletion of the MoPh compartment in DT-treated
Cx3crlcre;iDTR mice resulted in amelioration of arthritis (Fig.
S1, C-F).

These data showed that using different arthritis models, the
phenotype resulting from injection of Clo-Lip did not match the
phenotypes resulting from a global or subset-specific deficiency
of monocytes and/or macrophages. Consequently, we deter-
mined whether the observed anti-inflammatory effects of Clo-
Lip indeed required the presence of MoPh or whether Clo-Lip
exerted their anti-inflammatory effects independently of mon-
ocytes and macrophages. Therefore, we repeated the continuous
and global depletion of MoPh by repetitive injection of DT in
Cx3crlcre;iDTR mice and additionally treated these mice with
Clo-Lip or PBS, respectively (Fig. 2 A and Fig. S2 A). Notably, the
Clo-Lip-induced anti-inflammatory effects fully persisted also in
the absence of MoPh, where injection of Clo-Lip exerted strong
and comparable anti-inflammatory effects in both DT-treated
Cx3crlcre;iDTR mice and DT-treated control mice (Fig. 2 B).

As these experiments clearly demonstrated that the anti-
inflammatory effects of Clo-Lip did not rely on the depletion
of MoPh, we investigated additional effects of Clo-Lip that
might account for their potent anti-inflammatory properties.
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Figure 1. Joint inflammation is differentially affected by Clo-Lip and genetic deficiencies in MoPh. (A) Quantification of the number of indicated cells in
50 pl mouse blood 24 h after i.v. injection of Clo-Lip or PBS (n = 5 per group). Data are mean + SD; two-tailed Student’s t test; ***, P = 0.0003. (B) Clinical
evaluation of K/BxN STA in C57BL/6 mice treated with 200 pl Clo-Lip or PBS 24 h before arthritis induction using a semiquantitative clinical index and the
corresponding area under the curve (AUC; n = 5 per group). Data are mean + SEM; two-tailed Student’s t test of AUC; ***, P = 0.0027. The experiment was
performed twice. (C) Flow cytometry of CD45*CD11b*CD115* monocytes in the peripheral blood of NR4al~~ and C57BL/6 wild-type mice demonstrating the
absence of the CD45*CD11b*CD115* Ly6C'* monocyte subset in NR4al™~ mice. Numbers in the flow plot correspond to the percentage of the parent
population. (D) Clinical development of STA in NR4al~/~ and C57BL/6 wild-type mice quantified by a semiquantitative clinical index and the corresponding AUC
(n = 3 per group). (E) Treatment regimen for continuous monocyte and macrophage depletion of Cx3crlcre;iDTR mice or iDTR control mice. Bottom: Rep-
resentative flow cytometry plots demonstrating the depletion of blood monocytes 1 d after intraperitoneal injection of 500 ng DT. During STA, mice were
treated daily starting 1 d before arthritis induction. (F) Quantification of neutrophil and monocyte numbers in 100 pl blood of Cx3crlcre;iDTR mice (n = 5) and
iDTR control mice (n = 3) 1d after first DT injection. (G) Clinical course of STA in Cx3crlcre;iDTR (n = 9) and iDTR control mice (n = 8) upon daily treatment with
DT quantified by a semiquantitative index and the corresponding AUC. (H) Treatment regimen for predepletion of synovial macrophages of Cx3crlcre;iDTR or
iDTR control mice and representative flow cytometry plots demonstrating recovery of blood monocytes 5 d after two intraperitoneal injections of 500 ng DT.
(1) Representative images of confocal laser scanning fluorescence microscopy of the synovial membrane of knee joints of Cx3crlcre;iDTR mice or iDTR control
mice 5 d after DT administration showing depletion of CD68* (red) synovial macrophages in Cx3crlcre;iDTR mice (scale bar, 10 pum). sc, synovial cavity; st,
synovial tissue. (J) Clinical course of STA in predepleted Cx3crlcre;iDTR (n = 8) and iDTR control mice (n = 9) quantified by the clinical index and the cor-
responding AUC. Data are mean + SEM; two-tailed Student’s t test of AUC; *, P = 0.0142. Experiments (A-]) were performed at least two times. Numbers in
flow plots correspond to percentages of parent population (C, E, and H).
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Figure 2. Clo-Lip actindependently of MoPh and are readily ingested by PMN. (A and B) Treatment regimen (A) and clinical course (B) of K/BxN STA upon
continuous monocyte and macrophage depletion in Cx3crlcre;iDTR or iDTR control mice that were treated with 200 pl Clo-Lip or PBS 1d before STA induction.
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For MoPh depletion, mice were treated daily with DT starting 1 d before arthritis induction. (B) STA severity was quantified using a semiquantitative index and
the corresponding AUC. Cx3crlcre;iDTR mice + PBS (n = 5); iDTR control + PBS (n = 8); Cx3crlcre;iDTR mice + Clo-Lip (n = 4); iDTR control + Clo-Lip (n = 5).
Mann-Whitney test of AUC; *, P < 0.05; **, P < 0.01. (C) Flow cytometry analysis of blood of C57BL/6 mice (n = 5) 24 h after injection of DiD-labeled Clo-Lip,
demonstrating the uptake of Clo-Lip by indicated cell types. (D) Uptake of DiD-labeled Clo-Lip by PMN at indicated time points. Flow plots (left) and bar graph
(right) show uptake of DiD-labeled Clo-Lip by CD45*, CD11b* Ly6G* PMN before injection (DO) and after application at day 1(D1), day 2 (D2), and day 3 (D3). Bar
graph (right) shows frequencies of PMN positive for Clo-Lip (n = 3 mice) at indicated time points after injection. (E and F) Representative images of confocal
laser scanning fluorescence microscopy of the synovial membrane of a knee joint (E) and bone marrow (F, left) of the femur of C57BL/6 mice 24 h after injection
of DiD-labeled Clo-Lip showing the uptake of Clo-Lip (DiD, white) by macrophages (CD68, red) and PMN (Ly6G, green) in bone marrow but not in synovial
tissue. sc, synovial cavity; st, synovial tissue. Scale bars: 10 um. (F) Right: 3D reconstruction of a bone marrow PMN (Ly6G, green) that ingested DiD-labeled
Clo-Lip (white) and macrophage debris (CD68, red). Scale bar: 2 pum. (G) Treatment regimen for antibody (1A8 or isotype)-mediated PMN depletion (left)
and quantification of blood PMN and blood monocytes 1d after first antibody injection (right); n = 5 mice per group; two-tailed Student’s t test; *, P = 0.0277.
(H) Clinical course of STA (clinical index as mean + SD) induced in mice treated with PMN-depleting antibody (1A8) or isotype control (n = 5 per group) and
the corresponding AUC of the clinical index. Data are mean + SEM; two-tailed Student’s t test of AUC; **, P = 0.0035. (1) Treatment regimen for PMN
depletion in Mrp8-cre;iDTR mice (left) and cell counts of PMN and monocytes in blood 1 d after first DT injection (right); Wt;iDTR: n = 8 mice and Mrp8-cre;
iDTR n = 6 mice. Data are mean + SEM; two-tailed Student’s t test; **, P = 0.0003. (J) Clinical course of STA (clinical index as mean + SD) in DT-treated Mrp8-cre;
iDTR mice (n = 6 mice) or iDTR control mice (n = 8 mice) and the corresponding AUC of the clinical index. Mann-Whitney test of AUC; ***, P = 0.0007. (K) Treatment
strategy (left) testing the effect of adoptive transfer of PMN-enriched or PMN-poor bone marrow cells in mice 24 h after Clo-Lip injection. STA was
induced 12 h after adoptive transfer. Flow plots (right) show cellular composition of PMN-enriched and PMN-poor bone marrow cell suspension used
for adoptive transfer. 5 x 106 PMN-enriched or PMN-poor bone marrow cells were i.v. injected. (L) Clinical course and AUC of STA in mice treated
with Clo-Lip or PBS upon receiving PMN-enriched or PMN-poor bone marrow. PBS: n = 5 mice; Clo-Lip: n = 5 mice; Clo-Lip + PMN-enriched: n = 5
mice; Clo-Lip + PMN-poor: n = 4 mice. Data are mean + SEM; two-tailed Student’s t test of AUG; *, P < 0.05; **, P < 0.01. Experiments in A, B, and G-J were performed

once and were performed at least two times in C-F, K, and L. Numbers in flow cytometry plots in C, D, and K correspond to percentages of parent population.

Therefore, we studied the uptake of i.v.-injected liposomes
into alternative leukocyte subsets. While Vybrant DiD-labeled
PBS liposomes were only taken up by blood monocytes (Fig. S2
B), we observed that DiD-labeled Clo-Lip were taken up both
by blood monocytes as well as by around 50% of circulating
PMN and a smaller percentage of B cells (Fig. 2 C). In contrast
to monocyte numbers, however, PMN numbers remained
constant and PMN did not show signs of apoptosis such as an
increased annexin V staining despite uptake of Clo-Lip (Fig. 1
A and Fig. S2 C). DiD labeling of circulating PMN by Clo-Lip
persisted for 2 d before the signal within this cellular fraction
disappeared (Fig. 2 D). Immunofluorescence microscopy ad-
ditionally confirmed uptake of DiD-labeled Clo-Lip into mac-
rophages and PMN of the bone marrow, whereas we did not
observe uptake into synovial TRM (Fig. 2, E and F).

PMN were reported to act as essential effectors of the
proinflammatory response during STA (Wipke and Allen, 2001).
We accordingly confirmed that depletion of PMN by the Ly6G
antibody 1A8 or alternatively by DT treatment of Mrp8cre;iDTR
mice effectively blocked the onset of STA (Fig. 2, G-J; and Fig. S2,
D-F). These data showed that depletion of PMN but not deple-
tion or absence of MoPh matched the phenotype observed in re-
sponse to Clo-Lip treatment. Therefore, we hypothesized that the
observed uptake of Clo-Lip by PMN might impair PMN function
and thereby contribute to the anti-inflammatory effects exerted
by Clo-Lip in vivo. Adoptive transfer of the PMN-enriched fraction
of bone marrow cells indeed abated the anti-inflammatory effects
of Clo-Lip treatment during STA (Fig. 2, K and L). In contrast, the
transfer of the PMN-poor fraction of bone marrow cells, which
was rich in MoPh, did not impact the Clo-Lip-mediated suppres-
sion of STA (Fig. 2, K and L). Collectively, these experiments thus
confirmed an essential contribution of PMN during this disease
model and additionally suggested a major role of PMN during the
Clo-Lip-mediated anti-inflammatory effects.

We therefore determined a potential impact of Clo-Lip up-
take on PMN function in more detail. A phenotypic analysis of
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PMN in Clo-Lip-treated animals indeed revealed significant
changes in the expression of PMN surface markers with the
downregulation of molecules such as CD11b and CD16 (Fig. 3 A).
Also, the measurement of PMN-mediated intracellular ROS
production showed a drastically reduced PMA-induced oxida-
tive burst of PMN derived from Clo-Lip-treated mice (Fig. 3 B).
This was paralleled by a defect of Clo-Lip-exposed PMN to form
NETs (Fig. 3 C). PMN from Clo-Lip-treated animals additionally
displayed a reduced secretion of proinflammatory cytokines
such as TNFa and IL-6 (Fig. 3 D and Fig. S2 G), as well as a de-
creased phagocytic capacity, illustrated by an impaired uptake of
BSA-coated beads and IgG-coated latex beads (Fig. 3, E and F).
We additionally performed intravital microscopy to study the
impact of Clo-Lip on the migratory behavior of PMN within
inflamed tissues. Here, we assessed PMN migration in a model
of TNF-induced inflammation of the microvasculature of the
cremaster muscle (Fig. 3 G) and additionally studied the
swarming pattern of PMN in response to laser-induced tissue
damage (Limmermann et al., 2013; Uderhardt et al., 2019) in the
peritoneal cavity (Fig. 3 H). These experiments showed that
PMN in Clo-Lip-treated mice displayed an altered migratory
behavior with significant changes in their velocity, accumulated
distance, and directionality in response to TNF (Fig. 3 G). Clo-Lip
treatment likewise resulted in a substantially reduced swarming
capacity, which entailed a reduced formation of PMN clusters at
the site of injury (Fig. 3 H). Injection of Clo-Lip thus substan-
tially altered the migratory behavior of PMN, an alteration
previously defined as “stunning” (Garcia-Prieto et al., 2017).
Our current data show that the widely reported anti-
inflammatory effects resulting from the in vivo injection of
Clo-Lip are not primarily linked to the Clo-Lip-mediated de-
pletion of proinflammatory MoPh. Notably, Clo-Lip-induced
amelioration of arthritis was evident in both wild-type and
MoPh-deficient animals. Moreover, phenotypes observed during
the course of STA in various MoPh-deficient animals did not
resemble and even contrasted the phenotypes observed after
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Figure 3. Uptake of Clo-Lip results in stunning of PMN. (A) Surface detection of indicated markers on blood PMN 24 h after PBS or Clo-Lip injection (n = 4
mice per group). (B) Production of intracellular ROS by PMN. Blood of Clo-Lip-treated (n = 3 mice) and PBS-treated C57BL/6 mice (n = 3 mice) was collected

24 h after injection. Ex vivo PMA (100 ng/ml)-stimulated and untreated blood was incubated with the ROS-indicator DHR. ROS production was quantified by
measurement of the mean fluorescence intensity (mfi) of DHR. Data are mean + SEM; two-tailed Student’s t test; *, P < 0.05. (C) Induction of the formation of

NETs using PMA (100 ng/ml) or the calcium ionophore A23187 (2 ug/ml). Blood of mice was collected 24 h after Clo-Lip (200 pl, i.v.) or PBS injection. NETs
(indicated by blue arrowheads in the representative figures, scale bar: 20 um) were quantified 2 h after ex vivo stimulation as a percentage of total cells (n = 4
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mice per group). Data are mean + SD; two-tailed Student’s t test; **, P = 0.0082. (D) Quantification of TNFa and IL-6 levels in supernatants of ex vivo
stimulated PMN derived from Clo-Lip- or PBS-treated mice. Blood of C57BL/6 mice treated either with Clo-Lip (n = 5 mice) or PBS (n = 5 mice) was collected
24 h after Clo-Lip or PBS application. Blood of mice of each group was pooled, and PMN were enriched using a magnet-based enrichment kit and stimulated for
6 h with 2.5 pg/ml LPS. (E and F) Phagocytic capacity of PMN from C57BL/6 mice that received either 200 ul Clo-Lip (n = 4 mice) or PBS (n = 4 mice) 24 h
before blood collection. Whole blood samples of each mouse were incubated with BSA- or IgG-coated beads for 1 h, 2 h, or 3 h. (E) Representative flow
cytometry plots of Clo-Lip- or PBS-treated PMN incubated with IgG-beads for 3 h. (F) Ratio of bead* PMN at indicated time points of incubation with beads.
Data are mean + SEM; two-tailed Student’s t test; *, P < 0.05; **, P < 0.01; **** P < 0.0001. (G) Characterization of PMN migration using intravital microscopy.
Inflammation of the cremaster muscle was induced by intrascrotal injection of 0.5 ug TNFa into LyMe™ mice. Mice (n = 4 per group) received 100 ul Clo-Lip
(blue) or PBS 24 h before imaging. GFP* PMN (left panel: representative images of vessels containing PMN [green]; scale bar: 10 um) were tracked for 2 min
beginning 2.5 h after injection of TNFa. Absolute values (left) and relative distribution (right) of velocity, accumulated distance, Euclidean distance, and di-
rectionality of PMN were quantified. PBS-treated: n = 68 PMN pooled from four mice; Clo-Lip-treated: 104 PMN pooled from four mice. Statistical differences
of distributions were calculated using Kolgomorov-Smirnoff test; *, P < 0.05. (H) Intravital microscopy-based quantification (left) and representative images
(right) of PMN cluster formation in response to laser-induced tissue damage of the peritoneal serosa. Data are mean + SD; two-tailed Student’s t test; **, P =
0.0084. Control mice: n = 4; Clo-Lip-treated mice: n = 5. Numbers indicated in images represent time in min. Scale bar: 30 pm. Experiments in A and C were

performed at least two times. Experiments in B and D-H were performed once.

Clo-Lip injection. The absence of PMN, in turn, exactly matched
the Clo-Lip-induced STA phenotype, and adoptive transfer of
PMN, but not of MoPh, reversed the anti-inflammatory effects of
Clo-Lip treatment in vivo. Although injection of Clo-Lip did not
change PMN numbers, we observed uptake of Clo-Lip by PMN,
which substantially altered PMN function and resulted in a
stunned PMN phenotype. Such Clo-Lip-exposed PMN were
characterized by an altered migratory and swarming behavior, a
defective oxidative burst, impaired NET formation, and reduced
cytokine expression as well as a limited phagocytic capacity, all
effects that might explain the potent anti-inflammatory ef-
fects of Clo-Lip in vivo. The exact molecular mechanism by
which Clo-Lip alter PMN function remains unclear at this
stage, but its identification might yield attractive targets for
future anti-inflammatory therapies. It remains equally un-
clear why PMN accumulated DiD in response to DiD-labeled
Clo-Lip, but not after labeling with DiD-labeled PBS lip-
osomes. A potential explanation is an impaired degradation of
DiD in Clo-Lip-exposed PMN.

Our findings likely explain many of the previously observed
discrepancies that have emerged in the field of monocyte and
macrophage research. Notably, many of the previous studies
investigating the role of MoPh during inflammation heavily
relied on the use of Clo-Lip, where this approach was considered
to specifically deplete MoPh. As Clo-Lip reproducibly exerts a
potent anti-inflammatory effect in many inflammatory settings,
such studies often provoked the conclusion that monocytes and
macrophages primarily act as proinflammatory effector cells
and substantially promote inflammation and inflammation-
associated tissue damage (Kurowska-Stolarska and Alivernini,
2017; Moreno, 2018; Richards et al., 1999; Solomon et al., 2005).
Our current data, in turn, indicate that many of the observed
anti-inflammatory effects are not primarily linked to a depletion
of MoPh, but can be instead attributed to a Clo-Lip-mediated
block of PMN function. Both genetic and pharmacologic data
consistently support a scenario where PMN act as primary ef-
fectors of the acute inflammatory response.

The role of MoPh during inflammation, in turn, is much more
disputed. Theoretically, MoPh might exert both pro- and anti-
inflammatory functions. However, increasing data, which are
based on sophisticated genetic models, single-cell sequencing,
and intravital imaging, support a more straight-forward scenario
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where the MoPh compartment primarily exerts anti-
inflammatory and tissue-protective functions, both during
the onset and the resolution of inflammation (Blériot et al.,
2020). In particular, TRM seem to serve as anti-inflammatory
tissue-resident guardians that provide anti-inflammatory barriers
and prevent spontaneous PMN-induced inflammation (Uderhardt
et al,, 2019). Although our current study thus introduces another
big question mark on the previously described role of MoPh
during inflammation, it might offer a chance to critically revisit
the contribution of these cells during homeostasis and inflam-
mation and substantially improve our understanding of these key
players of innate immunity.

Materials and methods

Animal models

The animal experiments were performed in accordance with
German guidelines and laws and were approved by the local
animal ethics committees of the Regierung von Mittelfranken
and the Animal Care and Ethics Committee at Centro Nacional
de Investigaciones Cardiovasculares (CNIC), respectively. Mice
of both sexes between the ages of 8-20 wk were used for ex-
periments. Cx3crlcre;iDTR mice were generated by breeding
C57BL/6-Gt(ROSA)26Sortm1(HBEGF)Awai/] (iDTR) purchased
from Jackson Laboratory with STOCK Tg(Cx3crlcre) MW126Gsat/
Mmucd mice (Cx3crlcre; identification number 036395-UCD)
from the Mutant Mouse Regional Resource Center, a National
Institutes of Health-funded strain repository, and were donated to
the Mutant Mouse Regional Resource Center by the National In-
stitute of Neurological Disorders and Stroke-funded GENSAT
BAC transgenic project. NR4A1~/~ were obtained from the Jackson
Laboratory. K/BxN STA was initiated by intraperitoneal injection
of 125-150 pl K/BxN serum collected from arthritic K/BxN mice.
The clinical evaluation of arthritis development was quantified by
the application of a semiquantitative clinical index. The clinical
index reaching from 0 (no signs of inflammation) to 16 (maximum
inflammation) is calculated as the sum of scores allocated to each
paw, with O = no signs of inflammation, 1 = slight inflammation
and reddening of the paw, 2 = moderate inflammation and ery-
thema, 3 = severe inflammation and erythema, and 4 = maximum
inflammation and erythema. MSU crystal-induced paw inflam-
mation was induced by injection of 50 pl (20 mg/ml) MSU crystals
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into one hind paw. The contralateral paw received PBS as control.
Paw swelling was measured daily using a Dial Thickness Gauge
(G-1A, Peacock, OZAKI MFG, Co., Ltd.)

Liposomes

Clodronate liposomes (SKU: C-005) and PBS liposomes
(SKU: P-005) were commercially available and purchased
from Liposoma BV (https://clodronateliposomes.com, http://
clodronateliposomes.org). The concentration of the clodronate
in the suspension was 5 mg/ml. Liposome suspensions were in-
jected directly without any further dilutions. For labeling of
clodronate liposomes with Vybrant DiD (Vybrant DiD Cell-La-
beling Solution, Invitrogen, V22887), 10 pl of the Vybrant dye
solution was added to 1 ml clodronate liposome suspension and
mixed by gentle shaking. After incubation at 37°C for 20 min
(slowly shaking), labeled liposome suspension was centrifuged at
1,500 rpm for 5 min, producing a loose phase of liposomes and an
upper aqueous phase. The aqueous phase was removed, and an
equivalent volume of PBS was added to the liposomes and mixed
well by gentle pipetting. After an additional centrifugation step
(1,500 rpm, 5 min) and removal of the upper aqueous phase, an
equivalent volume of PBS was added to liposomes to get the
original volume.

Cellular depletion approaches

For DT-mediated cell depletion in Cx3crlcre;iDTR mice, DT
(500 ng/mouse) was either injected twice within 24 h starting
6 d before arthritis induction for the predepletion or daily
(500 ng DT/mouse on the first day, and 100 ng DT/mouse on
following days) starting 1 d before arthritis induction for con-
tinuous depletion.

Clo-Lip (200 pl) were i.v. injected. For imaging and flow
cytometry, liposomes were labeled with Vybrant DiD using
Vybrant Cell-Labeling solutions. 10 pl of Vybrant dye per ml
liposomes was incubated for 20 min at 37°C slowly shaking
followed by two washing steps with PBS and reconstitution to
the original volume. Arthritis induction, intravital microscopy
(IvM), and blood collection for ex vivo stimulation of neu-
trophils were conducted 24 h after liposome injection.

Antibody-mediated depletion was performed by intraperi-
toneal injection of 500 pg InVivoMab anti-mouse Ly6G antibody
(1A8, BioXCell) every 2 d. Isotype injection was used as a control.

Adoptive transfer experiments

Bone marrow of C57BL/6 mice was processed to generate a
PMN-enriched fraction and a PMN-poor fraction. Bone marrow
of femur and tibia was flushed and filtered (70 pm). Fractiona-
tion of bone marrow cells was achieved by using a Histopaque
gradient (bottom layer: 3 ml Histopaque 1119 [11191-100ML;
Sigma-Aldrich]; middle layer: 3 ml Histopaque 1077 [10771-
100ML; Sigma-Aldrich]; top layer: 5 ml bone marrow sus-
pension), and centrifugation at room temperature, 800 g for
40 min. PMN were harvested from the interface of Histopaque
1077 and 1119. The PMN-poor fraction was further purged from
PMN two times by using MACS cell separation columns and Anti-
Ly6G MicroBeads UltraPure, mouse (Miltenyi). 5 x 106 PMN-
enriched or PMN-poor bone marrow cells were i.v. injected.
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Flow cytometry

Blood samples (50 to 100 pl) were collected in heparin- or EDTA-
containing tubes and transferred into PBS with 4% FCS and
2 mM EDTA. Erythrocyte lysis was performed with ddH,O fol-
lowed by reconstitution with 10x PBS. Cells were blocked with
30 pl PBS containing 10% rat serum and 1% FcBlock for 10 min at
room temperature followed by supplementation of PBS con-
taining antibodies to a final volume of 80 pl and incubation at
4°C for 20 min. After washing, cells were taken up in PBS with
4% FCS and 2 mM EDTA for flow cytometry with a CytoFLEX S
(Beckman Coulter). For the preparation of hind paws for flow
cytometry, skin, muscle, and tendons of hind paws were re-
moved. Tissue was dissociated in digestion medium containing
RPMI, 10% heat-inactivated FCS, collagenase (2 mg/ml) from
clostridium histolyticum (Sigma-Aldrich), and 0.03 mg/ml
DNase I from bovine pancreas (Sigma-Aldrich) for 45 min at
37°C in a shaking incubator. After washing with PBS containing
2% FCS and 2 mM EDTA, cell suspension was filtered (70 pm
filter), blocked (PBS with 10% rat serum), and stained with
fluorophore-conjugated antibodies. The following antibodies
were used in this study: CD45.2-Alexa Flour 700 (cat#: 109822,
lot: B202497, clone: 104, dilution: 1:500; BioLegend), CD11b-PE/Cy7
(cat#: 101216, lot: B185646, clone: M1/70, dilution: 1:500; Bio-
Legend), Ly6G-Alexa Fluor 488 (cat#: 127626, lot: B240194,
clone: 1A8, dilution: 1:400; BioLegend), Ly6G-PerCP/Cy5.5
(cat#: 127616, clone: 1A8, dilution: 1:400; BioLegend), and
CD115-BV421 (cat#: 135513, clone: AFS98, dilution: 1:500; Bio-
Legend). Ly6C-Alexa Flour 488 (cat#: 128022, lot: B248739,
clone: HK1.4, dilution: 1:400; BioLegend), Ly6G-Alexa Fluor
647 (cat#: 127610, lot: B204928, clone: 1A8, dilution: 1:200; Bio-
Legend), Ly6G-Brilliant Violet 421 (cat#: 127627, lot: B193096,
clone: 1A8, dilution: 1:400; BioLegend), CD4-FITC (cat#: 100406,
clone: GKL.5, dilution: 1:400; BioLegend), and B220-Pacific Blue
(cat#: 103227, clone: RA3-6B2, dilution: 1:400; BioLegend).
Kaluza (Beckman Coulter, v.1.5a) and CytExpert (Beckman
Coulter, v.2.2.0.97) or FlowJo (v.7.6.5) were used for data
analysis.

Ex vivo characterization of PMN

Quantification of ROS generation was performed by incu-
bating whole blood cells with either dihydrorhodamine-123
(DHR; 3 pg/ml; Molecular Probes) or DHR together with
PMA (100 ng/ml) for 30 min at 37°C. After treatment, eryth-
rocytes were lysed with ddH,0. Staining of cells with fluorophore-
conjugated antibodies and analysis was performed as described
above for flow cytometry. For quantification of the phagocytic
capacities of PMN, blood was collected 24 h after injection of
Clo-Lip or PBS and incubated either with IgG-coated beads or
BSA-coated beads. Beads (Fluoresbrite YG Carboxylate Micro-
spheres, 1 pm; Polyscience) were sonicated for 5 min and coated
with mouse IgG or BSA (2 mg/ml) in 50 mM MES/2 mM 1-
ethyl-3-(3-dimethylaminopropyl)carbodiimide (pH 6.1) for 12 h
at room temperature. After washing, the beads were resuspended
in PBS. Cells were incubated with the beads for 1, 2, or 3 h at 37°C.
The uptake of beads was quantified by flow cytometry. Quantifi-
cation of NET formation was performed by treating blood cells with
either PMA (100 ng/ml), A23187 (2 pg/ml), or PBS as a control.
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Prior to ex vivo induction of NET formation, mice received 200 pl
Clo-Lip (i.v.) or PBS as control, and blood was collected 24 h later in
EDTA-containing tubes. Erythrocytes were lysed in ddH,O and
samples were reconstituted with 10x PBS. Cells were transferred
onto a glass chamber slide (150,000 cells/well) and incubated for
3 h at 37°C with the aforementioned stimuli. After fixation of cells
using 4% paraformaldehyde for 20 min, the cells were washed
three times with PBS and blocked with 10% FCS/2% BSA in PBS at
room temperature for 1 h. After washing, samples were incubated
with Hoechst 33342 for 90 min at room temperature. After washing
with PBS and water, the samples were mounted with DAKO
mounting medium. NET formation was defined as Hoechst* events,
which had at least a fivefold mean nuclear size. For cytokine
measurements after ex vivo stimulation, C57BL/6 mice received
200 pl Clo-Lip or PBS 24 h before blood sampling. PMN of blood
were enriched using the EasySep Mouse Neutrophil Enrichment
Kit. 1.5 x 10° cells in 200 ul per well (96-well format) were stim-
ulated with 2.5 pg/ml LPS for 6 h. Cytokines were quantified using
Mouse IL-6 DuoSet ELISA (DY406; R&D Systems) and Mouse TNF-
o DuoSet ELISA (DY410; R&D Systems).

Immunofluorescence and IVM

For immunofluorescence microscopy, femur and tibia with in-
tact knee joint were incubated in 4% paraformaldehyde over-
night at 4°C for fixation. Tissue was decalcified in PBS
containing 14% EDTA (pH adjusted to 7.2 with NaOH) for 10 d at
4°C. After decalcification, tissue was incubated in 30% sucrose
for 24 h at 4°C, embedded into TissueTek, and stored at -80°C.
Sections of 7 um were generated with a Leica CM 3050 S cry-
ostat and Cryofilm Type 2C (9; C-MKOO1-A2; Section Labora-
tory). Sections were blocked with PBS/10% rat serum for 1 h and
stained with fluorophore-conjugated antibodies in PBS/5% rat
serum overnight at 4°C. After staining, the sections were washed
with PBS and stained with DAPI (1 pg/ml in PBS) for 10 min.
Following a final washing step, the sections were mounted using
Dako Fluorescence Mounting Medium. The following antibodies
were used for staining: Ly6G-Alexa Fluor 488 (cat#: 127626, lot:
B240194, clone: 1A8, dilution: 1:400; BioLegend) and CD68-Alexa
Fluor 594 (cat#: 137020, lot: B239125, clone: FA-11, dilution: 1:
400; BioLegend). Confocal laser scanning fluorescence micros-
copy was conducted with a Leica TCS SP 5 II confocal microscope
equipped with an acousto-optic tunable filter and acousto-optical
beam splitter, and a hybrid detector (HyD) on a DMI600O CS frame.
An HCX PL APO 100x oil objective with a numerical aperture of 1.44
was used. Sequential scans generated fluorescence signals using an
argon laser at 488 nm detecting AlexaFluor488 with a HyD
detector at 500-550 nm, a helium-neon laser at 633 nm to
detect DiD and Alexa Fluor 647 with a HyD detector at 650-700
nm, a diode-pumped solid-state laser at 561 nm for detection of
Alexa Fluor 594 with a HyD at 600-650 nm, and a 458 nm argon
laser for detection of DAPI with a HyD at 470-520 nm. De-
convolution was performed using Huygens Professional. Imaris
software was used to generate 3D reconstructions.

IVM
IVM of the cremaster model was performed as described before.
Briefly, for IVM, 6 to 12-wk-old LysMe® mice received 0.5 pg

Culemann et al.
Clodronate liposomes act independent of the MPS

TNFa (R&D Systems) intrascrotally to induce inflammation.
150-210 min after TNFa injection, cells were tracked for 2 min
using a 3i (Intelligent Imaging Innovations) microscopy system
with Axio Examiner Z.1 work station (Zeiss) and a 3-Dimensional
Motorized Stage (Sutter Instrument). The equipment of the mi-
croscope included a CoolLED pE widefield fluorescence LED light
source system (CoolLED Ltd. UK) and a quad pass filter cube
with Semrock Di01-R405/488/561/635 dichroic and FFO1-446/
523/600/677 emitter. Using a Plan-Apochromat 40x W NA 1.0
/0 objective (Zeiss), images were acquired with a CoolSnap
HQ2 camera (6.45 x 6.45-um pixels, 1,392 x 1,040 pixel format;
Photometrics). The SlideBook software (Intellegent Imaging
Innovations) was used for image acquisition. For intravital
microscopy of the peritoneal serosa, C57BL/6 (Jackson Labo-
ratory) between ages 10 and 18 wk were used. Mice received
100 pl Clo-Lip or control liposomes via i.v. injection 24 h before
intravital imaging experiments. 0.3 pg of the chemoattractant
MIP-2 (cat#: 250-15; Peprotech; recombinant murine MIP-2)
was used topically to pre-elicit neutrophils into the parietal
peritoneal serosa for 2 h so that they were present at the time
the stromal lesion was initiated. Neutrophils were labeled
in situ using 1.5 ug purified Gr-1 FITC (clone: RB6-8C5, cat#:
108405; BioLegend). Purification of the antibody was performed
using 10 kD centrifugal filters (Ultracel-10K; cat#: UFC501024;
Millipore; Amicon) to remove BSA and sodium azide from the
antibody solution. Intravital imaging was done as previously
(Uderhardt et al., 2019) described with slight modifications.
Imaging was performed on a Zeiss LSM 880 NLO two-photon
microscope equipped with a 20x water immersion objective
(cat#: 421452-9880-000; Zeiss; W Plan-Apochromat 20x/1.0
DIC D = 0.17 M27 75 mm). Animals were anesthetized with
isoflurane (cat#: 1214; CP Pharma). The animal was shaved, and
a midline incision was made into the abdominal wall. Subse-
quently, another incision into the peritoneal wall was made
along the linea alba to expose the peritoneal serosa. The peri-
toneal wall was carefully retained using two small sutures
(Ethicon; coated VICRYL-polyglactin 6/0; cat#: V134H) and
mounted on a 12 x 25 mm plastic base plate with a raised 12 mm
circular plate using Vetbond (3M; cat#: 1469SB). 10 pl of sterile
prewarmed HBSS buffer with Ca* and Mg* (cat#: 14025-050;
Gibco), containing MIP-2 and Grl-FITC, was applied onto the
surface, before covering the serosa with a sterilized cover glass
(cat#: 4663433; Paul Marienfeld). The animal was then trans-
ferred to the heated microscopic imaging chamber. The serosa
was kept at a temperature of 36°C using an adjustable heater
(WPL; Air-Therm SMT). Animals that showed signs of surgical
damage or bleeding were not studied further. Data were ac-
quired at a resolution of 512 x 512 (12 bit) in stacks of 12 frames
each 3 pm apart at a frame rate of 943.72 ms and a zoom of 1.0
using ZEN software (Zen 2.1 SP3; Zeiss). Sterile tissue damage
was induced using laser pulses at 800 nm to produce lesions (10x
zoom with 20x objective) with a damage diameter of 20-30 pm.
The lesion can be identified as an autofluorescence signal in the
imaging channels, which can be recorded over time. For imaging,
the laser was tuned to 930 nm and the following filter cubes were
used: SP 485; BP 500-550; BP 575-610. Raw imaging data were
processed and analyzed with Imaris 9.5.1 (Bitplane). Neutrophil
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dynamics were recorded immediately after the laser pulse for
30 min. To assess relative cluster growth, a three-dimensional
iso-surface of Gr-1 intensity was constructed around the lesion
using the Imaris surface generation tool with default settings.
Cluster area was extracted over time and normalized to time zero.

Online supplementary material

Fig. S1 shows gating strategies and data from the model of MSU-
induced gouty arthritis. Fig. S2 provides additional gating
strategies for identifying leucocyte subsets in mice upon DT-
induced deletion of MoPh, upon DiD labeling, after annexin V
staining, as well as upon antibody or DT-induced PMN
depletion.
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Figure S1. Clo-Lip treatment depletes MoPh and results in MoPh-independent anti-inflammatory effects in MSU-induced gouty arthritis. (A and B)
Gating strategy for CD45*CD11b*Ly6G* PMN, CD45*CD11b*CD115* monocytes, CD45*CD11b*SSCM&" eosinophils, CD45*B220* B cells, CD3*CD4* T cells, and
CD3*CD8* T cells in mouse blood 24 h after i.v. injection of 200 ul Clo-Lip or PBS. (C) Clinical development of MSU-induced gouty arthritis in mice treated with
200 pl Clo-Lip or PBS as control. Clo-Lip were administered 24 h before injection of 50 ul MSU (20 mg/ml). Inflammation was evaluated by measurement of
paw swelling (n = 5 per group). (D) Clinical development of MSU-induced gouty arthritis in NR4AL~/~ mice or C57BL/6 wild-type mice. Inflammation was
evaluated by measurement of paw swelling (n = 4 per group). (E and F) Clinical development of MSU-induced gouty arthritis in DT-treated Cx3crl-cre;iDTR
mice or DT-treated iDTR control mice. (E) For continuous depletion, mice received DT every day starting 1 d before MSU injection (n = 6 per group). (F) For pre-
depletion, DT was injected only twice 6 d before MSU injection. Inflammation was evaluated by measurement of paw swelling (Cx3crl-cre;iDTR n = 5,
iDTR n = 6). Experiments in C-F were performed one time. Data are mean = SEM. Numbers indicated in flow cytometry plots represent the percentage of the
parent population.
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Figure S2. Characterization of leukocyte subsets upon Clo-Lip treatment and PMN depletion, respectively. (A) Flow cytometry analysis of blood of DT-
treated Cx3crl-cre;iDTR or DT-treated iDTR mice, which received either Clo-Lip or PBS 24 h before analysis. Monocytes were defined as CD45* and CD115*,
and PMN were defined as CD45* and Ly6G* (n = 3 per group). Data are mean + SEM; two-tailed Student’s t test; *, P < 0.05. (B) Flow cytometry of blood of
C57BL/6 mice 24 h after injection of DiD-labeled PBS-loaded liposomes (DiD-PBS-Lip) showing the uptake of PBS-liposomes by CD45*CD11b*Ly6G* PMN and
CD45*CD11b*CD115* monocytes. (C) Flow cytometry assessing apoptosis of blood PMN via Annexin V and propidium iodide (PI) staining 24 h after i.v. Clo-Lip
injection (PBS-treated mice: n = 4; Clo-Lip-treated mice: n = 5). Data are mean + SEM. (D) Gating strategy of blood of C57BL/6 mice 24 h after treatment with
PMN-depleting 1A8 antibody (anti-Ly6G) or isotype control. (E and F) Gating strategy (E) and quantification of monocytes and PMN in blood (F) as well as
synovial macrophages of hind paws of Mrp8-cre;iDTR and iDTR wild-type control mice 24 h after DT administration (n = 7-8 per group). Data are mean + SEM;
Student’s t test; **, P = 0.0063. (G) Flow cytometry of enriched PMN harvested from five PBS- or five Clo-Lip-treated (i.v., 24 h) mice 6 h after ex vivo
incubation with or without LPS. Data from three technical replicates of each condition are shown. Student’s t test; **, P < 0.0015; ****, P < 0.0001. Ex-

periments in A and D were performed at least two times. Experiments in B and E-G were performed once.
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