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ABSTRACT KEYWORDS
Background: The field of immunology has undoubtedly benefited Bacterial burden; bone
from the in vitro use of cell lines for immunological studies; however, marrow derived macrophage

due to the “immortal” nature of many cell lines, they are not always the (BMDM); cell culture;

best model. Thus, direct collection and culture of primary cells from ~ CTyoPreservation; _

model organisms is a solution that many researchers utilize. To the ?'ﬁerent'at'onj fresh BMDM’
. N N rozen BMDM; L929; primary

best of our knowledge, there is not a singular protocol which encom- murine cells; resuscitation

passes the entire process of bone marrow cell collection through

cryopreservation and resuscitation of cells from a murine model.

Methods: Bone marrow cells were collected from mice with a C57BL6

genetic background. Cells were differentiated using L929 conditioned

media. Cells were assessed using a combination of microscopy, differ-

ential staining, immunocytochemistry, and trypan blue. Results:

Primary murine BMDMs that underwent cryopreservation followed

by resuscitation retained a high degree of viability. Furthermore,

these BMDMs retained on overall ability to clear S. aureus.

Results: Primary murine BMDMs that underwent cryopreservation

followed by resuscitation retained a high degree of viability.

Furthermore, these BMDMs retained on overall ability to clear S.

aureus.

Conclusion: Crypopreserved and resuscitated primary murine BMDMs

were viable and retained their pverall S. aureus clearance ability.

Background

Macrophages are essential immune cells which have diverse functions. Under normal
physiological conditions, macrophages are responsible for maintaining homeostasis via
the clearance of cellular debris (Hirayama et al., 2017; Lendeckel et al., 2022). Under
pathological conditions, however, macrophages become effector cells that are critical in
the early defense against invading pathogens. During infection, macrophages play an
important role in the secretion of pro-inflammatory cytokines as well as phagocytosis and
clearance of both pathogens and infected/dead cells (Hirayama et al., 2017; Lendeckel et al.,
2022). As a result, the in vitro study of macrophages using immortalized cell lines has played
a pivotal role in aiding and furthering our understanding of how macrophages function
(Cutolo et al., 2005; Khadaroo et al., 2003; Pearlman et al., 1988).
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Although studies utilizing immortalized cell lines have been invaluable in helping
to elucidate cellular functions, cell lines have limitations and, thus, are not always
the best model. Because cell lines are transformed, their native responses and
functions have strong potential to be altered (Castell et al., 2006; Parson et al,
2005). Additionally, extended culture and multiple passages of cell lines can result in
genotypic and phenotypic drift (Castell et al.,, 2006; Parson et al., 2005). To omit
these limitations, many researchers may instead choose to utilize primary cells for
culture. Primary cells are extracted directly from tissues or organs of interest for
in vitro culture (Philippeos et al., 2012). Herein, we present a comprehensive pro-
tocol for the collection/isolation, differentiation, cryopreservation, and resuscitation
of primary murine bone marrow derived macrophages (BMDMs). Importantly, we
found that primary BMDMs were both viable and functional following the cryopre-
servation and resuscitation protocols. However, we observed that cryopreserved/
resuscitated primary BMDMs exhibited a reduced ability to clear a subsequent
S. aureus infection compared to “freshly” isolated/differentiated primary BMDMs
which did not undergo cryopreservation. However, despite this reduction in bacterial
clearance, cryopreserved primary BMDMs retained an overall ability to clear
S. aureus.

Methods
Materials

—Sterile surgical tools (tweezers, scissors)

—70% ethanol

—1X sterile PBS

—Dimethyl sulfoxide (DMSO)

—Fetal Bovine Serum (FBS)

—1X Roswell Park Memorial Institute 1640 (RPMI)

—ACK lysis buffer (150 mM NH,CI, 10 mM KHCOs;, .01 mM EDTA dissolved in deio-
nized water and pH = 7.3, sterile filtered)

—Complete media (1X RPMI, 20% FBS, 30% L1929 supernatant, 0.1 M Hepes 10,000
U/ml penicillin-streptomycin, 1.792x 10> mM 2-Mercaptoethanol, and 4 mg/ml
glutamine)

Mice

6-8-week-old female TNF-/- mice were purchased from Jackson Laboratory. 8-9-week-old
female Elp+/LoxP and Wild Type (WT) C57BL6 mice were bred and housed at Montana State
University’s Animal Resource Center. All mice were bred on a C57BL6 genetic background.
Mice were maintained at the Montana State University (MSU) Animal Resource Center. All
care and procedures were in accordance with the recommendations of the National Institutes
of Health, the U.S. Department of Agriculture, and the Guide for the Care and Use of
Laboratory Animals (8™ ed) (National Academies Press, 2011). Animal protocols were
reviewed and approved by the MSU Institutional Animal Care and Use Committee (IACUC).
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Isolation of murine bone marrow cells

NOTE: For anatomical pictures of murine bones described in this protocol, please reference
Supplementary Figures .
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Mice were euthanized according to IACUC protocol. After euthanasia, mice were
sprayed down with 70% ethanol, and a small superficial incision was made midline
at the abdomen, taking care to remove only the fur and fascia.

Taking hold of the fur to the top and bottom of the incision, the incision was
widened and made to extend around the entire abdominal circumference of the
mouse by pulling the fur-we refer to this as “depants-ing” because the separation of
the skin/fur gives the appearance of pants.

From the midline, or “the top of the pants,” the fur was pulled downwards towards
the tail. Scissors may be needed to make small incisions of the fur at the tail and feet
in order to fully remove “pants.”

Once “pants” have been removed, scissors were used to cut away the muscle near
the articulation point between the head of the femur and the pelvis. The articulation
point can be felt/estimated by manipulating the hind leg while palpitating the pelvis
area. It will feel like a bony protrusion that moves as the hind leg is manipulated.
Take care not to accidently cut into the bone during this step.

Once the muscle surrounding this articulation point has been removed, the head of
the femur articulating in the pelvic socket (acetabulum) should become visible and
will appear as a small white ball.

There are three ligaments that attach the head of the femur to the acetabulum. All
three ligaments need to be cut to detach the femur from the mouse. The ligaments
will appear as small, taught white strands that go from the head of the femur into
the acetabulum.

Repeat steps 5 and 6 for the other hind leg.

Remove foot by bending/breaking it in the opposite direction at the talus/calcaneus
until it becomes loose.

Place kneecap on your thumb while gently grasping the femur between your
index finger and thumb. With your other hand, pull broken foot downwards, in
the direction that it was broken, while pushing up on the kneecap. Some
ligaments may need to be cut if there is a lot of resistance (these will appear
as white strands). This step will remove the foot and make proceeding muscle
removal easier.

Gently grasp the femur between your thumb and index finger. With your other
hand, break the kneecap by bending it in the opposite direction. Place your thumb
at the distal end of the fibula/tibia, where the foot was broken, and push the fibula/
tibia out towards the direction of the broken kneecap. This step should cleanly free
the fibula/tibia and remove the majority of the muscle surrounding these bones.
The fibula is a very thin bone, it is likely that it will break during this step if it has
not already. This is okay. Breakage of the fibula will not contaminate/affect collec-
tion of bone marrow from the tibia.

Using sterile scissors, carefully remove the muscle surrounding the femur.

Any remaining muscle can be removed using a paper towel that has been soaked in
70% ethanol and air dried prior to use.
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(13) Repeat steps 8-12 for the other hind leg.

(14) Pour 70% ethanol into a petri dish (enough to submerge bones) and soak collected
bones for 5 min. This step is critical for sterilization of the bones.

(15) All proceeding steps following 70% ethanol soak of bones MUST be performed with
new sterile tools that have also been UV-sterilized to mitigate the risk of
contamination.

(16) Pour ~30 ml of 1X Roswell Park Memorial Institute 1640 (RPMI) into a sterile petri
dish.

(17) Aspirate 10 ml of RPMI into a 10 ml syringe, attach a 26.5-gauge needle. Using
a NEW pair of sterile scissors and tweezers to manipulate the bones, rinse the bones
off with 1X RPMI.

(18) Cut small portions of both ends of the bones off. Insert needle attached to syringe
and flush out bone marrow into a sterile 50 ml conical. Repeat as needed until all
bone marrow has been removed and the bones take on a translucent appearance.
The needle may not go into the bone easily during the first insertion. Gently
rotating/small circular motions can aid needle insertion into the bone.

(19) Repeat this process for the remaining bones.

(20) Place a sterile 100 pum filter strainer into a new sterile 50 ml conical tube.

(21) After all of the bone marrow has been collected into a 50 ml conical, use a sterile 10
ml serological to pipette up and down and break up any clumps. Pipette bone
marrow solution onto 100 um filter strainer.

(22) Discard strainer, replace cap onto 50 ml conical containing bone marrow cells and
centrifuge at 408 x g for 5 minutes at 4°C.

(23) In a tissue culture cabinet, remove supernatant using a sterile 10 ml serological.
Resuspend cells in 1 ml ACK lysis buffer for 5 minutes at room temperature.

(24) Add 10 ml 1X RPMI and centrifuge cells at 408 x g for 5 minutes at 4°C.

(25) In a tissue culture cabinet, remove supernatant and resuspend cells in 12 ml pre-
warmed (37°C) complete media.

(26) Add 17 ml complete media to six sterile petri dishes (100 mmx15 mm) and add 2 ml
of re-suspended cells to each dish (4 bones = 6petri dishes with 2 ml of cell suspen-
sion each). If counting the cells, add ~ 5 to 8 million cells per petri dish.

(27) For differentiation to macrophages, culture cells at 37°C with 5% CO, for 6 days in
complete media containing M-CSF. Change media on day 3. The source of M-CSF
can be sourced from 1929 cell supernatant (Boltz-Nitulescu et al., 1987).

(28) On day 6, cells have completed differentiation and are now ready for use in assays.
To lift cells for assay plating, wash cells with 5 ml ice-cold sterile 1X PBS two times
and incubate on ice for 5 minutes with 5 ml sterile 1X PBS.

(29) Using a pipette, gently wash cells off petri dish and collect in a 50 ml conical.

(30) Centrifuge cells at 408 x g for 5 minutes at 4°C.

(31) Count cells and re-suspend to desired cell density.We have found that a typical
6-9-week-old female mouse bred on a C57BL6 genetic background yields a total of
~ 30 million cells following 6-day differentiation period (assuming 2 femurs and 2
tibias were collected).

(32) Once seeded into culture plates, cells will adhere within a few hours.
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Cryopreservation of murine BMDMs

(1) To cryopreserve extra cells, label sterile cryopreservation vials and keep on ice.
DMSO reactions with water are extremely exothermic, so it is critical to pre-chill
tubes and ensure that all reagents are ice cold.

(2) Re-suspend cells in 90% FBS and 10% DMSO at 6 x 10° cells/ml.

(3) Aliquot 1 ml cell suspension into each cryopreservation vial and place vials either in
a Mr. Frosty (ThermoFisher) or sandwiched between Styrofoam and placed in —80°C
for 24 hours.

(4) Transfer vials to liquid nitrogen for long term storage.

Resuscitation of murine BMDMs

(1) Using a water bath set to 37°C, warm up complete media.

(2) Place cryopreservation vial in water bath until suspension has completely thawed.

(3) Transfer 1 ml of thawed cell suspension into 15 ml conical tube and add 7 ml pre-
warmed (37°C) complete media to conical tube containing cell suspension.

(4) Centrifuge at room temperature for 7 minutes at 408 x g.

(5) Pipette 17 ml of pre-warmed complete media into two petri dishes (100 mmx15
mm).

(6) Re-suspend in 1 ml pre-warmed complete media and add 500 pl of cell suspension
to each dish.

(7) Culture at 37°C with 5% CO, for 6 days in complete media containing M-CSF.
Change media on day 3. The source of M-CSF can be sourced from L1929 cell
supernatant (Boltz-Nitulescu et al., 1987).

(8) To lift cells for assay plating, wash cells with 5 ml ice-cold sterile 1X PBS two times
and incubate on ice for 5 minutes with 5 ml sterile 1X PBS.

(9) Using a pipette, gently wash cells off petri dish and collect in a 50 ml conical.

(10) Centrifuge cells at 408 x g for 5 minutes at 4°C.

(11) Count cells and re-suspend to desired cell density. We have found that a typical
yield for cryopreserved/resuscitated primary murine BMDMs (frozen back at ~
6million cells) yields a total of ~ 18 million cells following 6 day in resuscitation/
culture.

Results

As described in the above protocol, primary bone marrow cells were cultured in differ-
entiating media for 6 days and either used immediately (“fresh”) or cryopreserved.
Cryopreserved bone marrow derived macrophages (BMDMs) were resuscitated and cul-
tured in differentiating media again for 6 days prior to use (“frozen”). The cryopreservation
recovery rate of “frozen” BMDMs on day 6 of culture was ~ 30%. This was determined by
dividing the number of live cells (1.35x10° cells/ml) by the total number of cells frozen back
(5x10°cells/ml).

Undifferentiated bone marrow cells (Day 0), Day 6 “fresh,” or Day 6 “frozen” BMDMs
were placed into a funnel and centrifuged onto microscope slides (Cytospin) prior to
DiffQuick staining. Figure 1 demonstrates the diverse cellularity of bone marrow cells
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(“Fresh”) (“Frozen”)

Figure 1. Differential staining of primary cells obtained from bone marrow. Primary cells collected from
bone marrowand subjected to centrifugation using cytospinand stained with diff quik immediately
(day 0), after 6 days in macrophage differentiating media containing L929 (day 6 “fresh”), or following
cryopreservation in liquid nitrogen, resuscitation, and culture for 6 days in macrophage differentiating
media (day 6 “frozen”). Differential staining was performed on BMDM:s isolated from three individual
mice. Images at 40X magnification depict representative staining from one mouse.

Day 0 Day 3 Day 6
Fresh BMDMs Fresh BMDMs Fresh BMDMs

Day 0 Day 3 Day 6
Frozen BMDMs Frozen BMDMs Frozen BMDMs

Figure 2. Similar morphology of “fresh” and “frozen” BMDMs. Freshly isolated bone marrow cells (a) or
resuscitated cryopreserved BMDMs (b) were differentiated in media containing L929 for a total of 6 days.
Microscopy images were taken at 40x magnification on day 0 (left), day 3 (middle), and day 6 (right)
during culture. Images of BMDMs were taken from three individual mice. Data in this figure are
representative of cells from one mouse.
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immediately following isolation (Day 0) and the similarly uniform macrophage phenotype
of Day 6 “fresh,” and Day 6 “frozen” BMDMs. Figure 2 demonstrates the cellular morphol-
ogy of “fresh” and “frozen” BMDMs on days 0, 3, and 6 in culture.

In line with the existing body of literature which describes macrophage differentiation
from bone marrow cells, we used M-CSF sourced from L1929 supernatant in our protocol
(Haag & Murthy, 2021; Mendoza et al., 2022; Trouplin et al., 2013; Weischenfeldt & Porse,
2008). Following day 6 of culture in 1929 differentiating media, both “fresh” and “frozen”
primary BMDMs exhibited macrophage-like morphology (Figure 1). However, to more
directly characterize bone marrow cell differentiation to macrophages, we performed
immunocytochemical staining of BMDMs for expression of classical macrophage differ-
entiation markers CD11b and CD206 (Bisgaard et al., 2016; Zajd et al., 2020; Zhang et al.,
2008). Being a classical T lymphocyte differentiation marker, CD4 is not expressed by
murine macrophages and thus, served as a negative control (Moore et al., 1992). Figure 3
demonstrates BMDM positive staining (brown) for expression of the classical macrophage
differentiation markers CD11b and CD206 and lack of staining for CD4.

Figure 4 demonstrates that the viability of “frozen” and “fresh” BMDMs was comparable
on day 6 of culture. In fact, the ratio of live/dead for “frozen” cells (6.4) was improved
compared to the ratio of live/dead for “fresh” cells (2.2). Day 6 of culture for “fresh”
BMDMs represents the completed differentiation period when BMDMs can be either
cryopreserved or used in subsequent assays. As described in the above protocol, “fresh”
and “frozen” BMDMs were lifted from the plate using ice cold PBS, centrifuged, and re-
suspended in media. Cell density and viability was determined after trypan blue staining.

Having determined that primary BMDMs that had undergone cryopreservation followed
by resuscitation retain a high degree of viability, we next sought to determine the function-
ality of “frozen” BMDMs. We compared the bacterial clearance ability of “fresh” BMDM:s

Figure 3. BMDMs express CD11b and CD206. Day 6 “frozen” BMDMs were resuscitated and cultured in
L929 containing media for 6 days. On day 6, BMDMs were lifted and seeded into 24-well plates containing
collagen covers and subsequently incubated with biotinylated rat anti-mouse monoclonal 1gG2 anti-
bodies raised against CD4 (left; clone GK1.5), CD11b (middle; clone M1/70), or CD206 (right; clone
MR5D3). All BMDMs received the same secondary avidin-HRP antibody and 3,3-diaminobenzidine
chromogen. The presence of brown staining indicates expression of cell surface marker. Visualization
was performed using standard inverted compound light microscope. Images depict staining from one
representative experiment; however, two independent experiments were performed.
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Figure 4. Similar viability of “fresh” and “frozen” BMDMs. Trypan blue staining assessing the viability of
“fresh” BMDMs on day 6 of culture in L929 containing media (left) compared to viability of “frozen”

BMDM:s following resuscitation for 6 days in L929 containing media (right). Results show mean and SD of
two independent experiments. Each experiment contained two technical replicates.
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Figure 5. Cryopreservation reduces S. aureus clearance capacity of primary BMDMs. (a) after 6 days in
macrophage differentiating media, primary TNF-/- cells were treated with saline and infected with
S. aureus for 5 hours at MOI 2:1. “Fresh” BMDM CFU data shown here were used in another manuscript
(Luu et al, submitted). Shown is data from five independent experiments that contained two technical
replicates each. (b) Primary TNF-/- BMDMs were cryopreserved in liquid nitrogen, thawed, and resusci-
tated in macrophage differentiating media for an additional 6 days. Cells were treated for either 12 hr or
1 hr with WT BMDM:s fixed in 1% PFA before infection with S. aureus for 5 hr at MOI 2:1. Data were
obtained from four independent experiments that contained two technical replicates each. (a, b) the
average of two technical replicates per experiment is shown. Grey bars represent S. aureus bacterial
burden (with BMDMs) compared to black bars which represent S. aureus uninhibited growth (without
BMDMs) during a 5-hr period. Statistical analysis was performed using a one-sided paired t-test p-value
=.0014 (a) p-value =.0061 (b) on log transformed data.
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and “frozen” BMDMs. Figure 5 demonstratesthat “frozen” BMDMs had a reduced ability to
clear S. aureus infection compared to “fresh” BMDMs. For “fresh” BMDMs, treatments that
contained only S. aureus (no BMDMs), had a median bacterial burden (CFUs/ml) that was
approximately 52.90 times greater than the median bacterial burden for treatments that
contained “fresh” BMDMs in addition to S. aureus. For “frozen”BMDMs, treatments that
contained only S. aureus (no BMDMs), had a median bacterial burden that was approxi-
mately 7.19 times greater than the median bacterial burden for treatments that contained
“frozen” BMDMs in addition to S. aureus. These data demonstrated that in comparison to
“fresh” BMDMs, “frozen” BMDMs display a significant decrease in S. aureus clearance
efficiency. However, as evidenced by the decrease of S. aureus bacterial burden in treat-
ments containing frozen/resuscitated BMDMSs compared to S. aureus conditions alone, our
results demonstrated that “frozen” BMDMs retained an overall ability for S. aureus bacterial
clearance, albeit to a limited capacity.

Conclusions

In vitro cell culture is a vital facet of immunological research, and the use of immortalized
cell lines in research dates back as early as the 1900s (Mirabelli et al., 2019). Although there
are many benefits to the use of cell lines in research (cost, cultivability, and published body
of literature) limitations of cell lines include altered phenotype with increasing passage,
differential native responses and functions, and genotypic drift (Castell et al., 2006; Parson
et al., 2005). As a result, many researchers began to also utilize primary cells in their
research. Here, we described an easy to follow and comprehensive protocol for the collec-
tion, isolation, cryopreservation, and resuscitation of primary murine bone marrow derived
macrophages (BMDMs). We showed that the cryopreservation of these BMDMs did not
result in marked alterations to their cellularity or morphology compared to “fresh”
BMDMs. Additionally, cryopreservation of primary BMDMs did notimpact their viability
following resuscitation and culture protocol. We did find, however, that resuscitated
“frozen” BMDMs exhibited reduced capacity for clearance ofS. aureus compared to
“fresh” BMDMs. DMSO in cryopreservation media is known to affect the epigenetic land-
scape of mammalian cells (Verheijen et al., 2019; Wei et al., 2020). Additionally, residual
DMSO in “frozen” BMDMs could have provided a survival advantage to S. aureus.
Supporting this, one study showed that DMSO inhibited killing of S. aureus by polymor-
phonuclear leukocytes (PMNLs) (Repine et al.,, 1981). Several studies also demonstrated
protective effects of DMSO on bacterial survival (Han et al., 2023; Mi et al., 2016). Taken
together, these factors could have contributed to the observed reduction of S. aureus
clearance in “frozen” vs “fresh” BMDMs. Finally, while “fresh” and “frozen” BMDMs in
our study were exposed to the same culture conditions, after 6 days in culture, “frozen”
BMDMs but not “fresh” BMDMs were additionally co-cultured with fixed BMDMs for 1-
12 hours. While fixed BMDMs are not viable, this additional variable could have affected
S. aureus clearance by “frozen” BMDMs. Additional experimentation is needed to further
investigate our findings. Taken together, however, we demonstrated that “frozen” BMDMs
were both viable and functional following our protocol.

Although there is a myriad of different protocols for the isolation of primary cells
either from blood or bone marrow (Barcelo et al., 2018; Haag & Murthy, 2021;
Mendoza et al,, 2022; Nasser et al.,, 2020; Trouplin et al., 2013; Weischenfeldt &
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Porse, 2008), we have found that these protocols can be difficult to follow for
individuals newly entering immunology who have limited to no experience in mouse
or wet lab work. Additionally, to the best of our knowledge, an up-to-date compre-
hensive protocol that encompasses the entire process of cell isolation, differentiation,
cryopreservation, and resuscitation, especially as it pertains to primary murine bone
marrow derived macrophages has not been published. Furthermore, we are not aware
of a protocol that includes all of these components and also addresses the viability and
functionality of cryopreserved BMDMs for subsequent assay use. Here, we present
a comprehensive and easy to follow protocol for the collection, isolation, cryopreser-
vation, and resuscitation of primary bone marrow derived macrophages as well as data
showing the viability and functionality of primary BMDMs that have undergone liquid
nitrogen cryopreservation.
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