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SUMMARY

B, integrins are leukocyte-specific adhesion molecules that are essential for leukocyte recruitment.
The lack of tools for reporting p, integrin activation in mice hindered the study of g, integrin-
related immune responses /7 vivo. Here, we generated a humanized g, integrin knockin mouse
strain by targeting the human g, integrin coding sequence into the mouse /fgb2locus to enable
imaging of B, integrin activation using the KIM127 (extension) and mAb24 (high-affinity) reporter

antibodies. Using a CXCL1-induced acute inflammation model, we show the local dynamics of

B, integrin activation in arresting neutrophils /n vivo in venules of the mouse cremaster muscle.
Activated integrins are highly concentrated in a small area at the rear of arresting neutrophils /n
vivo. In a high-dose lipopolysaccharide model, we find that g, integrins are activated in association
with elevated neutrophil adhesion in lung and liver. Thus, these mice enable studies of p, integrin
activation /n vivo.
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In brief

Wen et al. generated a reporter mouse for analysis of leukocyte g, integrin activation /n vivo and

Page 2

show the dynamics and subcellular localization of p, integrin activation during neutrophil adhesion

and transendothelial migration. This mouse also allows analysis of B, integrin activation in disease

models.
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INTRODUCTION

B, integrins are expressed in all leukocyte types (e.g., neutrophils, lymphocytes, monocytes)
and are essential for leukocyte recruitment as well as for other immunological processes
such as phagocytosis, reactive oxygen species production, and T cell activation (Scharffetter-
Kochanek et al., 1998). Mutations in the /7GBZ2 gene coding for the p, integrin subunit (also

known as CD18) lead to defective adhesion and the subsequent migration into inflamed
areas. Patients with this defect develop leukocyte adhesion deficiency type | (LAD-I)

syndrome characterized by immunodeficiency resulting in recurrent infections (Anderson

and Springer, 1987).

In blood leukocytes, g, integrins are in a resting (inactive) state with low affinity for their

ligands; they quickly switch to an activated, high-affinity state in response to inflammatory
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signals. This process is known as integrin inside-out activation (Hynes, 2002; Ley et al.,
2018; Shattil et al., 2010; Springer and Dustin, 2012; Wen et al., 2022). In general, integrin
activation controls cell adhesion. Such control is particularly important in the vasculature,
where dynamic blood flow physically opposes cell attachment. Circulating leukocytes
including neutrophils arrest on activated endothelium in response to inflammatory signals
using B, integrins (Kolaczkowska and Kubes, 2013; Ley et al., 2007).

Integrins are known to exist in distinct activation states, which exhibit different affinities

for ligand. Resting integrins adopt a bent conformation with low affinity for ligand.

Upon exposure to chemokines such as interleukin-8 (IL-8), integrins undergo dramatic
conformational changes that are associated with activation. The main changes are extension
(standing up, E™) and opening of the o domain (high affinity, H). The E* and H*
conformations of human B, integrin can be recognized by two activation-specific monoclonal
antibodies (mAbs), KIM127 and mAb24. KIM127 binds an epitope hidden in the knee of
bent p, and thus reports E*. mAb24 binds an epitope in the p, I-like domain that is induced
when the I domain is activated, thus reporting H* (Dransfield and Hogg, 1989; Robinson et
al., 1992).

B, integrins have four known conformations: bent (E"H™) with no known adhesive function,
extended low affinity (E*H™) that may slow down rolling cells (Lefort et al., 2012), bent
high affinity (E"H™), and extended high affinity (E*H*). ETH™ p, integrins bind small-
molecule ligands (Gupta et al., 2007) and neutrophil cell surface ligands such as intracellular
adhesion molecule 1 (ICAM-1) and ICAM-3 in cis (Fan et al., 2016, 2019), effectively
inhibiting adhesion. EYH™ p, integrins have up to 10,000-fold higher affinity than E"H™

(Shimaoka et al., 2003), bind ligands such as ICAMs in trans, and induce arrest from rolling
under shear stress (Fan et al., 2016).

The activation status of B, integrins in vivo is unknown, as are the dynamics of their
activation. The lack of a p, integrin activation reporter mouse has hampered the study of g,
integrin activation signaling. It is unknown how rapidly g, integrins become activated, how
long they stay activated /7 vivo, and which of the three activated states dominate during

arrest, transmigration, migration in the tissue, phagocytosis, and other /n vivo functions.
Here, we generated a humanized p, integrin knockin mouse that enables dissection of

integrin activation conformations, kinetics, and locations in vivo.

Attempts to produce activation reporter antibodies for mouse g, have remained unsuccessful.
KIM127 and mAb24 only report human B, integrin activation-specific epitopes and do not
bind mouse integrins. It is known that the mouse integrin o subunits of LFA-1 (aL), Mac-1
(aM), and CD11c¢/CD18 (aX) pair with human g, in granulocytes and other hematopoietic
cells in vitro (Krauss et al., 1991). Human B, is necessary and sufficient for the expression
of intact, functional g, integrins on the cell surface in vitro. To study g, integrin activation

in vivo, we targeted the human g, coding sequence into the mouse B, locus, generating a
humanized g, integrin knockin mouse. This mouse is knockout for mouse g,. The human
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B, is expressed in the natural locus with all promoters and enhancers intact, thus enabling
physiologic expression in all leukocytes.

Generation and characterization of f§, integrin activation reporter mice

To enable the analysis of integrin activation-specific epitopes in primary mouse neutrophils,
we generated a humanized g, knockin (hITGB2 KI) mouse, in which human instead of

mouse integrin B, is expressed (Figure 1). A gene cassette coding for the cDNA of human

ITGB2was inserted in frame with the first coding ATG in exon 2 of the /tgb2locus.

The neomycin cassette used for selection was excised by Flp recombinase. The resulting
knockin transgene is under the control of the endogenous /tgb2 promoter, ensuring a natural
expression pattern. The homozygous hITGB2 Kl mice are born at Mendelian frequencies,
are apparently healthy, gain weight at the same rate as wild-type (WT) mice, and have a
normal life expectancy. Unlike /fgb2knockout mice (Scharffetter-Kochanek et al., 1998),
hITGB2 KI mice do not have LAD-I symptoms.

First, we established that KIM127 (E*) and mAb24 (H™) can indeed report p, integrin
activation in hITGB2 KI mouse neutrophils. As a positive control, we confirmed that
mAb24 binding was sharply increased after adding IL-8 (100 ng/mL) to human whole
blood in a flow-cytometric homogeneous binding assay (Chigaev et al., 2009) gated

for neutrophils by CD66b, reaching a plateau after ~100 s. KIM127 binding was also
significantly increased and continued to increase for at least 400 s (Figure 2A). Next, we
measured binding of mAb24 and KIM127 in ITGB2 KI mouse whole blood using the
same flow-cytometric homogeneous binding assay gated for neutrophils by Ly6G (Figure
2B). Real-time measurement of B, integrin activation using the reporter antibody binding
assay showed that the CXCR2 ligand CXCL1 (at 10 ng/mL) induced significant increases
of mAb24 (Figure 2B, upper panel) and KIM127 (Figure 2B, lower panel) in neutrophils
from hITGB2 KI mice with patterns similar to human neutrophils. As expected, we saw no
reactivity for mAb24 or KIM127 in WT mouse neutrophils (Figure 2C).

Mouse neutrophil arrest and activated p, integrins with EYH™ conformation

In vitro studies with human neutrophils rolling on substrates of selectins and ICAM-1

(Fan et al., 2016; Yago et al., 2018) or on endothelial cells (Morikis et al., 2017)

showed that arrest from rolling is associated with B, integrin activation. The best maps

of activated integrins (Fan etal., 2016) were generated by quantitative dynamic footprinting
(9gDF) (Sundd et al., 2010; Wen et al., 2020), a method based on variable angle total

internal reflection (TIRF) microscopy. Because the activation reporter antibodies work only
for human and not for mouse integrins, all published data are for human neutrophils,
lymphocytes, or cell lines. To test whether integrin activation during arrest was similar in
mouse neutrophils, we used qDF to map KIM127 (E) and mAb24 (H) binding dynamics
during hITGB2 KI mouse neutrophil arrest from rolling in response to CXCL1 (Figure 3A).
We labeled neutrophils with an anti-Ly6G anti-body. Ly6G is neutrophil specific, abundantly
expressed, and clearly shows the microvilli by gDF. Neutrophils were perfused at 6 dyn/cm?
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wall shear stress through a microfluidic flow chamber coated with recombinant mouse
P-selectin-Fc and ICAM-1-Fc. We then infused 10 ng/mL CXCL.1 to rolling neutrophils.

During rolling, some E* integrins were present on the surface of mouse neutrophils, and a
few transient patches of H' integrins were also observed (Video S1). However, a significant
increase of EYH (KIM127 mAb24™) integrins was not seen until the time of arrest at t = 0

s (Figures 3B and 3C). This is in line with previous studies on human neutrophils (Fan et
al., 2016). As few as 2 + 1 clusters of ETH* (KIM127"mAb24™) integrins were needed for
neutrophil arrest (Figure 3). KIM127" and mAb24™ clusters also increased in size after arrest.
The most dramatic increase was observed in the size of the EYH™ clusters, suggesting that
neutrophils arrest when sufficient patches of extended high-affinity g, integrins form. Both
KIM127 and mAb24 binding continued to increase after arrest (Figure 3B). The presence of
E"H™ integrin clusters on the surface of mouse neutrophils supports the recent discovery of
the non-canonical integrin activation pathway, where the high-affinity (H*) conformation is
acquired before extension (Fan et al., 2016).

Local integrin activation in arresting and migrating neutrophils in vivo

Side-view images of arresting neutrophils with reporter antibodies for integrin activation
have not been reported. Intravital microscopy readily yields side-view images of rolling

and arresting neutrophils, and hITGB2 KI mice now allow monitoring of the integrin
activation status. Integrin dynamics during arrest /7 vivo have not been reported in any
system. To investigate mAb24 and KIM127 binding epitope expression in response to
CXCL1 stimulation in mouse neutrophils /in vivo, we performed intravital imaging of mouse
neutrophil arrest in the microcirculation of mouse cremaster muscle venules (Figure 4).
Both antibodies were injected into the mice 3-5 min prior to imaging. mAb24 and KIM127
binding was rarely detected in rolling neutrophils in the bloodstream. During an observation
period of 5 min, out of 102 cells observed, 7 cells (less than 7%) displayed KIM127 binding
(EYH™) integrin (Figures 4A and S1A-S1D; Video S2). Only one cell showed EYH™ g,
integrins (Figure S1B). Occasionally, we observed spontaneous neutrophil adhesion with
ETH integrin activation (Figure S1C). Upon injection of 300 ng of CXCL1 into hITGB2

KI mice through a carotid cannula, blood neutrophils started significantly binding mAb24
and KIM127 (Figures 4A-4C). This binding was not observed at the time of arrest, because,
unlike gDF microscopy used in Figure 3, confocal microscopy is not sensitive enough to
pick up the small signal of a few clusters at arrest. However, KIM127 and mAb24 signal
appeared during the next ~60 s. All images and data of adherent neutrophils shown in Figure
4 were obtained at ~60 s after arrest.

In all arrested neutrophils, there was little KIM127 and mAb24 signal on top of the cell,
the side facing the vessel axis, or the front, the side facing in the direction of flow. KIM127
and mAb24 signal increased steadily along the bottom of each neutrophil, the side facing
the endothelium, and reached the highest intensities at the rear, the side facing against the
direction of flow (Figures 4B and 4D). These local high-affinity integrins become visible at
1 min and maximal at around 2 min after arrest. Due to the local distribution of activated
integrin and the position of the neutrophils in the vessel, not all neutrophils show mAb24
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and KIM127 signals in the focal plane of the same image. Often we could observe activated
integrins by changing the focal plane using a different frame of the recordings (Figure S2).
All arrested neutrophils showed similar integrin activation profiles. E"H' (mAb241KIM1277)
B, integrin clusters bind ligand in cis and do not contribute to adhesion (Fan et al., 2016).

mAb24~KIM127~ clusters contribute to slow rolling but do not trigger arrest (Kuwano et

al., 2010; Lefort et al., 2012). Fully active EYH* g, integrins must bind both KIM127 and
mAb24, and only E*H* molecules can stably bind ligand in #rans and cause arrest. We
estimated the presence of EYH integrins by calculating the product of mAb24 and KIM127
signal (Figures 4D and 4F). The product of mAb24~KIM127% pixels is zero, as is the product

of mAb24TKIM127™ pixels. Only mAb24TKIM1277 pixels (extended and high affinity) can
contribute to arrest, and their product is finite (not zero). In each neutrophil, this product
reached a clear maximum at the bottom rear, the corner between the endothelium and the
free neutrophil membrane where peeling forces are maximal (Damiano et al., 1996; Dembo
et al., 1988; Pospieszalska et al., 2011; Tozeren and Ley, 1992). Some neutrophils showed a
secondary maximum under the neutrophil, suggesting that these cells would have a second
“sticky patch” if the first one had not successfully induced arrest (Figure S3). Since /in vivo
imaging of integrin activation in arresting cells /7 vivo has not been possible previously,
there are no other data with which to compare our findings.

Next, we analyzed KIM127 and mAb24 intensity around the circumference of eight
neutrophils. To average the signals, mAb24, KIM127, and the product KIM127 x mAb24
each were normalized to 1 for the average. The data were distributed into 40 bins, and

the mean + range for each bin as well as the significance for being different from 1 were
calculated (Figure 4F). To further visualize the dynamics of integrin activation /n vivo, we
performed time- and space-resolved confocal imaging of mouse neutrophil arrest in the
mouse microcirculation of the mouse cremaster muscle. Three-dimensional reconstruction
of the imaging in real time further confirmed the localized distribution of activated g,

integrins (Video S3).

Although a great deal has been learned about g, integrins in mediating the early steps in
leukocyte adhesion cascade, including rolling and firm adhesion, little is known about the
dynamic and spatial regulation of integrin activation during leukocyte transmigration. We
used glass micropipettes to inject 10 uM A-formylmethionyl-leucyl-phenylalanine (fMLP)
locally into cremaster muscle to induce neutrophil transmigration. mAb24 and KIM127
were injected through the carotid artery cannula. We visualized the mAb24 and KIM127
binding in migrating neutrophils. Interestingly, both mAb24* and KiM127% integrins were
concentrated at the rear of migrating neutrophils throughout the process of extravasation

to interstitial migration (Figure S4 and Videos S4-S6). We conclude that high-affinity ,
integrins are located at the uropod of neutrophils during and after transendothelial migration.
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Human integrin P, (CD18) is expressed in the major mouse leukocyte populations in
hITGB2 KI mice

Although we made the hITGB2 KI mouse to study neutrophil arrest, we tested whether
the hITGB2 KI mouse would be useful for studying other leukocytes. We examined the
expression of CD18 (the g, subunit) in other immune cell types: classical monocytes,
non-classical monocytes, CD4 and CD8 T cells, B cells, and natural killer cells. Two
antibodies, one against human CD18 (B,) (clone TS1/18) and one against mouse CD18
(clone GAME-46), were used to test the CD18 expression in whole mouse blood by flow
cytometry. By gating on various immune cell types (see Figure S5 for gating scheme), we
confirmed that human CD18 expression was only detected in hITGB2 mice, and only mouse
CD18 was detected in WT mice (Figure 5A), on all leukocyte types tested. This indicates
that the human CD18 is faithfully expressed under the control of the endogenous CD18
promoter as expected.

This approach does not allow for quantitative comparison of expression, because staining
with two different antibodies labeled with two different fluorochromes does not yield
comparable intensities. Therefore, to compare the expression levels of mouse « and human
B, integrins in hITGB2 KI mice with mouse of in WT mice, we measured the three
expressed o subunits (CD11a or oL, CD11b or aM, and CD11c or aX). Since the o chains are
all mouse, we were able to use the same mAbs for WT and hITGB2 KI mice. This approach
provides a direct comparison and an indirect estimate of g, expression by comparing o
subunit expression between WT and hITGB2 KI mice. The antibody staining analyzed by
fluorescence-activated cell sorting (FACS) shows that the expression of CD11a, CD11b, and
CD11c was similar in hITGB2 KI mice compared with WT mice (Figure 5B).

B, integrins are activated in neutrophils of LPS-treated mice

To study B, integrin activation under pathologic conditions, we intraperitoneally injected
mice with 40 mg/kg lipopolysaccharide (LPS) (Marki et al., 2021) and examined neutrophil
trafficking and integrin activation in this model. The migration of neutrophils from

the intravascular to the extravascular compartment is initiated by the “margination” or
movement of the neutrophils from central stream to the periphery of a vessel through
rolling and adhesion to the postcapillary endothelium (Alves-Filho et al., 2010). Indeed, we
observed a dramatic increase of neutrophil margination along vessels of LPS-treated mouse
lungs using hematoxylin and eosin (H&E) stain (Figure 6A). In pulmonary blood vessels in
control mice, few nucleated cells were seen within proximity of the endothelial walls (Figure
6A, left). In LPS-treated mice, numerous nucleated cells were seen abutting the endothelial
walls with many cells showing neutrophil morphology (Figure 6A, right). In control mouse
livers, few neutrophils were seen (Figure 6B, left) compared with LPS mice in which there
were numerous neutrophils within sinusoids (Figure 6B, right).

We then used flow cytometry to measure intravascular neutrophils in lung and liver by
labeling the intravascular neutrophils with intravenous injection of an anti-CD45 antibody
3 min prior to harvesting the mice (Galkina et al., 2005). In this short incubation time

the antibody is retained in the circulation and does not label the extravasated neutrophils.

Cell Rep. Author manuscript; available in PMC 2023 July 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wen et al.

Page 8

LPS resulted in elevated intravascular neutrophils in the lung and liver (Figure 6C). FACS
analysis showed that most neutrophils (50%-60% of live cells) in the lung and liver remain
intravascular in this model (Figure 6C). Knockin mice were functionally similar to WT mice
in inducing neutrophil recruitment (Figure 6C).

To address integrin activation in whole blood of LPS-treated hITGB2 KI mice, we stained

it with mAb24 and KIM127. LPS treatment resulted in widespread >20-fold induction

of KIM127 and mAb24 double-positive (E*H*) neutrophils at 6 h after LPS treatment
(Figures 6D and 6E). LPS also resulted in a ~3-fold increase of neutrophil numbers in

the blood (Figures 6F and 6G), indicating that under these conditions a large number of
neutrophils are mobilized from the bone marrow into the peripheral blood. The percentages
of neutrophils were significantly increased in both lung and liver in LPS-treated mice
(Figure S6). Exacerbated neutrophil g, integrin activation and g, integrin-mediated neutrophil
recruitment may lead to deleterious effects on organ function during this lethal LPS model.

DISCUSSION

B, integrins are expressed in all leukocyte types. We describe the development of a mouse
model that allows for analysis of mouse B, integrin activation in all leukocytes /in vivo.
We studied the spatiotemporal dynamics of B, integrin activation in neutrophils using time-

resolved flow cytometry, qDF imaging, and intravital imaging. We show side-view images
of integrin activation during neutrophil arrest. Activated integrins in arresting neutrophils
in vivoare highly localized and mainly distributed at the interface of neutrophils and the
endothelium at the rear side of neutrophils facing against the blood flow. In a lethal LPS
model, we show massive integrin activation on neutrophils in peripheral blood. Neutrophils
are deposited along the vessels of lungs and infiltrate the livers.

Integrin activation can occur through the canonical pathway of conformational transition
from bent (E"H") to extended (ETH™) to fully activated (ETH*). Recent work identified an
alternative pathway where the headpiece opens (H') before the integrin extends (E™) during
arrest of primary human neutrophils. ETH integrins bind to their ligand ICAMs (ICAM-1
and -3 for human, ICAM-1 and -2 for mouse) in cis (on the same cell), implicating

an autoinhibitory role of ETH™ integrins in neutrophil activation. It was not known
previously whether ETH™ p, integrins existed 7 vivo. Here, we show that E"H* integrins

are abundant in mouse primary neutrophils as gDF imaging shows single positive activated
integrins (mAb24KIM1277), which corresponds to the ETH™ conformation. Thus, p, integrin

extension and high affinity can be uncoupled. This demonstrates that the alternative integrin
activation pathway exists in mouse neutrophils /7 vivo.

Fewer clusters were needed for mouse neutrophil arrest than were required for human
neutrophil arrest at the same wall shear stress (Fan et al., 2016). In part, the reason might be
the different drag force exerted on arresting neutrophils. Mouse and human neutrophils have
a diameter of ~7 um (Marki et al., 2016) and 8.4 pm (Downey et al., 1990), respectively.
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This correlates with lower drag forces on the smaller mouse neutrophils (942 pN and 1,357
pN acting at 6 dyn/cm? on mouse and human neutrophils, respectively).

It has long been recognized that integrins are mechanoreceptors, and integrin-mediated
adhesions are intrinsically mechanosensitive. Initially, we were surprised that the integrin
activation is locally distributed at the rear of arresting mouse neutrophils, facing against the
blood flow, although the chemokine CXCL1 is globally applied through the carotid catheter.
Our experiments showed that the EYH* integrins reached a clear maximum at the bottom
rear, the corner between the endothelium and the free neutrophil membrane where peeling
forces are maximal (Damiano et al., 1996; Dembo et al., 1988; Pospieszalska et al., 2011;
Tozeren and Ley, 1992). This suggests that the local integrin activation may be a result

of integrin-ligand binding in response to shear stress elicited by blood flow. There are no
published /n vivo data on B, integrin activation with which we could compare our findings.

We noticed a significant difference in the dynamics of KIM127 epitope expression in mouse
neutrophils /n vitroand in vivo. No mAb24 and KIM127 binding was detected in rolling
neutrophils in the bloodstream /n vivo. This suggests that the “creep” seen in KIM127
binding to human neutrophils in flow chambers (Kuwano et al., 2010) may be specific to
human neutrophils or to the /n vitro environment, or both. Perhaps the blood plasma contains
or the endothelial cells secrete anti-inflammatory mediators that keep g, integrin extension at
bay. Consistent with this interpretation, we clearly saw KIM127 “creep” on hITGB2 mouse
neutrophils prior to chemokine injection /n vitro (Figure 3). However, /n vivo we saw no
KIM127 binding prior to neutrophil arrest.

B, integrin activation is involved in many immune functions, including formation

of inflammatory synapses formed at the interface of neutrophils and endothelium
(Simonetal.,2009), leukocyte slow rolling (Kunkel et al., 2000; Zarbock et al., 2007),
leukocyte transmigration (Nourshargh and Alon, 2014), and microparticle generation during
leukocyte transmigration (Hyun et al., 2012). g, integrins participate in the formation of
immunological synapses between T cells and antigen-presenting cells (Springer and Dustin,
2012). It has been shown that LFA-1 and ICAM-1 interaction increases the sensitivity of T
cells to antigen by 100-fold (Bachmann et al., 1997). g, integrins modulate actin dynamics
at the immunological synapse (Jankowska et al., 2018). The relative roles of g, integrin
conformational changes and lateral organization remain largely unknown. Chemokine-

or cytokine-induced integrin activation (Alonand Shulman,2011; Bouaouina etal., 2004),
duration of integrin activation, role of endothelium in leukocyte activation, and failure of
leukocyte arrest (Smith et al., 2006) are areas of great interest involving g, integrins.

Changes in neutrophil functions are directly related to sepsis-related morbidity and mortality
(Danikas et al., 2008; Muller Kobold et al., 2000). Patients with LAD-I present recurrent
bacterial infections that can develop into sepsis (Fagerholm et al., 2019). The severity of the
disease varies in relation to the functionality of the g, integrin (van de Vijver et al., 2012).
LAD-I patients with lower B, integrin expression show more severe symptoms and are more
likely to develop sepsis. Ligand-specific partial blocking of Mac-1 has recently been shown
to protect against bacterial sepsis, while blocking all Mac-1 functions potentiates the severity
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of sepsis, indicating the complicated role of g, integrins (Wolf et al., 2018). Exacerbated
neutrophil activation contributes to tissue damage and the development of organ dysfunction
during sepsis. Sepsis is known to be associated with increased neutrophil counts in blood
(Sonego et al., 2016). Our findings show that neutrophil g, integrins are significantly
activated in response to LPS stimulation. At 6 h after LPS, neutrophils accumulate along
the blood vessel walls in lungs. These neutrophils stay intravascular. Meanwhile, some
neutrophils traffic to the liver extravascular space.

In conclusion, we report the first /n vivo data on g, integrin activation. The hITGB2 Kl
mouse is a useful tool for studying p, integrin activation /7 vivo. This mouse can be crossed

with knockout, knockin, or transgenic mice to study specific questions in neutrophils and
other leukocyte types under normal and pathologic conditions, or during pharmacotherapy
with integrin-blocking or integrin-activating drugs (Ley et al., 2016; Maiguel et al., 2011).

Limitations of the study

One challenge is that the detection of integrin activation reported by conformation-specific
reporter antibodies /n7 vivo is inherently limited by the detection sensitivity and tissue
penetration of intravital imaging. This can be partially overcome by using advanced
microscopy such as multiphoton microscopy (Koltsova et al., 2012; McArdle et al., 2019;
Pittet and Weissleder, 2011), which has deeper tissue penetration. Intravital microscopy
provides top, bottom, and side views of arresting neutrophils, but does not allow for TIRF
imaging. Thus, intravital imaging is paired with microfluidics-based TIRF-gDF to reveal the
exact location of activated integrins (Wen et al., 2020).

STARXMETHODS
RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should be
directed to and will be fulfilled by the lead contact, Klaus Ley (klaus@lji.org).

Materials availability—Mouse lines generated in this study are available upon request and
payment of a nominal fee to cover breeding, genotyping, boxing, and shipping.

Data and code availability

. All data supporting the findings of this study are available within the paper and
its supplemental information files.

. This study did not generate or analyze unique datasets or code.

. Any additional information required to reanalyze the data reported in this paper
is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human neutrophils—Heparinized whole blood was obtained from healthy human donors
(females or males from 20-40 years old) after informed consent, as approved by the
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Institutional Review Board of the La Jolla Institute of Immunology in accordance with
the Declaration of Helsinki. Informed consent was obtained from all donors.

Mice—WT (C57BL/6J) mice (6-8 weeks old females or males) were purchased from
the Jackson Laboratory. Mice were handled according to guidelines by the Department of
Laboratory Animal Care at the La Jolla Institute for Immunology (LJI) and all surgical
procedures were done following the protocol approved by the Animal Care Committee of
LJI.

hITGB2 KI mice were generated by GenOway (Lyon, France) by knocking in a gene
cassette coding for the cDNA of human /7GBZ2 isoform 1 to the mouse /fgb2 locus.

The gene cassette was inserted in frame with the ATG in exon 2. This insertion of the
cassette resulted in the disruption of the endogenous gene and no mouse /tgb2 (mltgh2)

was expressed. Homologous recombination was performed in C57BL/6N-derived embryonic
stem cell line. To excise the FRT-flanked Neomycin resistance cassette and generate the
final heterozygous humanized knock-in animals, chimeras were bred with C57BL/6N FLP-
recombinase expressing females. Subsequently, mice were bred to generate homozygous
human ITGB2 KI mice. hITGB2 expression and mitgh2 deletion were validated by PCR and
flow cytometry using fluorophore-conjugated anti-hCD18 (clone TS1/18) and anti-mCD18
(clone GAME-46).

METHOD DETAILS

Induction of septic shock in mice—Mice were injected i.p. with 40 mg/kg LPS

(E. coli, strain O55:B5; Sigma-Aldrich) that was dissolved in sterile PBS at 10 mg/mL
concentration (Marki et al., 2021). This treatment induces severe septic shock to which the
mice succumb within 24 h (Soromou et al., 2014). 6 h after treatment, mouse whole blood
was collected via retro-orbital bleeding or heart cardiac puncture. For preparation of single
cells from mouse lung tissues, the mouse lung was rinsed with ice-cold PBS and transferred
to a gentleMACS C tube (Miltenyi Biotec) and digested with 2 mg/mL collagenase and

80 U/mL DNase | for 30 min at 37°C on a gentleMACS Dissociator (Miltenyi Biotec).

For preparation of single cells from mouse liver tissues, a mechanical disruption protocol
was used (Blom et al., 2009). The mouse liver was rinsed with ice-cold PBS, minced with
scissors into the first liver suspension (50 mL) and centrifuged at 60 g for 1 min at 22C. The
top 45 mL was transferred and centrifuged at 480 g for 8 min at 22°C. The cell pellet was
resuspended in 10 mL 37.5% Percoll containing heparin, followed by centrifugation at 850 g
for 30 min at 22°C. The pellet was resuspended in RBC lysis buffer (eBioscience) followed
by centrifugation for 8 min at 4°C and resuspend in FACS buffer (PBS containing 2%FBS
and 1 mM EDTA). The mouse whole blood, lung, and liver cell numbers were counted using
a Hemavet 950 (Drew Scientific).

Histology—Lungs and livers were collected, rinsed in PBS, fixed in 20:1 fixative (zinc
formalin): tissue volume for 72 h at 4°C, transferred to 70% isopropyl alcohol, cut into
three strips, and placed in histology cassettes. Samples were then embedded in paraffin, and
cut into 4-um sections. The tissues were stained with hematoxylin and eosin (H&E) and
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periodic acid-Schiff (PAS) for histopathologic assessment by a board-certified pathologist.
Slides were digitized on AxioScan Z1 slide scanner using 40 x0.95NA objective (Zeiss).

Flow cytometry/stimulation assay—Heparinized whole blood was obtained from
healthy human donors. Mouse whole blood was collected via retro-orbital bleeding or
cardiac heart puncture. Red blood cells were lysed by mixing 1 part of blood and 9 parts

of ice-cold water for 15 s and then resuspended in 1XPBS. Bone marrow cells were flushed
from both femurs and tibias. Cells were resuspended in 200 uL FACS staining buffer.

Cells were stained with BD Horizon™ Fixable Viability Stain 700 (FVS700) for analysis of
viability for 15 min at 4°C. Surface antigens on cells were stained for 30 min at 4°C with
directly conjugated fluorescent antibodies. Forward-and side-scatter parameters were used
for exclusion of doublets from analysis. Cell fluorescence was assessed with a LSRII (BD
Biosciences) and was analyzed with FlowJo (BD, version 10.4). Gating scheme was shown
in Figure S1.

For real time stimulation assay, cells were resuspended in RPMI-1640 media without phenol
red supplemented with 2% human serum albumin. The dynamic antibody binding was
recorded with a LSRII flow cytometer (BD Biosciences). mAb24 and KIM127 (1 pg/mL)
were incubated with cells for 150 s before adding I1L-8 (100 ng/mL) or CXCL1 (10 ng/mL)
to the tube.

Intravital imaging—The mouse cremaster muscle was prepared for intravital imaging

of the microcirculation as described (Liu et al., 2005; Marki et al., 2018; Wen et al.,

2018, 2021). Male hITGB2 KI mice were anesthetized with isoflurane/oxygen inhalation
and placed on a 37°C heating pad. The left carotid artery was cannulated with a
polyethylene-10 tube (BD) for injection of antibodies and stimuli. The left cremaster
muscle was exteriorized, cut open with a thermal cautery and pinned in a flat position

to the imaging pedestal of a custom-built imaging platform. Cremaster venules were imaged
with a Leica 25%/0.95 NA water-immersion objective on a Leica SP8 confocal microscope
(Leica Microsystems) equipped with a resonant scanner. To visualize the neutrophils and

B, integrin conformations, the mouse was injected with 2.5 pg mAb24-AlexaFluor 488
(AF488), KIM127-Dylight 550 (DL550) and Ly6G-AlexaFluor 647 (AF647) antibodies via
the carotid cannula. About three minutes after that, 300 ng of murine CXCL1 was injected in
100 pL PBS through the carotid cannula. A triple dichroic 488/552/638 nm excitation beam
splitter was used. To detect the signal of mAb24-AF488 and KIM127-DL550, the tissue
was illuminated with 488 nm and 552 nm lasers and the range of the HyD detectors set to
496-542 nm and 557-615 nm, respectively. To detect the signal of Ly6G-AF647, the tissue
was illuminated with 638 nm laser and the PMT detector was set to the range of 644-770
nm. Three channels were acquired in a sequential line switch mode with a pinhole set to 2
Airy units, zoom 1.75, line average 16, frame size x:1024-y:256 pixel, and frame time of
500 ms. Glass micropipettes were used to inject 10 uM fMLP locally into cremaster muscle
to induce neutrophil transmigration.

Microfluidic perfusion assay—The assembly of the multichannel microfluidic devices
used in this study has been described previously (Fan et al., 2016; Sundd et al., 2011; Wen
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et al., 2020). Glass coverslips were coated with mouse P-selectin-Fc (2 ug/mL), ICAM-1-Fc
(10 pg/mL) for 2 h and then blocked for 1 h with casein (1%) at room temperature. After
coating, coverslips were sealed to polydimethylsiloxane chips by magnetic clamps to create
flow chamber channels ~29 pm high and ~300 um across. By modulating the pressure
between the inlet well and the outlet reservoir, a 6 dyn/cm? wall shear stress was applied

in all experiments. For the perfusion of mouse primary neutrophils in the microfluidics,
harvested mouse bone marrow cells were labeled with anti-mouse Ly-6G antibody and
perfused in the microfluidic device over a substrate of recombinant murine P-selectin-Fc,
recombinant murine ICAM-1-Fc. CXCL1 (10 ng/mL) was added in the inlet well to induce
mouse neutrophil adhesion.

Triple-color gDF imaging—The gDF setup and the theory of qDF have been described
previously in detail (Sundd et al., 2010, 2011; Wen et al., 2020). The setup was based

on an IX71 inverted TIRF research microscope (Olympus) equipped with a 100x NA 1.45
plan-apochromatic oil immersion TIRFM objective and 30 mW 488 nm, 20 mW 561 nm and
5 mW 641 nm diode-pumped-solid-state lasers (CVI Melles Griot) as TIRF excitation light
sources. A TIRF incidence angle of 70°was used for all three lasers in all gDF experiments.
Images were captured at an interval of every 1-2 s using a 16-bit digital CCD camera
(Hamamatsu C10600-10B ORCA-/?). The laser shutters and camera were controlled with
the SlideBook5.5 software (Intelligent Imaging Innovations Inc.). Fluorescence channels
were separated using a beam splitter (QV2 QuadView; Photometrics) equipped with two
dichroic mirrors (560 nm and 660 nm) and three emission filters (525/50 nm, 600/32 nm,
and 700/75 nm).

QUANTIFICATION AND STATISTICAL ANALYSIS

Image analysis—Offline image analysis was done using ImagePro 10 (Media
Cybernetics) and Fiji (Schindelin et al., 2012). For further data evaluation, Microsoft Excel
(Microsoft), Graphpad Prism 9 were used. Raw gDF images were used to generate binary
masks using ‘Smart Segmentation’ in ImagePro (Wen et al., 2021). Integrin clusters were
identified by generating the binary mask. ‘Smart Segmentation’ is a pixel classification
algorithm which uses reference objects to define classes based on pixel intensities.
Subsequently, each pixel in the image was analyzed and compared to the values of the
reference objects and assigned to the class of the closest reference object. Different from
simple thresholding, ‘Smart Segmentation’ can identify clusters by comparing each cluster
with its local background. The number and area of clusters were quantified using the
‘analyze particles’ function in Fiji. For intravital imaging, segmentation was generated based
on the Ly-6G labeling which outlines the neutrophils. Then, mean fluorescence intensities
(MFI) were calculated using Fiji. For analysis of the distribution of mAb24 and KIM127
distribution, a line (1 pixel wide) was drawn along the cell top, front, bottom, and rear of
each neutrophil using the plot profile function in Fiji, and profiles of mAb24 and KIM127
fluorescence intensities were measured as a function of location. To average the signals,
mAb24, KIM127 and the product KIM127 x mAb24 were each normalized, so the average
intensity was equal to 1. The normalized data were distributed into 40 bins using the
stat_summary_bin function, and the mean + range for each bin as well as the significance for
being different from 1 were calculated and plotted with the R package ggplot2.
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Statistics—Data are expressed as mean + SEM. Statistical analysis was performed with
Graphpad Prism software. For comparisons between 2 groups, 2-tailed Student t tests were
performed. Data normality were checked using both Kolmogorov-Smirnov test and Shapiro-
Wilk tests. In cases of data not passing normality test, a non-parametric test (Mann-Whitney
U test) was applied. Statistical differences between more than two groups were analyzed

by one-way ANOVA followed by Tukey’s multiple comparison test. For parametric data,
statistical significance was analyzed using Student’s t-test (or Welch t-test for samples with
non-equal variances). Statistics for Figure 4F was performed by a one sample t-test with
Benjamini-Hochberg correction, comparing the overall average (mu =1) to each binned data
point’s average. p values <0.05 were considered significant. The significance level of p
values is indicated by asterisks (*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; n.s.,
not significant).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
Humanized g, integrin knockin mice show g, integrin activation /n vivo
Activated B, integrins accumulate at the rear of neutrophils against blood flow

Activated B, integrins are concentrated at the uropod of neutrophils during
TEM

B, integrins are activated in intravascular neutrophils of LPS-treated mice
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Figure 1. Generation of humanized 3, integrin knockin mice
(A) Schematic representation of the targeting strategy. Upper panel: wild-type /fgb2locus (+
allele). Lower panel: recombined /tgb2allele (Kl allele). Sequence elements are not depicted
to scale. Gray rectangles correspond to /fgb2 coding exons and solid lines to non-coding
sequences. Arrows P1 and P2 correspond to the screening primer binding sites. Gray arrow,
neomyecin positive-selection cassette; white box, diphtheria toxin A (DTA); blue triangles,
LoxP sites; double red triangles, FRT sites; orange box, human /7GBZ2 coding sequence;

red box, exogenous polyA. The location of the initiation (ATG) and stop (STOP) codons is

indicated.
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-{DTA

(B) PCR assessment of the recombination event in embryonic stem cell clones over the
short homology arm. Correct 5" recombination is confirmed in the presence of a 3.1 kb
PCR product amplified by primers P1 and P2. 0.1c and 1 copies of a positive control vector

in the presence of 30 ng of wild-type C57BL/6 genomic DNA (WT) served as positive

control. PCR with wild-type DNA (WT) or without DNA (H,0) served as negative controls.
PCR fragments were separated by capillary electrophoresis using AATI ZAG™ Fragment
Analyzer and were analyzed using PROSize 2.0 analytical software.
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Figure 2. Humanized integrin 3, mice enable detection of 3, integrin activation in mouse
neutrophils
(A) Human whole blood was incubated with 100 ng/mL IL-8 (added at 200 s) in the

presence of the fluorescently labeled, conformation-specific reporters mAb24 and KIM127.
Real-time flow cytometry (left) was used to measure the binding of mAb24 and KIM127.
Granulocytes were gated by CD66b. The changes in median fluorescence intensity (MFI)
after normalization are shown as the difference between intensities at 200 and 600 s (right).
Mean + SEM of three individual experiments in IL-8 and PBS treatment, respectively.

(B) Detection of g, integrin activation in hITGB2 KI mouse neutrophils. hITGB2 KI mouse
whole blood gated for neutrophils was stimulated by 10 ng/mL CXCL-1 (added at 200 s)

in the presence of the fluorescently labeled, conformation-specific reporters mAb24 and
KIM127. Gated for live Ly6G* neutrophils.

(C) Comparison of increases in MFI between 200 and 600 s in homozygous hITGB2 Kl and
WT mice, respectively. Mean + SEM of three individual experiments.

**p < 0.01 and ***p < 0.001.
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Figure 3. Expression of mAb24 and KIM127 binding epitopes ([32 integrin E* and H*
conformations) in arresting mouse neutrophils
(A) qDF imaging of the first 150 nm above the coverslip of mouse neutrophils rolling on P-

selectin/ICAM-1 substrate. CXCL-1 (10 ng/mL) was perfused at about —20 s in the presence
of 1 ug/mL mAb24-Alexa Fluor 488 (mAb24-AF488) and 1 pg/mL KIM127-Dylight 550
(KIM127-DL550). Merge shows mAb24 (green) and KIM127 (red). Scale bar, 5 um.

(B) Total cluster area, number of clusters, and average cluster area of mAb24-AF488 and
KIM127-DL550 antibody-labeled clusters (red, E*; green, H'; yellow, ETH) are depicted
as a function of time before and after arrestat 0 s.

(C-E) Total cluster area (C), number of clusters (D), and average cluster area (E) of mAb24-
AF488 and KIM127-DL550 antibody-labeled clusters (red, E*; green, H*; yellow, ETHY)
before (—10 s) and at the time of arrest at 0 s. Mean + SEM of 7 cells from three independent
experiments are shown.

**p < 0.01; ***p < 0.001; and ****p < 0.0001.
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Figure 4. Local [32 integrin activation in mouse neutrophils arresting in response to CXCL1 in

Vivo

(A) Induction of g, extension (KIM127-DL550, red) and high-affinity (mAb24-AF488,
green) conformations in mouse neutrophils /n vivo. Fluorescence images of adherent
neutrophils in mouse cremaster muscle venules of hITGB2 Kl mice before (left panel)

and after (right panel) injection of 300 ng CXCL1 via a carotid artery catheter. White arrows
indicate arrested neutrophils. Neutrophils are identified by expression of Ly6G-AF647
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(magenta). Horizontal black arrow indicates the direction of blood flow (from right to left).
The asterisk indicates a rolling neutrophil. Scale bars, 20 pm.

(B) Eight arrested neutrophils 7n vivo (two mice), showing distribution of activated B,
integrins.

(C) MFI of mAb24 binding and KIM127 binding before (n = 6 neutrophils) and after (n = 8
neutrophils) CXCL1 treatment.

(D) Upper panel: a line (1 pixel wide using the plot profile function in ImageJ software)
was drawn along the cell top, front, bottom, and rear of each neutrophil based on Ly6G
labeling. Profiles of mAb24 and KIM127 fluorescence intensities were measured as a
function of location. Distance normalized to the circumference of each cell (0-1). Lower
panel: profile of mAb24 and KIM127 fluorescence intensities were normalized to average
signal intensities. Colocalized signal is represented by the mAb24 signal multiplied by
KIM127 signals (mAb24xKIM127, yellow traces).

(E) Statistical comparison of mAb24 and KIM127 fluorescence intensities in the front and
rear of neutrophils. Means £ SEM of 8 neutrophils are shown.

(F) Distance around each circumference was normalized (0-1). Intensities for mAb24,
KIM127, and the product KIM127 x mAb24 were normalized so that the average intensity
was equal to 1 (horizontal line). Data were obtained from 8 neutrophils at 1-2 min after
arrest. The normalized data points were binned into 40 intervals and plotted with the R
package ggplot2. Point range bars show the range of each binned data point. Statistical
analysis was performed for mAb24 x KIM127 by a one-sample t test with Benjamini-
Hochberg correction, comparing the overall average (i = 1) to each binned data point’s
average.

*p < 0.05, **p < 0.01, ***p < 0.001; ns, not significant.
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Figure 5. Expression of human integrin 3, (CD18) in the major mouse leukocyte populations in

hITGB2 Kl and WT mice

(A) Flow-cytometric analysis of mouse and human CD18 expression in homozygous
hITGB2 Kl and WT mice, respectively. Mouse whole blood was drawn and red blood cells
lysed before staining with anti-human (TS1/18) and mouse (GAME-46) CD18.
(B) Expression of CD11a, CD11b, and CD11c in immune cells of hITGB2 KI mice. After
lysis of red blood cells, whole blood of WT (+/+, blue), and homozygous (KI/KI, red)
hITGB2 mouse was stained with mAbs to CD11a (upper), CD11b (middle), and CD11c
(lower). Gray, unstained control. Representative results of two independent experiments.
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Figure 6. LPS-induced B2 integrin activation in sepsis
(A and B) Representative H&E photomicrographs of lung (A) and liver (B) tissues from
hITGB2 KI mice 6 h after treatment with PBS or LPS. Both lungs and livers were evaluated
by a board-certified pathologist. The black arrow or asterisk indicates neutrophils. Lu,
lumen; R, area of nucleated cells. Scale bar, 50 um.
(C) Intravascular neutrophils in total isolated live cells in lung and liver of hITGB2 KI
or control WT mice analyzed by FACS. Anti-CD45 was injected intravenously to stain

intravascular neutrophils.

Cell Rep. Author manuscript; available in PMC 2023 July 28.

*k%

A

PBS LPS



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Wen et al.

Page 26

(D) Flow-cytometric analysis of integrin activation in whole blood of hITGB2 KI mice after
treatment with PBS or LPS.

(E) mAb24TKIM127" (ETH™) neutrophils were quantified as mean + SEM of 7 and 8 mice in
PBS and LPS treatment, respectively.

(F and G) Neutrophil count (F) and percentage of neutrophils among total white blood cells

(WBCs, G) were measured by Hemavet. Mean £ SEM of 5 mice in PBS and LPS treatment,
respectively.

In (C), we performed a one-way ANOVA followed by Tukey’s multiple comparison test; in

(E)—~(G), we performed unpaired Student’s t tests. In all tests, **p < 0.01; ***p < 0.001; and
****p < 0.0001.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
Anti-human 3, integrin (clone mAb24) Biolegend Cat# 363402; RRID:AB_2564213

Anti-human 3, integrin (clone KIM127)

Anti-human CD66b (clone G10F5)
Anti-mouse CD18 (clone GAME-46)
Anti-mouse CD8a antibody (BUV395, clone 53-6.7)

Lymphocyte Culture

Center at the University

of Virginia
Biolegend
BD Biosciences

BD Biosciences

Customized

Cat# 305109; RRID:AB_2563170
Cat# 557440; RRID:AB_396703
Cat# 563786; RRID:AB_2732919

Anti-mouse Ly-6G (clone 1A8) Biolegend Cat# 127610; RRID:AB_1134159
Anti-human CD18 (clone TS1/8) Biolegend Cat# 302105; RRID:AB_314223
Anti-mouse Ly-6C (clone HK1.4) Biolegend Cat# 128030; RRID:AB_2562617
Anti-mouse CD4 (clone GK1.5) Biolegend Cat# 100406; RRID:AB_312691
Anti-mouse CD8a (clone 53-6.7) Biolegend Cat# 100721; RRID:AB_312760
Anti-mouse CD19 (clone 6D5) Biolegend Cat# 115530; RRID:AB_830707
Anti-mouse TCRb (clone H57-597) Biolegend Cat# 109243; RRID:AB_2629564
Anti-mouse CD11a (clone 121/7) Biolegend Cat# 153103; RRID:AB_2716033
Anti-mouse CD11b (clone M1/70) Biolegend Cat# 101207; RRID:AB_312790
Anti-mouse CD11c (clone N418) Biolegend Cat# 117307; RRID:AB_313776
Anti-mouse NK1.1 (clone PK136) Biolegend Cat# 108727; RRID:AB_2132706
Anti-mouse CD115 (clone AFS98) Biolegend Cat# 135509; RRID:AB_2085222
Anti-mouse CD45.2 Antibody (clone 104) Biolegend Cat# 109832; RRID:AB_2565511
Biological samples

Human blood from healthy donors LJI N/A

Chemicals, peptides, and recombinant proteins

Recombinant human P-selectin-Fc R&D Systems Cat# 137-PS-050

Recombinant human ICAM-1-Fc R&D Systems Cat# 720-1C-050

Recombinant human IL-8 R&D Systems Cat# 208-1L-010

Recombinant mouse P-selectin-Fc R&D Systems Cat# 737-PS-050

Recombinant mouse ICAM-1-Fc R&D Systems Cat# 796-1C-050

Recombinant Mouse CXCL1/KC Protein R&D Systems Cat#453-KC-010

Casein blocking buffer

Human Serum Albumin

Lipopolysaccharides from Escherichia coli 055:B5
N-Formyl-Met-Leu-Phe (fMLP)

Thermo Fisher

Gemini Bio Products

Sigma-Aldrich
Sigma-Aldrich

Cat# 37528

Cat# 800-120
Cat# 12880

Cat# F3506-10MG

Critical commercial assays

DyLight 550 Microscale Antibody Labeling Kit

Thermo Fisher

Cat# 84531

Experimental models: Organisms/strains
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REAGENT or RESOURCE SOURCE IDENTIFIER

hITGB2 KI mouse This paper Customized

Human: Primary neutrophils This paper N/A

Hybridoma of KIM127 ATCC Cat# CRL-2838 RRID:CVCL_0F09
Oligonucleotides

Primer for genotyping of hITGB2 KI mice, Forward: This paper N/A
GCCTGCCACAGTTTCTCATGTCATAGG

Primer for genotyping of hITGB2 KI mice, Reverse: This paper N/A

CACCTGATGCCCTGTTTCCGTAGC

Software and algorithms

ImageJ Schneider et al., 2012 https://imagej.nih.gov/ij/
Prism 9 GraphPad graphpad.com

Imaris 9.6.0 Oxford Instruments https://imaris.oxinst.com/
Other

Roswell Park Memorial Institute (RPMI) medium 1640 without phenol red

Phosphate-buffered saline (PBS) without Ca2 * and Mg2 +

Thermo Fisher

Thermo Fisher

Cat# 11835055
Cat# 10010049
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